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Aortic stenosis is a life-threatening disease that increases with age. The two-year mortality 

rate is 50% if left untreated (1-3). Open heart surgery was the only standard treatment for 

severe aortic stenosis up to the introduction of transcatheter aortic valve implantation 

(TAVI) (4, 5). During TAVI, a transcatheter bioprosthesis valve is delivered retrogradely via 

the femoral artery and implanted into the position of the native aortic valve to abolish the 

stenosis (4). Over the past two decades it has been shown that TAVI is an established 

treatment option in all risk categories (3, 6-10). However complications after TAVI still occur 

despite improved technology (3, 6-11). 

Finding a balance between expected risks and benefits is essential in clinical decision making. 

The first part of this thesis (chapters 1 - 9) is focused on the clinical application of patient-

specific computer simulation to aid clinical decision making in TAVI. Improved technology 

provides the physician with a wide range of transcatheter bioprosthesis to choose from 

which emphasizes the importance of a patient tailored approach and personalized medicine 

(12-15). Pre-procedural patient-specific computer simulation integrates physical 

characteristics derived from baseline multi-slice computed tomography (MSCT) with 

mechanical properties of the bioprosthesis in a virtual implantation model. Chapters 1 and 2 

provide an overview of the patient-specific computer simulation model and its first 

geometrical validation in which the integration of properties by the model was examined. 

Common complications after TAVI include paravalvular leakage (PVL) and conduction 

abnormalities which may impact prognosis (3, 6-10, 16). Prevention of complications is 

pivotal especially since TAVI shifted to lower risk patients with longer life-expectancy (9, 10). 

Chapters 3-6 concern the validation of the patient-specific computer simulation model with 

regard to the prediction of PVL and conduction abnormalities. 

Bicuspid aortic valve stenosis (BAV) is an entity which is not well explored since patients with 

BAV have been excluded from large randomized controlled trials. BAV is associated with a 

higher degree of annular calcification, a higher rate of PVL and increased risk of aortic root 

injury (17-21). Understanding the interaction between device and host is key in preventing 

complications which is enabled by patient-specific computer simulation. The clinical 

application of computer simulation was examined in selected cases with BAV (chapter 7). 

Furthermore, the clinical application of the model was retro- and prospectively assessed in 

larger general TAVI populations (chapters 8 and 9). 
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Multi-modality imaging techniques are necessary in TAVI since the interventionalist has, in 

contrast to the surgeon, no direct view of the internal anatomy. The second part of this 

thesis (chapters 10 - 20) elaborates on advanced imaging in TAVI. Angiography provides a 

two-dimensional view and is available in the Cath lab as opposed to MSCT. Proper 

positioning of the bioprosthesis valve in the aortic annulus, which is defined as a virtual ring 

that goes through the most caudal points of the native aortic valve leaflets, is necessary to 

obtain good outcomes (22-27). The C-arm is required to be positioned such that the aortic 

sinuses are situated on one line to facilitate implantation of the bioprosthesis valve at a 

correct height. Software based on angiography may facilitate correct definition of the 

optimal angiographic angulation (chapter 10). 

Transthoracic echocardiography (TTE) is the primary imaging technique to assess prosthetic 

valve function including PVL (28, 29). However, PVL may be difficult to assess by TTE due to 

multiple regurgitant jets in different directions and measurement variability between 

sonographers (29). Automated and, thus, operator-independent quantification of PVL using 

software based on contrast angiography assessment of PVL may ease intra-procedural 

assessment of PVL after valve implantation (chapter 11). MSCT evolved over time into the 

standard pre-procedural work-up in order to select prosthesis valve size and access strategy 

(23-25, 30). Sizing is essential as it affects safety (i.e. avoidance of complications such as 

annular rupture) and efficacy or valve performance (e.g. PVL) (31-36). Determinants of PVL 

are examined in chapter 12. 

Long-term durability of transcatheter aortic valves is the subject of current research with 

encouraging results up to 8 years after TAVI (37). A prosthetic heart valve may be 

decomposed into valve function and structural frame integrity where the latter is judged 

well by post procedural MSCT (chapters 13 and 14) (28, 29, 38, 39). One of the 

underexposed imaging technologies based on x-rays is rotational angiography (R-angio) 

which can be used in the Cath lab to facilitate a direct view of stent frame geometry without 

the use of contrast (40-44). R-angio allows a 3D frame reconstruction which may provide 

immediate insights with regard to frame eccentricity and expansion after valve implantation. 

In chapters 15-17 and 19 we investigate the application of R-angio in TAVI. It is hypothesized 

that frame eccentricity and expansion differ between valve types and may have a role in the 

development of PVL (chapter 18). 
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The above mentioned imaging techniques may be combined to enhance a more patient 

tailored approach of treatment planning, execution and evaluation. With respect to the 

latter, it should be acknowledged that X-ray attenuation is patient-dependent while calcium 

differentiation is normally based on a fixed contrast attenuation value (45). In chapter 19, 

we describe a method for the assessment of the role of calcium in the development of PVL 

using a patient-specific contrast attenuation coefficient. In addition, frame expansion 

derived from R-angio was integrated into the baseline MSCT-derived patient-specific 

anatomy to more precisely define the level of frame expansion and its relationship with PVL 

(chapter 19). 

TTE has limited capacity because of its two-dimensional nature (29). The continuity equation 

which is used to calculate the severity of aortic stenosis assumes a circular anatomy of the 

left ventricular outflow tract and annulus while in most patients the annulus has an elliptic 

morphology (46). The last chapter of this thesis compares the assessment of the severity of 

aortic stenosis between TTE- and MSCT-derived definition of the aortic root and its relation 

with clinical outcome (chapter 20). 
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Abstract 

Transcatheter aortic valve implantation is increasingly used to treat patients with severe 

aortic stenosis who are at increased risk for surgical aortic valve replacement and is 

projected to be the preferred treatment modality. As patient selection and operator 

experience have improved, it is hypothesised that device-host interactions will play a more 

dominant role in outcome. This, in combination with the increasing number of valve types 

and sizes, confronts the physician with the dilemma to choose the valve that best fits the 

individual patient. This necessitates the availability of pre-procedural computer simulation 

that is based upon the integration of the patient-specific anatomy, the physical and 

(bio)mechanical properties of the valve and recipient anatomy derived from in-vitro 

experiments. The objective of this paper is to present such a model and illustrate its 

potential clinical utility via a few case studies. 
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Introduction 

Transcatheter aortic valve implantation (TAVI) is increasingly used to treat patients with 

severe aortic stenosis who are at increased risk for surgical aortic valve replacement (SAVR) 

and is projected to be the preferred treatment modality in patients who are at intermediate 

and supposedly low risk (1–4). Similar to any other treatment that consists of the 

implantation of a device into the human body or circulation, outcome depends on specific 

device-host related factors in addition to patient- and procedure/ operator-related variables 

(5). Device-host interactions involve the interactions between the patient and device that 

invariably occur independent of operator-related ones and which affect valve configuration 

immediately after delivery and, therefore, function and ultimately clinical outcome.  

Device-host interactions may in particular play a role in valve performance and outcome 

after TAVI since – at variance with SAVR – the calcium at the base of aortic root including 

leaflets is not excised. Therefore, incomplete and/or non-uniform expansion of the frame 

can occur that in turn may lead to paravalvular leakage (PVL) or a residual gradient (5–8). 

Also, the frame extends into the left ventricular outflow tract (LVOT) and may, depending on 

the depth of implantation in combination with sizing, induce a varying degree of contact 

stress on the LVOT that in turn may contribute to the occurrence of conduction disturbances 

(9). Both conditions are of clinical importance since, depending on the patient’s baseline risk, 

they may be associated with impaired prognosis (10–12). Novel generation devices have to a 

large extent addressed the issue of PVL but are associated with a higher incidence of 

conduction abnormalities in comparison to preceding valve designs (13, 14). Yet, PVL still 

occurs and a number of other (rare) complications can happen such as aortic root rupture, 

coronary obstruction or valve embolisation (15–18). 

On one hand, there is a substantial increase in experience with TAVI that in turn has 

improved outcome (19, 20). On the other, the number of different types and sizes of valve 

technologies increase as well (21). It is therefore conceivable that device-host interactions 

will play a dominant role in clinical outcome and that, therefore, the selection of the valve 

that best fits the individual patient will play a more important role in the further 

improvement of outcome of TAVI. Such a patient-specific approach – which is endorsed by 

society and health care policy makers – necessitates the availability of pre-procedural 
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computer simulation that is based upon the integration of the patient-specific anatomy, the 

physical and (bio)mechanical properties of the valve and recipient anatomy derived from in-

vitro experiments (22–24). The objective of this paper is to present such a model and 

illustrate its potential clinical utility via a few case studies. 

 

Methods and results 

Computer simulation with TAVIguide – concept and workflow  

Concept  

Simulation of the implantation of a device into the human body implies the integration of 

both the physical dimensions and properties of the device (i. e. material) and host (i. e. 

tissue). The dimensions of device and host are easy to collect (technical information on file, 

3D imaging). This also holds for the mechanical properties of the device (mechanical testing) 

but not for the tissue properties of the patient. In the TAVIguide framework, these tissue 

properties have been calibrated during initial clinical evaluation studies by using pre- and 

post-TAVI multislice computed tomography (MSCT) images (25). The following workflow is 

(to be) followed:  

Patient anatomy  

MSCT is used to obtain geometric and quantitative information on the aortic root using a 

dedicated scanning and analysis protocol that will be used for 3D reconstruction of the aortic 

root for subsequent simulation (figure 1).  

Figure 1. MSCT and 3D 

reconstruction aortic root and the 

Medtronic CoreValve with 

microCT. 
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Device  

As valves are implanted virtually, finite element computer models of valve frames are first 

developed based upon physical dimensions using microCT, microscopic measurements 

(resolution of 30 micron, figure 1) and mechanical properties. For the latter, in-vitro radial 

compression tests at body temperature are performed during which the diameter of the 

frame is reduced over its full length by segmental compression mechanism while recording 

radial force (RX650, Machine Solutions, Flagstaff, US). 

Computer modelling 

Patient-specific 3D computer models of the aortic root including the calcified native leaflets 

are reconstructed using MSCT and image segmentation techniques (Mimics Software, 

Materialise, Leuven, Belgium). Varying mechanical properties are automatically assigned to 

different tissue regions within the LVOT-aortic root complex. The biomechanical properties 

used in the TAVIguide simulations are improved by calibration and validation studies (25). 

The computer generated valve frames are then implanted virtually into the patient’s specific 

anatomy using finite element computer simulations using the Abaqus/Explicit finite element 

solver (Dassault Systèmes, Paris, France).  

 

Clinical validation 

Two multicentre observational studies have been conducted for the clinical validation of the 

TAVIguide software (25, 26). The first sought to assess the accuracy of the software to 

predict frame morphology, dimensions and aortic leaflet displacement after valve 

implantation (25). Quantitative data of axial frame morphology (minimal diameter (Dmin), 

maximal diameter (Dmax), cross-sectional area and perimeter) of 33 patients treated with 

the Medtronic CoreValve System (MCS) and of 6 patients treated with the Edwards Sapien 

XT (ESV) obtained by MSCT post-TAVI (observed frame morphology & dimensions), were 

compared with those obtained from the computer model (predicted frame morphology & 

dimensions) (figure 2). Similarly, displacement of the aortic leaflet calcifications, quantified 
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by the distance between the coronary ostia and the closest calcium nodule, was compared 

between MSCT and model (figure 3).  

Figure 2. Observed 

(MSCT post-TAVI) and 

predicted (computer 

simulation) valve 

geometry with 

correlation between 

MSCT and predicted 

maximal diameter 

(Dmax) (25). 

 

Figure 3. Comparison 

between MSCT and the 

predicted distance 

between the coronary 

ostia and the closest 

calcium nodule with 

correlation between 

MSCT and predicted 

distance from the 

coronary ostia to the calcium nodule (25). 

During the simulation, all steps of the clinical TAVI procedure were respected including pre-

dilatation, valve size, depth of implantation and post-dilatation if applied. The depth of 

implantation was matched with the depth of implantation during actual valve implantation 

by overlaying the 3D aortic root model derived from the software after simulation of valve 

implantation with the one derived from MSCT post-TAVI followed by evaluating the resulting 

alignment of the inflow of the valve frame of the 3D model with the one of the MSCT post-

TAVI, which was used as reference. Simulations were repeated until correct alignment was 

obtained, which was used for the validation analysis. For the pre- and (if applicable) post-
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dilatation, the same size of the balloon that was used during the in-vivo implantation was 

used during the computer simulation. 

Bland-Altman analysis revealed a strong correlation between the observed (MSCT) and 

predicted frame dimensions although small differences were detected for e. g. Dmin at the 

inflow (mean ± SD, MSCT vs. model: 21.6 ± 2.4 mm vs. 22.0 ± 2.4 mm; difference ± SD: –0.4 ± 

1.3 mm, p < 0.05) and Dmax (mean ± SD, 25.6 ± 2.7 mm vs. 26.2 ± 2.7 mm; difference ± SD: –

0.6 ± 1.0 mm, p < 0.01). An example of the correlation between the observed and predicted 

Dmax is shown in figure 2. The observed and predicted distances from coronary ostia to the 

closest calcium nodule were highly correlated for the left and right coronary ostia (R2 = 0.67 

and R2 = 0.71, respectively p < 0.001) (figure 3). This distance was slightly overestimated by 

the model for both coronary arteries. Dedicated software, thus, allows accurate prediction 

of frame morphology and calcium displacement after valve implantation, which may help to 

improve outcome. 

The second study focused on the accuracy of the model for the prediction of PVL after TAVI 

(26). Similar to the first validation study, pre-operative MSCT was used to generate 3D 

models of the aortic root of 60 patients treated with a MCS valve. Implantation of virtual 

valve models was simulated using finite element computer modelling. Blood flow domains 

including PVL channels were derived from predicted frame and aortic root deformation 

(figure 4). Computational fluid dynamics was used to model blood flow during diastole to 

assess PVL. Predicted and observed PVL (angiography, echocardiography) were compared. 

Moderate or more PVL was seen in 15 patients (25%) by angiography (Sellers aortic 

regurgitation grade ≥2) and in 9 (15%) by echocardiography (short-axis circumferential 

extent ≥10%, VARC-2). Box plot analysis revealed good agreement between observed and 

predicted PVL (figure 4). ROC analysis indicated 16.25 ml/sec (reference angiography) and 

16.0 ml/sec (reference echocardiography) as cut-off values that best differentiated patients 

with none-to-mild and moderate-to-severe PVL. Sensitivity, specificity, positive predictive 

value, negative predictive value and accuracy were 0.80, 0.80, 0.57, 0.92 and 0.80, 

respectively (reference angiography) and were 0.72, 0.78, 0.35, 0.94 and 0.73 (reference 

echocardiography). 



28 

 

 

 

Figure 4. Blood flow domains including PVL channels were derived from predicted frame deformation 

and box plot analysis from the observed and predicted PVL (26). 

 

Case studies 

The clinical role and potential of computer simulation is illustrated by case examples in 

which depth of implantation, valve size or valve type have been changed while using the 

same baseline anatomy (i. e. MSCT patient) to assess the effect of those changes on PVL 

(figure 5). Implanting 26 mm MCS in a lower position resulted in a 87% reduction in PVL. 

Using the same implantation depth but a 29 instead of a 26 mm valve resulted in a 26% 

reduction in PVL. Changing valve type while maintaining similar implantation depth and 

valve size did have an effect of 53% reduction in PVL when using the Evolut R valve instead 

of the MCS. 

 

Discussion  

Outcome of a medical intervention such as TAVI depends on a combination of patient-, 

procedure- or operator- and device-related factors, each of which contributes to outcome in 

a different way and magnitude. As the outcome of TAVI improves due to improved patient 

selection and operator performance, it is hypothesised that the interaction between device 
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and host will play a more dominant role. Obviously, valve technology changes and improves 

as well, yet clinical issues will remain as a prosthesis is implanted in a very specific biological 

environment that necessitates a patient-customised valve that unfortunately does not exist. 

In clinical practice, however, the physician has the choice between an increasing number of 

valve types and sizes that in turn confronts him/her with the responsibility to choose the 

valve that best fits the individual patient. To support the physician in this process, simulation 

of valve implantation such as the one that is described here is a novel and reachable step 

forward.  

Figure 5. a. change in depth of implantation; 

lower implant resulted in less PVL. b. change 

in valve size; a larger valve resulted in a 

reduction of PVL. c. change in valve type 

without changing size and implantation 

depth: significant less PVL after Evolut R 

implantation. 
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The simulation presented above has shown in a selected series of patients and centres that 

computer simulation with the TAVIguide accurately predicts frame geometry, aortic leaflet 

calcium displacement and, thus, risk of coronary occlusion in addition to PVL directly after 

MCS and ESV implantation (25, 26). Also, the versatility of the program is illustrated with the 

case studies in which the effect of changing either the depth of implantation, valve size or 

type in the same patient on the severity of PVL is shown. 

