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Summary 

Aortic valve stenosis (AS) is the most prevalent valvular heart disease in countries 

with higher development and economic status, and its prevalence is rapidly increasing as 

a consequence of the population ageing. Although surgical aortic valve replacement 

(SAVR) has been the standard treatment for patients with symptomatic severe AS, over 

the last two decades transcatheter aortic valve implantation (TAVI) has emerged as a safe 

and effective alternative to SAVR for the treatment of patients with symptomatic severe 

AS across all surgical risk categories. 

Although TAVI devices have undergone significant iterations, the rates of residual 

paravalvular leak and permanent pacemaker implantation in patients undergoing TAVI 

remain high compared to those undergoing SAVR. The mechanically-expanding LOTUS 

aortic valve system (Boston Scientific) features the Adaptive SealÔ technology, designed 

to promote aortic annulus sealing and therefore minimise paravalvular leak, but this 

platform showed a high rate of permanent pacemaker implantation compared to other 

TAVI devices. To address this issue, the second-generation LOTUS Edge aortic valve 

system incorporates the Depth GuardÔ technology, designed to minimise left ventricular 

outflow tract interaction and potentially reduce permanent pacemaker implantation. To 

date, no short-term safety and efficacy data of this device have been published. 

On the other hand, while SAVR volume has remained stable, TAVI volume has 

increased dramatically over the last decade, especially in Europe and North America. It 

is well documented that the coronavirus disease 2019 (COVID-19) pandemic had a 

negative impact on patients with valvular heart disease, including patients with 

symptomatic severe AS. Nevertheless, although national and regional reports have 

suggested reduced TAVI procedural volume during the COVID-19 pandemic, there is no 

data detailing its impact on TAVI activity globally. 
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The aim of this doctoral thesis was to evaluate the short-term safety and efficacy 

of the novel LOTUS Edge aortic valve system and to assess the impact of the COVID-19 

pandemic on global TAVI activity. 

In the first study, the LOTUS Edge system showed satisfactory short-term safety 

and efficacy results among an all-comers patient population, including patients with 

complex anatomies (e.g., bicuspid aortic valve morphology). This device demonstrated 

favourable haemodynamic data and very low rate of clinically significant paravalvular 

leak at 30 days: none or trace paravalvular leak was reported in 84.4%, and moderate 

paravalvular leak occurred in 2.0%, with no cases of severe paravalvular leak. The need 

for new permanent pacemaker implantation, however, remained high: 25.9% among all 

patients and 30.8% among pacemaker-naive patients. 

The second study demonstrated that the COVID-19 pandemic was associated with 

a considerable reduction in TAVI procedural volume worldwide. TAVI activity was 

considerably reduced during the first and second pandemic waves (monthly reduction of 

15% and 7% in overall TAVI procedural volume, respectively, compared to the pre-

pandemic period), but it gradually recovered and reached the pre-pandemic activity 

during the third pandemic wave. The impact of the COVID-19 pandemic on TAVI 

activity was more pronounced in Africa, Central-South America, and Asia, as well as in 

private hospitals, urban areas, low-volume centres, and in countries with lower 

development and economic statuses, higher COVID-19 incidence, and more stringent 

governmental public health responses.
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Resum 

L’estenosi valvular aòrtica (EA) és la valvulopatia més prevalent als països amb 

un desenvolupament i una economia més favorables, i la seva prevalença està augmentant 

ràpidament com a conseqüència de l’envelliment poblacional. Tot i que la substitució 

valvular aòrtica quirúrgica (SAVR) ha estat el tractament estàndard dels pacients amb EA 

greu simptomàtica, durant les últimes dues dècades la implantació valvular aòrtica 

transcatèter (TAVI) s’ha convertit en una alternativa segura i eficaç a la SAVR per al 

tractament dels pacients amb EA greu simptomàtica en totes les categories de risc 

quirúrgic. 

Encara que els dispositius per a TAVI han experimentat millores significatives, 

les taxes de fuita paravalvular residual i d'implantació de marcapassos definitiu en 

pacients sotmesos a TAVI segueixen sent elevades en comparació amb aquells pacients 

que se sotmeten a SAVR. El dispositiu d’expansió mecànica LOTUS (Boston Scientific) 

inclou la tecnologia Adaptive SealÔ, dissenyada per a promoure el segellat de l'anell 

aòrtic i, per tant, minimitzar la fuita paravalvular, però aquesta plataforma mostrà una 

taxa elevada d'implantació de marcapassos definitiu en comparació amb altres dispositius 

per a TAVI. Per a solucionar aquest problema, el dispositiu de segona generació LOTUS 

Edge incorpora la tecnologia Depth GuardÔ, dissenyada per a minimitzar la interacció 

amb el tracte de sortida del ventricle esquerre i, potencialment, reduir la necessitat de 

marcapassos definitiu. Fins ara, no s'han publicat dades de seguretat i eficàcia a curt 

termini d’aquest dispositiu. 

D'altra banda, mentre que el volum de SAVR s'ha mantingut estable, el volum de 

TAVI ha augmentat espectacularment durant l'última dècada, especialment a Europa i  

Nord-Amèrica. Està ben documentat que la pandèmia de la COVID-19 tingué un impacte 

negatiu en pacients amb valvulopaties, inclosos pacients amb EA greu simptomàtica. No 
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obstant, encara que informes nacionals i regionals han suggerit una reducció del volum 

de procediments de TAVI durant la pandèmia de la COVID-19, no hi ha dades que 

detallin el seu impacte en l'activitat de TAVI a nivell mundial. 

L'objectiu d'aquesta tesi doctoral era avaluar la seguretat i l'eficàcia a curt termini 

del nou dispositiu LOTUS Edge i avaluar l'impacte de la pandèmia de la COVID-19 en 

l'activitat global de TAVI. 

En el primer estudi, el dispositiu LOTUS Edge mostrà resultats satisfactoris de 

seguretat i eficàcia a curt termini en la pràctica clínica habitual, inclosos pacients amb 

anatomies complexes (per exemple, vàlvula aòrtica bicúspide). Aquest dispositiu mostrà 

dades hemodinàmiques favorables i una taxa molt baixa de fuita paravalvular clínicament 

significativa als 30 dies: una fuita paravalvular nul·la o mínima s’informà en el 84,4%, i 

una fuita paravalvular moderada s’observà en el 2,0%, sense casos de fuita paravalvular 

greu. La necessitat de marcapassos definitiu, tanmateix, es mantingué alta: un 25,9% entre 

tots els pacients i un 30,8% en pacients sense marcapassos previ. 

El segon estudi demostrà que la pandèmia de la COVID-19 s’associà a una 

reducció considerable del volum de procediments de TAVI a nivell mundial. L'activitat 

de TAVI es reduí considerablement durant la primera i segona onades pandèmiques 

(reducció mensual del 15% i 7% en el volum total de procediments de TAVI, 

respectivament, en comparació amb el període pre-pandèmia), però es recuperà 

gradualment i assolí l'activitat pre-pandèmica durant la tercera onada pandèmica. 

L'impacte de la pandèmia de la COVID-19 en l'activitat de TAVI fou més pronunciat a 

Àfrica, Centre- i Sud-Amèrica i Àsia, així com als hospitals privats, les zones urbanes, 

els centres de baix volum i als països amb un desenvolupament i una economia més 

desfavorables, una major incidència de la COVID-19 i unes respostes governamentals de 

salut pública més estrictes.
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1.1. Aortic valve stenosis 

Aortic valve stenosis (AS) is the most prevalent valvular heart disease in countries 

with higher development and economic status,1 and its prevalence is rapidly increasing 

as a consequence of the population ageing.2 The degenerative aortic valve disease, 

characterised by thickening, fibrosis and calcification of the aortic valve leaflets, 

represents the most common cause of AS in those countries.3 Known risk factors for 

degenerative aortic valve disease include advanced age, male sex, smoking, obesity, 

arterial hypertension, diabetes mellitus, and high plasma low-density lipoprotein 

cholesterol and lipoprotein(a) levels.3 The presence of congenital aortic valve 

malformations, such as bicuspid aortic valves, has also shown to be a risk factor for 

degenerative aortic valve disease.4 

AS is a progressive disease that can manifest with exertional dyspnoea, angina, 

syncope and, ultimately, heart failure.5 After a long asymptomatic period, during which 

survival remains nearly normal, survival declines rapidly once symptoms develop.5 The 

mean survival after the occurrence of angina, syncope, and heart failure is approximately 

4, 2, and 1 years, respectively.6 

Echocardiography is key to confirming the diagnosis and severity of AS.7 Current 

recommendations for the echocardiographic assessment of patients with AS include the 

measurement of the mean transvalvular pressure gradient, peak transvalvular velocity, 

and valve area.8 Severe AS is defined by a mean transvalvular pressure gradient ≥40 

mmHg, peak transvalvular velocity ≥4.0 m/s, and valve area ≤1.0 cm2 or ≤0.6 cm2/m2.8 

Symptomatic severe AS is associated with a poor prognosis if left untreated.1 To 

date, no medical therapy has been shown to modify the natural history of AS,9 and aortic 

valve replacement, either surgical or transcatheter, is the only effective treatment for these 

patients.7 Early intervention is strongly recommended in all patients with symptomatic 
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severe AS, except in those patients with important comorbidities in whom intervention is 

unlikely to improve quality of life, or those with concomitant conditions associated with 

a life expectancy <1 year.7 
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1.2. Surgical and transcatheter aortic valve replacement 

Although surgical aortic valve replacement (SAVR) has been the standard 

treatment for patients with symptomatic severe AS, over the last two decades 

transcatheter aortic valve implantation (TAVI) has emerged as a safe and effective 

alternative to SAVR for the treatment of patients with symptomatic severe AS across all 

surgical risk categories.10-16 

Surgical risk stratification to predict mortality after cardiac surgery is routinely 

performed in all patients with symptomatic severe AS who are being considered for aortic 

valve replacement. The most commonly used surgical risk scores are the Society of 

Thoracic Surgeons Predictor of Mortality (STS-PROM)17,18 and the European System for 

Cardiac Operative Risk Evaluation II (EuroSCORE II).19 According to these surgical risk 

scores, patients are classified as high-risk (STS-PROM / EuroSCORE II >8%), 

intermediate-risk (STS-PROM / EuroSCORE II 4-8%), and low-risk (STS-PROM / 

EuroSCORE II <4%) for cardiac surgery.7 

 

1.2.1. SAVR vs. TAVI: Scientific evidence 

The first randomised clinical trial for TAVI was the PARTNER 1 trial (2010), in 

which high-risk patients with severe AS deemed unsuitable for cardiac surgery were 

randomised to TAVI vs. standard therapy, demonstrating for the first time the superiority 

of TAVI over standard therapy.10 Subsequently, high-risk patients with severe AS 

considered suitable for cardiac surgery were randomised to TAVI vs. SAVR in the second 

part of the PARTNER 1 trial (2011) and the U.S. CoreValve trial (2014), both showing 

that TAVI was similar to SAVR in these patients.11,12 A few years later, the PARTNER 

2 trial (2016) and the SURTAVI trial (2017), which enrolled intermediate-risk patients 

with severe AS that were randomised to TAVI vs. SAVR, demonstrated that TAVI was 
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noninferior to SAVR for the combined endpoint of death from any cause or disabling 

stroke at 2 years.13,14 Finally, low-risk patients with severe AS were studied in the 

PARTNER 3 trial (2019) and the Evolut Low Risk trial (2019), randomising them to 

TAVI vs. SAVR and demonstrating the noninferiority of TAVI over SAVR in this 

specific population.15,16 However, all of these trials tested specific transcatheter heart 

valve (THV) devices in selected patient populations, limiting the applicability of the 

results to “real-world” clinical practice (Table 1). 

The NOTION trial (2015) was the first study comparing TAVI vs. SAVR in an 

all-comers patient population.20 Although this study included patients with severe AS 

regardless of their surgical risk category, the majority of them (81.8%) were considered 

low-risk patients. This study showed no significant differences for the composite endpoint 

of death from any cause, stroke, or myocardial infarction at 1 year between both groups. 

Recently, the DEDICATE trial (2024) compared the clinical outcomes of intermediate- 

and low-risk patients undergoing TAVI vs. SAVR in routine clinical practice, in which 

TAVI devices were selected according to operator discretion.21 The study concluded that 

TAVI was noninferior to SAVR with respect to the primary endpoint of death from any 

cause or stroke at 1 year. Importantly, patients with adverse anatomical factors for either 

procedure, such as the presence of a bicuspid aortic valve morphology or complex 

coronary artery disease, were excluded from all the above-mentioned trials. Thus, the 

recently published NOTION-2 trial (2024) was the first randomised clinical trial 

comparing TAVI vs. SAVR including patients with bicuspid AS, who represented more 

than a quarter (27%) of the study sample.22 Although the composite endpoint of death 

from any cause, stroke, or rehospitalisation at 1 year was similar between TAVI and 

SAVR among all patients and patients with tricuspid AS, the study showed a benefit of 

SAVR over TAVI among patients with bicuspid AS (Table 2). 
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1.2.2. SAVR vs. TAVI: Short-term data 

The randomised clinical trials mentioned above compared the short-term clinical 

outcomes between TAVI and SAVR.11-16,20-22 At 30 days, the rates of all-cause death, 

cardiovascular death, and all stroke were similar in both groups. Importantly, although 

the rate of disabling stroke was similar in high-risk and intermediate-risk patients 

undergoing SAVR or TAVI, in low-risk patients it was greater in those patients 

undergoing SAVR compared to those undergoing TAVI. The rates of acute kidney injury, 

major or disabling bleeding, and new-onset atrial fibrillation were shown to be higher in 

patients undergoing SAVR compared with those undergoing TAVI. On the other hand, 

the rates of residual paravalvular leak, major vascular complications, and permanent 

pacemaker implantation were greater in patients undergoing TAVI compared with those 

undergoing SAVR. No significant differences were observed in the rates of myocardial 

infarction, valve endocarditis, or valve thrombosis between SAVR and TAVI (Table 3). 

 

Table 3. SAVR vs. TAVI: Short-term clinical outcomes. 

Higher rates in SAVR Similar rates Higher rates in TAVI 

Acute kidney injury 

Major or disabling bleeding 

New-onset atrial fibrillation 

Death 

Stroke* 

Myocardial infarction 

Valve endocarditis 

Valve thrombosis 

Residual paravalvular leak 

Major vascular complications 

Permanent pacemaker imp. 

 
*The rate of disabling stroke in low-risk patients was greater in those patients undergoing SAVR compared 

to those undergoing TAVI. 

SAVR = surgical aortic valve replacement; TAVI = transcatheter aortic valve implantation. 

 

Haemodynamic data at 30 days was also compared between patients who had 

undergone TAVI vs. those who had undergone SAVR. Regardless of the surgical risk 
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category, lower mean transvalvular pressure gradient and larger effective valvular area at 

30 days were consistently observed in those patients who had undergone TAVI.11-16 

 

1.2.3. SAVR vs. TAVI: Long-term data 

High- and intermediate-risk patients enrolled in the PARTNER 1 and PARTNER 

2 trials, respectively, were followed-up for 5 years. At 5 years, the rate of death from any 

cause in high-risk patients was similar between TAVI and SAVR (67.8% vs. 62.4%, 

respectively), and there was no significant difference in the incidence of death from any 

cause or disabling stroke between TAVI and SAVR in intermediate-risk patients (47.9% 

vs. 43.4%, respectively).23,24 On the other hand, 2-year results of low-risk patients 

included in the PARTNER 3 trial showed that the composite endpoint of death from any 

cause, stroke, or rehospitalisation was significantly lower in those patients who had 

undergone TAVI compared to those who had undergone SAVR (11.5% vs. 17.4%, 

respectively).25 Nonetheless, the individual rates of death, stroke, and myocardial 

infarction were similar in both groups across all surgical risk categories.23-25 Finally, 

patients enrolled in the NOTION trial were analysed at 2, 5, and 10 years, and no 

significant differences were observed for the composite endpoint of death from any cause, 

stroke, or myocardial infarction between TAVI and SAVR over this period of time.26-28 

THVs durability has been a matter of concern, and this issue is particularly 

pertinent as TAVI indications expand towards younger, lower-risk patients. However, no 

long-term data have been available until the 10-year results of the NOTION trial were 

published in 2024.28 In this study, bioprosthetic valve dysfunction was classified as 

structural valve deterioration, non-structural valve dysfunction, valve thrombosis, or 

valve endocarditis according to the Valve Academic Research Consortium 3 criteria.29 

This study showed that the rates of severe structural valve deterioration (10.0% vs. 1.5%, 
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respectively) and severe non-structural valve dysfunction (43.0% vs. 20.5%, respectively) 

were significantly higher in those patients who had undergone SAVR compared to those 

who had undergone TAVI. No significant differences were observed in the rates of valve 

endocarditis or valve thrombosis between SAVR and TAVI (Table 4). 

 

Table 4. SAVR vs. TAVI: Long-term clinical outcomes. 

Higher rates in SAVR Similar rates Higher rates in TAVI 

New-onset atrial fibrillation 

Severe SVD 

Severe NSVD 

Death 

Stroke 

Myocardial infarction 

Valve endocarditis 

Valve thrombosis 

Residual paravalvular leak 

Permanent pacemaker imp. 

 
NSVD = non-structural valve dysfunction; SAVR = surgical aortic valve replacement; SVD = structural 

valve deterioration; TAVI = transcatheter aortic valve implantation. 

 

As observed in the short-term, haemodynamic data at medium- and long-term 

continued to be favourable in those patients who had undergone TAVI, who showed 

lower mean transvalvular pressure gradient and larger effective valvular area over time 

compared to those who had undergone SAVR.11-16,20,26-28 

 

1.2.4. SAVR vs. TAVI: Guidelines recommendations 

The choice between SAVR and TAVI should be based upon careful evaluation of 

clinical, anatomical, and procedural factors by the Heart Team, weighing the risks and 

benefits of each approach for an individual patient.7 The Heart Team recommendation 

should be discussed with the patient and family to allow informed treatment choice. 

The current European Society of Cardiology / European Association for Cardio-

Thoracic Surgery guidelines for the management of valvular heart disease from 2021 

recommends: SAVR in younger patients (<75 years) at low-risk for cardiac surgery (STS-
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PROM / EuroSCORE II <4%) (class of recommendation I, level of evidence B); SAVR 

or TAVI in younger patients (<75 years) at intermediate-risk for cardiac surgery (STS-

PROM / EuroSCORE II 4-8%) (class of recommendation I, level of evidence B); TAVI 

in younger patients (<75 years) at high-risk for cardiac surgery (STS-PROM / 

EuroSCORE II >8%) (class of recommendation I, level of evidence A); TAVI in older 

patients (≥75 years), regardless of the surgical risk (class of recommendation I, level of 

evidence A).7 Importantly, in those patients with severe AS and concomitant cardiac 

conditions requiring intervention, such as complex coronary artery disease, significant 

aortic root or ascending aorta dilatation, and/or severe mitral or tricuspid valve disease, 

SAVR is recommended (class of recommendation I, level of evidence C) (Table 5). 

 

Table 5. SAVR vs. TAVI: European guidelines recommendations from 2021. 

Patients Recommendation COR LOE 

Younger patients (<75 years) at low-risk for 

cardiac surgery (STS-PROM / EuroSCORE II <4%) 
SAVR I B 

Younger patients (<75 years) at intermediate-risk for 

cardiac surgery (STS-PROM / EuroSCORE II 4-8%) 
SAVR or TAVI I B 

Younger patients (<75 years) at high-risk for 

cardiac surgery (STS-PROM / EuroSCORE II >8%) 
TAVI I A 

Older patients (≥75 years), regardless of the surgical risk TAVI I A 

 
Adapted and simplified from the European Society of Cardiology / European Association for Cardio-

Thoracic Surgery guidelines for the management of valvular heart disease from 2021.7 

COR = class of recommendation; EuroSCORE II = European System for Cardiac Operative Risk 

Evaluation II EuroSCORE II; LOE = level of evidence; SAVR = surgical aortic valve replacement; STS-

PROM = Society of Thoracic Surgeons Predictor of Mortality; TAVI = transcatheter aortic valve 

implantation. 

 

The last American College of Cardiology / American Heart Association guidelines 

for the management of patients with valvular heart disease from 2020 recommends: 

SAVR in younger patients (<65 years) at low- or intermediate-risk for cardiac surgery 
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(STS-PROM ≤8%) (class of recommendation I, level of evidence A); SAVR or TAVI in 

middle-aged patients (65-80 years) at low- or intermediate-risk for cardiac surgery (STS-

PROM ≤8%) (class of recommendation I, level of evidence A); TAVI in older patients 

(>80 years) at low- or intermediate-risk for cardiac surgery (STS-PROM ≤8%) (class of 

recommendation I, level of evidence A); TAVI in patients at high-risk for cardiac surgery 

(STS-PROM >8%), regardless of the age (class of recommendation I, level of evidence 

A).30 As in the European guidelines, the presence of concomitant cardiac conditions 

requiring intervention favours SAVR over TAVI (Table 6). 

 

Table 6. SAVR vs. TAVI: American guidelines recommendations from 2020. 

Patients Recommendation COR LOE 

Younger patients (<65 years) at low-risk or 

intermediate-risk for cardiac surgery (STS-PROM ≤8%) 
SAVR I A 

Middle-aged patients (65-80 years) at low-risk or 

intermediate-risk for cardiac surgery (STS-PROM ≤8%) 
SAVR or TAVI I A 

Older patients (>80 years) at low-risk or 

intermediate-risk for cardiac surgery (STS-PROM ≤8%) 
TAVI I A 

Patients at high-risk for cardiac surgery (STS-PROM >8%), 

regardless of the age 
TAVI I A 

 
Adapted and simplified from the American College of Cardiology / American Heart Association guidelines 

for the management of valvular heart disease from 2020.30 

COR = class of recommendation; LOE = level of evidence; SAVR = surgical aortic valve replacement; 

STS-PROM = Society of Thoracic Surgeons Predictor of Mortality; TAVI = transcatheter aortic valve 

implantation. 
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1.3. Current devices for transcatheter aortic valve implantation 

Since the first-in-human TAVI was performed by Alain Cribier in 2002, technical 

advances, device iterations, and increased operator experience have played an important 

role in improving clinical outcomes over the past two decades.31,32 

According to the mechanism of valve expansion, TAVI devices can be classified 

into balloon-expandable and self-expanding THVs (Figure 1).33 Current balloon-

expandable THVs with Conformité Européenne (CE) mark in 2024 include SAPIEN 3 

Ultra RESILIA (Edwards Lifesciences, Irvine, California) and Myval (Meril Life 

Sciences, Vapi, India). SAPIEN 3 Ultra RESILIA is the only balloon-expandable THV 

currently approved by the Food and Drug Administration (FDA). On the other hand, 

currently self-expanding THVs with CE mark in 2024 include Navitor (Abbott, Chicago, 

Illinois), Evolut FX (Medtronic, Minneapolis, Minnesota), ACURATE neo2 (Boston 

Scientific, Marlborough, Massachusetts), Trilogy (JenaValve Technology, Irvine, 

California), ALLEGRA (New Valve Technology, Muri, Switzerland), and Hydra 

(Vascular Innovations, Nonthaburi, Thailand). Navitor and Evolut FX represent the only 

self-expanding THVs currently approved by the FDA (Table 7). 

Of note, although all of the devices mentioned above have been approved for the 

treatment of patients with aortic valve stenosis, only the Trilogy THV has received CE 

mark for the treatment of patients with aortic valve regurgitation.34,35  
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Figure 1. TAVI devices with CE mark and/or FDA approval in 2024. 

 
 
CE = Conformité Européenne; FDA = Food and Drug Administration; TAVI = transcatheter aortic valve 

implantation; THV = transcatheter heart valve. 
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1.3.1. Balloon-expandable vs. self-expanding THVs: Short-term data 

To date, the two most used TAVI devices worldwide have been the different 

generations of the balloon-expandable THV from Edwards Lifesciences and the self-

expanding THV from Medtronic. 

The first-generation of these platforms were the balloon-expandable SAPIEN XT 

(Edwards Lifesciences) and the self-expanding CoreValve (Medtronic). The CHOICE 

randomised clinical trial (2014) was the first one to compare the short-term clinical 

outcomes between these two devices, showing that the balloon-expandable THV 

presented a higher rate of device success than the self-expanding THV (95.9% vs. 77.5%, 

respectively), mainly driven by the higher rate of moderate-severe paravalvular leak in 

the self-expanding group.36 At 30 days, the incidence of death, stroke, myocardial 

infarction, bleeding, vascular complications, and acute kidney injury was similar between 

both groups. However, patients that received a self-expanding THV presented higher 

rates of moderate-severe paravalvular leak (18.3% vs. 4.1%) and permanent pacemaker 

implantation (37.6% vs. 17.3%). Of note, the rate of device success in patients with 

moderate-severe aortic valve calcification was significantly higher in the balloon-

expandable group, while there were no significant differences in patients with moderate-

severe left ventricular outflow tract (LVOT) calcification between the two groups. 

The SOLVE-TAVI trial (2020) compared the short-term clinical outcomes of the 

second-generation balloon-expandable (SAPIEN 3, Edwards Lifesciences) and self-

expanding (Evolut R, Medtronic) platforms.37 In this study, the rates of device success 

were similar between the balloon-expandable (91.0%) and self-expanding (93.6%) 

systems, and the composite endpoint of death, stroke, moderate-severe paravalvular leak, 

and permanent pacemaker implantation at 30 days was equivalent between both groups. 

Nevertheless, the rates of moderate-severe paravalvular leak (3.4% vs. 1.5%) and 
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permanent pacemaker implantation (23.0% vs. 19.2%) were numerically higher in the 

self-expanding group. 

More recently, the third-generation balloon-expandable (SAPIEN 3 Ultra, 

Edwards Lifesciences) and self-expanding (Evolut PRO/PRO+, Medtronic) systems were 

compared in the OPERA-TAVI registry (2022), which showed comparable rates of the 

primary efficacy outcome (85.9% vs. 87.4%, respectively).38 However, balloon-

expandable THV recipients presented a higher rate of the primary safety outcome (82.6% 

vs. 69.1%), which was driven by the higher rates of disabling stroke and permanent 

pacemaker implantation among self-expanding THV recipients. At 30 days, the incidence 

of death, non-disabling stroke, myocardial infarction, and moderate-severe paravalvular 

leak was similar between both groups, but the self-expanding group presented higher rates 

of disabling stroke (2.3% vs. 0.7%), mild paravalvular leak (39.4% vs. 20.3%) and 

permanent pacemaker implantation (17.9% vs. 10.1%). Importantly, the rate of the 

primary efficacy outcome between both groups was similar among a wide variety of 

complex anatomies, such as moderate-severe aortic valve calcification, moderate-severe 

LVOT calcification, bicuspid aortic valve morphology, and horizontal aorta. However, 

higher rates of the primary safety outcome in patients with moderate-severe aortic valve 

calcification were reported among balloon-expandable THV recipients. 

To date, no study has compared the short-term clinical outcomes of the latest-

iteration balloon-expandable (SAPIEN 3 Ultra RESILIA, Edwards Lifesciences) and self-

expanding (Evolut FX, Medtronic) systems (Table 8). 
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Table 8. Balloon-expandable vs. self-expanding THVs: Short-term clinical outcomes. 

Higher rates in BEV Similar rates Higher rates in SEV 

None 

Death 

Stroke* 

Myocardial infarction 

Bleeding 

Vascular complications 

Acute kidney injury 

Residual paravalvular leak 

Permanent pacemaker imp. 

 
*Higher rates of disabling stroke at 30 days were reported among SEV recipients compared to BEV patients 

using the third-generation platforms (Evolut PRO/PRO+ and SAPIEN 3 Ultra, respectively).38 

BEV = balloon-expandable valve; SEV = self-expanding valve; THV = transcatheter heart valve. 

 

The aforementioned studies as well as several observational registries compared 

short-term haemodynamic data of balloon-expandable vs. self-expanding THV systems. 

Regardless of the THV generation, lower mean transvalvular pressure gradient and larger 

effective valvular area at 30 days were consistently observed in the self-expanding group, 

which could be explained by their supra-annular design.36-39 Moreover, the rate of patients 

with a mean transvalvular pressure gradient ≥20 mmHg at 30 days was higher among 

patients treated with a balloon-expandable platform. 

 

1.3.2. Balloon-expandable vs. self-expanding THVs: Long-term data 

5-year follow-up of patients enrolled in the CHOICE trial showed that there were 

no statistically significant differences between balloon-expandable and self-expanding 

THVs in the cumulative incidence of death from any cause, stroke, myocardial infarction, 

and repeat hospitalisation for heart failure.40,41 Although the presence of moderate-severe 

paravalvular leak continued to be more frequent in the self-expanding group (12.1% vs. 

1.1%) at 1 year, the rates of residual paravalvular leak were not significantly different 

between both groups at 5 years. As expected, the need for permanent pacemaker 
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implantation at 5 years remained higher in the self-expanding group (40.4% vs. 25.4%). 

Importantly, in the balloon-expandable group, the rate of moderate-severe structural valve 

deterioration was significantly higher (6.6% vs. 0.0%) and the cumulative incidence of 

clinical valve thrombosis was numerically higher (7.3% vs. 0.8%) at 5 years, with no 

significant differences in the rates of non-structural valve deterioration and valve 

endocarditis between the two platforms. These findings are in line with the 5-years 

follow-up of the UK TAVI registry, which also observed a significantly higher rate of 

severe structural valve deterioration among patients treated with the balloon-expandable 

platform (11.9% vs. 3.5%), driven by a substantial difference in patients treated with 

small THVs.42 

Considering that the SOLVE-TAVI trial and the OPERA-TAVI registry were 

published in recent years, no long-term data are available to date on subsequent 

generations of balloon-expandable and self-expanding THVs (Table 9). 

 

Table 9. Balloon-expandable vs. self-expanding THVs: Long-term clinical outcomes. 

Higher rates in BEV Similar rates Higher rates in SEV 

Severe SVD 

Clinical valve thrombosis 

Death 

Stroke 

Myocardial infarction 

Residual paravalvular leak 

NSVD 

Valve endocarditis 

Permanent pacemaker imp. 

 
BEV = balloon-expandable valve; NSVD = non-structural valve deterioration; SEV = self-expanding valve; 

SVD = structural valve deterioration; THV = transcatheter heart valve. 

 

As observed in the short-term, haemodynamic data at 5 years remained favourable 

in the self-expanding group, who showed lower mean transvalvular pressure gradient and 

larger effective valvular area compared to the balloon-expandable group. Although the 
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long-term clinical impact of these findings is still uncertain, it could have an impact on 

THV durability and might therefore be associated with worse clinical outcomes.43 Long-

term head-to-head comparisons between the current platforms are necessary to address 

this issue. 

 

1.3.3. Mechanically-expanding THVs: The LOTUS aortic valve system 

The LOTUS aortic valve system (Boston Scientific) is a mechanically-expanding 

THV with an intra-annular design. This system is composed of a nickel-titanium alloy 

(nitinol) frame with three bovine pericardium leaflets and features the Adaptive SealÔ 

technology at the lower half designed to promote aortic annulus sealing and therefore 

minimise paravalvular leak. It is a fully repositionable and retrievable system that allows 

complete deployment and functional assessment of the THV before final release. 

After the first-in-human implantation of a LOTUS valve was performed in 2008, 

this device demonstrated its feasibility in the REPRISE I study and its safety and efficacy 

in the REPRISE II study.44-46 Nonetheless, the modest sample size of these studies and 

their strict inclusion/exclusion criteria limited generalisability to a broader patient 

population. To address this issue, the RESPOND registry sought to evaluate the safety 

and efficacy of the LOTUS valve in a larger, all-comers patient population, including 

1,014 patients with severe AS treated with this platform.47 Device success, defined as 

successful vascular access, delivery, deployment, and system retrieval, was achieved in 

98.1% of patients. At 30 days, the rates of all-cause death, all stroke, and disabling stroke 

were 2.2%, 3.0%, and 2.2%, respectively. Of note, the rates of residual paravalvular leak 

were low (92.0% none or trace, 7.7% mild, 0.3% moderate, and no cases of severe 

paravalvular leak) but the need for permanent pacemaker implantation was high (30.0% 

among all patients and 34.6% among pacemaker-naive patients). The device showed 
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favourable haemodynamic results with a mean transvalvular pressure gradient of 

10.8±4.6 mmHg and an average effective valvular area of 1.8±0.4 cm2 at discharge. 

The mechanically-expanding LOTUS system was subsequently compared with 

the self-expanding CoreValve and Evolut R systems (Medtronic) in the REPRISE III 

randomised clinical trial.48 The primary safety endpoint was the 30-day composite of all-

cause mortality, all stroke, life-threatening or major bleeding, major vascular 

complications, and stage 2/3 acute kidney injury, while the primary effectiveness 

endpoint was the 1-year composite of all-cause mortality, disabling stroke, and moderate-

severe paravalvular leak. The study demonstrated that the LOTUS system was non-

inferior to the self-expanding platform for both the primary safety endpoint (20.3% vs. 

17.2%, respectively) and the primary effectiveness endpoint (15.4% vs. 25.5%, 

respectively). Importantly, a lower incidence of moderate-severe paravalvular leak with 

the LOTUS system (0.9% vs. 6.8%) was offset by a higher rate of permanent pacemaker 

implantation with this platform (35.5% vs. 19.6%). 