As mentioned, the information stems from a selected series of patients in centres that 

perform high-quality MSCT in all their patients referred for TAVI. It remains to be seen 

whether similar correlations as reported in the two pilot observational studies will be 

observed when offering computer simulation to a wider range of patients and centres with 

varying degrees of access to MSCT and MSCT image quality. Also, the current computer 

simulation program only offers simulation for a limited number of valve types. This implies 

that the development of software for computer simulation is a continuous process in which 

novel valve technologies have to be incorporated into the software algorithm. In addition, as 

novel generation valves appear to have addressed the issue of PVL, other interactions – 

conduction abnormalities in particular – need to be predicted by the simulation program. 

For instance, the incidence of moderate or severe aortic regurgitation after Lotus and 

Edwards Sapien 3 valve implantation is 1% but are associated with a new pacemaker 

implantation rate of 32 and 17%, respectively (13, 14).  

In addition to the incorporation of all clinically available valve technologies and the capacity 

to predict all clinically relevant (i. e. frequency and severity) device-host interactions, the 

clinical role of the computer simulation program needs to be further established by 

appropriately designed prospective and ultimately randomised clinical trials in a wide 

segment of patients scheduled for TAVI. 

The development of patient-specific treatment and treatment planning (patient-tailored 

approach) is strongly recommended by the health care authorities and is also more and 

more embraced by the medical community (27). More specifically, to evaluate its 

effectiveness in clinical practice, a European multicentre study is currently being designed. 

The multicentre character reflects the interest of the medical community in this program. 
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With respect to logistics, time and costs, only a MSCT scan needs to be uploaded via a web-

based system that is followed by simulation with a written report within 24–48 h. Costs are 

not defined yet and will ultimately depend on the ratio of input, volume and eventual 

benefit. 
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Abstract 

Aims 

Our aim was to validate patient-specific software integrating baseline anatomy and 

biomechanical properties of both the aortic root and valve for the prediction of valve 

morphology and aortic leaflet calcium displacement after TAVI. 

Methods and results 

Finite element computer modelling was performed in 39 patients treated with a Medtronic 

CoreValve System (MCS; n=33) or an Edwards SAPIEN XT (ESV; n=6). Quantitative axial frame 

morphology at inflow (MCS, ESV) and nadir, coaptation and commissures (MCS) was 

compared between multislice computed tomography (MSCT) post TAVI and a computer 

model as well as displacement of the aortic leaflet calcifications, quantified by the distance 

between the coronary ostium and the closest calcium nodule. Bland-Altman analysis 

revealed a strong correlation between the observed (MSCT) and predicted frame 

dimensions, although small differences were detected for, e.g., Dmin at the inflow (mean±SD 

MSCT vs. model: 21.6±2.4 mm vs. 22.0±2.4 mm; difference±SD: –0.4±1.3 mm, p<0.05) and 

Dmax (25.6±2.7 mm vs. 26.2±2.7 mm; difference±SD: –0.6±1.0 mm, p<0.01). The observed 

and predicted calcium displacements were highly correlated for the left and right coronary 

ostia (R2=0.67 and R2=0.71, respectively p<0.001). 

Conclusions 

Dedicated software allows accurate prediction of frame morphology and calcium 

displacement after valve implantation, which may help to improve outcome. 
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Introduction 

Transcatheter aortic valve implantation (TAVI) is increasingly used to treat selected patients 

with aortic stenosis and has been shown to improve survival and quality of life (1-5). 

However, TAVI is associated with a number of complications that remain to be solved in 

order to improve safety and efficacy (6). 

Although some of the complications may stem from patient-, procedure- and/or operator-

related factors, some arise from spe cific device-host interactions. With respect to the 

latter, one might cite as examples incomplete and/or non-circular frame expansion  due to 

the presence of aortic root calcifications leading to paravalvular regurgitation, unexpected 

mobilisation of calcified leaflets leading to coronary obstruction, and dissection or rupture 

of the  aortic root even in the presence of appropriate valve size selection (7-13). Device-

host interactions are clinically difficult to predict because of the large variations in the 

geometry and dimensions of the aortic root in addition to the variations in the amount and 

distribution of calcium between patients. The increasing number and spectrum of patients 

referred for TAVI as well as the increasing valve types available necessitate patient-specific 

tools predicting  device-host interaction for both patient selection and procedure planning 

(i.e., selection of the valve that best fits the individual patient). Finite element computer 

simulation of a TAVI procedure based upon the integration of the patient-specific anatomy, 

the  physical and mechanical properties of the valve and the biomechanical properties of 

the aortic root, may help to define in vivo  device-host interactions, thereby enhancing the 

safety of TAVI (14-22). 

In this paper, such a patient-specific cardiovascular computer model for the prediction of the 

in vivo morphology of the Medtronic CoreValve® Revalving System (MCS) (Medtronic, 

Minneapolis, MN, USA) and the Edwards SAPIEN XT Transcatheter Heart Valve (ESV) (Edwards 

Lifesciences, Irvine, CA, USA) and the displacement of the calcified aortic leaflets 

immediately after implantation  is reported and validated by comparing the findings derived 

from the model (predicted) with those from multislice computed tomography (MSCT) 

performed shortly after TAVI (observed). 
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Methods 

Study population and MSCT 

Thirty-nine patients who received a 26/29 mm MCS or a 23/26 mm  ESV and who underwent 

MSCT pre and post TAVI were studied. Sizing of the valves was guided by the manufacturer’s 

recommendations. All patients underwent MSCT pre TAVI and post TAVI. Details of the 

MSCT have been described previously (7). Briefly, end-systolic data sets were reconstructed 

using a single-segmental reconstruction algorithm: slice thickness 1.5 mm; increment 0.4 

mm; medium-to-smooth convolution kernel (B26f) resulting in a spatial resolution of 0.6-

0.7 mm in-plane and 0.4-0.5 mm through-plane and a temporal resolution of 72 ms. 

 

Computer modelling 

First, finite element computer models of the 26/29 mm MCS and 23/26 ESV frame were 

developed based on a detailed evaluation of: a) the frame morphology using microscopic 

measurements and micro-computed tomography (resolution 30 microns), and b) the 

mechanical characteristics of the nitinol and cobalt-chromium frame of both valves by 

performing in vitro radial compression tests at body temperature. During these tests, the 

frame diameter was reduced over the full frame length using a segmental compression 

mechanism, while the radial force was recorded (RX650; Machine Solutions, Flagstaff, AZ, 

USA). 

Next, patient-specific three-dimensional (3D) computer models of the native aortic root, 

including the (calcified) native leaflets were constructed from clinical pre-TAVI MSCT 

images using image segmentation techniques (Mimics software v16.0; Materialise, Leuven, 

Belgium). A fixed leaflet thickness of 1.5 mm was used for the non-calcified portion of the 

native leaflets. Varying mechanical properties were then automatically assigned to 

different tissue regions. The model parameters related to the tissue behaviour were 

calibrated using the MSCT data sets of the first 14 patients and validated in 39 patients. 

The calibration started by performing valve implantation simulations in the first 14 patients 

using an initial set of biomechanical properties of the left ventricular outflow tract (LVOT)-

aortic root complex. These properties were iteratively adjusted after analysis of the clinical 
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MSCT post TAVI (back calculation), and the final resulting tissue properties were 

subsequently used in the  validation analysis. 

The computer-generated valve frames were then implanted virtually into the patient’s 

specific anatomy using finite element computer simulations. All simulations were performed 

using the Abaqus/Explicit v6.12 finite element solver (Dassault Systèmes, Paris, France). In 

each computer-simulated implantation, all steps of the clinical or in vivo implantation were 

respected and consisted of predilatation, valve size selection, depth of implantation and 

post-dilatation if applied. The depth of implantation was matched with the actual depth of 

implantation (i.e., depth of implantation during actual valve implantation) by overlaying the 

3D aortic root model derived from the software after simulation of valve implantation with 

the one derived from MSCT post TAVI followed by evaluating the resulting alignment of the 

inflow of the valve frame of the 3D model with the one of the MSCT post TAVI that was used 

as reference. Simulations were repeated until correct alignment was obtained which was 

used for the validation analysis. For the pre- and (if applicable) post-dilatation, the same size 

of balloon that was used during the in vivo implantation was used during  the computer 

simulation. 

 

Measurements of the MCS and ESV frame dimensions 

The observed (MSCT post) and predicted (computer model) axial frame morphology was 

quantified at four predefined levels of the MCS frame as described previously (7): 1) 

ventricular end, 2) nadir, and 3) central coaptation of the MCS leaflets, and 4) commissures. 

Given the tubular shape of the ESV, only the inflow was investigated for this valve (figure 1). 

Measurements were performed on axial slices so that the connection points of a particular 

level appeared simultaneously. A curve through the centre of all struts was used to calculate 

the perimeter and cross-sectional area. The smallest and largest perpendicular frame 

diameters were automatically derived from this curve. These basic measures describing 

frame geometry (i.e., Dmin, Dmax, perimeter and cross-sectional area) were chosen to 

compare predicted and observed frame deformation. These are variables that are directly 

measured and, thus, not derived from other measures. At variance with derived measures 
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such as ellipticity and underexpansion, the direct measures provide a better understanding  

of the modelling accuracy/errors. 

Figure 1. Levels of measurement on the 

MCS and ESV. The geometry of predicted 

(model - left) and observed (MSCT - right) 

MCS (top) frame was quantified at the 

ventricular end (A and A’), nadir (B and B’), 

central coaptation (C and C’) and 

commissures (D and D’). For the ESV 

(bottom), only the ventricular end (E and 

E’) was evaluated. 

 

 

 

 

 

 

 

 

For each level of the observed MCS and ESV (MSCT post TAVI),  the centre of the struts was 

manually identified. Two blinded operators (R. Rodriguez-Olivares, P. Mortier) performed all 

measurements in order to quantify the operator variability of this manual process. The 

correlation coefficient varied between 0.92 and 1.00 without any statistical difference 

between the two operators for all measurements at all levels. For the predicted frames 

(computer model), the curves at the different levels were automatically generated, making 

the complete measurement process on the simulation results fully automated (no operator 

variability). 
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Quantification of leaflet calcium displacement 

Postoperative MSCT was also used to evaluate the accuracy of the predicted displacement of 

the native leaflet calcifications after MCS implantation. The position of the displaced calcium 

was quantified by measuring the smallest distance between a calcification nodule and the 

coronary ostium for both the MSCT post TAVI and the computer model. This measure was 

chosen as it may provide relevant insights regarding the risk of coronary occlusion. For this 

purpose, a 3D reconstruction of the MSCT post TAVI was generated and the calcifications 

were separated from the MCS frame. Such separation was not required for the 3D 

simulation where the calcifications were identified as separate regions prior to MCS 

deployment. The coronary ostium was identified by defining three points around the 

circumference of the ostium on the 3D model of the aortic root. The centre of the circle 

determined by these three points was used to define the coronary ostium. The distance 

from the coronary ostium to each point of the mesh representing the leaflet calcification 

was then calculated, and the minimal value was detected (figure 2). A distance 

measurement was not done if the amount of calcium on the aortic leaflet corresponding to 

the coronary artery was too small to be reliably distinguished from the prosthesis frame 

after deployment. 

 

 

 

 

 

 

 

Figure 2. Quantification of leaflet calcium displacement. The displacement of leaflet calcifications was 

quantified by measuring the smallest distance between the coronary ostium and the closest calcium 

nodule (green line). Coronary ostium was identified by picking three points (blue) on the 3D surface 

representing the aortic root (not shown) around the circumference of the ostium. The centre of the 

circle going through these three points was used for the distance calculation (shown in red). 
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Statistical methods 

Data are presented as a median (25th to 75th quartile) or mean±standard deviation (SD) as 

appropriate. The coefficient of determination (R-squared) was determined. Paired 

comparisons between the measurements on the clinical MSCT post TAVI and those derived 

from the computer simulation were carried out using the paired Student’s t-test or the 

Wilcoxon signed-rank test as appropriate. Difference plots were constructed according to 

the Bland-Altman method. SPSS Version 21.0 (IBM Corp., Armonk, NY, USA) was used. 

Statistical significance was defined as a two- tailed p<0.05. 

 

Results 

The clinical characteristics of the patients are shown in table 1. All patients underwent 

transfemoral TAVI following balloon valvuloplasty of the aortic valve just before valve 

implantation (20 mm balloon in nine patients, 22 mm balloon in 12 patients, 23 mm balloon 

in 11 patients, and 25 mm balloon in one patient). A 26 mm MCS was implanted in 11 

patients and a 29 mm in 22 patients, a 23 and 26 mm ESV was implanted in one and five 

patients, respectively. Four out of the 39 patients underwent balloon dilatation after TAVI: 

23 mm balloon after 26 mm MCS in one patient, 25 mm balloon after 26 and 29 mm MCS in 

two patients, 26 mm balloon after 29 mm MCS in one patient. 

 

Comparison of predicted and observed frame dimensions 

The mean (±SD) of the observed (MSCT) and predicted (model) dimensions at the various 

levels of the frame and their differences are shown in table 2. There was a small degree of 

overestimation of the dimensions of the frame by the model at the inflow, nadirs and 

coaptation but not at the level of the commissures. Overall, there was a strong correlation 

(R-squared) between the observed and predicted measurements for all dimensions, except 

for the Dmin and Dmax at the nadirs and the coaptation levels of the MCS valve where the 

correlation was moderate. 
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Table 1. Clinical characteristics. 

  n = 39 

Age (yrs) 81 ± 6 

Male 18 (46) 

Height (cm) 166 ± 9 

Weight (kg) 70 [64-77] 

Body mass index (kg/m2) 25.6 [24.5-27.1] 

Logistic EuroSCORE 14.0 [9.0-18.0] 

Echocardiography  

  Left ventricular ejection fraction (%) 56±12 

  Aortic valve area (cm2) 0.65±0.19 

  Peak gradient (mmHg) 75±23 

Multislice computed tomography  

  Minimal annulus diameter (Dmin), (mm) 21.3±2.0 

  Maximal annulus diameter (Dmax), (mm) 26.6±2.4 

  Mean annulus diameter (mm) 23.9±1.9 

  Circumference (mm) 77.5±6.4 

  Area (cm2) 4.4±0.7 

  Aortic valve Agatston score 2,958 [2,003-3,617] 

Total volume 1,673 [921-2,595] 

Equivalent mass 651 [375-815] 

Ratio nominal valve size/Dmin annulus 1.3±0.1 

Ratio nominal valve size/Dmax annulus 1.0±0.1 

Values are expressed in mean ± SD, median (interquartile range) or n (%).  

 

The correlation between MSCT and model is illustrated by the scatter and difference plots 

with limits of agreement for all dimensions at the level of the inflow in figure 3 and figure 4, 

showing the small but insignificant overestimation of the frame dimensions by the model. 

 

Comparison of predicted and observed leaflet calcium displacement 

The distance between the coronary ostium and calcification on the nearest leaflet could be 

measured for 27 left coronaries and 24 right coronaries. The measurements were not 

possible on MSCT if there was no calcium on the corresponding native valve leaflet prior to 

TAVI or if the calcium spot was too small to differentiate it from the prosthesis frame post 

TAVI. The measured (MSCT) and predicted (model) distances from coronary ostium to 

calcium nodule were highly correlated for the left and right coronary ostia (respectively, 

R2=0.67 and R2=0.71, p<0.001 for both). There was a small overestimation by the model for 

the left coronary artery (MSCT vs. model respectively: mean distance ± SD: 8.3 ± 3.8 mm vs. 
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9.5 ± 4.0 mm; difference ± SD: –1.1 ± 2.4 mm, p=0.02) and also for the right coronary artery 

(MSCT vs. model respectively: mean distance ± SD: 8.1 ± 2.5 mm vs. 9.0 ± 2.7 mm; 

difference±SD: –0.9 ± 1.5 mm, p=0.006). 

 

Table 2. Comparison of frame dimensions obtained from the model with those measured on MSCT 
post implantation. 