 

1.3.4. Mechanically-expanding THVs: The LOTUS Edge aortic valve system 

The second-generation of this mechanically-expanding THV is the LOTUS Edge 

aortic valve system, which incorporates several design improvements on its predecessor, 

including increased flexibility of the delivery system catheter, enhanced visualisation of 

the locking mechanism, and the Depth GuardÔ technology to minimise LVOT 

interaction and potentially reduce permanent pacemaker implantation (Figure 2). There 

are three THV sizes: 23 mm, 25 mm, and 27 mm, for native aortic annulus diameters of 

20-23 mm, 23-25 mm, and 25-27 mm, respectively. This platform is delivered via an 18-

F (for the 23 mm size) or 20-F (for the 25 mm and 27 mm sizes) introducer. The delivery 
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system requires a minimal femoral artery lumen diameter ≥6.0 mm (for the 23 mm size) 

or ≥6.5 mm (for the 25 mm and 27 mm sizes). 

 

Figure 2. The LOTUS Edge aortic valve system. 

 
 
The LOTUS Edge aortic valve system (Boston Scientific) is a mechanically-expanding THV with an intra-

annular design. This fully repositionable and retrievable system allows complete deployment and functional 

assessment of the THV before final release. The Adaptive SealÔ technology promotes aortic annulus 

sealing and therefore minimise paravalvular leak, while the Depth GuardÔ technology minimises LVOT 

interaction and potentially reduces permanent pacemaker implantation. 

LVOT = left ventricular outflow tract; THV = transcatheter heart valve. 

 

The LOTUS Edge aortic valve system received CE mark in September 2016. 

However, Boston Scientific recalled all devices in October 2016 due to delivery system 

issues, and again in February 2017 because of locking mechanism issues. After these 

issues were addressed by the company, the device received FDA approval in April 2019 

and was commercially relaunched at the same time. To date, no short-term safety and 

efficacy data have been published for the relaunched LOTUS Edge aortic valve system. 
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1.4. Global trends in transcatheter aortic valve implantation 

AS represents the most common valvular heart disease requiring surgical or 

transcatheter valve intervention in Europe and North America.49 Use of SAVR and TAVI 

as complementary treatment options has allowed a substantial increase in the overall 

number of patients with AS undergoing aortic valve replacement in the past decade. 

Considering that the prevalence of AS is increasing rapidly due to the population ageing, 

the need for aortic valve replacement is expected to grow significantly in the coming 

decades. 

Over the last decade, while SAVR volume has remained stable, TAVI volume has 

increased dramatically.50-57 This growth in TAVI activity could be explained by several 

factors: first, the continuous improvement of TAVI technique and devices, which has 

contributed to reducing the rates of mortality and complications related to this 

procedure;50-57 second, the expansion of TAVI indications to lower-risk patients;13-16 

third, the expansion of TAVI utilisation towards off-label indications, such as bicuspid 

aortic valve stenosis, pure or predominant aortic valve regurgitation, and failed aortic 

biologic prosthesis;58-60 fourth, most patients undergoing TAVI have a swift recovery 

with short hospital stay and rapid return to normal activities, reason why TAVI has found 

to be more cost-effective than SAVR.61,62 

Despite all of these factors mentioned above, geographical and socioeconomic 

inequalities in access to and utilisation of TAVI worldwide have been reported, and the 

rapid expansion of TAVI into low-risk patients and off-label indications in Europe and 

North America contrast with the low penetration of TAVI in the rest of the world.63 
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1.4.1. TAVI activity: Trends in Europe 

In Europe, TAVI received CE mark for patients with severe AS considered at 

extreme- or high-risk for SAVR by 2007, and it was subsequently approved for patients 

at intermediate- and low-risk for SAVR in 2016 and 2020, respectively. 

Although there are no global data on TAVI activity across Europe, several 

national registries reported country-level trends in TAVI volume over time.50-54 All of 

these registries consistently showed that the annual number of TAVI procedures 

increased every year over the past decade. Importantly, the average age of patients 

undergoing TAVI remained unchanged, while the surgical risk profile of these patients 

decreased over time. 

Nevertheless, substantial disparities in the number of TAVI procedures performed 

per million inhabitants across European countries were reported, and significant 

correlations between TAVI use and gross national income per capita and national 

healthcare spending per capita were suggested.64,65 To address the heterogeneity in the 

implementation of TAVI across European countries, the European Association of 

Percutaneous Cardiovascular Intervention launched the Valve for Life initiative, which 

aimed to promote the interventional management of valvular heart disease among 

participating countries according to the guidelines recommendations.66 

 

1.4.2. TAVI activity: Trends in North America 

In the United States of America, TAVI approval by the FDA occurred in 2011 for 

patients with severe AS deemed at extreme-risk for SAVR. Subsequently, TAVI was 

approved for patients with severe AS at high-risk (2012), intermediate-risk (2016), and 

low-risk (2019) for SAVR.55 
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The Society of Thoracic Surgeons / American College of Cardiology registry, 

which collected data on 276,316 patients undergoing TAVI in the United States of 

America from 2011 to 2019, showed that the annual TAVI volume increased every year 

during the study period.56 Of note, annual TAVI volume exceeded isolated SAVR volume 

in 2016, after TAVI was approved for intermediate-risk patients, and exceeded all forms 

of SAVR volume in 2019, coinciding with approval for low-risk patients. On the other 

hand, the annual SAVR volume remained stable until 2016 for isolated SAVR and 2019 

for all forms of SAVR, when their volumes started to decline. Both the average age and 

surgical risk profile of patients undergoing TAVI decreased over the study period (Figure 

3). 

A recent registry on aortic valve interventions for isolated AS performed in the 

United States of America from 2015 to 2021 compared temporal trends according to the 

three age groups stated in the last American guidelines: <65 years (12.2%), 65-80 years 

(44.8%), and >80 years (43.0%).57 Although this study observed a significant growth of 

TAVI volume in all age groups, it was especially dramatic among young patients (<65 

years), in whom TAVI volume increased 2.7-fold during the study period. Thus, patients 

aged <65 years reached nearly equal volumes of TAVI (47.5%) and SAVR (52.5%) by 

2021, while TAVI volumes clearly exceeded SAVR volumes in patients aged 65-80 years 

(87.5% vs. 12.5%, respectively) and >80 years (98.9% vs. 1.1%, respectively) by 2021 

(Figure 3). 
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Figure 3. TAVI activity: Trends in North America. 

 
 
Adapted from the Society of Thoracic Surgeons / American College of Cardiology Registry and the Vizient 

Clinical Data Base.56,57 

SAVR = surgical aortic valve replacement; TAVI = transcatheter aortic valve implantation. 

 

1.4.3. Impact of the COVID-19 pandemic on TAVI activity 

The coronavirus disease 2019 (COVID-19) pandemic rapidly overwhelmed 

healthcare systems around the world. Healthcare resources were redirected to manage 

fallout from the emerging pandemic and established care pathways for many acute and 

chronic diseases were suspended. Public health messaging encouraged populations to 
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“stay at home” and travel restrictions were enforced to limit contagion. Such actions were 

associated with reduced hospitalisation for and increased mortality from cardiovascular 

diseases.67,68 For example, hospital admission for acute coronary syndromes and 

activation of ST-segment elevation myocardial infarction pathways were reduced.69,70 

The COVID-19 pandemic also had a negative impact on patients with valvular 

heart disease.71-73 Patients with symptomatic severe AS necessitating SAVR or TAVI are 

especially vulnerable to treatment delays, and treatment deferral is associated with an 

increased risk of hospitalisation and death.71-73 It is therefore concerning that national and 

regional reports have suggested reduced TAVI procedural volume during the COVID-19 

pandemic.74,75 For example, the UK TAVI registry, which included 15,142 TAVI cases 

performed in England between January 2017 and November 2020, showed that the 

monthly number of TAVI procedures was increasing before the COVID-19 pandemic, 

but it rapidly dropped following the outbreak of the COVID-19 pandemic, especially for 

elective cases.74 A regional registry in Piedmont, Italy, compared the number of TAVI 

cases performed between March and April 2020 with the number of TAVI cases 

performed in the same period in 2019, showing a significant reduction (84.7%) in TAVI 

activity.75 Nevertheless, there is no data detailing the impact of the COVID-19 pandemic 

on TAVI activity globally.
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Over the past two decades, TAVI has emerged as a safe and effective alternative 

to SAVR for the treatment of patients with symptomatic severe AS across all surgical risk 

categories. Although TAVI devices have undergone significant iterations, with new 

generations of previous platforms and new devices arriving on the market, the rates of 

residual paravalvular leak and permanent pacemaker implantation in patients undergoing 

TAVI remain high compared to those undergoing SAVR, and both complications have 

been associated with increased mortality during follow-up. The mechanically-expanding 

LOTUS aortic valve system (Boston Scientific) features the Adaptive SealÔ technology, 

designed to promote aortic annulus sealing and therefore minimise paravalvular leak. This 

system showed good performance with low rates of residual paravalvular leak, but the 

need for permanent pacemaker implantation was high compared to other TAVI devices. 

To address this issue, the second-generation LOTUS Edge aortic valve system 

incorporates the Depth GuardÔ technology, designed to minimise LVOT interaction and 

potentially reduce permanent pacemaker implantation. To date, no short-term safety and 

efficacy data have been published since the device was commercially launched in April 

2019. 

On the other hand, while SAVR volume has remained stable, TAVI volume has 

increased dramatically over the last decade, especially in Europe and North America. 

Indeed, several registries consistently showed that the annual number of TAVI procedures 

was increasing every year until the outbreak of the COVID-19 pandemic. It is well 

documented that the COVID-19 pandemic was associated with reduced hospitalisation 

for and increased mortality from cardiovascular diseases, and it also had a negative impact 

on patients with valvular heart disease, including patients with symptomatic severe AS. 

Nevertheless, although national and regional reports have suggested reduced TAVI 

procedural volume during the COVID-19 pandemic, there is no data detailing its impact 
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on TAVI activity globally. Moreover, the impact of the COVID-19 pandemic on a 

specific procedure such as TAVI is likely to have been heterogenous across diverse 

countries and healthcare systems and have been influenced by socioeconomic and other 

national factors, the incidence of acute respiratory syndrome coronavirus 2 (SARS-CoV-

2) infection, and the severity of governmental public health measures introduced in 

response to the pandemic.
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The hypothesis of this doctoral thesis was that the LOTUS Edge aortic valve 

system shows satisfactory short-term safety and efficacy among an all-comers patient 

population, including patients with complex anatomies, while the COVID-19 pandemic 

considerably reduced TAVI procedural volume worldwide, especially during the first 

pandemic wave. 
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The primary objective of this doctoral thesis was to evaluate the short-term safety 

and efficacy of the LOTUS Edge aortic valve system among an all-comers patient 

population, including patients with complex anatomies, and to assess the impact of the 

COVID-19 pandemic on global TAVI procedural volume, including different pandemic 

waves. 

Secondary objectives included: 

1) To study the haemodynamic performance and rates of residual paravalvular leak 

and permanent pacemaker implantation at 30 days among patients treated with the 

LOTUS Edge aortic valve system. 

2) To study if the COVID-19 pandemic differentially impacted TAVI procedural 

volume according to geographic region, healthcare system, national 

socioeconomic status, COVID-19 incidence, and governmental public health 

responses. 
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5.1. TAVI with the LOTUS Edge system: Early European experience 

Armario X, Rosseel L, Kharbanda R, Khogali S, Abdel-Wahab M, Van Mieghem 

NM, Tchétché D, Dumonteil N, De Backer O, Cotton J, McGrath B, Balakrishnan D, Ali 

N, Farhan S, Joseph J, Charbonnier G, Okuno T, McHugh F, Hildick-Smith D, Gilgen N, 

Hokken T, Spence MS, Frerker C, Angelillis M, Grygier M, Cockburn J, Bjursten H, 

Jeger RV, Teles R, Petronio AS, Pilgrim T, Sinning JM, Nickenig G, Søndergaard L, 

Blackman DJ, Mylotte D. Transcatheter Aortic Valve Replacement With the LOTUS 

Edge System: Early European Experience. JACC Cardiovasc Interv 2021;14(2):172-181. 

doi: 10.1016/j.jcin.2020.09.044. PMID: 33478633. Journal impact factor (2021): 11.075 
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Transcatheter Aortic Valve Replacement
With the LOTUS Edge System
Early European Experience

Xavier Armario, MD,a Liesbeth Rosseel, MD,a Rajesh Kharbanda, MD, PHD,b Saib Khogali, MD,c

Mohamed Abdel-Wahab, MD,d Nicolas M. Van Mieghem, MD, PHD,e Didier Tchétché, MD,f Nicolas Dumonteil, MD,f

Ole De Backer, MD, PHD,g James Cotton, MD,c Brian McGrath, MB BCH,a Deepu Balakrishnan, MD,c

Noman Ali, MD, PHD,h Serdar Farhan, MD,d Jubin Joseph, MD, PHD,b Gaetan Charbonnier, MD,f Taishi Okuno, MD,i

Fiachra McHugh, MD,a David Hildick-Smith, MD,j Nicole Gilgen, MD,k Thijmen Hokken, MD,e Mark S. Spence, MD,l

Christian Frerker, MD,m Marco Angelillis, MD,n Marek Grygier, MD,o James Cockburn, MD,j Henrik Bjursten, MD,p

Raban V. Jeger, MD,k Rui Teles, MD,q,r Anna S. Petronio, MD,n Thomas Pilgrim, MD,i Jan-Malte Sinning, MD,s

Georg Nickenig, MD,s Lars Søndergaard, MD,g Daniel J. Blackman, MD,h Darren Mylotte, MB BCH, MD, PHDa,t

ABSTRACT

OBJECTIVES The aim of this study was to evaluate the short-term safety and efficacy of transcatheter aortic valve

replacement (TAVR) with the LOTUS Edge system.

BACKGROUND The LOTUS Edge system was commercially re-released in April 2019. The authors report the first Eu-

ropean experience with this device.

METHODS A multicenter, single-arm, retrospective registry was initiated to evaluate short-term clinical outcomes.

Included cases are the first experience with this device and new implantation technique in Europe. Clinical, echocar-

diographic, and computed tomographic data were analyzed. Endpoints were defined according to Valve Academic
Research Consortium-2 and were site reported.

RESULTS Between April and November 2019, 286 consecutive patients undergoing TAVR with the LOTUS Edge system

at 18 European centers were included. The mean age and Society of Thoracic Surgeons score were 81.2 ! 6.9 years and

5.2 ! 5.4%, respectively. Nearly one-half of all patients (47.9%) were considered to have complex anatomy. Thirty-day

major adverse events included death (2.4% [n ¼ 7]) and stroke (3.5% [n ¼ 10]). After TAVR, the mean aortic valve area

was 1.9 ! 0.9 cm2, and the mean transvalvular gradient was 11.9 ! 5.7 mm Hg. None or trace paravalvular leak (PVL)

occurred in 84.4% and moderate PVL in 2.0%. There were no cases of severe PVL. New permanent pacemaker (PPM)

implantation was required in 25.9% among all patients and 30.8% among PPM-naive patients.

CONCLUSIONS Early experience with the LOTUS Edge system demonstrated satisfactory short-term safety and effi-

cacy, favorable hemodynamic data, and very low rates of PVL in an anatomically complex cohort. New PPM implantation
remained high. Further study will evaluate if increasing operator experience with the device and new implantation

technique can reduce the incidence of PPM implantation. (J Am Coll Cardiol Intv 2021;14:172–81)

© 2021 by the American College of Cardiology Foundation.

ISSN 1936-8798/$36.00 https://doi.org/10.1016/j.jcin.2020.09.044
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T ranscatheter aortic valve replacement
(TAVR) is a safe and effective alternative to
surgical aortic valve replacement for the

treatment of patients with symptomatic severe aortic
valve stenosis across all surgical risk categories (1–7).
The LOTUS aortic valve system (Boston Scientific,
Marlborough, Massachusetts) is a mechanically
expanding transcatheter heart valve (THV) with an
intra-annular design and an adaptive seal to reduce
the incidence of paravalvular leak (PVL). In the
REPRISE III (Safety and Efficacy Study of Lotus Valve
for Transcatheter Aortic Valve Replacement) trial, the
LOTUS system was noninferior to the self-expanding
CoreValve system (Medtronic, Minneapolis, Minne-
sota) for the coprimary safety and effectiveness com-
posite endpoints (8). In this study, a lower incidence
of PVL with the LOTUS system was offset by a higher
rate of new permanent pacemaker (PPM) implanta-
tion. The LOTUS Edge system incorporated several
iterative design improvements on its predecessor,
including the Depth Guard technology to reduce the
rate of new PPM implantation (Central Illustration).
In 2017, the occurrence of important safety events
mandated the commercial withdrawal of the LOTUS
Edge device. In April 2019, the LOTUS Edge system
received European Medicines Agency approval to
recommence commercial implantation.

In this study, we present early short-term safety
and efficacy results among an all-comers patient
population treated with the re-released LOTUS Edge
system in Europe.

METHODS

STUDY DESIGN. This was an investigator-initiated,
multicenter, single-arm, retrospective registry of
consecutive patients who underwent TAVR with the
LOTUS Edge aortic valve system across 18 European
centers during the first 8 months after commercial
release in April 2019. Clinical, echocardiographic,
multislice computed tomographic (MSCT), proce-
dural, and clinical outcome data were retrospectively
collected using an electronic case report form.
Participation in the registry was voluntary, but
enrolling centers were mandated to include all pa-
tients treated with the LOTUS Edge system. Patient

selection for TAVR was performed per stan-
dard practice at each center. All data were site
reported and collected into an anonymized
patient-level database. The study was
approved by the local ethics committee at
each participating site and was conducted in
accordance with the Declaration of Helsinki.

DEVICE DESIGN. The LOTUS Edge aortic
valve system is a bioprosthetic THV that in-
cludes a braided Nitinol frame with 3 bovine
pericardial leaflets and a polymer adaptive
seal. The system has an intra-annular design
and is deployed via mechanical expansion.
This repositionable and retrievable system
allows complete deployment and functional
assessment of the THV before final release.
Novel features of this system include
increased flexibility of the delivery catheter,
enhanced visualization of the locking mech-
anism, and Depth Guard technology designed
to reduce left ventricular outflow tract
(LVOT) interaction and potentially reduce
PPM implantation (Central Illustration). There are 3
valve sizes, 23, 25, and 27 mm, for native annular
diameters of 20 to 23, 23 to 25, and 25 to 27 mm,
respectively. The delivery system requires a mini-
mal femoral artery diameter of 6.5 mm and is
compatible with the large LOTUS introducer set.
All operators were requested to follow a newly
developed implantation technique whereby the
expanding valve is maintained at a shallow depth
(<8 mm below the annular plane) throughout
deployment.

ENDPOINTS. The primary objective of this study was
to investigate the 30-day safety and efficacy of this
novel THV system. All individual and composite
endpoints were defined according to the Valve Aca-
demic Research Consortium-2 criteria (9). 30-day all-
cause mortality was further divided into cardiovas-
cular and noncardiovascular death, and stroke was
adjudicated as disabling or nondisabling, according to
the Valve Academic Research Consortium-2 defini-
tions. Surgical risk stratification was calculated us-
ing the Society of Thoracic Surgeons Predictor of
Mortality (STS-PROM) score version 2.9 (10,11). We
defined complex anatomy as the presence of 1 of

SEE PAGE 182

AB BR E V I A T I O N S

AND ACRONYM S

AVA = aortic valve area

AVB = atrioventricular block

LBBB = left bundle branch
block

LVOT = left ventricular

outflow tract

MG = mean transvalvular
pressure gradient

MSCT = multislice computed
tomographic

PPM = permanent pacemaker

PVL = paravalvular leak

RBBB = right bundle branch
block

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

TAVR = transcatheter aortic
valve replacement

THV = transcatheter heart
valve

The authors attest they are in compliance with human studies committees and animal welfare regulations of the authors’
institutions and Food and Drug Administration guidelines, including patient consent where appropriate. For more information,
visit the Author Center.
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the following conditions: severe aortic valve calci-
fication, moderate to severe LVOT calcification,
bicuspid aortic valve morphology, degenerated
surgical biological prosthesis, or pure aortic valve
regurgitation (Figure 1). These characteristics were
site reported. Aortic valve and LVOT calcification
were defined semiquantitatively as mild, moderate,
or severe on the basis of MSCT imaging (12). Por-
celain aorta was defined semiquantitatively on the
basis of MSCT imaging. THV repositioning was
defined as partial or complete recapture of the
valve in the ascending aorta, while THV retrieval
was defined as complete removal of the THV from
the patient. Prosthesis-patient mismatch was clas-
sified as moderate (indexed aortic valve area [AVA]
0.65 to 0.85 cm2/m2) or severe (indexed AVA
<0.65 cm2/m2). We reported the incidence of new
PPM implantation as the rate of post-TAVR new
PPM implantation in the whole patient population
and among patients who were PPM naive. The

decision for new PPM implantation was at the
discretion of the participating center.

STATISTICAL ANALYSIS. Categorical variables are
reported as frequencies and percentages. Continuous
variables are presented as mean ! SD for normally
distributed variables or as median and interquartile
range for skewed variables. The chi-square test was
performed to compare categorical variables. Stu-
dent’s t-test and the Mann-Whitney U test were used
to compare normally distributed and skewed contin-
uous variables, respectively. A univariate analysis for
predictors of 30-day stroke was performed using all
baseline characteristics and procedural factors
considered potentially relevant in the development
of this endpoint. Multivariate analysis was subse-
quently performed using variables with p
values <0.20 in the univariate analysis. All statistical
analysis was performed using SPSS Statistics version
25.0 (IBM, Armonk, New York).
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CENTRAL ILLUSTRATION The LOTUS Edge Aortic Valve System

Armario, X. et al. J Am Coll Cardiol Intv. 2021;14(2):172–81.

The LOTUS Edge system is an intra-annular and mechanically expanding transcatheter heart valve (THV) that consists of a braided Nitinol frame, 3 bovine pericardial
leaflets, and a polymer adaptive seal with a central radiopaque marker. Novel features of this device are displayed in the green boxes. (A) Depth Guard technology
reducing the interaction between the stent frame and the left ventricular outflow tract during deployment. (B) Radiopaque markers improving the visualization of the
locking mechanism. (C,D) Complete deployment and functional assessment of the THV before final release.
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RESULTS

BASELINE AND PROCEDURAL CHARACTERISTICS.

Between April and November 2019, 286 consecutive
patients treated with the LOTUS Edge system at 18
European centers were included. Baseline clinical
characteristics are reported in Table 1. The mean age
was 81.2 ! 6.9 years, 41.6% were women, and the
mean STS-PROM score was 5.2 ! 5.4%. Almost three-
quarters of patients (n ¼ 207 [72.4%]) were in New
York Heart Association functional class III or IV. At
the time of the procedure, 46 patients (16.1%) had
undergone prior PPM implantation, including 22 pa-
tients (7.7%) who had undergone elective pre-
procedural PPM implantation because of underlying
conduction abnormalities: 16 patients had right
bundle branch block (RBBB) and 6 patients had left
bundle branch block (LBBB) with or without first-
degree atrioventricular block (AVB).

Baseline echocardiographic and MSCT data are
outlined in Table 2. The average AVA and mean
transvalvular pressure gradient (MG) were 0.7 !
0.2 cm2 and 45.9 ! 13.8 mm Hg, respectively.
Moderate to severe aortic regurgitation was present
in 11.5% (n ¼ 33). Nearly one-half of all patients
(47.9%) were considered to have complex anatomy:
severe aortic valve calcification was reported in
37.5% (n ¼ 99), moderate to severe LVOT calcifica-
tion in 23.5% (n ¼ 61), and bicuspid aortic valve in
9.9% (n ¼ 28). Four patients were treated for
degenerated surgical bioprosthesis (1.4%) and 3 pa-
tients for pure aortic valve regurgitation (1.1%).
Patients in the complex anatomy group were
younger (80.1 ! 7.2 years vs. 82.3 ! 6.3 years;
p ¼ 0.006), and had higher MG (48.5 ! 14.6 mm Hg
vs. 43.4 ! 12.5 mm Hg; p ¼ 0.002) and more
frequent PPM implantation (21.2% vs. 11.4%;
p ¼ 0.03) at baseline.
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FIGURE 1 Complex Anatomies

Examples of complex anatomies treated with the LOTUS Edge system. (A) Severe aortic valve calcification. (B) Moderate to severe left ventricular outflow tract
calcification. (C) Bicuspid aortic valve morphology. (D) Degenerated surgical biological prosthesis. (E) Pure aortic valve regurgitation. (F) Horizontal aorta.
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Procedures were predominantly performed under
local anesthesia (n ¼ 278 [97.2%]) via transfemoral
access (n ¼ 282 [98.6%]) (Table 3). During TAVR,
aortic valve pre-dilatation was performed in 54.2%
(n ¼ 155) and post-dilatation in 2.1% (n ¼ 6). Both pre-
and post-dilatation were performed more frequently
in the complex anatomy group (65.0% vs. 44.3%
[p < 0.001] and 2.1% vs. 0.0% [p ¼ 0.01], respec-
tively). THV repositioning occurred in 40.9% of cases
(n ¼ 61) with noncomplex anatomy and 38.7% of cases
(n ¼ 53) with complex anatomy (p ¼ 0.70). In 1 case, a
27-mm LOTUS Edge was retrieved because of failure
to achieve an optimal position, and a 26-mm SAPIEN 3
(Edwards Lifesciences, Irvine, California) was suc-
cessfully implanted.

PROCEDURAL AND CLINICAL OUTCOMES. In-hospital
mortality occurred in four patients (1.4%): 1 left
ventricular guidewire perforation with cardiac tam-
ponade and conversion to open surgery (day 0), 1
presumed left ventricular guidewire perforation with
cardiac tamponade (day 1), 1 cardiac arrest of uncer-
tain origin (day 1), and 1 stroke (day 2) (Table 4). There
were 9 strokes (3.1%), of which 3 (1.0%) were cate-
gorized as disabling. No cases of myocardial infarc-
tion or stage 2 or 3 acute kidney injury were observed.
Life-threatening and major bleeding occurred in 0.7%
(n ¼ 2) and 3.1% (n ¼ 9), respectively, while the rate of
major vascular complications was 2.1% (n ¼ 6). No
cases of valve malpositioning were reported.

Thirty-day follow-up was available in 99.3%
(n ¼ 284). Between hospital discharge and 30 days, 3
further deaths occurred: 1 myocardial infarction (day
25), 1 acute cholecystitis with septic shock (day 22),
and 1 multiorgan failure of uncertain etiology (day
12). The 30-day mortality rate was consequently 2.4%
(n ¼ 7); 2.1% (n ¼ 6) were classified as cardiovascular
deaths (Table 5). One additional nondisabling stroke
occurred on day 29, yielding a 30-day stroke rate of
3.5% (n ¼ 10); 1.0% (n ¼ 3) were classified as disabling
strokes. Logistic regression did not identify any in-
dependent predictor of 30-day stroke (Supplemental
Table 1).

At 30 days, 12.0% of patients remained in New
York Heart Association functional class III or IV
(Figure 2). The mean AVA and MG were 1.9 "
0.9 cm2 and 11.9 " 5.7 mm Hg, respectively
(Figure 3). Twenty-two patients (8.9%) had
MG $20 mm Hg. The rates of severe and moderate
prosthesis-patient mismatch were 7.5% (n ¼ 13) and
26.4% (n ¼ 46), respectively. None or trace PVL was
reported in 84.4% (n ¼ 211), and moderate PVL
occurred in 2.0% (n ¼ 5), with no cases of severe
PVL (Figure 3).

TABLE 1 Baseline Characteristics

All Patients
(N ¼ 286)

Noncomplex
Anatomy
(n ¼ 149)

Complex
Anatomy
(n ¼ 137) p Value

Age, yrs 81.2 " 6.9 82.3 " 6.3 80.1 " 7.2 0.006

Female 119 (41.6) 65 (43.6) 54 (39.4) 0.47

STS-PROM score, % 5.2 " 5.4 5.9 " 6.5 4.4 " 3.6 0.03

NYHA functional class III or IV 207 (72.4) 110 (73.8) 97 (70.8) 0.57

Body mass index, kg/m2 27.6 " 5.6 27.7 " 6.1 27.6 " 5.1 0.93

Diabetes mellitus 69 (24.1) 33 (22.1) 36 (26.3) 0.42

Atrial fibrillation 87 (30.4) 49 (32.9) 38 (27.7) 0.34

Permanent pacemaker 46 (16.1) 17 (11.4) 29 (21.2) 0.03

Prior myocardial infarction 34 (11.9) 20 (13.4) 14 (10.2) 0.40

Prior PCI 57 (19.9) 36 (24.2) 22 (16.1) 0.09

Prior CABG 32 (11.2) 18 (12.1) 14 (10.2) 0.62

Prior SAVR 4 (1.4) 0 (0.0) 4 (2.9) 0.04

Prior cerebrovascular accident 35 (12.2) 20 (13.4) 15 (10.9) 0.52

Peripheral vascular disease 64 (22.4) 38 (25.5) 26 (19.0) 0.19

Chronic lung disease 48 (16.8) 23 (15.9) 25 (18.5) 0.56

Glomerular filtration
rate <30 ml/min

29 (10.1) 16 (11.1) 12 (9.0) 0.56

Values are mean " SD or n (%). p values represent comparisons between noncomplex and complex anatomies.

CABG ¼ coronary artery bypass grafting; NYHA ¼ New York Heart Association; PCI ¼ percutaneous coronary
intervention; SAVR ¼ surgical aortic valve replacement; STS-PROM ¼ Society of Thoracic Surgeons Predicted Risk
of Mortality.

TABLE 2 Baseline Imaging

All Patients
(N ¼ 286)

Noncomplex
Anatomy
(n ¼ 149)

Complex
Anatomy
(n ¼ 137) p Value

Echocardiography

Left ventricular ejection fraction,
%

53.5 " 11.5 53.6 " 10.4 53.3 " 12.6 0.79

Aortic valve area, cm2 0.7 " 0.2 0.7 " 0.2 0.7 " 0.2 0.25

Mean transvalvular gradient,
mm Hg

45.9 " 13.8 43.4 " 12.5 48.5 " 14.6 0.002

Peak transvalvular gradient,
mm Hg

77.0 " 21.9 73.7 " 20.3 80.7 " 23.1 0.008

Moderate to severe aortic
regurgitation

33 (11.5) 22 (14.8) 11 (8.0) 0.08

Computed tomography

Aortic annulus
Minimum diameter, mm 22.4 " 3.2 22.1 " 2.7 22.7 " 3.7 0.18
Maximum diameter, mm 27.2 " 2.7 27.2 " 2.6 27.1 " 2.8 0.83
Mean diameter, mm 24.6 " 2.8 24.4 " 2.0 24.9 " 3.6 0.14
Perimeter, mm 72.5 " 18.5 73.6 " 16.2 71.5 " 20.4 0.37
Area, mm2 427.9 " 166.2 436.9 " 143.3 418.8 " 186.5 0.39

Sinus of Valsalva
Mean diameter, mm 32.1 " 3.9 31.2 " 4.0 33.0 " 3.7 0.002

Sinotubular junction
Minimum diameter, mm 28.7 " 3.6 28.3 " 3.7 29.1 " 3.6 0.13

Coronary arteries
Left coronary artery height,
mm

14.4 " 3.3 14.4 " 3.3 14.4 " 3.4 0.89

Right coronary artery height,
mm

16.4 " 3.4 16.5 " 3.4 16.4 " 3.4 0.80

Values are mean " SD or n (%). p values represent comparisons between noncomplex and complex anatomies.
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The incidence of new PPM implantation was 25.9%
among all patients and 30.8% among PPM-naive pa-
tients. The indications for new PPM implantation
were as follows: 66.2% developed third-degree AVB,
9.5% had second-degree AVB, 17.6% had first-degree
AVB with LBBB or RBBB, and 6.8% had isolated LBBB.

Post-procedural antithrombotic therapy was
diverse: 24.4% were treated with single-antiplatelet
therapy, 38.7% with dual antiplatelet therapy, and
36.9% with oral anticoagulant agents with or without
antiplatelet agents. There were 3 cases of clinical
valve thrombosis after TAVR, treated successfully
with oral anticoagulation.

Procedural and clinical outcomes at 30 days
dichotomized according to noncomplex or complex
anatomy were similar, except for significantly lower
rates of new PPM implantation (18.2% vs. 32.9%;
p ¼ 0.005) and moderate PVL (0.0% vs. 3.6%;
p ¼ 0.04) in the complex group.

Overall Valve Academic Research Consortium-2
device success was 89.5% (n ¼ 256), early safety was
92.7% (n ¼ 265), and clinical efficacy was 75.2%
(n ¼ 215) (Supplemental Table 2).

DISCUSSION

Herein we present the first European
clinical experience with the LOTUS Edge system
among an all-comers patient population. The
salient features of this initial experience with this
new technology and implantation technique are
that the LOTUS Edge system is associated with
satisfactory clinical outcomes and hemodynamic
results and very low rates of clinically significant
PVL in an anatomically complex patient cohort.
The requirement for new PPM implantation, how-
ever, remains high.