Level of 
measurement 

Dimension 
Coefficient of 

determination (R²) 
MSCT 

Observer 1 
Model 

Difference (MSCT - 
Model) 

Inflow Dmin (mm) 0.72*** 21.6±2.4 22.0±2.4 –0.4±1.3* 
 Dmax (mm) 0.86*** 25.6±2.7 26.2±2.7 –0.6±1.0** 

 Circumference 
(mm) 

0.84*** 74.5±7.1 76.6±6.5 –2.1±2.9*** 

 Area (mm2) 0.84*** 435.8±85.5 456.2±83.4 –20.4±34.6** 
Nadir Dmin (mm) 0.44*** 21.1±1.3 21.4±1.0 –0.3±1.0 

 Dmax (mm) 0.48*** 24.4±1.0 24.5±1.2 –0.1±0.9 

 Circumference 
(mm) 

0.67*** 71.6±2.9 72.2±2.4 –0.6±1.7* 

 Area (mm2) 0.71*** 403.1±34.5 409.9±27.3 –6.8±18.6* 
Coaptation Dmin (mm) 0.46*** 21.3±1.0 22.4±1.0 –1.1±0.8*** 

 Dmax (mm) 0.48*** 22.9±0.8 24.0±0.9 –1.1±0.7*** 

 Circumference 
(mm) 

0.64*** 69.3±2.2 73.0±2.6 –3.8±1.5*** 

 Area (mm2) 0.64*** 379.7±24.7 422.9±29.8 –43.2±17.8*** 
Commissures Dmin (mm) 0.81*** 28.5±2.1 28.1±2.1 0.4±1.0** 

 Dmax (mm) 0.79*** 29.9±1.9 29.8±1.8 0.1±0.9 

 Circumference 
(mm) 

0.83*** 91.5±6.2 91.0±5.7 0.5±2.6 

 Area (mm2) 0.83*** 666.2±91.1 657.9±83.4 8.4±38.1 

*p<0.05, **p<0.01, ***p<0.001. For inflow: n=39 patients (MCS 33, ESV 6). For other levels n=33 (MCS). 
For more details, see text. 

 

A qualitative comparison of the predicted and observed positions of the calcified native 

leaflets after TAVI is shown for four representative cases in figure 5. Scatter and difference 

plots with limits of agreement are shown for both the left and right coronary arteries (figure 

6), showing the small but insignificant overestimation of the predicted distance from 

coronary ostium to calcium nodule. 
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Figure 3. Scatter and 

difference plots of the 

minimum (Dmin, upper 

panels) and maximal 

diameters (Dmax, lower 

panels) measured at the 

inflow by MSCT and model. 

On the scatter plots (left) the 

linear line of best fit and 95% 

confidence intervals are 

shown. On the difference 

plots (right) the mean and 

95% confidence intervals of 

the difference are shown. 

 

Figure 4. Scatter and 

difference plots of the cross-

sectional area (upper panels) 

and perimeter (lower panels) 

measured at the inflow of the 

MCS and ESV by MSCT and 

model. On the scatter plots 

(left) the linear line of best fit 

and 95% confidence intervals 

are shown. On the difference 

plots (right) the mean and 

95% confidence intervals of 

the difference are shown. 
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Figure 5. Displacement of 

leaflet calcifications after valve 

implantation. Qualitative 

comparison of the observed 

(MSCT post TAVI – B) and 

predicted (model – C) position 

of the calcified native leaflets 

after TAVI for four 

representative cases. The 

positions of the aortic leaflet 

calcifications before TAVI are 

shown in A. 

 

 

 

 

Figure 6. Scatter and difference 

plots of the measured distance 

from the left (upper panels) and 

right coronary ostium (lower 

panels) to the nearest calcium 

nodule by MSCT and model. On the 

scatter plots (left) the linear line of 

best fit and 95% confidence 

intervals are shown. On the 

difference plots (right) the mean 

and 95% confidence intervals of 

the difference are shown. 
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Discussion 

The present study concerns the description and technical evaluation of a computer model 

that allows in vivo prediction of frame geometry and calcium displacement before actual 

valve implantation by integrating the pre-TAVI MSCT-derived anatomy and the physical 

characteristics of the valve chosen to be implanted. 

Overall, there was a high agreement between the predicted and observed dimensions of the 

valve frame. The model, however, overestimated the dimensions at all levels except for the 

commissures (MCS frame). Despite the statistically significant differences, the absolute value 

of these differences is small. This also holds true for the predicted and observed 

displacement of the calcified aortic leaflets. The distance from the coronary ostium to the 

calcification on the nearest leaflet was slightly overestimated by the model.  

The obvious question is what causes the overestimation and whether it has any eventual 

clinical consequences if the model were to be used in clinical practice for patient selection 

and TAVI planning (i.e., valve type and size). This is particularly the case for the inflow 

portion of the valve as this is the site where most of the complications occur, for example 

paravalvular regurgitation and bundle branch block and also the rare but dramatic event of 

coronary obstruction (7-13). Most likely, the overestimation unveils limitations of the 

software. For example, the 3D aortic root models contain simplifications with respect to the 

real anatomy, and the assigned mechanical tissue properties may not fully reflect real tissue 

behaviour. Another source of error may have been undetected differences in the depth of 

implantation between the real and virtual valve implantation. The depth of implantation 

assessed by MSCT post TAVI was used during computer simulation. However, despite care in 

correctly aligning the depth of implantation, it is conceivable that subtle differences in the 

depth of implantation between the actual valve implantation and simulation have occurred, 

thereby introducing differences in frame geometry between MSCT post TAVI and the model. 

As mentioned above, the model slightly overestimated the dimensions of the frame. The 

potential clinical impact of the modelling errors is currently unknown and can only be 

evaluated by future studies assessing the predictive power of the model with respect to 

complications such as paravalvular regurgitation and conduction disturbances.  
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There is growing interest in the development of software which is able to construct detailed 

geometric anatomic models from patient-specific diagnostic images and software that allows 

computer simulation of TAVI in order to predict valve configuration in the patient-specific 

anatomy, thereby helping the physician to select the valve (type and size) that best fits the 

individual patient (14-22). A number of studies have employed finite element computer 

modelling to deploy a transcatheter aortic valve virtually into a patient-specific aortic root 

model (14-16, 19, 21, 22). While all of these studies have definitely contributed to proving 

the feasibility of patient-specific TAVI simulations, the validation of the modelling results has 

been limited so far. In the present work, we describe for the first time a validation of the 

predictive power of patient-specific TAVI simulations by detailed comparison with 

postoperative imaging.  

MSCT has been recommended to improve valve size selection so as to reduce complications, 

in particular paravalvular aortic regurgitation (23-25). However, the reading and 

interpretation of diagnostic images remain subjective (26). As has been shown previously, 

selecting a valve in which the nominal dimensions fit with the dimension of the aortic 

annulus is not a guarantee for perfect apposition despite optimal positioning (7). Similarly, 

assessing the risk of coronary obstruction by using a certain threshold (e.g., 10 mm) for the 

distance from the aortic annulus to the coronary ostium is limited by a low sensitivity (12). 

Sixty percent of the cases with coronary obstruction reviewed by Ribeiro et al had a coronary 

ostium height >10 mm, suggesting that other factors might be involved, such as the size and 

location of calcium nodules on the leaflets and the size of the sinuses of Valsalva. With 

respect to MSCT-based planning, computer simulation incorporating the calcium load of the 

base of the aortic root including leaflets such as reported in the current study and by Russ et 

al may help to predict coronary obstruction more precisely (16). Similarly, preoperative 

assessment of the risk of paravalvular aortic regurgitation may be improved by the proposed 

computer model. The case study shown in figure 7 illustrates the potential of the computer 

model to provide additional information during preoperative planning, for example to 

understand the impact of device size and position.  
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Figure 7. Case study. A patient who received a 26 mm MCS (perimeter-based annulus of 22.8 mm) 

had moderate aortic regurgitation as revealed by contrast aortography (A). The developed computer 

model can be used to assess the risk of paravalvular regurgitation by showing the distance between 

the skirt of the device and the surrounding tissue (red reflects a malapposition larger than 1 mm, 

while dark blue reflects a perfect sealing). A malapposition from aorta to ventricle indicates a 

paravalvular leakage path (white arrow in B). The computer model was used to investigate the 

impact of device sizing (26 mm MCS in B vs. 29 mm MCS in C) and positioning (29 mm MCS with a 

higher position in D). 

 

The present study is a proof of concept and is indicative of the clinical utility of 

preprocedural computer simulation. Patient-specific preprocedural planning or personalised 

medicine is requested by many healthcare authorities confronted by increasing healthcare 

costs as a result of an ageing population and also increasing treatment modalities for older 

patients (27, 28). The methods proposed in this study may serve this goal since and – at 

variance with surgical valve replacement – there is no direct vision of the target zone and no 

excision of calcium that is intrinsically associated with a higher degree of unpredictability of 

valve geometry and function.  

 

Study limitations  

This study is limited by the fact that the validation of the model focuses on a limited sample 

of 26/29 mm MCS and 23/26 mm ESV. Therefore, it remains to be elucidated whether the 

accuracy of the model will be similar for all types and sizes of commercially available valves. 

In addition, the current study focuses on the acute frame deformation, and the potential 
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long-term effects of device-host interaction (especially in the case of the self-expandable 

MCS) are not taken into account.  

 

Conclusions 

Dedicated software allows accurate prediction of frame morphology and calcium 

displacement after TAVI and is a first step towards patient-tailored medicine by selecting the 

type and size of valve that best fits the individual patient, thereby improving outcome. 
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Chapter 3  

Patient-Specific Computer Modeling to Predict Aortic Regurgitation After Transcatheter 

Aortic Valve Replacement. de Jaegere P, De Santis G, Rodriguez-Olivares R, Bosmans J, 

Bruining N, Dezutter T, Rahhab Z, El Faquir N, Collas V, Bosmans B, Verhegghe B, Ren C, 

Geleijnse M, Schultz C, Van Mieghem N, De Beule M, Mortier P. JACC Cardiovasc Interv. 2016 

Mar 14;9(5):508-12. Followed by the complete manuscript. 
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Outcome of transcatheter aortic valve replacement (TAVR) depends on a combination of 

patient-, procedure-, and operator-related variables. Specific device–host-related 

interactions may also be involved and may result in, for instance, incomplete and/or 

nonuniform frame expansion that in turn may lead to aortic regurgitation (AR) (1). Due to 

the large variability of the aortic root anatomy, the occurrence and severity of AR is hard to 

predict, indicating the need of tools that help the physician to select the type and size of 

valve that best fits the individual patient in addition to the optimal landing zone. Computer 

simulation of a TAVR procedure that is based upon the integration of the patient-specific 

anatomy, the physical and (bio)mechanical properties of the valve, and recipient anatomy 

may serve this goal (2). We herein describe such a model for AR prediction that was 

validated in a series of 60 patients who underwent TAVR with the Medtronic CoreValve 

Revalving System (MCS) (Medtronic, Dublin, Ireland).  

For that purpose, pre-operative multislice computed tomography (MSCT) was used to 

generate patient-specific 3-dimensional models of the native aortic root using image 

segmentation techniques (Mimics v17.0, Materialise, Leuven, Belgium). Subsequently, 

implantation of virtual CoreValve models in these aortic root models was retrospectively 

simulated using finite-element computer modelling (Abaqus v6.12, Dassault Systèmes, Paris, 

France), resulting in a prediction of frame deformation and native leaflet displacement. 

Details of this method, as well as the validation of the predicted frame deformation, have 

been described before (3). In each computer-simulated implantation, all steps of the clinical 

implantation were respected, consisting of pre-dilation, valve size selection, depth of 

implantation, and post-dilation if applied. The depth of implantation was matched with the 

actual depth of implantation derived from contrast angiography performed immediately 

after TAVR.  

The blood flow domain including the paravalvular leakage channels (if any) was then derived 

from the predicted frame and aortic root deformation, and computational fluid dynamics 

(OpenFOAM v2.1.1, OpenCFD, Bracknell, United Kingdom) was used to model blood flow 

during diastole with the aim of assessing the severity of aortic regurgitation after TAVR. For 

this purpose, a fixed pressure difference of 32 mm Hg was imposed from the ascending 

aorta to the left ventricle. The actual pressure difference post-TAVR was intentionally not 
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used as the aim is to validate a model predicting AR based on pre-operative MSCT only (i.e., 

when the pressure post-TAVR is unknown). The value of 32 mm Hg is an average obtained 

from a large group of patients. The resulting flow, expressed in ml/s, was compared with the 

clinically assessed AR. The modelling of AR is illustrated in figure 1 showing 2 patients with 

different severities of AR. 

Figure 1. Illustration of the Computer Model to Predict AR. (Top row) Patient in whom the model 

predicted perfect sealing resulting in no streamlines from the aorta to the ventricle that corresponded 

well with aortic regurgitation (AR) by angiography and echocardiography (both grade 0). (Bottom 

row) Patient with a predicted AR of 16 ml/s (model) corresponding well with angiography (grade 3) 

and echocardiography (grade 2). 

Contrast angiography and Doppler echocardiography were used for the assessment of AR. 

Analogous to the CHOICE (A Comparison of Transcatheter Heart Valves in High Risk Patients 

With Severe Aortic Stenosis) study, AR severity by contrast angiography was defined by 

visual estimation of the contrast density in the left ventricle using the Sellers classification (0 

= none/trace, 1 = mild, 2 = moderate, 3 = severe; the latter comprised grades 3 and 4 
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according to Sellers) (4). Two observers independently from one another scored the 

angiograms. In case of discrepancies, consensus was reached by consulting a senior 

cardiologist. The intraobserver and interobserver variability for the assessment of AR post-

TAVR according to the Sellers classification were k 0.70 and 0.78, respectively. Doppler 

echocardiography was performed before discharge. AR severity was defined by the 

circumferential extent of the Doppler signal at the inflow of the MCS frame in the 

parasternal short-axis view (VARC-2 [Valve Academic Research Consortium-2]) (5). 

Echocardiography was available in 56 of the 60 patients. Distinction was made between 

none (grade 0), mild (<10%, grade 1), moderate (10% to 29%, grade 2), and severe (≥30%, 

grade 3) AR. Physicians performing TAVR and engineers performing the simulations were 

blinded to one another’s results. 

Moderate–severe AR (Sellers AR ≥2) post-TAVR was seen in 15 patients (25%) by 

angiography. The agreement between the observed (i.e., Sellers, angiography) and predicted 

AR (i.e., ml/s, model) is shown in table 1. Receiver-operating characteristic curve analysis 

revealed that 16.25 ml/s is the cutoff value that best differentiated patients with none-to 

mild and moderate-to-severe AR. Sensitivity, specificity, positive predictive value, negative 

predictive value, and accuracy were 0.80, 0.80, 0.57, 0.92, and 0.80, respectively. By 

echocardiography, moderate–severe AR was seen in 9 patients (15%). The agreement 

between the observed and predicted AR is shown in table 1. Receiver-operating 

characteristic curve analysis revealed that 16.0 ml/s is the cutoff value that best 

differentiated patients with none-to-mild and moderate-to-severe AR. Sensitivity, specificity, 

positive predictive value, negative predictive value, accuracy were 0.72, 0.78, 0.35, 0.94, and 

0.73, respectively. Besides simulating the actual TAVR procedure (i.e., device size and 

positioning), a few alternative scenarios were investigated in a subset of cases in which the 

impact of device sizing (figure 2) and implantation depth were investigated (figure 3).  

We, thus, found that computer simulation using dedicated software integrating the MSCT-

derived patient-specific anatomy and the geometric, and mechanical properties of the valve 

accurately predicts the severity of AR that will occur after the implantation of the self-

expanding MCS valve when measured by angiography or echocardiography.  
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Table 1. Comparison of Observed and Predicted AR.  

Observed AR Predicted AR [ml/s] p-value 

Angiography (Sellers) Simulation/model   

0, (n=14) 4.3 [3.4-11.5] 
 

1, (n=31) 8.7 [4.4-16.0] 0.002 

≥2, (n=15) 19.7 [16.7-22.2] 
 

<2, (n=45) 7.8 [4.0-15.8] <0.001 

≥2, (n=15) 19.7 [16.7-22.2]   

Echocardiographic (VARC-2)     

0, (n=22) 6.5 [3.6-10.7] 
 

1, (n=25) 13.7 [4.5-20.3] 0.012 

≥2, (n=9) 17.1 [16.3-19.7] 
 

<2, (n=47) 8.9 [4.1-16.2] 0.070 

≥2, (n=9) 17.1 [16.3-19.7]   

Values are median [interquartile range]. AR = aortic regurgitation; VARC-2 
= Valve Academic Research Consortium-2. 

 

Figure 2. Impact of Device 

Sizing. (Top row) Patient in 

whom a 26 mm (left) and 29 

mm (right) MCS implantation 

was simulated. The model 

predicts a minor impact of 

device sizing (26 mm: 4 ml/s, 29 

mm: 1 ml/s). (Bottom row) 

Patient in whom sizing had a 

significant impact on the 

predicted AR (bottom left: 26 

mm MCS valve, 16 ml/s, bottom 

right: 29 mm MCS, 6 ml/s). MCS: 

Medtronic CoreValve Revalving 

System. 
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These findings indicate both the feasibility and clinical utility of computer simulation of a 

TAVR procedure with the objective to improve outcome by helping the physician to select 

the size of valve that best fits the individual patient. AR, which was the outcome of interest 

in this study, also depends on the depth of implantation that in particular depends on 

physician’s performance. As illustrated in the case study (figure 3), the simulation can inform 

the physician which size of valve at which optimal landing zone is associated with the least 

amount of AR. Although the choice of valve size is easy to follow in clinical practice, this is 

less so for the depth of implantation. The use of repositionable valve technologies, however, 

may overcome this technical issue, thereby enforcing the clinical power and utility of the 

herein proposed simulation workflow.  

 

Figure 3. Impact of Device Positioning. (Top row) Patient in whom simulation of a lower implantation 

(top left) results in a higher predicted aortic regurgitation (AR) (32 ml/s) than a higher position (top 

right: 17 ml/s). (Bottom row) Simulation revealing that a higher implantation (bottom right: 15 ml/s) 

results in more severe AR than a lower implantation (bottom left: 6 ml/s). 

Also, in order to meet the goal of tailored or patient-specific treatment planning, all clinically 

available valves should be incorporated into the simulation program that also should have 
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the capacity to predict all clinically relevant device–host-related interactions or 

complications. The most recent valve technologies are reported to be associated with 

substantially less AR, but possibly with a higher than expected or accepted incidence of new 

conduction abnormalities. The simulation program should, therefore, follow suit and provide 

a comprehensive output containing all outcomes that are relevant to the patient and 

physician. 

The current validation is not without limitations, in particular because we used contrast 

angiography and echocardiography for the assessment of AR. These widely used clinical 

tools have clear limitations and are inferior to magnetic resonance imaging for the 

assessment of AR. Magnetic resonance imaging should, therefore, have been used but is 

logistically demanding and difficult to perform in patients who underwent TAVR. 

Nevertheless, patient-specific computer simulation using dedicated software accurately 

predicts the severity of AR and may improve outcome of TAVR by helping the physician to 

select the size of valve that best fits the individual patient. 
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Abstract 

Background 

Complications after TAVI may occur despite optimal operator performance. Computer 

simulations predicting device-host interaction may help to understand and anticipate such 

complications, thereby, improving outcome. We herein describe a patient-specific computer 

model developed for the prediction of aortic regurgitation (AR) after Transcatheter Aortic 

Valve Implantation (TAVI). 

Methods and Results 

Pre-operative MSCT was used to generate 3D models of the aortic root of 60 patients who 

received a Medtronic CoreValve System. Implantation of virtual valve models was  simulated 

using finite element computer modeling. Blood flow domains including paravalvular leak 

channels were derived from predicted frame and aortic root deformation. Computational 

fluid dynamics was used to model blood flow during diastole to assess AR. Predicted and 

observed AR (angiography, echography) were compared. Moderate-severe AR was seen in 15 

patients (25%) by angiography (Sellers AR≥2) and in 9 (15%) by echocardiography 

(circumference 10-29 & ≥30%, VARC-2). Box plot analysis revealed good agreement between 

observed and predicted AR. ROC analysis indicated 16.25 (reference angiography) and 16.0 

ml/sec (reference echocardiography) as cut-off values that best differentiated patients with 

none-to-mild and moderate-to-severe AR. Sensitivity, specificity, positive predictive value, 

negative predictive value, accuracy were 0.80, 0.80, 0.57, 0.92 and 0.80, respectively 

(reference angiography) and was 0.72, 0.78, 0.35, 0.94 and 0.73 (reference 

echocardiography). 

Conclusions 

Computer simulation that integrates MSCT-derived patient-specific anatomy and the 

geometric and mechanical properties of the valve accurately predicts AR severity. This may 

improve outcome by helping the physician to select the type and size of valve that best fits 

the individual patient. 
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Introduction 

Transcatheter aortic valve implantation (TAVI) is increasingly used to treat selected patients 

with aortic stenosis and has shown to improve survival and quality of life (1-5). Yet, TAVI is 

associated with a number of complications that remain to be solved (6). One of these is 

aortic regurgitation (AR) that frequently occurs and has been reported to be associated with 

increased mortality (7-11). AR can be explained by a combination of patient- procedure- and 

operator related variables such as the amount and distribution of aortic root calcification, 

annulus dimensions, sizing and depth of implantation. Due to the large variability of the 

aortic root anatomy, the occurrence and severity of AR is hard to predict, indicating the 

need of tools that help the  physician to select the type and size of valve that best fits the 

individual patient in addition to the optimal landing zone. 

Computer simulation of a TAVI procedure that is based upon the integration of the patient- 

specific anatomy, the physical and (bio)mechanical properties of the valve and recipient 

anatomy  may serve this goal (12-15). In this paper we describe such a model for AR 

prediction that was validated in a series of 60 patients who underwent TAVI with the 

Medtronic CoreValve Revalving System (MCS). 

 

Methods 

Study population and MSCT 

Sixty patients were studied who received a 26/29mm MCS and who underwent MSCT pre- 

TAVI for sizing using manufacturer's recommendations. Details of MSCT have been described 

before (16). Briefly, MSCT scanning parameters were: 2 x detector collimation of 64 x 0.6 

mm with a z-axis flying focal spot, rotation time 285 ms, tube voltage 120 kV. A spiral scan 

mode with retrospective ECG triggering was used. Each tube provided 412 mAs/rot (625 

mA), and full X-ray tube current (100%) was given during the 14 to 46% of the R-R-interval. 

End systolic datasets were reconstructed using a single-segmental reconstruction algorithm: 

slice thickness 1.5 mm; increment 0.4 mm; medium-to-smooth convolution kernel (B26f) 

resulting in a spatial resolution of 0.6-0.7 mm in-plane and 0.4-0.5 mm through-plane and a 

temporal resolution of 72ms. 
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Computer modelling 

First, finite element computer models of the 26/29mm MCS were developed based on a 

detailed geometric evaluation of a] the frame using microscopic measurements and micro- 

computed tomography (resolution of 30 micron) and b] the mechanical properties of Nitinol 

of the herein used MCS valves using in-vitro radial compression tests at body temperature. 

During these tests, the frame diameter was reduced over the full frame length using a 

segmental compression mechanism, while the radial force was recorded (RX650, Machine 

Solutions, Flagstaff, US). 

Next, patient-specific three-dimensional (3D) computer models of the aortic root, including 

the (calcified) native leaflets were constructed from clinical pre-TAVI MSCT images using 

image segmentation techniques (Mimics software v16.0, Materialise, Leuven, Belgium). 

Varying mechanical properties were then automatically assigned to different tissue regions. 

The model parameters related to the tissue behaviour were calibrated using the MSCT 

datasets of 14 patients who also underwent MSCT post TAVI (i.e. back calculation). 

Finite element computer simulations were then performed during which the computer 

generated valve frames were implanted into the patient's specific anatomy resulting in a 

prediction of frame and aortic root deformations. All simulations were performed using the 

Abaqus/Explicit v6.12 finite element solver (Dassault Systèmes, Paris, France). In each 

computer- simulated implantation, all steps of the clinical or in-vivo implantation were 

respected consisting of predilatation, valve size selection, depth of implantation and 

postdilatation if applied. The depth of implantation was matched with the actual depth of 

implantation derived from contrast angiography performed immediately after TAVI. 

Simulations were repeated until the same implantation depth was obtained. For the pre- 

and (if applicable) post-dilatation, the same size of the balloon that was used during the in-

vivo implantation was used during the computer simulation. 

In a final step, the blood flow domain including the paravalvular leakage channels (if any) 

was derived from the predicted frame and aortic root deformation. Computational fluid 

dynamics was used to model blood flow during diastole and to assess the severity of aortic 

regurgitation after TAVI. For this purpose, a fixed pressure difference of 32mmHg was 

imposed from the ascending aorta to the left ventricle. The actual pressure difference post-
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TAVI was intentionally not used as the aim is to validate a model predicting AR based on pre-

operative MSCT only (i.e. when the pressure post-TAVI is unknown). The value of 32 mmHg 

is an average obtained from a large group of patients from our center. The resulting flow, 

expressed in ml/s, was compared with the clinically assessed AR. In order to illustrate the 

modelling of AR, one case with minimal AR and one with more severe AR are shown in figure 

1. 

 

Figure 1. Illustration of the Computer Model to Predict AR. (Top row) Patient in whom the model 

predicted perfect sealing resulting in no streamlines from the aorta to the ventricle that corresponded 

well with aortic regurgitation (AR) by angiography and echocardiography (both grade 0). (Bottom 

row) Patient with a predicted AR of 16 ml/s (model) corresponding well with angiography (grade 3) 

and echocardiography (grade 2). 
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In addition to the validation analysis, the potential clinical role of the model predicting AR 

was investigated by virtually implanting two different valve sizes, or by modelling different 

implantation depths for a subset of patients. 

 

Assessment of aortic regurgitation 

Similar to the US CoreValve High Risk and the CHOICE randomized clinical studies, contrast 

angiography and Doppler echocardiography were used for the assessment of AR 

immediately after TAVI and at discharge (5, 17). Analogous to the CHOICE study, AR severity 

by contrast angiography was defined by visual estimation of the contrast density in the left 

ventricle using the Sellers classification (0= none/trace, 1= mild, 2=moderate, 3=severe. The 

latter comprised grades 3 & 4 according to Sellers) (17, 18). For that purpose, an 

angiography protocol was used consisting of the injection of 20 ml non-diluted Iodixanol 

(Visipaque™) at a flow rate of 20 ml/sec via a 6 Fr pigtail that was positioned above the 

bioprosthetic leaflets using the optimal angiographic projection that was also used for valve 

implantation. Cineruns were recorded at a speed of 30 frames/sec. Two observers 

independently from one another scored the angiograms. In case of discrepancy, consensus 

was reached by consulting a senior cardiologist. The intra- and interobserver variability for 

the assessment of AR post TAVI according to the Sellers classification were к 0.70 and 0.78 

respectively. 

Doppler echocardiography was performed before discharge. Akin the CHOICE and US 

Corevalve RCT, AR severity was defined by the circumferential extent of the Doppler signal at 

the inflow of the MCS frame in the parasternal short axis view, but using the VARC-2 instead 

of VARC- 1 criteria (5, 19). Echocardiography was available in 56 out of the 60 patients. 

Distinction was made between none (grade 0), mild (<10%, grade 1), moderate (10-29%, 

grade 2) and severe (≥30%,grade 3) AR. 

 

Statistical analysis 

Categorical variables are presented as frequencies & percentages and continuous variables 

as mean ± SD or median [25th to 75th quartile] if not normally distributed (Shapiro-Wilk 
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test). Data was compared using a 2-sided unpaired t test or a Mann-Whitney test, as 

appropriate. When comparing more than 2 groups, the Kruskal-Wallis test was used. 

For the purpose of the study (i.e prediction of AR by model) distinction was made between 

patients with none-to-mild AR and moderate-to-severe AR. Diagnostic performance of the 

model was measured on a per-patient basis and defined by sensitivity, specificity, positive 

and predictive value (PPV, NPV) and accuracy. Box plot figures were constructed to assess 

the agreement between the observed (categorical classification of AR using grades 0,1,2,3) 

and predicted AR (continuous variable, ml/sec). In addition, Receiver-Operating Curve (ROC) 

analysis was performed for the definition of the best cut-off value by maximizing the sum of 

sensitivity and specificity. IBM SPSS 21.0 (IBM Corporation, Armonk, New York, USA) was 

used. Statistical significance was defined as a two-tailed p<0.05. 

 

Results 

The clinical characteristics of the patients are shown in table 1. All patients underwent 

transfemoral TAVI (26 mm valve in 19 patients, 29 mm valve in 41 patients) preceded by 

balloon valvuloplasty in all except 2 patients (20 mm balloon in 11 patients, 22 mm balloon in 

27 patients, 23 mm balloon in 19 patients, and 25 mm balloon 1 patient). Three out of the 60 

patients underwent balloon dilatation after TAVI (24 mm balloon after 26 mm MCS in 1 

patient, 25 and 26 mm balloon after 29 mm MCS in 2 patients). The depth of implantation 

(median, IQR) at the non- and left coronary sinus was 8 mm (6-10 mm) and 10 mm (7-11 

mm) respectively. 

 

Comparison of observed (angiography and echocardiography) and predicted AR (model) 

Moderate-severe AR (Sellers AR≥2) post-TAVI was seen in 15 patients (25%) by angiography. 

The agreement between the observed (i.e. Sellers, angiography) and predicted AR (i.e. 

ml/sec, model) is shown in figure 2 (box plot and table 2). ROC analysis revealed that 16.25 

ml/sec is the cut-off value that best differentiated patients with none-to-mild and moderate-

to- severe AR. Sensitivity, specificity, positive predictive value (PPV), negative predictive 

value (NPV), accuracy were 0.80, 0.80, 0.57, 0.92 and 0.80, respectively. 
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Table 1. Clinical characteristics. 
  

 n = 60 

    

Age (yrs) 81 ± 6 

Male 26 (43) 

Height (cm) 165 ± 9 

Weight (kg) 69 ± 12 

Body mass index (kg/m2) 25.0 [24.0-27.0] 

Logistic EuroSCORE 15.3 [10.2-22.0] 

Multislice computed tomography  

 Agatston score 2039 [1468-2841] 

 Calcium volume 1614 [1125-2081] 

 Calcium mass 417 [309-586] 

Procedural characteristics  

Balloon pre-dilation 58 (96.7) 

Balloon pre-dilation size  

 20mm 11 (18.9.) 

 22mm 27 (46.6) 

 23mm 19 (32.8) 

 25mm 1 (1.7) 

Balloon post-dilation 3 (5.0) 

Balloon post-dilation size  

 24mm 1 (1.7) 

 25mm 1 (1.7) 

 26mm 1 (1.7) 

Valve size  

 26mm 19 (31.7) 

 29mm 41 (68.3) 

Depth of Valve Implantation (mm)  

 Left coronary sinus 8 [6-10] 

 Non-coronary sinus 10 [7-11] 

Aortic regurgitation post-implantation by 
aortography 

 

 None/trace 14 (23.3) 

 Mild 31 (51.7) 

 Moderate 8 (13.3) 

 Severe 7 (11.7) 

Aortic regurgitation post-implantation by 
echocardiography 

 

 None/trace 22 (36.7) 

 Mild 25 (41.7) 

 Moderate 7 (11.7) 

 Severe 2 (3.3) 

 Unknown 4 (6.6) 

Values are expressed in mean ± SD, median (interquartile range) or n (%).  

 



69 

 

Table 2. Comparison of Observed and Predicted AR.  

Observed AR Predicted AR [ml/s] p-value 

Angiography (Sellers) Simulation/model   

0, (n=14) 4.3 [3.4-11.5] 
 

1, (n=31) 8.7 [4.4-16.0] 0.002 

≥2, (n=15) 19.7 [16.7-22.2] 
 

<2, (n=45) 7.8 [4.0-15.8] <0.001 

≥2, (n=15) 19.7 [16.7-22.2]   

Echocardiographic (VARC-2)     

0, (n=22) 6.5 [3.6-10.7] 
 

1, (n=25) 13.7 [4.5-20.3] 0.012 

≥2, (n=9) 17.1 [16.3-19.7] 
 

<2, (n=47) 8.9 [4.1-16.2] 0.070 

≥2, (n=9) 17.1 [16.3-19.7]   

Values are median [interquartile range]. AR = aortic regurgitation; VARC-2 
= Valve Academic Research Consortium-2. 

 

 

 

Figure 2. Box plot comparing predicted and 

AR by angiography. 
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Figure 3. Box plot comparing predicted and 

AR by echocardiography. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Impact of Device Sizing. (Top row) Patient in whom a 26 mm (left) and 29 mm (right) MCS 

implantation was simulated. The model predicts a minor impact of device sizing (26 mm: 4 ml/s, 29 

mm: 1 ml/s). (Bottom row) Patient in whom sizing had a significant impact on the predicted AR 

(bottom left: 26 mm MCS valve, 16 ml/s, bottom right: 29 mm MCS, 6 ml/s). MCS: Medtronic 

CoreValve Revalving System. 
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By echocardiography, moderate-severe AR was seen in 9 patients (15%). The agreement 

between the observed and predicted AR is shown in figure 3 (box plot and table 2). ROC 

analysis revealed that 16.0 ml/sec is the cut-off value that best differentiated patients with 

none-to-mild and moderate-to-severe AR. Sensitivity, specificity, positive predictive value 

(PPV), negative predictive value (NPV), accuracy were 0.72, 0.78, 0.35, 0.94 and 0.73, 

respectively. 