In this study, the LOTUS Edge system showed
similar clinical outcomes at 30 days compared with
its predecessor, the LOTUS valve, in the RESPOND
registry despite operators’ having to relearn how to
use the device after a 2-year hiatus on commercial
implantation (13). The rates of 30-day mortality
(2.4%) and stroke (3.5%) in the present study were
similar to those reported in RESPOND (2.6% and
3.0%, respectively), albeit with a slightly higher
mean STS-PROM score in RESPOND (6.0 " 6.9%),
which could be attributed to changes in the STS-
PROM calculator over time. Other clinical out-
comes, such as acute kidney injury, life-threatening
bleeding, and major vascular complications,
occurred infrequently, with incidences similar to
prior contemporary TAVR studies (4–7). We did not
observe any severe device-related safety events

that mandated the withdrawal of the previous
LOTUS Edge system in 2017.

The hemodynamic outcomes at 30 days (AVA 1.9 "
0.9 cm2, MG 11.9 " 5.7 mm Hg) were nearly identical
to those reported in RESPOND (AVA 1.8 " 0.4 cm2, MG

TABLE 3 Procedural Characteristics

All Patients
(N ¼ 286)

Noncomplex
Anatomy (n ¼ 149)

Complex
Anatomy (n ¼ 137) p value

Local anesthesia 278 (97.2) 144 (96.6) 134 (97.8) 0.55

Transfemoral access 282 (98.6) 147 (98.7) 135 (98.5) 0.93

Valve size
23 mm 74 (25.9) 41 (27.5) 33 (24.1) 0.51
25 mm 105 (36.7) 60 (40.3) 45 (32.8) 0.19
27 mm 107 (37.4) 48 (32.2) 59 (43.1) 0.06

Pre-dilatation 155 (54.2) 66 (44.3) 89 (65.0) <0.001

Post-dilatation 6 (2.1) 0 (0.0) 6 (2.1) 0.01

Repositioning 114 (39.9) 61 (40.9) 53 (38.7) 0.70

Fluoroscopy time, min 19.2 " 8.2 18.8 " 8.1 19.6 " 8.3 0.48

Contrast volume, ml 121.6 " 54.3 127.2 " 56.5 115.0 " 50.9 0.12

Values are n (%) or mean " SD. p values represent comparisons between noncomplex and complex anatomies.

TABLE 4 Procedural Outcomes

All Patients
(N ¼ 286)

Noncomplex
Anatomy
(n ¼ 149)

Complex
Anatomy
(n ¼ 137) p Value

Mortality 4 (1.4) 3 (2.0) 1 (0.7) 0.36

Stroke 9 (3.1) 6 (4.0) 3 (2.2) 0.37
Nondisabling 6 (2.1) 4 (2.7) 2 (1.5) 0.47
Disabling 3 (1.0) 2 (1.3) 1 (0.7) 0.61

Myocardial infarction 0 (0.0) 0 (0.0) 0 (0.0) —

Acute kidney injury 8 (2.8) 2 (1.3) 6 (4.4) 0.12
Stage 1 8 (2.8) 2 (1.3) 6 (4.4) 0.12
Stage 2 or 3 0 (0.0) 0 (0.0) 0 (0.0) —

Bleeding 27 (9.4) 16 (10.7) 11 (8.0) 0.43
Minor 16 (5.6) 10 (6.7) 7 (5.1) 0.57
Major 9 (3.1) 6 (4.0) 3 (2.2) 0.37
Disabling or life
threatening

2 (0.7) 1 (0.7) 1 (0.7) 0.95

Vascular complications 22 (7.7) 16 (10.7) 6 (4.4) 0.04
Minor 16 (5.6) 11 (7.4) 5 (3.6) 0.17
Major 6 (2.1) 5 (3.4) 1 (0.7) 0.12

Valve malposition 0 (0.0) 0 (0.0) 0 (0.0) —

Coronary obstruction 0 (0.0) 0 (0.0) 0 (0.0) —

Annular rupture 0 (0.0) 0 (0.0) 0 (0.0) —

Ventricular perforation 2 (0.7) 1 (0.7) 1 (0.7) 0.95

Cardiac tamponade 2 (0.7) 1 (0.7) 1 (0.7) 0.95

Surgical conversion 1 (0.3) 1 (0.7) 0 (0.0) 0.34

Hospitalization duration,
days

5 (3–8) 5 (3–8) 5 (2–8) 0.49

Values are n (%) or median (interquartile range). p values represent comparisons between noncomplex and
complex anatomies. All clinical outcomes are expressed according to the Valve Academic Research Consortium-2
definitions.
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TABLE 5 Clinical Outcomes at 30 Days

All Patients
(N ¼ 286)

Noncomplex Anatomy
(n ¼ 149)

Complex Anatomy
(n ¼ 137) p Value

Mortality 7 (2.4) 3 (2.0) 4 (2.9) 0.62
Cardiovascular 6 (2.1) 3 (2.0) 3 (2.2) 0.92
Noncardiovascular 1 (0.3) 0 (0.0) 1 (0.7) 0.30

Stroke 10 (3.5) 6 (4.0) 4 (2.9) 0.61
Nondisabling 7 (2.4) 4 (2.7) 2 (1.5) 0.47
Disabling 3 (1.0) 2 (1.3) 2 (1.5) 0.93

Myocardial infarction 1 (0.3) 0 (0.0) 1 (0.7) 0.30

Clinical valve thrombosis 3 (1.0) 0 (0.0) 3 (2.2) 0.07

Valve endocarditis 0 (0.0) 0 (0.0) 0 (0.0) —

Repeated procedure for valve-related dysfunction 0 (0.0) 0 (0.0) 0 (0.0) —

New PPM implantation 74 (25.9) 49 (32.9) 25 (18.2) 0.005
Among PPM-naive patients 74 (30.8) 49 (37.1) 25 (23.1) 0.02

NYHA functional class III or IV (n ¼ 250) 30 (12.0) 18 (13.4) 12 (10.3) 0.45

Aortic valve area, cm2 1.9 " 0.9 1.8 " 0.5 2.0 " 1.3 0.25

Mean transvalvular gradient, mm Hg 11.9 " 5.7 11.4 " 6.0 12.6 " 5.3 0.11

Paravalvular leak (n ¼ 250)
None or trace 211 (84.4) 116 (84.7) 95 (84.1) 0.90
Mild 34 (13.6) 16 (11.7) 18 (15.9) 0.33
Moderate 5 (2.0) 5 (3.6) 0 (0.0) 0.04
Severe 0 (0.0) 0 (0.0) 0 (0.0) —

Values are n (%) or mean " SD. The p values represent comparisons between noncomplex and complex anatomies. All clinical outcomes are expressed according to the Valve
Academic Research Consortium-2 definitions.

NYHA ¼ New York Heart Association; PPM ¼ permanent pacemaker.
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FIGURE 2 Functional Class at Baseline and 30 Days

NYHA ¼ New York Heart Association.
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10.8 ! 4.6 mm Hg), in the same range as those re-
ported for the balloon-expandable SAPIEN 3 Ultra
valve (AVA 1.6 ! 0.4 cm2, MG 11.6 ! 4.3 mm Hg), but
less favorable compared with the self-expanding
Evolut PRO valve (AVA 2.0 ! 0.5 cm2, MG 6.4 !
2.1 mm Hg) (13–15). The role of post-dilatation of the
LOTUS valve and the impact of residual transvalvular
gradients on long-term durability warrants further
study. In contrast, as increasing PVL has proved to be
associated with increasing mortality (16–19), the very
low rate of moderate to severe PVL in the present
study (2.0%) is clearly reassuring. Indeed, surgery-
like results are observed in this cohort, with 84.4%
of patients experiencing none or trace PVL post-
TAVR. These data represent the best-in-class PVL
data for THVs, especially when considering the
anatomic complexity of the patient population (20).

The incidence of new PPM implantation with the
LOTUS Edge remains high compared with other
commercially available THVs (14,15). At 30 days,
25.9% of all patients and 30.8% of PPM-naive patients
required new PPMs. This rate is numerically lower
than that reported with the LOTUS valve in the
RESPOND registry (30.0% among all patients, 34.6%
among PPM-naive patients) (13) and in the REPRISE
III study (29.1% among all patients, 35.5% among
PPM-naive patients) (8). The Depth Guard technology
was introduced to reduce the rate of PPM implanta-
tion by minimizing interaction between the stent
frame and the LVOT during deployment. The Depth
Guard system allows the majority of late THV fore-
shortening to occur at the outflow rather than the

inflow, where greater LVOT interaction can lead to
conduction system injury. However, 2 important as-
pects should be considered when interpreting the
incidence of new PPM implantation in our study.
First, the present study represents the first LOTUS
Edge cases performed at each center in nearly 2 years.
Thus, operators had to refamiliarize themselves with
the device and integrate a new and unproven
deployment protocol. Increasing operator experience
with the device and ongoing evolution of the im-
plantation technique have the potential to reduce the
incidence of new PPM implantation. Second, in this
retrospective study, the decision for PPM implanta-
tion was at the discretion of the participating center.
In one-quarter (24.4%) of cases, new PPMs were
implanted for first-degree AVB with LBBB or RBBB or
even for isolated LBBB. According to the current Eu-
ropean Society of Cardiology guidelines, such con-
duction disturbances would represent nonapproved
indications for PPM implantation (21). If we excluded
those patients with nonapproved indications, the
incidence of new PPM implantation would be 19.6%
among all patients and 23.3% among PPM-naive
patients.

Anecdotal evidence would suggest that the LOTUS
system is preferentially used in Europe for the most
complex anatomies, including bicuspid aortic valve
morphology and severe aortic valve calcification.
Indeed, nearly one-half (47.9%) of the cases included
in our study met the definition for complex anatomy.
The LOTUS system has several unique features that
favor its use in complex anatomy: 1) the valve can be

p
ri
n
t
&
w
e
b
4
C
=F

P
O

FIGURE 3 Hemodynamic Data at Baseline and 30 Days

Values are mean ! SD. Error bars represent 95% confidence interval. AR ¼ aortic valve regurgitation.
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completely deployed and subsequently recaptured,
repositioned, and finally retrieved if the result is
suboptimal; 2) the leaflets are functional early during
deployment, so hemodynamic embarrassment is rare;
3) the adaptive seal adjusts to the surrounding anat-
omy giving very low rates of PVL, even in the pres-
ence of severe aortic valve or LVOT calcification; and
4) the gradual expansion of the THV yields a low risk
for annular rupture. In the present study, complex
anatomy was not associated with higher rates of
peri-procedural complications, stroke, new PPM im-
plantation, significant PVL, or elevated transvalvular
gradients compared with noncomplex anatomy. The
absence of any cases of valve malpositioning, coro-
nary obstruction, or annular rupture along with
favorable hemodynamic status and very low rates of
PVL support the contention that the LOTUS Edge
system is an important alternative for complex situ-
ations. The trade-off for these advantages, however,
may be a higher rate of new PPM implantation.

STUDY LIMITATIONS. The relatively small sample
size of the study population and the retrospective
design with only 30-day follow-up limit the devel-
opment of firm conclusions. Nevertheless, these
short-term data are the first reported since the LOTUS
Edge system was withdrawn from the market in April
2017 and include important safety and efficacy in-
formation for the community. Site-reported end-
points and the absence of an echocardiographic and
MSCT core laboratory also represent important limi-
tations. The decision for PPM implantation was at the
discretion of the participating center. Thus, the in-
dications for PPM implantation differ among centers
and can be influenced by both patient and operational
factors. Operator inexperience with the device and
implantation technique may have influenced the rate
of some adverse events. The ongoing RESPOND EDGE
study (NCT04009720) will provide additional infor-
mation regarding patient outcomes with this
THV system.

CONCLUSIONS

Early European experience with the LOTUS Edge
aortic valve system demonstrated satisfactory short-
term safety and efficacy, favorable hemodynamic
data, and very low rates of clinically relevant PVL in
an anatomically complex patient cohort. The
requirement for new PPM implantation remained
high. Further study will evaluate whether increasing
operator experience with the device and the new
implantation technique can reduce the incidence of
new PPM implantation.
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PERSPECTIVES

WHAT IS KNOWN? The LOTUS aortic valve system
is a mechanically expanding THV for the treatment of

symptomatic severe aortic valve stenosis. In 2017, the

LOTUS Edge system was commercially withdrawn

because of safety concerns.

WHAT IS NEW? In April 2019, the LOTUS Edge

system was commercially relaunched. This study re-

ports the first experience with this novel device in an

all-comers population. These new data show satis-
factory short-term safety and efficacy, with very low

rates of clinically relevant PVL in an anatomically

complex cohort. The requirement for new PPM im-

plantation, however, remains high.

WHAT IS NEXT? Further study will evaluate

whether the new implantation technique and an

increasing operator experience can reduce the inci-

dence of new PPM implantation.
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5.2. Impact of the COVID-19 pandemic on global TAVI activity: The COVID-

TAVI study 
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ABSTRACT

BACKGROUND The COVID-19 pandemic adversely affected health care systems. Patients in need of

transcatheter aortic valve replacement (TAVR) are especially susceptible to treatment delays.

OBJECTIVES This study sought to evaluate the impact of the COVID-19 pandemic on global TAVR activity.

METHODS This international registry reported monthly TAVR case volume in participating institutions prior to

and during the COVID-19 pandemic (January 2018 to December 2021). Hospital-level information on public vs

private, urban vs rural, and TAVR volume was collected, as was country-level information on socioeconomic

status, COVID-19 incidence, and governmental public health responses.

RESULTS We included 130 centers from 61 countries, including 65,980 TAVR procedures. The first and second

pandemic waves were associated with a significant reduction of 15% (P < 0.001) and 7% (P < 0.001) in

monthly TAVR case volume, respectively, compared with the prepandemic period. The third pandemic wave was
not associated with reduced TAVR activity. A greater reduction in TAVR activity was observed in Africa (!52%;

P ¼ 0.001), Central-South America (!33%; P < 0.001), and Asia (!29%; P < 0.001). Private hospitals

(P ¼ 0.005), urban areas (P ¼ 0.011), low-volume centers (P ¼ 0.002), countries with lower development

(P < 0.001) and economic status (P < 0.001), higher COVID-19 incidence (P < 0.001), and more stringent

public health restrictions (P < 0.001) experienced a greater reduction in TAVR activity.

CONCLUSIONS TAVR procedural volume declined substantially during the first and second waves of the

COVID-19 pandemic, especially in Africa, Central-South America, and Asia. National socioeconomic status,

COVID-19 incidence, and public health responses were associated with treatment delays. This information
should inform public health policy in case of future global health crises. (J Am Coll Cardiol Intv

2024;17:374–387) © 2024 by the American College of Cardiology Foundation.
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T he COVID-19 pandemic rapidly overwhelmed
health care systems around the world. Health
care resources were redirected to manage

fallout from the emerging pandemic and established
care pathways for many acute and chronic diseases
were suspended. Public health messaging encouraged
populations to stay at home and travel restrictions
were enforced to limit contagion. Such actions were
associated with reduced hospitalization for and
increased mortality from cardiovascular diseases.1,2

For example, hospital admission for acute coronary
syndromes (ACS) and activation of ST-segment eleva-
tion myocardial infarction pathways were reduced.3,4

The COVID-19 pandemic likely had a negative
impact on patients with valvular heart disease as

well.5,6 Patients with symptomatic severe aortic valve
stenosis necessitating surgical aortic valve replace-
ment (SAVR) or transcatheter aortic valve replace-
ment (TAVR) are especially vulnerable to treatment
delays, and treatment deferral is associated with an
increased risk of hospitalization and death.5,6 It is
therefore concerning that single center and regional
reports have suggested reduced TAVR procedural
volume during the COVID-19 pandemic.7,8 The
impact of the COVID-19 pandemic on a specific pro-
cedure such as TAVR, however, is likely to have been
heterogeneous across diverse countries and health
care systems, and has been influenced by socioeco-
nomic and other national factors, the incidence of
severe acute respiratory syndrome coronavirus 2
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CENTRAL ILLUSTRATION Global TAVR Activity Before and During the COVID-19 Pandemic

130 centers
61 countries
6 continents

from January 2018
to December 2021

Impact of the COVID-19 Pandemic on Global TAVR Procedural Volume

Study Sample

65,980 TAVR Cases
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The first and second pandemic waves were associated with a significant reduction of 15% (P < 0.001) and 7% (P < 0.001) in monthly transcatheter aortic valve
replacement (TAVR) case volume, respectively, compared with the prepandemic period. The third pandemic wave was not associated with reduced TAVR activity.
A greater reduction in TAVR activity was observed in Africa (!52%; P ¼ 0.001), Central-South America (!33%; P< 0.001), and Asia (!29%; P< 0.001) compared with
North America (!15%; P < 0.001) or Europe (!11%; P < 0.001). Private hospitals (P ¼ 0.005), urban areas (P ¼ 0.011), low-volume centers (P ¼ 0.002), and
countries with lower development (P < 0.001) and economic status (P < 0.001), higher COVID-19 incidence (P < 0.001), and more stringent public health re-
strictions (P < 0.001) experienced a greater reduction in TAVR activity.