 

Application 

Besides mimicking the real implantation in terms of device sizing and positioning, a few 

alternative scenarios were investigated in a subset of cases. Figure 4 shows two cases where 

the model was used to investigate the impact of device sizing, whereas the impact of 

implantation depth is illustrated in figure 5. 

 

Discussion 

The main finding of this study is that computer simulation using dedicated software 

integrating the MSCT-derived patient-specific anatomy and the geometric and mechanical 

properties of the valve accurately predicts the severity of AR that will occur after the 

implantation of the self-expanding MCS valve when measured by angiography or 

echocardiography. 

These findings indicate both the feasibility and clinical utility of computer simulation of a 

TAVI procedure with the objective to improve outcome by helping the physician to select the 

type and size of valve that best fits the individual patient. It should be emphasized, however, 

that the herein proposed simulation program currently only relates to the MCS valve and can 

only clarify and predict outcome that is directly related to the specific device-host 

interaction. 

AR, which was the outcome of interest in this study, also depends on the depth of 

implantation that in particular depends on physician's performance. As illustrated in the case 

study, the simulation can inform the physician which size of valve at which optimal landing 

zone is associated with the least amount of AR. While the choice of valve size is easy to 
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follow in clinical practice, this is less so for the depth of implantation. The use of 

repositionable valve technologies, however, may overcome this technical issue, thereby, 

enforcing the clinical power and utility of the herein proposed simulation program (20). 

Also, in order to meet the goal of tailored or patient-specific treatment planning, all clinically 

available valves should be incorporated in the simulation program that also should have the 

capacity to predict all clinically relevant device-host related interactions or complications. 

The most recent valve technologies are reported to be associated with substantially less AR 

but possibly with a higher than expected or accepted incidence of new conduction 

abnormalities (20). 

The simulation program should therefore follow suit and provide a comprehensive output 

containing all outcomes that are relevant to the patient and physician. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Impact of Device Positioning. (Top row) Patient in whom simulation of a lower implantation 

(top left) results in a higher predicted aortic regurgitation (AR) (32 ml/s) than a higher position (top 

right: 17 ml/s). (Bottom row) Simulation revealing that a higher implantation (bottom right: 15 ml/s) 

results in more severe AR than a lower implantation (bottom left: 6 ml/s). 
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The current validation is not without limitations in particular since we used contrast 

angiography and echocardiography for the assessment AR. These widely used clinical tools 

have clear limitations and are inferior to MRI for the assessment of AR (21, 22). MRI should, 

therefore, have been used but is logistically demanding and difficult to perform in patients 

who underwent TAVI. It should be acknowledged that we used the same methods and 

definitions (albeit VARC-2 instead of VARC-1) as the pivotal studies including the CHOICE 

study that exclusively compared valve performance between the MCS and Edward-SAPIEN 

valve (2-5, 17). Yet, we did not use an independent core laboratory neither for contrast 

angiography nor echocardiography (CHOICE study only for contrast angiography). This and 

the fact that the present population consists of patients who were not enrolled in a 

randomized clinical trail (i.e. less selected) may explain the differences in AR between this 

and the pivotal studies. 

Similar to the CHOICE study, we found a higher frequency of moderate-severe AR after 

contrast angiography than echocardiography (15 vs. 9 patients). This in combination with 

sample size may explain why only a trend was found in the diagnostic performance of the 

software when differentiating none-mild vs moderate-severe AR by echocardiography. 

Despite this, the box plot analyses indicate that the software is capable of differentiating 

none-mild and moderate- severe AR. This is relevant as most studies indicate that moderate-

severe AR is associated with impaired prognosis. 

The present study is a proof of concept and is indicative of the clinical utility of 

preprocedural computer simulation. Patient-specific preprocedure planning or personalized 

medicine is asked by health care authorities confronted by increasing health care costs as a 

result of ageing and increasing treatment modalities also for older patients (23, 24). The 

herein proposed method may serve this goal since and - at variance with surgical valve 

replacement - there is no direct vision of the target zone and no excision of calcium that 

intrinsically is associated with a higher degree of unpredictability of valve geometry and 

function. The software - by nature - assesses device-host interaction that in addition to 

patient-, procedure-, and operator-related factors determine or explain outcome. In addition 

to its clinical translation, simulation programs may also help the (further) improvement of 

currently available devices. 
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Conclusion 

Computer simulation using dedicated software integrating the MSCT-derived patient- specific 

anatomy and the geometric and mechanical properties of the valve accurately predicts the 

severity of AR. This may improve outcome by helping the physician to select the type and 

size of valve that best fits the individual patient. 
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Abstract 

Background and aim of the study 

Patient-specific computer simulation can be used to accurately predict postoperative aortic 

regurgitation (AR), and allow an assessment of the impact of changes on valve performance. 

The study aim was to assess whether alignment of the bioprosthetic leaflets of a 

transcatheter heart valve with those of the native aortic valve plays a role in the occurrence of 

AR after transcatheter aortic valve implantation (TAVI), using patient-specific computer 

simulation. 

Methods 

In 63 patients who had undergone TAVI with the self-expanding CoreValve, the TAVI 

procedure was simulated using patient-specific computer simulation. Both, alignment and 

non- alignment of the native and bioprosthetic leaflets was simulated in all patients. 

Computer model accuracy was assessed by comparing predicted (mean of aligned and non-

aligned simulation) and observed AR (angiography, transthoracic echocardiography).  

Results 

Predicted AR was significantly higher in   patients with AR grade II-III in comparison to 

patients with AR grade 0-I, based on angiography (16.5 [10.8- 26.1] versus 10.8 [5.8-16.7]   

ml/s, p = 0.049) and echocardiography (23.2 [15.2-45.6] versus 11.8 [5.4-16.4]  ml/s, p = 

0.002). In case of non-alignment, predicted AR  was higher in 70% of the patients (13.2 [6.9-

21.5] versus 11.8 [6.7-19.0] ml/s, p <0.001) in comparison to an aligned position of the 

bioprosthesis. 

Conclusion 

Patient-specific computer simulation can accurately predict the degree of AR after TAVI. 

Alignment of the bioprosthesis affects the degree of AR, although the absolute difference is 

small and may, therefore, not play a clinically relevant role. 
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Introduction 

Transcatheter aortic valve implantation (TAVI) is an accepted treatment for patients with 

aortic stenosis and  who are at increased and/or intermediate surgical risk (1-4). Despite 

improvements in valve technology, aortic regurgitation (AR) still may occur and may be 

associated with impaired survival, even when mild (3, 4). 

AR may be caused by patient-, procedure- and device- related factors such as calcium load of 

the aortic annulus, sizing, depth of implantation, and valve type. 

Currently, with the availability of an increased number of valve technologies and sizes, 

selection of the valve and size that best fits the individual patient is expected to further 

improve the outcomes (e.g., less AR after TAVI). 

For that purpose, a patient-specific computer  simulation technology (TAVIguide; FEops, 

Ghent, Belgium) has been developed to predict valve geometry and function, and its ability 

to reliably discern patients with none-to-mild and moderate or severe AR has previously 

been demonstrated (5, 6). As opposed to surgical aortic valve replacement (SAVR), calcium is 

not removed during TAVI and the operator does not have the freedom to choose valve 

orientation. By using patient-specific computer simulation, however, the clinical TAVI 

procedure can be repeated by incorporating all details of the procedure, and also to assess 

the effect of a different approach (e.g., different valve size or type, depth of implantation, 

bioprosthesis alignment) on outcome and valve performance. The aim of the present study 

was to assess the effect of the degree of alignment of the bioprosthetic commissures and 

native aortic leaflets on AR immediately after TAVI. 

 

Clinical material and methods 

Patient population 

The study population comprised 63 patients, all of whom had undergone TAVI with the self-

expandable first-generation CoreValve (Medtronic, MN, USA) after  heart team consensus. 

Sizing was based on end-diastolic preoperative cardiac computed tomography (CT), using  a 

64-slice GE Lightspeed instrument (General Electric Company, Easton Turnpike, Fairfield, CT, 

USA) with a spatial resolution of 0.6 mm (7). All patient-related and procedural variables 
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were prospectively collected and entered into a dedicated database. Each patient was 

informed about the procedure and provided their written informed consent to participate. 

 

AR assessment 

Observed AR 

AR after TAVI was assessed with contrast angiography, using the Sellers classification, and 

with transthoracic echocardiography using simple color Doppler flow mapping acquired in 

the parasternal long- axis and apical three- and five-chamber views (8). In each view, color 

gain was carefully set to demonstrate the maximal jet by avoiding color Doppler speckles. The 

degree of AR was divided into ‘no’ AR (grade 0 = no regurgitating jet); ‘mild’ AR (grade I = 

total regurgitating jet area <2.2 cm2, ‘moderate’ AR (grade II= total regurgitating jet area of 

2.2-4.2 cm2, and ‘severe’ AR (grade III = total regurgitating jet area >4.2 cm2 (9). 

Predicted AR 

Patient-specific computer simulation was used to predict AR (ml/s) in case of alignment and 

non-alignment of the native and bioprosthetic leaflets. 

The computer simulation workflow, the details of which have been reported previously (5, 

6), starts from the patient’s baseline CT of the heart to reconstruct the patient-specific 

anatomy, followed by segmentation of the native aortic root, including the left ventricular 

outflow tract, the calcified native leaflets, and the ascending aorta (Mimics v17.0; 

Materialise, Leuven, Belgium). The clinical TAVI procedure was then simulated using finite 

element computer modeling (Abaqus/Explicit v6.12; Dassault Systèmes, Paris, France) 

respecting all steps (i.e., valve size, depth of implantation, and pre- and post-dilatation if 

applied). Depth of implantation at the non- and left-coronary cusp (NCC and LCC) was 

matched with the actual depth of implantation derived from contrast angiography 

performed immediately after TAVI. Skirt and prosthetic leaflets were added to the implanted 

frame aligning the prosthetic to the native leaflets. Non- alignment was then performed by 

rotating the prosthetic skirt and leaflets by 60°. AR post simulation (i.e., predicted AR) was 

quantified for both alignment and non-alignment of the native and bioprosthetic leaflets by 

modeling blood flow during diastole, using computational fluid-dynamics (OpenFOAM 
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v2.1.1; OpenCFD Ltd., Bracknell, UK) with a fixed pressure difference of 32 mmHg. The 

imposed pressure is the average of the postoperative diastolic transaortic pressure 

difference retrospectively observed in a sample of 20 patients. The different steps of the 

computer simulation workflow are depicted in figure 1, while figure 2 illustrates the 

alignment and non-alignment of the native and bioprosthetic leaflets. 

Figure 1. Description of the steps followed for prediction of aortic regurgitation. CT images (A) are 

used to create a reconstruction of the aortic 3D model (B), virtual implantation of the transcatheter 

heart valve (C, FEA simulation) and modeling of the blood flow with prediction of AR (D, CFD 

simulation). CT: Computed tomography; CFD: Computational fluid-dynamics; FEA: Finite element 

analysis.  

 

Analysis and statistics 

Predicted AR was compared with observed AR (contrast angiography, echocardiography) to 

assess the model accuracy. The mean of the predicted AR from the aligned and non-aligned 

simulation was used for this purpose, as the actual alignment in the patient is unknown. 

Second, a comparison of the predicted AR in case of alignment and non-alignment of the 

bioprosthetic commissures with those of the patient’s aortic valve was performed. 

Data were presented as median [Q1-Q3] or mean ± SD, depending on the distribution of the 

data evaluated with histograms, QQ-plots and Kolmogorov-Smirnov tests. Categorical 

variables were presented as n (%). Continuous variables were tested with Student’s t-test or 

a Mann-Whitney U-test, depending on the distribution. Aligned/non-aligned predicted AR 

were tested with the Wilcoxon signed rank test for paired samples. Statistical analyses were 

conducted using iSPSS Version 22.0 (IBM Corp., Armonk, NY, USA). Statistical significance 

was defined as a two-tailed p- value <0.05. 



82 

 

Figure 2. Comparison between 

aligned (left panel) and misaligned 

(right panel) implantation for the 

prediction of aortic regurgitation. 

Commissures of the native 

reconstructed valve are highlighted 

by blue dots, while commissures of 

the prosthetic valve are indicated 

by black dotted lines. The three 

images at the top visualize the 

aortic valve from the aorta towards 

the left ventricle. 

 

 

 

 

 

 

Results 

Baseline characteristics of the patients and procedural details are summarized in tables 1 

and 2, respectively. Based on angiographic results, 15 patients (23.8%) had no AR after TAVI, 

25 (39.7%) had grade I AR, 20 (31.7%) had grade II AR, and three (4.8%) had grade III AR. 

Based on echocardiographic results, 44 patients (80.0%) had ‘none-mild’ AR after TAVI, nine 

(16.4%) had ‘moderate’ AR, and two (3.6%) had ‘severe’ AR. Only one patient received post-

deployment balloon dilation, using a 25-mm balloon. 

In all 63 patients, predicted AR was significantly higher in patients with AR grade II-III in 

comparison to patients with AR grade 0-I, based on angiography (16.5 [10.8-26.1] versus 

10.8 [5.8-16.7] ml/s, p=0.049) and echocardiography (23.2 [15.2-45.6] versus 11.8 [5.4-

16.4] ml/s, p=0.002) (table 3; figure 3). 
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Table 1. Baseline characteristics (n = 63). 

Patient data Value 

Age (years)* 81 [77-85] 

Male gender (n, %) 26 (41.3) 

Height (cm)+ 164 ± 8 

Weight (kg)+ 74 ± 13 

Body surface area (m²)+ 1.8 ± 0.2 

Body mass index (kg/m²)+ 27.4 ± 4.3 

NYHA class III-IV – n (%) 52 (82.5) 

Echocardiography 
 

Peak gradient (mmHg)+ 67 ± 19 

Mean gradient (mmHg)+ 44 ± 13 

Aortic valve area (cm²)+ 0.65 ± 0.20 

Risk scores 
 

Logistic EuroSCORE (%)* 
13.0 [9.5-

21.5] 

EuroSCORE II (%)* 5.0 [2.8-8.8] 

Society of Thoracic Surgeons score (%)* 4.3 [3.3-5.5] 

Medical history 
 

Atrial fibrillation (n, %) 26 (41.3) 

Carotid disease (n, %) 6 (9.5) 

Coronary artery disease (n, %) 28 (44.4) 

Chronic obstructive pulmonary disease (n, %) 11 (17.5) 

Diabetes (n,%) 14 (22.2) 

Hypertension (n, %) 38 (60.3) 

Previous myocardial infarction (n, %) 11 (17.5) 

Peripheral artery disease (n, %) 18 (28.6) 

Previous stroke/transient ischemic attack (n, %) 12 (19.0) 

Pacemaker (n, %) 6 (9.5) 

Previous coronary artery bypass (n, %) 22 (34.9) 

Previous percutaneous coronary intervention (n, %) 24 (38.1) 

Values are expressed in median (interquartile range)*, mean ± SD + or n (%). 
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Table 2. Procedural characteristics. 
 

Parameter Value 

Access  
 

 Transfemoral, n (%) 50 (79.3) 

 Subclavian, n (%)  2 (3.2) 

 Truncus brachiocephalicus, n (%) 8 (12.7) 

 Direct aortic, n (%) 3 (4.8) 

Valve size, n (%) 
 

 26 mm 14 (22.2) 

 29 mm 40 (63.5) 

 31 mm 9 (14.3) 

Depth NCC, n (%) 7.2 ± 3.3 

Depth LCC, n (%) 8.6 ±4.3 

Values are expressed in mean ± SD or n (%); NCC: non-coronary 
cusp; LCC: left-coronary cusp. 

 

Table 3: Predicted aortic regurgitation (AR) (ml/s) in patients with AR 
grade 0-I and II-III (angiography, echocardiography). 

 
Grade AR 0-I Grade AR II-III p-value 

Angiography+ (n = 40) (n = 23) 
 

 
10.8 [5.8-16.7] 16.5 [10.8-26.1] 0.049 

Echocardiography+ (n = 44) (n = 11) 
 

 
11.8 [5.4-16.4] 23.2 [15.2-45.6] 0.002 

Values are expressed in median (interquartile range); NCC: non-coronary 
cusp; LCC: left-coronary cusp. 

 

When comparing alignment/non-alignment of the bioprosthetic leaflets with those of the 

native valve, predicted AR in case of non-alignment was higher (70% of the cases) (13.2 [6.9-

21.5] versus 11.8 [6.7-19.0] ml/s, p<0.001). In 33 patients (62%) the difference between 

alignment/non-alignment was less than 1 ml/s. In five cases, the difference of the predicted 

AR between alignment/non-alignment was more than 5 ml/s (up to 32.4 ml/s). Leakage 

paths were often observed near the native valve commissures, especially between severely 

calcified leaflets. The data in figure 4 show that a good alignment between the bioprosthetic 
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and the native aortic valve commissures resulted in a better apposition of the device skirt to 

the aortic wall, with the consequent reduction in AR. 