J A C C : C A R D I O V A S C U L A R I N T E R V E N T I O N S V O L . 1 7 , N O . 3 , 2 0 2 4 Armario et al
F E B R U A R Y 1 2 , 2 0 2 4 : 3 7 4 – 3 8 7 The COVID-TAVI Study

377



Compendium of publications 
 

 71 

(SARS-CoV-2) infection, and the severity of govern-
mental public health measures introduced in
response to the pandemic.

Herein, we present the results of the COVID-TAVI
(coronavirus disease - transcatheter aortic valve

implantation) study detailing the impact of the
COVID-19 pandemic on global TAVR activity,
including a wide range of countries with distinct
health care systems and demographic, development,
and economic statuses.

TABLE 1 Center Characteristics and TAVR Activity During the Period 2018-2021

America

Europe
(n ¼ 66)

Asia
(n ¼ 32)

Central-South
(n ¼ 18)

North
(n ¼ 8)

Oceania
(n ¼ 4)

Africa
(n ¼ 2)

Global
(n ¼ 130)

Center characteristics

Health care system

Public 58 (87.9) 20 (62.5) 7 (38.9) 5 (62.5) 2 (50.0) 1 (50.0) 93 (71.5)

Private 6 (9.1) 11 (34.4) 10 (55.6) 3 (37.5) 1 (25.0) 1 (50.0) 32 (24.6)

Mixed 2 (3.0) 1 (3.1) 1 (5.6) 0 (0.0) 1 (25.0) 0 (0.0) 5 (3.8)

Demographic status

Urban 52 (78.8) 29 (90.6) 17 (94.4) 6 (75.0) 3 (75.0) 1 (50.0) 108 (83.1)

Rural 14 (21.2) 3 (9.4) 1 (5.6) 2 (25.0) 1 (25.0) 1 (50.0) 22 (16.9)

TAVR volume

Low 9 (13.6) 18 (56.3) 16 (88.9) 1 (12.5) 0 (0.0) 1 (50.0) 45 (34.6)

Intermediate 19 (28.8) 6 (18.8) 2 (11.1) 1 (12.5) 1 (25.0) 1 (50.0) 30 (23.1)

High 38 (57.6) 8 (25.0) 0 (0.0) 6 (75.0) 3 (75.0) 0 (0.0) 55 (42.3)

Development status

HDI 0.912 " 0.035 0.847 " 0.087 0.801 " 0.041 0.927 " 0.002 0.941 " 0.007 0.708 " 0.001 0.879 " 0.071

Economic status

GDP per capita, $ 49,363 " 14,954 40,988 " 24,030 19,718 " 4,953 59,171 " 8,175 50,200 " 3,097 13,274 " 1,435 43,307 " 19,603

GNI per capita, $ 47,991 " 12,599 41,089 " 23,341 18,979 " 4,665 59,576 " 9,031 48,675 " 2,830 12,870 " 1,499 42,490 " 18,472

COVID-19 incidencea

First wave 0.94 " 0.85 1.39 " 2.63 3.18 " 2.43 1.89 " 1.12 0.09 " 0.09 0.75 " 1.03 1.61 " 2.05

Second wave 7.01 " 5.96 2.25 " 3.05 5.17 " 2.53 6.95 " 5.59 0.12 " 0.11 1.59 " 2.25 5.73 " 5.52

Third wave 8.06 " 7.08 3.74 " 5.79 7.40 " 6.27 7.40 " 3.99 1.19 " 0.87 1.94 " 2.69 6.35 " 6.67

COVID-19 stringency index

First wave 36.0 " 12.7 29.5 " 18.1 40.0 " 9.6 33.1 " 2.6 31.2 " 13.9 36.9 " 12.0 35.1 " 13.6

Second wave 24.6 " 14.6 20.3 " 16.8 29.6 " 13.0 29.5 " 8.5 26.8 " 15.1 18.5 " 9.2 24.9 " 14.5

Third wave 26.8 " 16.0 21.3 " 13.9 21.8 " 14.7 21.6 " 8.9 34.1 " 8.4 12.0 " 9.8 24.3 " 15.1

Annual TAVR procedural volume

2018-2019

TAVR cases in 2018 9,839 2,000 443 1,275 345 74 13,976

TAVR cases in 2019 11,670 2,154 479 1,431 499 80 16,313

Absolute variation 1,831 154 36 156 154 6 2,337

Relative variation, % 18.6 7.7 8.1 12.2 44.6 8.1 16.7

2019-2020

TAVR cases in 2019 11,670 2,154 479 1,431 499 80 16,313

TAVR cases in 2020 11,919 2,065 386 1,331 555 47 16,303

Absolute variation 249 #89 #93 #100 56 #33 #10

Relative variation, % 2.1 #4.1 #19.4 #7.0 11.2 #41.3 #0.1

2020-2021

TAVR cases in 2020 11,919 2,065 386 1,331 555 47 16,303

TAVR cases in 2021 13,596 2,990 570 1,605 548 79 19,388

Absolute variation 1,677 925 184 274 #7 32 3,085

Relative variation, % 14.1 44.8 47.7 20.6 #1.3 68.1 18.9

Values are n (%) or mean " SD unless otherwise indicated. aCOVID-19 incidence is reported as the monthly number of COVID-19 cases per thousand inhabitants.

GDP ¼ gross domestic product; GNI ¼ gross national income; HDI ¼ Human Development Index; TAVR ¼ transcatheter aortic valve replacement.
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METHODS

STUDY DESIGN. We undertook an investigator-
initiated, multinational, retrospective study to
create a registry on global TAVR activity before and
during the COVID-19 pandemic. Individual TAVR
centers were invited to voluntarily participate in the
study. Centers were identified from a variety of
sources: existing collaborative research projects, Na-
tional Library of Medicine (PubMed) publications,
international cardiovascular congresses, and national
cardiovascular websites. We invited 292 centers, of
which 162 (55.5%) responded and finally 130 (44.5%)
submitted the required data.

We collected monthly TAVR case volume at each
site prior to and during the COVID-19 pandemic
(January 2018 to December 2021) using a dedicated
report template. Regional and national demographic
(population size and density), development (Human
Development Index [HDI]) and economic data (gross
domestic product [GDP] per capita and gross national
income [GNI] per capita), COVID-19 incidence, and
governmental public health responses to the
pandemic were also recorded. The study was
approved by the ethics committee at Galway Univer-
sity Hospital and was conducted in accordance with
the Declaration of Helsinki.

ENDPOINTS AND DEFINITIONS. The objectives of
this study were: 1) to assess the association of the
COVID-19 pandemic with global TAVR procedural
volume; 2) to study if the COVID-19 pandemic
differentially impacted TAVR procedural volume ac-
cording to geographic region, health care system,
demographic, development, or economic status; and
3) to evaluate if the incidence of SARS-CoV-2 infec-
tion or the stringency of governmental public health
measures impacted TAVR procedural volume.

The primary outcome of interest was the monthly
variation in the average number of TAVR cases per
center performed between January 2018 and
December 2021. We defined the prepandemic period
between January 2018 and the start of the COVID-19
pandemic. The pandemic period extended from the
start of the pandemic until December 2021. We sought
to assess the impact of sequential waves of the
COVID-19 pandemic on TAVR volume during the
study period, as differential responses to managing
the effect of the pandemic on health care were
evident globally.9 Such responses could potentially
mitigate, or exacerbate, the impact of a pandemic

wave on TAVR volume. The start of the COVID-19
pandemic and the delineation of the pandemic
waves were defined by country. Several definitions of
COVID-19 pandemic wave exist but most have been
focused on a specific country and do not readily apply
to other jurisdictions.10,11 In our study, a pandemic
wave was arbitrarily defined as the time period be-
tween a significant (multiplication or division by at
least 2) and sustained (duration of at least 1 month)
increase and decrease in the weekly number of

TABLE 2 COVID-19 Pandemic Waves

Variation in the Average Number of TAVR Cases
per Month per Center

Rate (95% CI) IRR (95% CI) P Value

Prepandemic period 10.46 (8.19-12.72) NA NA

First wave NA 0.85 (0.83-0.88) <0.001

Second wave NA 0.93 (0.91-0.95) <0.001

Third wave NA 1.01 (0.98-1.04) 0.43

IRR ¼ incidence rate ratio; NA ¼ not applicable; TAVR ¼ transcatheter aortic valve replacement.

FIGURE 1 COVID-19 Pandemic Waves

The coefficients of each COVID-19 pandemic wave term report the incidence rate ratio
(IRR) of transcatheter aortic valve replacement (TAVR) procedures per month during
each of the pandemic waves compared with prepandemic months. An IRR <1 suggests a
reduction in the rate of TAVR compared with prepandemic months, while an IRR >1
suggests an increase in the rate of TAVR compared with prepandemic months.
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COVID-19 cases per million people, regardless of the
number of peaks within this time period
(Supplemental Table 1).12 The monthly variation in
the average number of TAVR cases per center was
analyzed during each pandemic wave and was
compared with the prepandemic period.

Geographic regions included country and conti-
nent, each defined according to the United Nations
Statistics Division based on the standard country or
area codes for statistical use M49.13 Participating
centers self-reported their activity as public, private,

or mixed. Centers were also classified as urban or
rural according to the United Nations Statistical
Commission criteria based on the population size
and density.14 Considering the self-reported total
number of TAVR procedures performed in 2019,
centers were classified as low-volume (<50 TAVRs/y),
intermediate-volume (50-100 TAVRs/y), or high-
volume (>100 TAVRs/y) centers.15 The development
status of countries was defined according to the
United Nations Development Program criteria using
the HDI,16 and economic status was defined according
to the World Bank criteria using the GDP per capita
and GNI per capita, based on purchasing power par-
ity.17 All demographic, development, and economic
data were collected from 2019, prior to the onset of
the COVID-19 pandemic.

The COVID-19 incidence was reported as the
monthly number of COVID-19 cases per 1,000 in-
habitants from the Our World in Data project, a
collaboration between the Oxford Martin Program on
Global Development (University of Oxford, United
Kingdom) and the Global Change Data Lab.12

Governmental public health policies implemented
by each country to mitigate the health and social
impacts of the COVID-19 pandemic were defined ac-
cording to the Oxford Coronavirus Government
Response Tracker, which grades the severity of these
measures using the COVID-19 stringency index.18 This
composite measure ranges from 0 (most lenient) to
100 (most strict) and is based on 9 response in-
dicators, such as school/workplace closures and
travel bans (Supplemental Table 2).

STATISTICAL ANALYSIS. To account for within-
center and within-country clustering, we used a
3-level Poisson mixed model, with repeated measures
of TAVR procedures treated as counts clustered
within centers, which themselves are clustered
within countries. A categorical variable that denoted
the COVID-19 pandemic wave number was included,
with prepandemic months set as the reference cate-
gory, and pandemic waves 1, 2, and 3 allocated as
defined previously. Because all countries were
modelled together, it was not necessary for every
country to experience 3 pandemic waves. The co-
efficients of each COVID-19 pandemic wave term
report the incidence rate ratio (IRR) of TAVR pro-
cedures per month during each of the pandemic
waves compared with prepandemic months. An
IRR <1 suggests a reduction in the rate of TAVR
compared with prepandemic months, while an IRR >1

FIGURE 2 Geographic Region

The coefficients of each COVID-19 pandemic wave term report the IRR of TAVR pro-
cedures per month during each of the pandemic waves compared with prepandemic
months. An IRR <1 suggests a reduction in the rate of TAVR compared with prepandemic
months, while an IRR >1 suggests an increase in the rate of TAVR compared with pre-
pandemic months. Abbreviations as in Figure 1.
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suggests an increase in the rate of TAVR compared
with prepandemic months. We included random in-
tercepts for centers within countries. Given the wide
disparities between continents, we used mixed
models for each continent separately, alongside the
primary worldwide model, to investigate regional
changes in TAVR activity during the COVID-19
pandemic. We then investigated the potential effect
of country-level variables: health care system, de-
mographic status, development status, economic
status, COVID-19 incidence, and governmental public
health responses. Because many of these variables
were highly correlated, we used separate models for
each variable individually alongside the time and
pandemic wave variables. An interaction term be-
tween each country-level variable and pandemic
wave was included to assess whether these variables
were associated with a better or worse impact of
COVID-19 on TAVR activity. The IRR for interaction
terms is not for comparison with prepandemic
months, but instead is for comparison with the
reference category of the country-level factor (eg,
private hospitals). Statistical significance was defined
as a P value #0.05. All statistical analysis was per-
formed using R, version 4.1 (R Foundation for Sta-
tistical Computing).

RESULTS

We collected data from 130 TAVR centers in 61
countries across 6 continents, including 65,980 TAVR
procedures during the study period (Central
Illustration). Centers were European (n ¼ 66
[50.8%]), Asian (n ¼ 32 [24.6%]), Central-South
American (n ¼ 18 [13.8%]), North American (n ¼ 8
[6.2%]), Oceanic (n ¼ 4 [3.1%]), or African (n ¼ 2
[1.5%]) (Table 1). Participating TAVR centers were
primarily public (n ¼ 93 [71.5%]) and urban (n ¼ 108
[83.1%]), and were categorized as low volume (n ¼ 45
[34.6%]), intermediate volume (n ¼ 30 [23.1%]) and
high volume (n ¼ 55 [42.3%]), respectively.

In the year prior to the COVID-19 pandemic (2019
vs 2018), annual TAVR procedural volume increased
among participating centers by 16.7% (2,337 proced-
ures) (Table 1). In contrast, no growth in annual TAVR
procedural volume was observed after the outbreak of
the COVID-19 pandemic in 2020 compared with 2019
(decrease of 0.1%; 10 procedures). Annual TAVR
procedural volume increased again by 18.9% (3,085
procedures) in 2021 compared with 2020
(Supplemental Table 3).

COVID-19 PANDEMIC WAVES. Within the study
period, at least 3 distinct waves of COVID-19

pandemic could be identified in all countries, except
in India, where only 2 waves were observed
(Supplemental Table 1).

During the first and second pandemic waves, there
was a significant reduction of 15% (IRR: 0.85; 95% CI:
0.83-0.88; P < 0.001) and 7% (IRR: 0.93; 95% CI: 0.91-
0.95; P < 0.001) in overall monthly TAVR procedural
volume, respectively, compared with the prepan-
demic period (Figure 1, Table 2, Supplemental
Table 4). The third pandemic wave was not associ-
ated with a significant reduction in overall TAVR ac-
tivity compared with the prepandemic period (IRR:
1.01; 95% CI: 0.98-1.04; P ¼ 0.43).

GEOGRAPHIC REGION. During the first pandemic
wave, a numerically greater reduction of TAVR ac-
tivity was observed in Africa ("52%; IRR: 0.48;
95% CI: 0.31-0.74; P ¼ 0.001), Central-South America
("33%; IRR: 0.67; 95% CI: 0.58-0.77; P < 0.001), and
Asia ("29%; IRR: 0.71; 95% CI: 0.65-0.76; P < 0.001),

TABLE 3 Geographic Region

Variation in the Average Number of
TAVR Cases per Month per Center

Rate (95% CI) IRR (95% CI) P Value

Africa
Prepandemic period 2.00 (0.04-3.96) NA NA

First wave NA 0.48 (0.31-0.74) 0.001

Second wave NA 0.60 (0.38-0.97) 0.038

Third wave NA 0.87 (0.56-1.36) 0.54

America, Central-South

Prepandemic period 1.22 (0.49-1.96) NA NA

First wave NA 0.67 (0.58-0.77) <0.001

Second wave NA 0.78 (0.65-0.93) 0.006

Third wave NA 0.96 (0.80-1.14) 0.62

America, North
Prepandemic period 15.62 (9.19-22.06) NA NA
First wave NA 0.85 (0.77-0.93) <0.001
Second wave NA 0.96 (0.87-1.05) 0.37
Third wave NA 1.03 (0.90-1.17) 0.68

Asia

Prepandemic period 5.48 (3.48-7.49) NA NA

First wave NA 0.71 (0.65-0.76) <0.001

Second wave NA 0.83 (0.77-0.90) <0.001

Third wave NA 0.89 (0.83-0.95) 0.001

Europe

Prepandemic period 15.17 (11.36-18.97) NA NA

First wave NA 0.89 (0.87-0.92) <0.001

Second wave NA 0.95 (0.92-0.98) <0.001

Third wave NA 1.05 (1.01-1.08) 0.005

Oceania
Prepandemic period 6.75 (3.23-10.27) NA NA
First wave NA 0.99 (0.82-1.20) 0.92
Second wave NA 1.07 (0.89-1.28) 0.50
Third wave NA 0.99 (0.76-1.30) 0.94

Abbreviations as in Table 2.
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compared with North America (!15%; IRR: 0.85;
95% CI: 0.77-0.93; P < 0.001) or Europe (!11%; IRR:
0.89; 95% CI: 0.87-0.92; P < 0.001) (Figure 2) (Table 3).
TAVR activity was unchanged during the first
pandemic wave in Oceania (!1%; IRR: 0.99; 95% CI:
0.82-1.20; P ¼ 0.92). A similar, yet lower magnitude,
impact was observed during the second pandemic
wave. The third pandemic wave was associated with a
significant reduction of TAVR activity only in Asia
(!11%; IRR: 0.89; 95% CI: 0.83-0.95; P ¼ 0.001) and a
significant increase in Europe (þ5%; IRR: 1.05;
95% CI: 1.01-1.08; P ¼ 0.005).

HEALTH CARE SYSTEM, DEMOGRAPHIC STATUS,

AND TAVR VOLUME. During the first pandemic wave,
private health centers experienced a greater reduc-
tion of TAVR activity compared with public centers
(P ¼ 0.005) (Figure 3, Table 4). Conversely, the third
pandemic wave saw private centers experience a
greater increase of TAVR activity than public centers
(P ¼ 0.005).

Urban centers experienced a greater reduction of
TAVR activity compared with rural centers (P ¼ 0.011)

during the first pandemic wave (Figure 4). No signif-
icant variation in TAVR activity between urban and
rural centers was observed in subsequent waves.

Low-volume centers experienced a greater reduc-
tion of TAVR activity compared with high-volume
centers (P ¼ 0.002) in the first pandemic wave
(Figure 5). In contrast, low-volume centers experi-
enced a greater increase of TAVR activity compared
with high-volume centers (P < 0.001) during the third
pandemic wave.

DEVELOPMENT AND ECONOMIC STATUSES. The
impact of the COVID-19 pandemic on reducing TAVR
activity was more substantial in countries with lower
development and economics statuses (Table 5).
Indeed, during the first pandemic wave, for every 1%
increase of HDI, the reduction of TAVR procedural
volume was attenuated by 2% (IRR: 1.02; 95% CI: 1.02-
1.03; P < 0.001), and for every $10,000 increase of
GDP per capita and GNI per capita, there was an
attenuation of 5% (IRR: 1.05; 95% CI: 1.03-1.07;
P < 0.001). These indices did not impact TAVR pro-
cedural volumes in subsequent pandemic waves.

COVID-19 INCIDENCE AND GOVERNMENTAL PUBLIC

HEALTH RESPONSE. The impact of the COVID-19
pandemic on TAVR activity was greater in countries
with higher COVID-19 incidence (Table 6). During the
first pandemic wave, for every COVID-19 case per
1,000 inhabitants, the reduction in TAVR procedural
volume was accentuated by 8% (IRR: 0.92; 95% CI:
0.90-0.94; P < 0.001). This association was not
observed in subsequent pandemic waves.

Countries with more stringent governmental pub-
lic health responses to the COVID-19 pandemic also
had a greater impact on TAVR activity, and this as-
sociation persisted throughout the 3 pandemic waves
of the study period (Table 6). For every 10% of COVID-
19 stringency index, the reduction in TAVR proce-
dural volume was accentuated by 9% (IRR: 0.91;
95% CI: 0.89-0.92; P < 0.001), 4% (IRR: 0.96; 95% CI:
0.94-0.98; P < 0.001), and 2% (IRR: 0.98; 95% CI:
0.96-1.00; P ¼ 0.018) during the first, second, and
third pandemic waves, respectively.

DISCUSSION

We present an international registry of TAVR activity
during the COVID-19 pandemic. The salient results
are: 1) global TAVR activity was considerably reduced
during the first pandemic wave, but it gradually
recovered and reached the prepandemic activity

FIGURE 3 Health Care System

The coefficients of each COVID-19 pandemic wave term report the IRR of TAVR pro-
cedures per month during each of the pandemic waves compared with prepandemic
months. An IRR <1 suggests a reduction in the rate of TAVR compared with prepandemic
months, while an IRR >1 suggests an increase in the rate of TAVR compared with pre-
pandemic months. Abbreviations as in Figure 1.
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during the third pandemic wave; 2) the impact of the
COVID-19 pandemic on TAVR activity was more pro-
nounced in Africa, Central-South America, and Asia
than in North America or Europe, with no significant
impact in Oceania; and 3) the impact of the COVID-19
pandemic on TAVR activity was initially more pro-
found in private hospitals, urban areas, low-volume
centers, and in countries with lower development
and economic statuses, higher COVID-19 incidence,
and more stringent governmental public health
responses.

The initial reduction in TAVR activity in response
to the COVID-19 pandemic can largely be explained
by 3 related factors: 1) health care systems were
initially overwhelmed with COVID-19 patients and
hospital resources were focused on these cases;
2) patients were reluctant to attend health care
centers due to fear of contagion; and 3) public
health measures encouraged or enforced pop-
ulations to stay at home.7 The gradual recovery and
ultimately return to prepandemic TAVR volume
suggests that health care systems and patients
adapted to the new reality in the era of the COVID-
19 pandemic. The availability of personal protective
equipment such as face masks reduced in-hospital
transmission of SARS-CoV-2 and allowed some ur-
gent care pathways to resume.19 The development
and rollout of vaccine programs against SARS-
CoV-2,20 the emergence of community immunity to
SARS-CoV-2,21 and the arrival of new variants of
SARS-CoV-222 all contributed to the normalization of
health care pathways and return to prepandemic
TAVR volume during the third pandemic wave in
our study. A similar pattern of initial reduction and
subsequent normalization of case volume during
the COVID-19 pandemic was reported in the setting
of ACS.9

The magnitude of the reduction in TAVR volume
during the first pandemic wave was modest overall,
but it was much more profound in Africa, Central-
South America, and Asia. These findings are in line
with a lower impact on ST-segment elevation
myocardial infarction activity reported across North
America and Europe during the COVID-19 pandemic.7

While several factors could influence this observa-
tion, many countries in these regions have both low
development and economic statuses. Supporting this
hypothesis, we observed a clear association between
the TAVR volume reduction in the first pandemic
wave and the national HDI and GDP/GNI per capita.
The current study is not the first to document a sig-
nificant disparity in cardiovascular care and variable

penetrance of novel therapies, such as TAVR, ac-
cording to the national socioeconomic status,
regardless of the COVID-19 pandemic.23-25 Consid-
ering that middle- and low-income countries repre-
sent the 80% of the worldwide population,26 these
findings are concerning.

Countries with higher COVID-19 incidence and
more stringent public health responses showed a
greater reduction in TAVR activity in the current
study. Although a correlation between COVID-19
incidence and ACS admission rate has been sug-
gested,27 the role of lockdown policy stringency on

TABLE 4 Health Care System, Demographic Status, and TAVR Volume

Variation in the Average Number of
TAVR Cases per Month per Center

Rate (95% CI) IRR (95% CI) P Value

Health care system (public vs mixed
vs private)
Prepandemic period (private) 7.38 (3.09-11.66) NA NA
First wave

Private (reference) NA 0.79 (0.74-0.83) <0.001
Public vs private NA 1.10 (1.03-1.18) 0.005
Mixed vs private NA 1.33 (1.12-1.59) 0.001

Second wave
Private (reference) NA 0.92 (0.87-0.97) 0.003
Public vs private NA 1.01 (0.95-1.07) 0.83
Mixed vs private NA 1.27 (1.09-1.49) 0.002

Third wave
Private (reference) NA 1.33 (1.12-1.59) 0.001
Public vs private NA 0.91 (0.86-0.97) 0.005
Mixed vs private NA 0.88 (0.73-1.07) 0.20

Demographic status (urban vs rural)
Prepandemic period (rural) 9.73 (5.10-14.35) NA NA
First wave

Rural (reference) NA 0.92 (0.86-0.98) 0.014
Urban vs rural NA 0.91 (0.85-0.98) 0.011

Second wave
Rural (reference) NA 0.97 (0.91-1.03) 0.31
Urban vs rural NA 0.95 (0.89-1.02) 0.15

Third wave
Rural (reference) NA 1.07 (1.00-1.14) 0.05
Urban vs rural NA 0.94 (0.87-1.01) 0.08

TAVR volume (low vs intermediate
vs high)
Prepandemic period (high) 19.73 (15.61-23.84) NA NA
First wave

High (reference) NA 0.88 (0.85-0.91) <0.001
Intermediate vs high NA 0.90 (0.83-0.97) 0.006
Low vs high NA 0.86 (0.79-0.95) 0.002

Second wave
High (reference) NA 0.92 (0.90-0.95) <0.001
Intermediate vs high NA 1.01 (0.94-1.08) 0.83
Low vs high NA 1.08 (0.99-1.18) 0.10

Third wave
High (reference) NA 0.86 (0.79-0.95) 0.002
Intermediate vs high NA 0.99 (0.92-1.07) 0.81
Low vs high NA 1.23 (1.13-1.34) <0.001

Abbreviations as in Table 2.
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cardiovascular care during the pandemic had not
previously been established. While the application of
containment measures, including school and work-
place closures and restrictions on public gatherings,
are known to reduce the transmission of the SARS-
CoV-2 infection,28,29 it is important to recognize the
undesirable effects of these policies.

This information should inform World Health Or-
ganization and national public health policy in case of
future global health crises. Established care pathways
for high risk cardiovascular and other diseases should
continue uninterrupted as reasonably achievable.
Public health messaging should reinforce the impor-
tance of maintaining scheduled cardiovascular care,
and health care systems should be assessed for and
developed to become pandemic-resilient. Health care
inequality continues to occur along socioeconomic,
political, and ethnic lines, and appears to have been
magnified during the COVID-19 pandemic. Address-
ing the social determinants of this inequity should be
an important tenet of strategies to improve global
health.

STUDY LIMITATIONS. Individual TAVR centers were
invited to voluntarily participate in the study and
may not be representative of TAVR centers globally.
We were unable to identify TAVR centers in some
countries, and national TAVR procedural volume
during the COVID-19 pandemic is derived from a
small sample size in several countries. While the re-
sults presented here for TAVR activity during the
third pandemic wave may represent a return to
normal prepandemic activities, they may also reflect
the process of catching up on TAVR procedures that
were cancelled or delayed earlier in the pandemic.
For the purposes of clarity, we reported continent-
level data, acknowledging that each continent in-
cludes a wide variety of different countries with
heterogeneous socioeconomic data. Therefore, find-
ings according to the geographic region should be
interpreted with caution. Finally, it is important to
acknowledge that factors independent from the
COVID-19 pandemic could have impacted TAVR pro-
cedural volume.

CONCLUSIONS

The COVID-19 pandemic was associated with a
considerable reduction in TAVR procedural volume
worldwide. This impact was most acute during the
first pandemic wave and waned as countries and
health care systems adapted to the health crisis. The
reduction in TAVR activity was more pronounced in
Africa, Central-South America, and Asia, as well as in
private hospitals, urban areas, low-volume centers,

FIGURE 4 Demographic Status

The coefficients of each COVID-19 pandemic wave term report the IRR of TAVR pro-
cedures per month during each of the pandemic waves compared with prepandemic
months. An IRR <1 suggests a reduction in the rate of TAVR compared with prepandemic
months, while an IRR >1 suggests an increase in the rate of TAVR compared with pre-
pandemic months. Abbreviations as in Figure 1.

FIGURE 5 TAVR Volume

The coefficients of each COVID-19 pandemic wave term report the IRR of TAVR pro-
cedures per month during each of the pandemic waves compared with prepandemic
months. An IRR <1 suggests a reduction in the rate of TAVR compared with prepandemic
months, while an IRR >1 suggests an increase in the rate of TAVR compared with pre-
pandemic months. Abbreviations as in Figure 1.
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and countries with lower development and economic
status, higher COVID-19 incidence, and more strin-
gent governmental public health responses. This in-
formation should inform national public health policy
in case of future global health crises.
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TABLE 6 COVID-19 Incidence and Governmental Public Health Response

Variation in the Average Number of
TAVR Cases per Month per Center

Rate (95% CI) IRR (95% CI) P Value

COVID-19 incidence (monthly
number of COVID-19 cases
per thousand inhabitants)a

Prepandemic period 10.46 (8.19-12.72) NA NA

First wave NA 0.92 (0.90-0.94) <0.001

Second wave NA 1.00 (0.99-1.00) 0.38

Third wave NA 1.00 (0.99-1.00) 0.49

Governmental public health
response (COVID-19
stringency index)a

Prepandemic period 10.46 (8.19-12.72) NA NA

First wave NA 0.91 (0.89-0.92) <0.001

Second wave NA 0.96 (0.94-0.98) <0.001

Third wave NA 0.98 (0.96-1.00) 0.018

aIRR for each COVID-19 case per thousand inhabitants (COVID-19 incidence), and each 10% of COVID-19 strin-
gency index (governmental public health response).

Abbreviations as in Tables 1 and 2.

TABLE 5 Development and Economic Statuses

Variation in the Average Number of
TAVR Cases per Month per Center

Rate (95% CI) IRR (95% CI) P Value

Development status (HDI)a

Prepandemic period 10.46 (8.19-12.72) NA NA
First wave NA 1.02 (1.02-1.03) <0.001
Second wave NA 1.00 (1.00-1.01) 0.13

Third wave NA 1.00 (0.99-1.00) 0.56

Economic status
(GDP per capita)a

Prepandemic period 10.46 (8.19-12.72) NA NA
First wave NA 1.05 (1.03-1.07) <0.001
Second wave NA 1.02 (1.00-1.04) 0.045
Third wave NA 1.01 (0.99-1.03) 0.39

Economic status
(GNI per capita)a

Prepandemic period 10.46 (8.19-12.72) NA NA
First wave NA 1.05 (1.03-1.07) <0.001
Second wave NA 1.01 (1.00-1.03) 0.11
Third wave NA 1.00 (0.98-1.02) 0.86

aIRR for each 1% of HDI (development status) and each $10,000 of GDP/GNI per capita (economic status).

Abbreviations as in Tables 1 and 2.
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PERSPECTIVES

WHAT IS KNOWN? Patients with symptomatic severe

aortic valve stenosis necessitating TAVR are especially

vulnerable to treatment delays, and treatment deferral is

associated with an increased risk of hospitalization and

death. Single-center and regional reports have suggested

reduced TAVR procedural volume during the COVID-19

pandemic. However, international reports on global TAVR
activity are lacking.

WHAT IS NEW? This study reports the impact of the

COVID-19 pandemic on global TAVR procedural volume,

including centers across the globe. We report that the

first and second waves of the COVID-19 pandemic were

associated with a significant reduction in global TAVR

activity, whereas the third wave did not. The impact of

the COVID-19 pandemic on TAVR activity was heteroge-

neous across countries, and was influenced by socioeco-

nomic and health care system factors, the magnitude of
national COVID-19 incidence, and the severity of

governmental public health measures introduced in

response to the pandemic.

WHAT IS NEXT? The study results should inform World

Health Organization and national public health policy in

case of future global health crises. Public health

messaging should reinforce the importance of maintain-

ing scheduled cardiovascular care and health care sys-
tems should be assessed for and developed to become

pandemic-resilient.
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Between April and November 2019, 286 consecutive patients who underwent 

TAVI with the LOTUS Edge aortic valve system in 18 European centres were included 

in the first study. The mean age was 81.2 ± 6.9 years, 41.6% were female and the mean 

STS-PROM score was 5.2 ± 5.4%. Almost three-quarters of patients (72.4%) were in 

New York Heart Association (NYHA) functional class III or IV. The average valve area 

and mean transvalvular pressure gradient were 0.7 ± 0.2 cm2 and 45.9 ± 13.8 mmHg, 

respectively. Moderate-severe aortic valve regurgitation was present in 11.5%. Nearly 

half of all patients (47.9%) were considered to have complex anatomy, including severe 

aortic valve calcification (37.5%), moderate-severe LVOT calcification (23.5%), 

bicuspid aortic valve morphology (9.9%), pure aortic valve regurgitation (1.1%), and 

failed aortic biologic prosthesis (1.4%). 

The 30-day mortality rate was 2.4%; 2.1% were classified as cardiovascular death 

and 0.3% as non-cardiovascular death. The 30-day stroke rate was 3.5%; 1.0% were 

classified as disabling stroke and 2.4% as non-disabling stroke. Only 1 case (0.3%) of 

myocardial infarction was reported at 30 days. No cases of stage 2-3 acute kidney injury 

were observed. Life-threatening and major bleeding occurred in 0.7% and 3.1%, 

respectively, whilst the rate of major vascular complications was 2.1%. The incidence of 

permanent pacemaker implantation was 25.9% among all patients and 30.8% among 

pacemaker-naive patients. There were 3 cases (1.0%) of clinical valve thrombosis after 

TAVI treated successfully with oral anticoagulation, with no cases of valve endocarditis. 