 

 

 

 

 

 

 

 

 

Figure 3. Difference between mean predicted aortic regurgitation (AR) (ml/s) and AR grade 0-I versus 

grade II-III based on angiography (dotted boxplots; p = 0.049) and echocardiography (white boxplots, 

p = 0.003). Extreme values and outliers are presented by (o) and (*), respectively. 

 

 

Figure 4. Case illustration. Difference 

between aligned (left panel) and 

misaligned (right panel) implantation for 

the prediction of aortic regurgitation 

(19.8 ml/s versus 52.2 ml/s). 
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Discussion 

The results of the present study showed that the predicted AR was significantly higher in 

patients with moderate or severe AR after TAVI, based on echocardiography and 

angiography. These results confirmed the findings of other authors who used another set of 

patients and a different pre-procedural CT phase to generate a three-dimensional model of 

the patient’s aortic root (6). The novel finding was that alignment affected the degree of AR 

in 70% of the patients, albeit that such effect was variable between patients. 

Predicted AR channels were observed at the commissures of the native aortic valve where, 

in most cases, calcium ridges were preventing a good apposition of the valve frame to the 

aortic wall, creating a paravalvular commissural space. This finding was in agreement with 

previous studies, where calcifications near to the commissures were predictive for the site of 

AR (10). In this regard, TAVI guide simulations interestingly showed that in 70% of the 

patients, alignment of the bioprosthetic with native leaflets favored at the commissural 

region a better apposition of the valve to the aortic wall, resulting in lower AR. As noted 

above, despite statistical significance, the absolute  difference of the predicted AR in case of 

the alignment/non-alignment between the bioprosthetic and native valve commissures was 

small (<1 ml/s), except for a few cases. 

Alignment of the bioprosthesis with the native aortic valve implies that the natural position of 

the aortic valve  and leaflets is respected. Although unproven, this may be desirable for valve 

function and durability. As opposed to SAVR, the operator cannot choose or determine the 

orientation of the bioprosthesis during TAVI, except for the recently introduced JenaValve 

(Munich, Germany), after which a low frequency of paravalvular leak (PVL) has been 

reported. It remains to be seen if, and to what extent, the control of valve orientation 

contributes to the elimination of PVL, as suggested by the present findings and the 

frequency of PVL after JenaValve implantation. 

With respect to the issue of durability, alignment of the bioprosthesis may have an effect on 

the mechanics of the bioprosthetic leaflets. Recent computer simulation  studies have shown 

that the alignment of its commissures with the native ones minimizes leaflet stress 

distribution (11, 12). This finding may be taken into account for the design of future devices, 
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that is, bioprostheses that are either insensitive to the implantation alignment or which can 

be implanted with an optimal alignment. 

Last, but not least, alignment of the bioprosthesis may also help to access coronary arteries 

for eventual future coronary interventions. 

 

In conclusion, patient-specific computer simulation can accurately predict the degree of AR 

after TAVI. Alignment of the bioprosthesis affects the degree of AR, albeit that the absolute 

difference is small and may, therefore, not play a clinical role. 
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Chapter 5 

Patient-Specific Computer Simulation to Elucidate the Role of Contact Pressure in the 

Development of New Conduction Abnormalities After Catheter-Based Implantation of a Self-

Expanding Aortic Valve. Rocatello G, El Faquir N, De Santis G, Iannaccone F, Bosmans J, De 

Backer O, Sondergaard L, Segers P, De Beule M, de Jaegere P, Mortier P. Circ Cardiovasc 
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Abstract 

Background 

The extent to which pressure generated by the valve on the aortic root plays a role in the 

genesis of conduction abnormalities after transcatheter aortic valve replacement (TAVR) is 

unknown. This study elucidates the role of contact pressure and contact pressure area in the 

development of conduction abnormalities after TAVR using patient-specific computer 

simulations. 

Methods and Results 

Finite-element computer simulations were performed to simulate TAVR of 112 patients who 

had undergone TAVR with the self-expanding CoreValve/Evolut R valve. On the basis of 

preoperative multi-slice computed tomography, a patient-specific region of the aortic root 

containing the atrioventricular conduction system was determined by identifying the 

membranous septum. Contact pressure and contact pressure index (percentage of area 

subjected to pressure) were quantified and compared in patients with and without new 

conduction abnormalities. Sixty-two patients (55%) developed a new left bundle branch 

block or a high-degree atrioventricular block after TAVR. Maximum contact pressure and 

contact pressure index (median [interquartile range]) were significantly higher in patients 

with compared with those without new conduction abnormalities (0.51 MPa [0.43–0.70 MPa] 

and 33% [22%–44%], respectively, versus 0.29 MPa [0.06–0.50 MPa] and 12% [1%–28%]). By 

multivariable regression analysis, only maximum contact pressure (odds ratio, 1.35; 

confidence interval, 1.1–1.7; P=0.01) and contact pressure index (odds ratio, 1.52; 

confidence interval, 1.1–2.1; P=0.01) were identified as independent predictors for 

conduction abnormalities, but not implantation depth. 

Conclusions 

Patient-specific computer simulations revealed that maximum contact pressure and contact  

pressure index are both associated with new conduction abnormalities after 

CoreValve/Evolut R implantation and can predict which patient will have conduction 

abnormalities. 
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Introduction 

Transcatheter aortic valve replacement (TAVR) is increasingly used to treat patients with 

severe aortic stenosis who are deemed inoperable or at high risk for surgical aortic valve 

replacement (1). Recent clinical data demonstrate that TAVR is also a good alternative for 

surgical aortic valve replacement in intermediate-risk patients, resulting in a further 

expansion of the indication for TAVR (2, 3). 

At variance with surgical aortic valve replacement, conduction abnormalities (left bundle 

branch block [LBBB], high-degree atrioventricular block [AVB]) frequently occur after TAVR 

and remain a major clinical limitation as it may lead to permanent pacemaker implantation 

(4). 

Despite the fact that patient-, procedure-, and device related variables have been shown to 

be associated with an increase of conduction abnormalities after TAVR, the underlying 

mechanism is not completely clear (4). Some authors have mentioned that pressure 

generated by the prosthetic valve frame on the atrioventricular conduction pathway may be 

an important driver of new conduction abnormalities, although other mechanisms may play 

a role as well (5-8). 

Therefore, the aim of this study was to investigate to what extent mechanical pressure, 

assessed by patient-specific computer simulations, affects the conduction system after TAVR. 

 

Methods 

The data, analytic methods, and study materials will not be made available to other 

researchers for purposes of reproducing the results or replicating the procedure. 

 

Study Population 

The study population consists of 112 patients who underwent TAVR on native valves (i.e., no 

valve-in-valve) using either the self-expanding CoreValve or an Evolut R transcatheter heart 

valve (Medtronic, MN) because of severe aortic stenosis (table 1). All patients had 

undergone preoperative multi-slice computed tomography (MSCT) for sizing and that was of 
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sufficient quality to allow computer simulation as previously described (9, 10). MSCT in-

plane and through-plane resolution ranged from 0.32 to 0.97 mm/pixel, slice increment from 

0.25 to 0.8 mm, and slice thickness from 0.5 to 1.5 mm. 

This study was approved by the institutional review committee, and patients were selected 

for TAVR by the multidisciplinary Heart Team at the participating hospital. All patients were 

informed about the procedure and provided with informed written consent for the 

procedure and data collection. 

 

Computer Simulations 

Preoperative MSCT was used to generate patient-specific 3-dimensional models of the 

native aortic root anatomy that included the left ventricular outflow tract (LVOT), the 

calcified native leaflets, and the ascending aorta, using image segmentation techniques 

(Mimics v18.0; Materialise, Leuven, Belgium). The aortic wall and the leaflets were assumed 

to have a constant thickness of 2 mm and 1.5 mm, respectively (9). Subsequently, virtual 

implantation of Medtronic CoreValve and CoreValve Evolut R systems in these aortic models 

was retrospectively performed using finite-element computer modeling (Abaqus/Explicit 

v6.12; Dassault Systèmes, Paris, France) as previously described (9). In brief, CoreValve and 

CoreValve Evolut R frames were reconstructed from optical microscopy measurements and 

micro-computed tomography images, whereas the mechanical characteristics of the Nitinol 

frame were derived from in vitro radial compression tests at body temperature. The 

mechanical properties of the different tissues in the computer model were calibrated by an 

iterative back-calculation method using both pre- and postoperative MSCT images (9). The 

aortic tissue was modeled with elastic material properties (E=2 MPa; ν=0.45), and spring 

elements were added to incorporate the impact of surrounding structures in the model. The 

leaflets were assumed to be linear elastic (E=0.6 MPa; ν=0.3), whereas calcifications were 

modeled using a stiffer elastic material with perfect plasticity (E=4 MPa; ν=0.3; Yield 

stress=0.6 MPa). General contact with finite sliding between all the surfaces was applied 

with hard contact properties to prevent penetrations along the normal direction. A friction 

coefficient of 0.7 was used to model the interaction between the frame and the aortic 

model. 
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These computer simulations allow to assess device–host interaction and, thus, device and 

aortic wall deformation and the resulting contact pressure exerted by the frame on the 

surrounding anatomy. During the computer simulations, all steps of the clinical implantation 

consisting of pre-dilatation (i.e., balloon size), valve size, depth of implantation, and post-

dilatation (i.e., balloon size) if applied were respected, as previously described in 2 studies in 

which the software was validated for the assessment of frame geometry and expansion, 

calcium displacement, and paravalvular leakage (9, 10). Device repositioning of the Evolut R 

was not integrated in the model, but the final depth of implantation at the non-coronary 

cusp (NCC) and left-coronary cusp was matched with the actual depth of implantation 

derived from contrast angiography performed immediately after TAVR, using the same 

projection angle. 

 

Pressure Analysis 

From each finite-element simulation, the force exerted on the recipient anatomy was 

extracted. For the purpose of this study (i.e., relationship between contact pressure and new 

conduction abnormalities after TAVR), the region of the LVOT that contains the 

atrioventricular conduction system was defined as the region of interest. At that region, (1) 

maximum contact pressure and (2) contact pressure index (i.e., the percentage of this region 

of interest subjected to contact pressure) were calculated (figures 1, 2 and 3). 
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Figure 1. Identification of 

anatomic land- marks and 

computer modeling 

workflow. A, Identification 

of inferior border of the 

membranous septum 

(IBMS) in the preoperative 

multi-slice computed 

tomography (MSCT) 

images through 3 

consecutive landmarks 

(p1, p2, p3, in red); (B, C) 

patient-specific 3-

dimensional aortic model 

with, in black, the selected 

region of interest in vicinity of the atrioventricular conduction system from a frontal view (B) and 

from a top view (C); (D) virtual implantation of the Medtronic CoreValve device at the same 

implantation depth as done in the real procedure. NCC indicates non-coronary cusp; and RCC, right-

coronary cusp. 

 

 

 

 

 

 

 

 

 

 

Figure 2. Anatomic variability—IBMS is represented by 3 red landmarks. A, Illustration of the inferior 

border of the membranous septum (IBMS)–related anatomic measurements: IBMS length (l)—

distance between landmarks p1 and p3, IBMS location (d1 and d3)—distance of landmarks p1 and p3 

from the annular plane, IBMS orientation (α)—angle between the segment connecting p1 and p3 and 

the annular plane. B, Representative illustration of IBMS identification in 2 patients. 
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Figure 3. Contact pressure: representative examples. Representative example of contact pressure 

observed on the aortic root areas where the aortic root is in contact and interacts with calcifications 

and device frame (indicated by black arrows). The region of interest is delimited by the black line. A, 

Case without a new transcatheter aortic valve replacement (TAVR)–induced conduction abnormality: 

maximum contact pressure=0.11 MPa and contact pressure index=20%. B, Case with new TAVR-

induced high-degree atrioventricular block (AVB): maximum contact pressure=0.85 MPa, and contact 

pressure index=29%. 

 

The region of interest for the contact pressure analysis was selected on each 3-dimensional 

aortic root model, starting from the inferior border of the membranous septum (IBMS), as 

this represents an anatomic surrogate for the surfacing of the His bundle and the transition 

to the left bundle branch (11–13). To identify the IBMS, 3 dedicated landmarks were 

determined on the preoperative MSCT images at the transition between the interventricular 

membranous septum (MS) and muscular septum in the resliced view perpendicular to the 

annular plane (14) (figure 1). Two of these landmarks were selected at the beginning and at 

the end of the IBMS, namely p1 and p3, with p1 closer to the NCC and p3 closer to the right 

coronary cusp (RCC). An additional point (p2) was selected in between to better track the 

course of the IBMS as this is often not a straight line (figure 1A). If an abrupt change in the 

IBMS was seen when scrolling through the MSCT images between p1 and p3, p2 was chosen 

at that location. On the basis of anatomic findings, the region of interest for the contact 

pressure analysis was defined by the area between the IBMS (extended toward the RCC by a 

25° angle) and the plane 15 mm below the annulus (figure 1B and 1C), to ensure the 

inclusion of the proximal part of the left bundle branch (11, 15). 
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The effect of frame rotation on contact pressure and contact pressure index was taken into 

account by simulating for each patient 3 different rotations of the frame: starting from a 

reference position the frame was rotated with 6° and 12°. The resulting maximum contact 

pressure and contact pressure index for these different rotations were then averaged per 

patient. 

Besides the contact pressure analysis, the anatomic variability of the length, location, and 

orientation of the IBMS was investigated (figure 2A). The length of the IBMS (l) was defined 

as the distance between the first (p1) and the last (p3) selected landmarks, the location of 

the IBMS was defined as the relative distance of points p1 (d1) and p3 (d3) to the aortic 

annular plane, and the orientation of the IBMS was described by the angle α between the 

segment connecting p1 and p3, and the aortic annular plane. 

 

Statistical Analysis 

Continuous variables are expressed as mean ± SD or median [inter- quartile range], stratified 

by the occurrence of new TAVR-related conduction abnormalities, and compared using the 

Student t test or Mann–Whitney–Wilcoxon test depending on the variable distribution. 

Discrete variables are expressed as percentage and compared using the χ2 or the Fisher 

exact test where appropriate. The nonparametric Friedman test was used to analyze 

differences in maximum contact pressure and contact pressure index between 3 different 

rotations of the device. Anatomic baseline characteristics and procedural parameters that 

were considered relevant for the development of conduction abnormalities were analyzed 

together with the maximum contact pressure and contact pressure index. Only variables 

yielding a P value <0.1 in the univariable analysis were included in the stepwise logistic 

regression (backward likelihood ratio) analysis. Only for significant results (P<0.05), receiver-

operating characteristics curves were generated to find optimal cutoff values (Youden index 

criterion), and sensitivity, specificity, positive predictive value, negative predicted value, and 

accuracy were calculated (16). Correlation between implantation depth, maximum contact 

pressure and contact pressure index was also analyzed, and results are reported in the Data 

Supplement. Statistical analysis was performed with the statistical software package SPSS 

version 22.0 (IBM Corporation, New York). 
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Results 

Baseline patient- and procedure-related characteristics are summarized in table 1. Sixty-two 

patients (55%) developed new conduction abnormalities after TAVR: LBBB or high- degree 

AVB (second-degree AVB Mobitz 2 or third-degree AVB). A higher number of patients 

developed new conduction abnormalities after implantation of a CoreValve compared with 

those who received an Evolut R (59% versus 35%). There were no other differences between 

patients with and without a new conduction abnormality, except for a deeper implantation 

of the valve in the LVOT (8.4 versus 5.8 mm; P<0.001) and a more shallow position of the 

IBMS at p3 (1.7 versus 2.8 mm) in the group with conduction abnormalities. An example of 

the variations in anatomy of the IBMS is illustrated in figure 2. 

 

Contact Pressure on the LVOT in the Region of Interest 

The nonparametric Friedman test showed no statistical difference in maximum contact 

pressure and contact pressure index between the 3 device rotations (P=0.073 and P=0.698, 

respectively). Maximum pressure and contact pressure index were both significantly higher 

in patients with a new conduction abnormality after TAVR (P<0.001; table 2). The median 

value of maximum contact pressure (0.51 MPa [0.43–0.70 MPa]) and contact pressure index 

(33% [22%–44%]) was 2- to 3-fold higher in patients with a new conduction abnormality 

compared with patients without a new conduction abnormality (0.29 MPa [0.06–0.50 MPa] 

and 12% [1%– 28%]; figure 4). In the majority of patients (89%), the maximum contact 

pressure was observed in the upper half of the region of interest. 

Computer simulation results in a patient without and with a new conduction abnormality 

with comparable depth of implantation of the device are shown in figure 3. In the patient 

without a new conduction abnormality, a low maximum contact pressure (≤0.11 MPa) in the 

vicinity of the conduction system (region of interest delimited by the black border) was 

observed. Conversely, the patient who developed a new AVB experienced high contact 

pressure within the region of interest (up to 0.85 MPa) and an extended area of contact 

(contact pressure index of 29%). 
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Figure 4. Histograms and box plot diagrams of valve implantation depth, maximum contact pressure, 

and contact pressure index. Upper, Distribution of valve implantation depth (left), maximum contact 

pressure (middle), and contact pressure index (right) in comparison to a normal probability curve 

(black curve). Lower, Box plot diagrams of valve implantation depth (P<0.001, left), maximum contact 

pressure (P<0.001, middle), and contact pressure index (P<0.001, right) in patients with and without 

conduction abnormalities. Extreme values are presented as small circles (o). 

 

Interestingly, not all the models showed contact between the valve frame and the region of 

interest. Figure 5 illustrates 3 patients where no contact was observed in the region of 

interest because of a large calcium nodule precluding apposition of the frame (figure 5A), of 

 

 

 

 

Table 2. Simulation Results. 

    Conduction Abnormalities   

Parameters 
All Patients 

(n=112) 
Yes (n=62) No (n=50) p-value 

Maximum pressure [MPa] 
0.46 [0.26–

0.62] 
0.51 [0.43–0.70] 

0.29 [0.06–
0.50] 

<0.001 

Contact pressure index [%] 26 [13–40] 33 [22–44] 12 [1–28] <0.001 

Values are mean±SD, median [interquartile range] or n(%).  
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an anatomic low position of the IBMS (figure 5B), and of a large LVOT resulting in 

malapposition of the frame (figure 5C). 

Figure 5. Representative cases with no contact within the 

region of interest. (A), Large valve calcification (blue 

arrow) that determines underexpansion of the frame 

(black arrow); (B) anatomic low position of the inferior 

border of the membranous septum (IBMS); (C) large left 

ventricular outflow tract (LVOT) and bad apposition of 

the valve frame with the aortic wall. 

 

 

 

 

 

 

 

 

 

The multivariable regression analysis identified maximum contact pressure (odds ratio, 1.35; 

confidence interval, 1.1–1.7; P=0.01) and contact pressure index (odds ratio, 1.52; 

confidence interval, 1.1–2.1; P=0.01) as the only independent predictors of conduction 

abnormalities (table 3). 

Receiver-operating characteristics curve analysis (figure 6) revealed an area under the curve 

of 0.76 and 0.79 for maximum contact pressure and contact pressure index, respectively. A 

cutoff value of 0.39 MPa for the maximum contact pressure ensured a sensitivity, specificity, 

positive predictive value, negative predicted value, and accuracy of 85%, 64%, 75%, 78% and 

76%, respectively. This was 95%, 54%, 72%, 90%, and 77%, respectively, for a contact 

pressure index of 14%. The accuracy of prediction was further increased when combining 
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both contact pressure parameters (figure 7). Fifty-three patients (79%) with a maximum 

contact pressure >0.39 MPa and a contact pressure index >14% developed a new conduction 

abnormality. In case of a maximum contact pressure <0.39 MPa and a contact pressure index 

<14%, 23 patients (88%) did not experience new conduction abnormalities. Four patients 

with a maximum contact pressure >0.39 MPa and a contact pressure index <14% (i.e., small 

area of high contact pressure) did not develop conduction abnormalities, whereas 6 patients 

(40%) with a low maximum contact pressure and contact pressure index >14% developed 

new conduction abnormalities. 

 

Table 3. Results of the Logistic Regression for Association With Post-
Transcatheter Aortic Valve Replacement Conduction Abnormalities. 

  
Univariable Multivariable Analysis  

Parameters p-value p-value Odds Ratio 95% CI 

p3 depth, mm 0.017 
   

Device type 0.071 
   

Implantation depth, mm <0.001 
   

Maximum pressure, MPa <0.001 0.010 1.35 1.1–1.7 

Contact pressure index, % <0.001 0.013 1.52 1.1–2.1 

CI indicates confidential interval.       

 

 

Figure 6. Receiver-operator charac- 

teristics (ROC) curves of maximum 

contact pressure and contact 

pressure index. ROC curve analysis 

of maximum contact pressure (area 

under the curve [AUC]=0.76, left) 

and contact pressure index 

(AUC=0.79, right). 
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Figure 7. Prediction of conduction abnormalities according to the 

maximum contact pressure and contact pressure index. Prediction 

of conduction abnormalities according to the maximum contact 

pressure and contact pressure index based on the chosen cutoff 

values (0.39 MPa and 14%, respectively). 

 

 

 

Discussion 

The main goal of this study was to investigate the relation between the mechanical pressure 

generated by the prosthetic valve frame on the aortic root at the site of the atrio-ventricular 

conduction tissue and the development of new conduction abnormalities after TAVR. Using 

patient-specific computer simulations, maximum contact pressure and contact pressure 

index were both assessed. The impact of device rotation on the contact pressure within the 

region of interest was also evaluated, but no significant difference on the variations of both 

parameters because of the device rotations was observed. Both simulation-based 

parameters were associated with new conduction abnormalities (LBBB and high-degree AVB) 

after implantation of a self-expanding valve. Of note, the multivariable analysis indicated 

that contact pressure, but not implantation depth, is the driving force of the development of 

new conduction abnormalities. Yet it remains difficult to elucidate whether pressure levels 

or relative area is the overriding factor. In addition, cutoff values were identified that could 

discern patients who did and did not develop new conduction abnormalities after TAVR. 

On the basis of the preoperative MSCT, anatomic landmarks were identified to define a 

patient-specific region on the LVOT in which the contact pressure was evaluated. The 

definition of this region is based on the consideration that the His bundle is located at (or 

slightly below) the transition between the interventricular MS and muscular septum in at 

least 80% of the cases (13). Three-dimensional measurements  of the IBMS revealed large 

anatomic variability within the studied population in terms of location, orientation, and 

length of the IBMS. In our analysis, the IBMS was located below the annular plane on the 
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NCC side and extended toward the RCC. In about 13% of the cases, the landmark p3 was 

found to be superior to the annular plane, meaning that the distal part of the IBMS 

intersected the interleaflet triangle between NCC and RCC. A representative example is 

shown in figure 8. These findings are in accordance with those of Kawashima and Sato 

(2014) who also found the MS to be located between the NCC and the RCC (frequently 

located on the RCC side), with reaching the annular plane in about 80% of the cases (15). 

Irrespective to the interindividual variability of the precise relationship between the MS and 

the conduction tissue, this area is susceptible to injury during TAVR. In particular, the 

position of the IBMS at the RCC side (depth of p3) was found to be inversely associated with 

risk of new conduction abnormalities; however, the multi- variable analysis did not show it 

to be an independent predictor of new conduction abnormalities. 

 

Figure 8. 

Representative 

examples of high 

inferior border of the 

membranous septum 

(IBMS). Three patients 

where the IBMS (red 

rots) was found to end 

superiorly to the 

annular plane (black line) and thus intersecting the interleaflet triangle between  

non-coronary cusp (NCC) and right-coronary cusp (RCC; light grey zone). 

 

Several studies consistently revealed the relation between a too deep implantation of the 

prosthesis and the occurrence of new-onset LBBB and permanent pacemaker implantation 

(17–21). In our study, such correlation emerged in the univariable analysis, but it did not 

show to be statistically significant in the subsequent multivariable analysis. The findings of 

this study are not in disagreement with those who focused on the role of depth of 

implantation because this study incorporated both depth of implantation and contact 

pressure and contact pressure area. Depth of implantation and area of contact pressure are 

intrinsically related to one another. This study merely indicates that the degree of pressure 
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and area of contact pressure are more important than the depth of implantation by itself, 

which is from a pathophysiologic perspective a logic finding. Although a high implantation is 

nowadays recommended to avoid conduction abnormalities, the findings of this study 

indicate that the optimal implantation depth is patient specific given the anatomic 

variability of the MS. General implantation depth guidelines may not lead to the best 

clinical outcome  for each individual. This is in agreement with the recent work of Hamdan 

et al. who identified the 2-dimensional MSCT-based distance from the IBMS to the annular 

plane and the difference between this parameter and the device implantation depth as 

predictors of high-degree AVB and permanent pacemaker implantation (14). The results of 

our anatomic analysis of the IBMS (e.g., the distance from the IBMS to the annular plane 

varies along the course of the IBMS) indicate, however, that a single 2-dimensional 

measurement may not fully describe this structure. 

Given the above and in line with the demand from society and authorities to move to 

patient-specific treatment to enhance safety and efficacy of treatment, thereby, reducing 

costs, this and previous works on computer simulations indicate the role of patient-specific 

computer simulations in the planning of TAVR offering the physician to choose the valve size 

that best fits the individual patient in addition to the optimal depth of implantation (22, 23). 

The findings of this study indicate that patient-specific computer simulation pre-TAVR may 

identify which patient will develop a new conduction abnormality. Previous works indicated 

the reliability of specific computer simulation in the prediction of the presence and severity 

of paravalvular leakage (10). Both outcome measures can currently be assessed and 

quantified during the same simulation and may, thus, help the physician to choose the valve 

that best fits the individual patient. 

 

Study Limitations 

The results of this study only relate to the self-expanding CoreValve and Evolut R valves. Its 

applicability to other transcatheter aortic valve systems currently in use should be 

confirmed. Also the effect of device repositioning was not taken into account; however, it 

may be hypothesized that especially the final implantation depth is the most determining 

factor for inducing conduction abnormalities. Linear elastic material properties were used to 
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model the aortic tissue. Although the hyperelastic model better reflects actual tissue 

behavior, the used material parameters accurately predict interactions between the aorta 

and the TAVR device, as previously demonstrated (9, 24). Future studies should be 

performed to validate the cutoffs identified to discriminate between patients who did and 

did not develop a new conduction abnormality. Furthermore, it might be interesting to 

investigate the predictive power of maximum contact pressure and contact pressure index 

with respect to the type of disturbance (LBBB or AVB). Finally, a further quantitative analysis 

of the location of the maximum contact pressure within the region of interest during the 

entire cardiac cycle may offer a better insight in the mechanisms of the development of new 

conduction abnormalities after TAVR. 

 

Conclusions 

Patient-specific computer simulations revealed that maximum contact pressure and contact 

pressure index are associated with new conduction abnormalities after CoreValve/Evolut R 

implantation and can predict which patient will have a conduction abnormality after TAVR. 
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Supplemental material  

Supplemental methods  

Correlation analysis between valve implantation depth, maximum contact pressure and 

contact pressure index  

The relationship between depth of implantation of the valve, maximum contact pressure 

and contact pressure index was investigated. The scatterplots in figure S1 show the 

relationship between depth of implantation and maximum contact pressure and between 

depth of implantation and contact pressure index. In the graphs the linear approximation is 

in red. As maximum contact pressure and contact pressure index are non‐normally 

distributed, we used the Spearman’s rank correlation coefficient which is a non‐parametric 

measure of correlation to quantify the association between depth of implantation and 

maximum contact pressure, and depth of implantation and contact pressure index. 

Spearman’s correlation coefficient for implantation depth and maximum contact pressure 

was 0.40, while it was 0.62 for implantation depth and contact pressure index. As a rule of 

thumb a correlation is defined weak if 0<R<0.3, moderate if 0.3<R<0.7 and strong if 0.7<R<1. 

We can then conclude that a moderate correlation exists between the valve implantation 

depth and the two pressure‐related variables (maximum contact pressure and contact 

pressure index). The results are statistically significant (p<0.001). 

 

 

 

 

 

 

 

Supplemental figure. Scatterplots of implantation depth against maximum contact pressure (left) and 

implantation depth against contact pressure index (right). Approximation line is presented in red. 

Confidence interval (5% and 95%) is shown by red dotted lines. 
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Chapter 6 

The Impact of Size and Position of a Mechanical Expandable Transcatheter Aortic Valve: 

Novel Insights Through Computational Modelling and Simulation. Rocatello G, El Faquir N, de 

Backer O, Swaans MJ, Latib A, Vicentini L, Segers P, De Beule M, de Jaegere P, Mortier P. J 

Cardiovasc Transl Res. 2019 Oct;12(5):435-446. 
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Abstract 

Transcatheter aortic valve implantation has become an established procedure to treat 

severe aortic stenosis. Correct device sizing/ positioning is crucial for optimal outcome. Lotus 

valve sizing is based upon multiple aortic root dimensions. Hence, it often occurs that two 

valve sizes can be selected. In this study, patient-specific computer simulation is adopted to 

evaluate the influence of Lotus size/position on paravalvular aortic regurgitation (AR) and 

conduction abnormalities, in patients with equivocal aortic root dimensions. First, simulation 

was performed in 62 patients to validate the model in terms of predicted AR and conduction 

abnormalities using postoperative echocardiographic, angiographic and ECG-based data. 

Then, two Lotus sizes were simulated at two positions in patients with equivocal aortic root 

dimensions. Large valve size and deep position were associated with higher contact 

pressure, while only large size, not position, significantly reduced the predicted AR. Despite 

general trends, simulations revealed that optimal device size/position is patient-specific. 
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Introduction 

Transcatheter aortic valve implantation (TAVI) is a widely accepted minimally invasive 

treatment for patients suffering from severe aortic stenosis (1–3). Over the last decade, it 

has become clear that selection of the appropriate transcatheter heart valve (THV) size is of 

critical importance for the success of the procedure. A too small device size might result in 

valve migration or paravalvular regurgitation, while oversizing can cause new conduction 

abnormalities, annular rupture, or coronary obstruction (4-7). Similarly, the final position of 

the THV within the aortic root strongly influences procedural outcome. Too low/high 

positioning is in many cases associated with paravalvular aortic regurgitation (AR) (8), while 

several studies demonstrated that low THV implantation increases the risk of TAVI-induced 

conduction abnormalities (8, 9). 

The mechanically expandable Lotus valve (Boston Scientific, MA, USA) is a repositionable 

second generation THV which allows for great control over the deployment and precise 

positioning. On the other side, the selection of the appropriate device size remains 

challenging. According to the current recommendations, the selection of the Lotus valve size 

is based upon aortic root measurements (aortic annulus and left ventricular outflow tract 

(LVOT)), preferably assessed by multi-slice computed tomography (MSCT) (10). Hence, in 

clinical practice, it often occurs that the sizing matrix offers the possibility to select two valve 

sizes for a specific patient. In those cases, industry guidelines do not provide detailed 

indications, and device size selection strongly relies on individual experience. Therefore, in 

patients with equivocal aortic root dimensions, a patient-specific computational model that 

allows virtual implantation of multiple device sizes at several implantation depths could 

provide useful additional insights facilitating decision-making. 

Patient-specific computational modelling has previously been used to investigate the effect 

of the THV positioning on the stress distribution on the aortic root (11, 12). Others focused 

on the effect of THV positioning on the THV leaflet performance in terms of coaptation area 

and stress distribution (13, 14). Bianchi et al. explored whether THV positioning influences 

device anchoring and therefore impacts the risk on device migration (15). However, these 

studies were based on a single patient-specific model and, as such, the specific results 

cannot be assumed to represent the entire population. A more extensive study, based on 

112 patients, recently demonstrated that patient-specific computational modelling and 
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simulation can accurately predict the occurrence of new conduction abnormalities (16). This 

study quantified the pressure induced by the self-expandable CoreValve/Evolut R 

(Medtronic, MN, USA) frame on the aortic root, in the region of the atrioventricular 

conduction pathway. Furthermore, few patient specific studies demonstrated that finite-

element simulations can accurately predict the paravalvular AR after implantation of a self-

expandable (17–19) or balloon-expandable device (20). However, its accuracy for 

mechanically expandable remains unclear. 

The aim of this paper is twofold. First, we verified the predictive power of computer 

simulations for post-TAVI complications in patients who received a mechanically expandable 

Lotus device. Second, we evaluated to what extent different device sizes and different valve 

positions in patients with equivocal aortic root measurements influence the predicted 

pressure generated on the atrioventricular conduction pathway and the paravalvular 

regurgitation. 