At 30 days, 12.0% of patients remained in NYHA functional class III or IV 

(Figure 4). The average valve area and mean transvalvular pressure gradient were 1.9 ± 

0.9 cm2 and 11.9 ± 5.7 mmHg, respectively. 8.9% of patients had a mean transvalvular 

pressure gradient ≥20 mmHg. The rates of severe (indexed valve area <0.65 cm2/m2) and 

moderate (indexed valve area 0.65-0.85 cm2/m2) prosthesis-patient mismatch were 7.5% 
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and 26.4%, respectively. None or trace paravalvular leak was reported in 84.4%, and 

moderate paravalvular leak occurred in 2.0%, with no cases of severe paravalvular leak 

(Figure 5). 

 

Figure 4. The LOTUS Edge system: Functional class at baseline and 30 days. 

 
 
NYHA = New York Heart Association. 
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Figure 5. The LOTUS Edge system: Haemodynamic data at baseline and 30 days. 

 
 
Values are mean ± standard deviation. Error bars represent 95% confidence interval. 

AR = aortic valve regurgitation. 
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The second study collected data from 130 centres in 61 countries across 6 

continents, including 65,980 TAVI procedures during the study period (January 2018 to 

December 2021). Centres were European (50.8%), Asian (24.6%), Central-South 

American (13.8%), North American (6.2%), Oceanic (3.1%), or African (1.5%). 

Participating centres were primarily public (71.5%) and urban (83.1%), and were 

categorised as low- (34.6%), intermediate- (23.1%) and high-volume (42.3%). 

In the year prior to the COVID-19 pandemic (2019 vs. 2018), annual TAVI 

procedural volume increased among participating centres by 16.7%. In contrast, no 

growth in annual TAVI procedural volume was observed after the outbreak of the 

COVID-19 pandemic in 2020 compared to 2019 (decrease of 0.1%). Annual TAVI 

procedural volume increased again by 18.9% in 2021 compared to 2020 (Figure 6). 

Within the study period, at least three distinct waves of COVID-19 pandemic 

could be identified in all countries, except in India where only two waves were observed. 

During the first and second pandemic waves, there was a significant monthly reduction 

of 15% (p<0.001) and 7% (p<0.001) in overall TAVI procedural volume, respectively, 

compared to the pre-pandemic period. The third pandemic wave was not associated with 

a significant reduction in overall TAVI activity compared to the pre-pandemic period 

(Figure 6). 
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Figure 6. Impact of the COVID-19 pandemic on global TAVI activity. 

 
 
COVID-19 = coronavirus disease 2019; TAVI = transcatheter aortic valve implantation. 
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During the first pandemic wave, a numerically greater reduction of TAVI activity 

was observed in Africa (-52%; p=0.001), Central-South America (-33%; p<0.001), and 

Asia (-29%; p<0.001), compared to North America (-15%; p<0.001) or Europe (-11%; 

p<0.001), while TAVI activity was unchanged in Oceania. Private hospitals (p=0.005), 

urban areas (p=0.011), and low-volume centres (p=0.002) experienced a greater reduction 

of TAVI activity in the first pandemic wave compared to public hospitals, rural areas, and 

high-volume centres, respectively. Countries with lower development (p<0.001) and 

lower economic (p<0.001) statuses showed a more substantial impact on TAVI activity 

in the early stages of the COVID-19 pandemic. Finally, the impact of the COVID-19 

pandemic on TAVI activity was more pronounced in countries with higher COVID-19 

incidence (p<0.001) and more stringent governmental public health responses to the 

pandemic (p<0.001). 
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The first study presents the first European experience with the LOTUS Edge aortic 

valve system among an all-comers patient population. The salient features of the study 

are that the LOTUS Edge aortic valve system is associated with satisfactory short-term 

clinical outcomes, with favourable haemodynamic data and very low rate of clinically 

significant paravalvular leak at 30 days in an anatomically complex patient cohort. The 

requirement for new permanent pacemaker implantation, however, remains high. 

In this study, the LOTUS Edge system showed similar clinical outcomes at 30 

days when compared with its predecessor, the LOTUS system, in the RESPOND 

registry.47 The rates of 30-day mortality (2.4%), stroke (3.5%), and myocardial infarction 

(0.3%) in the current study were similar to those reported in the RESPOND registry 

(2.2%, 3.0%, and 0.6%, respectively), albeit with slightly higher mean STS-PROM score 

in the RESPOND registry (6.0 ± 6.9%) compared to the current study (5.2 ± 5.4%), which 

could be attributed to changes in the STS-PROM calculator over time. Other clinical 

outcomes, such as acute kidney injury, major or life-threatening bleeding, and major 

vascular complications, occurred infrequently, similar to prior contemporary TAVI 

studies.13-16 There were no reports of delivery system or locking mechanism issues which 

mandated the withdrawal of the LOTUS Edge system in 2016 and 2017.  

The haemodynamic data at 30 days (effective valvular area of 1.9 ± 0.9 cm2 and 

mean transvalvular pressure gradient of 11.9 ± 5.7 mmHg) were nearly identical to those 

reported in the RESPOND registry (1.8 ± 0.4 cm2 and 10.8 ± 4.6 mmHg),47  in the same 

range as those reported for the balloon-expandable SAPIEN 3 Ultra valve (1.6 ± 0.4 cm2 

and 11.6 ± 4.3 mmHg),76 but less favourable as compared to the self-expanding Evolut 

PRO/PRO+ valve (2.0 ± 0.5 cm2 and 6.4 ± 2.1 mmHg).77 The impact of residual 

transvalvular pressure gradients on long-term THV durability warrants further study. On 

the other hand, as significant residual paravalvular leak has proven to be associated with 
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increasing mortality,78-81 the very low rate of moderate to severe paravalvular leak in the 

current study (2.0%) is clearly reassuring. Indeed, surgery-like results were observed in 

this cohort with 84.4% of patients experiencing none or trace paravalvular leak at 30 days. 

These data represent the best-in-class paravalvular leak data for THVs, especially when 

considering the anatomical complexity of the patient population.82 

The incidence of new permanent pacemaker implantation with the LOTUS Edge 

system remains high compared to other commercially available THVs.76,77 At 30 days, 

25.9% of all patients and 30.8% of pacemaker-naive patients required a new permanent 

pacemaker. This rate is numerically lower than that reported with the LOTUS system in 

the RESPOND registry (30.0% among all patients; 34.6% among pacemaker-naive 

patients)47 and in the REPRISE III study (29.1% among all patients; 35.5% among 

pacemaker-naive patients).48 The Depth Guard technology was introduced to potentially 

reduce the rate of permanent pacemaker implantation by minimising interaction between 

the stent frame and the LVOT during THV deployment. This technology allows the 

majority of THV foreshortening to occur at the outflow rather than the inflow, where 

greater LVOT interaction can lead to cardiac conduction system injury. However, two 

important aspects should be considered when interpreting the incidence of new permanent 

pacemaker implantation in the current study. First, this study represents the first cases 

performed with the LOTUS Edge system in each centre in nearly 2 years. Thus, operators 

had to refamiliarise themselves with the device and integrate a new and unproven 

deployment protocol. Increasing operator experience with the device and ongoing 

evolution of the implantation technique have the potential to reduce the incidence of new 

permanent pacemaker implantation. Second, in this retrospective study, the decision for 

permanent pacemaker implantation was at the discretion of the participating centre. In 

one quarter (24.4%) of cases, a new permanent pacemaker was implanted for first-degree 
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atrioventricular block with left or right bundle branch block, or even for isolated left 

bundle branch block. According to the current European Society of Cardiology 

guidelines, such conduction disturbances would represent non-approved indications for 

permanent pacemaker implantation.83 If we excluded those patients with non-approved 

indication, the incidence of new permanent pacemaker implantation would be 19.6% 

among all patients and 23.3% among pacemaker-naive patients. 

Anecdotal evidence would suggest that the LOTUS system is preferentially used 

in Europe for the most complex anatomies, including bicuspid aortic valve morphology, 

severe aortic valve calcification, and moderate-severe LVOT calcification. Indeed, nearly 

half (47.9%) of the cases included in the current study met the definition for complex 

anatomy. The LOTUS system has several unique features that favour its use in complex 

anatomy: (1) this THV can be completely deployed and functionally assessed before final 

release and can therefore be recaptured, repositioned, and finally retrieved if the result is 

suboptimal; (2) the leaflets are functional early during deployment so haemodynamic 

embarrassment is rare; (3) the frame expands gradually resulting in a low risk of aortic 

annulus rupture; (4) the Adaptive Seal technology adjusts to the surrounding anatomy 

which led to very low rate of residual paravalvular leak, even in the presence of significant 

aortic valve or LVOT calcification. In the current study, complex anatomy was not 

associated with higher rates of death, stroke, elevated transvalvular pressure gradients, 

significant paravalvular leak, or new permanent pacemaker implantation compared to 

non-complex anatomy. The absence of any cases of valve malpositioning, coronary artery 

obstruction, or aortic annulus rupture along with favourable haemodynamic results and 

very low rate of clinically significant paravalvular leak support the contention that the 

LOTUS Edge system is an important alternative for complex anatomies. The trade-off for 



Overall summary of the discussion 

 94 

these advantages, however, may be a higher rate of new permanent pacemaker 

implantation. 

The second study presents an international registry of TAVI activity during the 

COVID-19 pandemic. The salient features of this study are: (1) global TAVI activity was 

considerably reduced during the first pandemic wave, but it gradually recovered and 

reached the pre-pandemic activity during the third pandemic wave; (2) the impact of the 

COVID-19 pandemic on TAVI activity was more pronounced in Africa, Central-South 

America, and Asia than in North America or Europe, with no significant impact in 

Oceania; (3) the impact of the COVID-19 pandemic on TAVI activity was initially more 

profound in private hospitals, urban areas, low-volume centres, and in countries with 

lower development and economic statuses, higher COVID-19 incidence, and more 

stringent governmental public health responses. 

The initial reduction in TAVI activity in response to the COVID-19 pandemic can 

largely be explained by three related factors: healthcare systems were initially 

overwhelmed with COVID-19 patients and hospital resources were focused on these 

cases; patients were reluctant to attend healthcare centres due to fear of contagion; and 

public health measures encouraged or enforced populations to stay at home.73 The gradual 

recovery and ultimately return to pre-pandemic TAVI volume suggests that healthcare 

systems and patients adapted to the new reality of healthcare in the era of the COVID-19 

pandemic. The availability of personal protective equipment such as face masks reduced 

in-hospital transmission of SARS-CoV-2 and allowed some urgent care pathways to 

resume.84 As understanding of the pathophysiology and transmission of SARS-CoV-2 

infection emerged, stringent public health restrictions were deescalated, pre-existing care 

for non-COVID-19 diseases was re-established and patients reengaged with healthcare 

providers.85 Public campaigns, such as the You can’t pause a heart and We Care, 
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reinforced the importance of seeking medical attention for cardiovascular disease.86,87 

The development and roll-out of vaccine programs against SARS-CoV-2,88 the 

emergence of community immunity to SARS-CoV-2,89 and the arrival of new variants of 

SARS-CoV-2,90 all contributed to the normalisation of healthcare pathways and return to 

pre-pandemic TAVI volume during the third pandemic wave in the current study. A 

similar pattern of initial reduction and subsequent normalisation of case volume during 

the COVID-19 pandemic was reported in the setting of acute coronary syndromes.91 

The magnitude of the reduction in TAVI volume during the first pandemic wave 

was modest overall, but it was much more profound in Africa, Central-South America, 

and Asia. These findings are in line with a lower impact on ST-segment elevation 

myocardial infarction activity reported across North America and Europe during the 

COVID-19 pandemic.73 While several factors could influence this observation, many 

countries in these regions have both low development and economic statuses. Supporting 

this hypothesis, we observed a clear association between the TAVI volume reduction in 

the first pandemic wave and the national human development index, gross domestic 

product per capita, and gross national income per capita. It is manifest that high-income 

countries with more robust and resilient healthcare systems were able to adapt to the 

emerging pandemic and ultimately re-establish care pathways for non-COVID-19 

diseases more rapidly than middle- and low-income countries with under-resourced and 

disjointed healthcare systems.92 Moreover, the availability of key healthcare resources, 

including personal protective equipment, intensive care unit beds, and ultimately vaccines 

against SARS-CoV-2 infection was higher in wealthier countries.92 The current study is 

not the first to document a significant disparity in cardiovascular care and variable 

penetrance of novel therapies, such as TAVI, according to the national socioeconomic 

status, regardless of the COVID-19 pandemic.93-95 Considering that middle- and low-
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income countries represent the 80% of the worldwide population, these findings are 

concerning.96 

Countries with higher COVID-19 incidence and more stringent public health 

responses showed a greater reduction in TAVI activity in the current study. Although a 

correlation between COVID-19 incidence and acute coronary syndrome admission rate 

has been suggested,97 the role of lockdown policy stringency on cardiovascular care 

during the pandemic had not previously been established. While the application of 

containment measures, including school and workplace closures and restrictions on 

public gatherings are known to reduce the transmission of the SARS-CoV-2 infection,98,99 

it is important to recognise the undesirable effects of these policies. 

Collateral cardiovascular damage from missed diagnoses and delayed treatments 

occurred during the COVID-19 pandemic.73 As untreated symptomatic severe AS has a 

poor prognosis, early intervention is strongly recommended, and a deferral in TAVI or 

SAVR during the COVID-19 pandemic might have led to an increase in mortality in those 

patients.100 This information should inform World Health Organization and national 

public health policies in case of future global health crises. Established care pathways for 

high risk cardiovascular and other diseases should continue uninterrupted as reasonably 

achievable. Public health messaging should reinforce the importance of maintaining 

scheduled cardiovascular care and healthcare systems should be assessed for and 

developed to become pandemic-resilient. Health care inequality continues to occur along 

socioeconomic, political, and ethnic lines, and appear to have been magnified during the 

COVID-19 pandemic. Addressing the social determinants of this inequity should be an 

important tenet of strategies to improve global health.
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The conclusions of this doctoral thesis are: 

1) The LOTUS Edge aortic valve system presents satisfactory short-term safety and 

efficacy results among an all-comers patient population, including patients with 

complex anatomies. 

2) The LOTUS Edge aortic valve system shows favourable haemodynamic data and 

very low rate of clinically significant paravalvular leak at 30 days. The 

requirement for new permanent pacemaker implantation, however, remains high. 

3) The COVID-19 pandemic was associated with a considerable reduction in TAVI 

procedural volume worldwide. TAVI activity was considerably reduced during 

the first pandemic wave, but it gradually recovered and reached the pre-pandemic 

activity during the third pandemic wave. 

4) The impact of the COVID-19 pandemic on TAVI activity was more pronounced 

in Africa, Central-South America, and Asia, as well as in private hospitals, urban 

areas, low-volume centres, and in countries with lower development and 

economic statuses, higher COVID-19 incidence, and more stringent governmental 

public health responses. 
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Although the LOTUS Edge aortic valve system showed satisfactory short-term 

clinical outcomes in the current study, the requirement for new permanent pacemaker 

implantation remained high. Further studies will evaluate whether increasing operator 

experience with this novel device and the new implantation technique can reduce the 

incidence of new permanent pacemaker implantation. Long-term follow-up of those 

patients treated with the LOTUS Edge system will assess whether the favourable 

haemodynamic results and low rates of significant paravalvular leak observed at 30 days 

have an impact on THV durability. Finally, long-term head-to-head comparisons between 

the mechanically-expanding LOTUS Edge system and current balloon-expandable and 

self-expanding THVs in randomised controlled trials are warranted. Despite the 

promising results of the LOTUS Edge system, it should be noted that Boston Scientific 

announced a voluntary recall and product discontinuation in January 2021 due to 

complexities associated with the delivery system. 

Over the last decade, global TAVI procedural volume has increased dramatically. 

Nevertheless, geographical and socioeconomic inequalities in access to and utilisation of 

TAVI worldwide have been reported and appear to have been magnified during the 

COVID-19 pandemic. Therefore, the information provided by the COVID-TAVI study 

should inform World Health Organization and national public health policies in the event 

of future global health crises. In this scenario, established care pathways for AS and other 

cardiovascular diseases should continue uninterrupted as reasonably achievable. 

Additionally, implementing short-stay protocols for TAVI may help mitigate the impact 

of such pandemics by reducing hospital resource utilisation while maintaining procedural 

volume. 
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