 

Material and Methods 

Population 

The study population consists of 62 patients with severe aortic valve stenosis who 

underwent TAVI with a Lotus valve at four European centres (San Raffaele Hospital, Milan, 

Italy; Rigshospitalet, Copenhagen, Denmark; St Antonius, Nieuwegein and the Erasmus 

Medical Center, Rotterdam, the Netherlands). All patients had undergone preoperative 

MSCT for sizing, and MSCT quality was sufficient to allow computer simulation as previously 

described (16, 18, 21). The cardiac region of interest (i.e. aortic root) was fully visible in the 

MSCT set and filled with contrast. No motion artefacts or noise due to the presence of other 

implanted devices affected the cardiac region of interest. MSCT in-plane and through-plane 

resolution ranged from 0.31 to 0.93 mm/pixel, slice increment from 0.25 to 0.7 mm, and 

slice thickness from 0.5 to 1.5 mm. Pre- and postoperative electrocardiograms were 

recorded for all patients. Postoperative echocardiography and angiography were available 

respectively for 42 and 58 patients. In 13 patients, postoperative MSCT was also available. At 

the participating hospital, all patients were informed about the procedure and provided 

written informed consent for the anonymous use of their data for scientific research. 
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Computer Modelling 

Anatomical Reconstruction 

Patient-specific 3D models of the native aortic root including the LVOT, the calcified native 

leaflets and the ascending aorta, were reconstructed from preoperative MSCT using image 

segmentation techniques (Mimics v18.0, Materialise, Leuven, Belgium). An in-house 

software (TAVIguide, FEops, Gent, Belgium) was used to generate high-quality meshes of the 

native leaflets, by fitting a template mesh to the output of the segmentation step. 

The material properties assigned to each anatomical region were previously calibrated 

through an iterative backcalculation method using both pre- and postoperative MSCT (21). 

The aortic tissue was modelled with elastic material properties (E = 2 MPa, ν = 0.45) (22, 23) 

and spring elements were added at each node of the aortic wall to incorporate the impact of 

surrounding structures. The leaflets were assumed to be linear elastic (E = 0.6 MPa, ν = 0.3), 

while calcifications were modelled using a stiffer elastic material with perfect plasticity (E = 4 

MPa, ν = 0.3, yield stress = 0.6 MPa). A constant thickness of 2 mm and 1.5 mm was assumed 

for the aortic wall and the leaflets, respectively (21). 

Preoperative MSCT was also used to identify the inferior border of the membranous septum 

as landmark for the region (of interest) of the LVOT where the atrioventricular conduction 

system is located (figure 1b). Starting from this inferior border of the membranous septum, 

the region of interest was extended towards the right-coronary cusp (RCC) and up to 15 mm 

below the annular plane, to ensure the inclusion of the left bundle branch (16). 

Finite-Element Computer Simulations  

Implantation of the Lotus valve in each patient’s aortic root model was retrospectively 

simulated using finite element computer modelling (Abaqus/Explicit v6.12, Dassault 

Systèmes, Paris, France). The aortic root wall was modelled with triangular elements, 

whereas prism elements were adopted for the native valve tissue and the calcifications. 

Accurate device models of all Lotus valve sizes were generated based on information 

provided by the device manufacturer. Device models included the braided Nitinol stent and 

the external skirt. Device leaflets were not included in the model because they are assumed 

to fully coapt in the diastolic phase. Furthermore, previous studies have reported that 
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detailed device leaflets have a negligible effect on the paravalvular AR as well as on the 

postdeployment deformation of the fame (15, 19, 22). General contact with finite sliding 

between all the surfaces was applied with hard contact properties to prevent penetrations 

along the normal direction. A friction coefficient of 0.7 was used to model the interaction 

between the frame and the aortic model. 

To validate the computer model, the implanted device size was respected. Device 

repositioning and retrieval attempts were not integrated in the model, but the final depth of 

implantation at the non-coronary and left-coronary cusp (NCC and LCC, respectively) was 

matched with the actual position derived from contrast angiography performed immediately 

after the final deployment (‘matched’ simulation). Alternatively, the simulated position was 

matched with the implanted device reconstructed from postoperative MSCT, when available. 

For the purpose of this study (i.e. assessment of the impact of device size and position on AR 

and contact pressure in patients with equivocal aortic root dimensions), a smaller cohort of 

patients with annular and LVOT dimensions (diameters, perimeter, area) leading to equivocal 

THV sizes was selected. The LVOT dimensions were assessed at 4 mm below the annular 

plane. For each of those patients, four additional simulations were performed: two different 

Lotus valve sizes were implanted in a high and low position, respectively at 0– 3 mm and 3–6 

mm below the annular plane. 

From each simulation (matched + four additional ones), the pressure exerted on the selected 

region of interest of the LVOT was extracted. In particular, the maximum contact pressure 

within that region and the contact pressure index (i.e. relative area of contact within the 

selected region) were evaluated (figure 1b). 

Prediction of Aortic Regurgitation 

Subsequently, AR following each virtual Lotus implantation was quantified by modelling 

blood flow during diastole using computational fluid dynamics (OpenFOAM v2.1.1, OpenCFD 

Ltd., Bracknell, UK). The ico-FOAM solver available within OpenFOAM was adopted. The 

extended flow domain was discretized using hexahedral elements and refined within the 

region of interest (i.e. the lumen within the rigid aortic root wall). The blood was modelled 

as incompressible fluid with constant density of 1060 kg/m3 and a viscosity of 0.0035 Pa s. 
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The flow was assumed to be laminar. No slip condition was assumed at the aortic wall. A 

fixed pressure difference of 32 mmHg was applied over the valve (figure 1c). The imposed 

pressure is the average of the postoperative diastolic transaortic pressure difference 

retrospectively observed in a sample of 20 patients in a previous study (18). This value is in 

line with the end-diastolic gradient observed by Sinning et al. in a cohort of 146 patients 

(24). 

Figure 1. Computer modeling workflow. a. Lotus valve 25 mm virtually implanted in a patient-specific 

aortic root 3D model reconstructed from preoperative MSCT images. b. Contact pressure exerted on 

the aortic root surface and selection of the region where the AV conduction system is located 

(selected region border in black) (maximum contact pressure = 0.47 MPa, contact pressure index= 

9%). c. Predicted aortic regurgitation channel (predicted AR = 6.6 ml/s). AR aortic regurgitation. MSCT 

multislice computed tomography. 

 

Data analysis 

AR Evaluation 

Post-TAVI AR was predicted by the matched simulation for all patients (cohort A) and 

compared to the grade of clinically assessed postoperative AR based on echocardiography 

and angiography (25, 26). The degree of AR was dichotomized in ‘none or trace’ and ‘mild or 

more.’ 

Predicted Conduction Abnormalities  

In 52 patients (cohort B), the contact pressure exerted on the region of the LVOT where the 

atrioventricular conduction system is located was measured and compared in patients with 

and without new conduction abnormalities (left bundle branch block or high-degree 
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atrioventricular block) that emerged after postoperative ECG evaluation. Patients with a 

previously implanted pacemaker (four patients) and with the inferior border of the 

membranous septum not clearly visible on preoperative MSCT (six patients) were excluded 

from this analysis. 

Device Size and Position in Patients with Equivocal Aortic Root Dimensions  

Impact of implantation depth and device size on postoperative predicted AR, and contact 

pressure was investigated in 12 patients with equivocal aortic annular measurements 

(cohort C). 

 

Statistical analysis 

Data are presented as mean ± standard deviation (SD) or median [Q1-Q3] and tested with 

Student’s t test or Mann– Whitney U test, depending on the distribution. Effects of device 

size and position on predicted AR and conduction abnormalities were tested with the 

nonparametric Wilcoxon paired test. Statistical significance was set at p < 0.05. Cut-off 

values to distinguish between patients with and without postoperative AR or new 

conduction abnormalities were identified using the Youden criterion (27). The statistical 

analysis was performed in SPSS version 22.0 (IBM Corporation, NY, USA). 

 

Results 

Sixty-two patients (cohort A) were used to verify the predictive power of computer 

simulations for postoperative AR and 52 patients (cohort B) for postoperative conduction 

abnormalities. Twelve patients with equivocal aortic root dimensions (cohort C) were used 

to evaluate the impact of valve size and position on the predicted postoperative TAVI 

complications. 
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Postoperative AR  

Angiography and/or echocardiography showed postoperative AR in 19 patients. Mean Lotus 

implantation depth was comparable in patients with and without postoperative AR (4.9 ± 1.0 

vs 4.9 ± 1.9 mm). 

Patient-specific simulations predicted significantly higher AR in patients with postoperative 

‘mild or more AR’ compared to patients with none or trace AR, respectively 9.6 [2.3– 41.2] 

ml/s vs 3.7 [0.5–11.3] ml/s (p < 0.05) (figure 2a). Predicted AR of 13.5 ml/s was used as cut-

off value to differentiate between patients with and without postoperative AR with an 

accuracy of 71%. Resulting sensitivity, specificity, positive predicted value (PPV) and negative 

predicted value (NPV) are reported in table 1. 

Figure 2. Box plot graphs of predicted AR, maximum contact pressure and contact pressure index. AR: 

aortic regurgitation. 

 

Table 1. Sensitivity, specificity, and positive and negative predicted values and accuracy for 
computer simulations predicted outcomes. 

 
Predicted AR (%) 

Predicted maximum 
contact pressure (%) 

Predicted contact pressure 
index (%)   

Sensitivity 47 72 75 

Specificity 81 81 63 

PPV 53 90 82 

NPV 78 57 52 

AR: aortic regurgitation     
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Postoperative Conduction Abnormalities 

Sixty-nine percent of the patients (36/52) experienced left bundle branch block or total 

atrioventricular block post-TAVI. Measured maximum contact pressure and contact pressure 

index in those patients were about twice the value observed in patients without new 

conduction abnormalities (figure 2b, c). Maximum contact pressure in patients with and 

without new conduction abnormalities was respectively 0.57 [0.29–0.80] MPa and 0.30 

[0.00– 0.36] MPa (p = 0.005), while the contact pressure index was respectively 13 [8–25] % 

and 6 [0–13] % (p = 0.016). The selected cut-off value was respectively 0.36 MPa for 

maximum contact pressure and 9% for contact pressure index, which respectively resulted in 

an accuracy of 75% and 71%. Obtained sensitivity, specificity, PPV and NPV are reported in 

table 1. Moreover, the accuracy of the prediction further increases when combining the two 

contact pressure parameters (figure 3). 

 

Figure 3. Prediction of conduction abnormalities 

according to the maximum contact pressure and 

contact pressure index based on the chosen cut-off 

values (0.36 MPa and 9%, respectively). 

 

 

 

 

 

 

 

Analysis of Patients with Equivocal Aortic Root Dimensions  

Aortic annulus and LVOT dimensions led to unequivocal THV size in 20 patients. In another 

group of 20 patients, equivocal annulus or LVOT dimensions led to the selection of two valve 

sizes, with one common size that was selected in clinical practice (i.e. annulus − > 23-mm 
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and 25-mm Lotus; LVOT − > 25-mm Lotus). Twelve patients with equivocal aortic root 

measurements were considered suitable for two different device sizes (i.e. patients with 

annulus measurements suggesting a 23-mm Lotus and with LVOT measurements a 25mm 

Lotus, or patients with annulus and LVOT measurements suggesting both a 23-mm and a 25-

mm Lotus). In three patients, simulations were performed with a 23- and 25-mm Lotus, and 

in nine patients with a 25- and 27-mm Lotus. 

Personalized simulations revealed an increase of maximum contact pressure and contact 

pressure index when a large THV size is implanted or when the THV position is deeper (p < 

0.001) (figure 4). Figure 5 shows the observed general trend of predicted contact pressure 

with respect to device size and position with a representative case. 

 

Figure 4. Predicted AR, maximum 

contact pressure and contact pressure 

index distribution in case of high/low 

implantation depth or large/small 

valve size. AR: aortic regurgitation. 

 

 

 

 

 

 

 

 

With regard to the predicted AR, the device size plays a more crucial role as compared to 

depth of implantation. Modelling results showed a reduction of predicted AR in case the 

larger device was selected, regardless the valve position within the aortic root (p < 0.001) 

(figure 4). 
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Figure 5. Predicted AR and contact pressure-related parameters according to a different depth of 

implantation and device size. AR: aortic regurgitation. 

 

Besides the general impact of device size and position on predicted outcomes, personalized 

simulations showed that optimal device size and position differ from one patient to another. 

In 25% of the cases, the smaller device showed to limit the contact pressure on the 

atrioventricular conduction system as well as postoperative AR (figure 6, left panel). 

However, in some other cases (21%), the smaller device generated already significant 

contact pressure on the region of the atrioventricular conduction system, and was also 

associated with higher postoperative AR. Therefore, for those patients, the larger device 

would be the preferable choice to significantly reduce the postoperative AR while inducing 

comparable contact pressure on the atrioventricular conduction system (figure 6, right 

panel). 
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Figure 6. Predicted AR and contact pressure after implantation of the Lotus device (smaller (high 

panel) vs. larger (low panel)). A representative example where the smaller valve (left panel) and 

larger valve (right panel) represents the optimal choice. AR: aortic regurgitation. 

 

Discussion 

This study showed that patient-specific computational modelling and simulation can 

accurately predict postoperative AR and conduction abnormalities in patients treated with a 

mechanically expandable Lotus valve. Second, we used computational modelling and 
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simulation to better understand the impact of device size and position in patients with 

equivocal aortic root dimensions. The obtained results show trends that are in line with 

previous clinical studies, but also reveal that optimal size and position are patient-specific. 

Patient-specific computer simulation which integrates MSCT-derived patient-specific 

geometry and the mechanical properties of the valve accurately predicts the occurrence of 

AR after the implantation of a Lotus device: the selected cutoff value ensured to 

differentiate patients with none or trace and ‘mild or more’ AR with good accuracy (71%). 

Using the same strategy, de Jaegere et al. reached an accuracy of 73% to predict the severity 

of AR following TAVI with a selfexpandable valve (‘none-to-mild’ and ‘moderate-to-severe’) 

(18). It has to be noted that the two studies adopted different dichotomization of the degree 

of postoperative AR. 

Next to postoperative AR, we derived from the patient-specific computer simulations the 

contact pressure exerted by the device on the atrioventricular conduction system. In 

particular, we assessed the maximum contact pressure and contact pressure index 

parameters, which recently have been associated with new left bundle branch block or total 

atrioventricular block after TAVI (16). The results of this study agreed with previous findings. 

The cut-off value for the maximum contact pressure that best identifies patients with new 

conduction abnormalities after implantation of Lotus valve (0.36 MPa) was comparable to 

what found after implantation of the CoreValve System (0.39 MPa). Also, the accuracy of the 

prediction was comparable between the two studies (75% for the Lotus and 76% for the 

CoreValve). A slightly lower Lotus-related cut-off was identified for the contact pressure 

index (9% for the Lotus vs 14% for the CoreValve). As this parameter represents the area of 

contact within the selected atrioventricular conduction region, higher implantation depth of 

the Lotus device might explain the lower contact pressure index associated with that valve. 

In fact, in this study, the Lotus valve was implanted on average at 4.8 ± 1.7 mm below the 

annular plane, while Rocatello et al. reported the CoreValve System to be implanted at about 

7.2 ± 3.5 mm below the annular plane. The contact pressure index showed a slightly higher 

accuracy of prediction for new conduction abnormalities after CoreValve implantation (77% 

vs 71%). However, combining both maximum contact pressure and contact pressure index 

enhances the prediction of new conduction abnormalities after Lotus valve implantation. 
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When both parameters are above the cut-off value, 24/26 patients (92.3%) with new 

conduction abnormalities were correctly identified (figure 3). 

Besides the verification of the model accuracy, we evaluated the influence of device size and 

position on the predicted outcomes in patients with equivocal aortic root dimensions. This 

revealed trends that are in line with previous clinical findings: selecting the larger device 

limits the predicted AR, while lower implantation and more aggressive device oversizing 

increase the contact pressure on the region of interest (and thus the risk on TAVI-induced 

conduction abnormalities). 

Some studies have associated a high THV position with increased rate of postoperative AR (8, 

19, 28). Using patient-specific computer simulation in a single patient, Mao et al. observed 

that high implantation of a CoreValve device exhibits much larger regurgitant jets than lower 

positioning (19). This observation corresponds with the finding of Sherif et al. (2010) who 

reported that a low implantation depth (about 10 mm below the aortic annulus) of a 

CoreValve device minimizes the AR degree (8). On the contrary, Bianchi et al. observed that 

high implantation of the CoreValve (about 3 mm below the annular plane) favoured AR 

reduction in one patient (20). In the same study, the authors also observed that a Sapien 

valve implanted in high position increased regurgitation jets in two patients, suggesting that 

the effect of positioning on postoperative AR is device-related. 

Blackman et al. reported that patients with Lotus valve implanted less deep than 4.7 mm are 

more likely to develop postoperative AR (28). However, this observation contrasts with our 

findings. In fact, among all patients enrolled in our study, no difference in implantation depth 

was observed between those with and without postoperative AR. Also, for patients with 

aortic root dimensions in the equivocal range, the device size seems to play a more relevant 

role, compared to the implantation depth, in preventing postoperative AR. Similarly, Bianchi 

et al. observed that paravalvular AR is highly dependent on the patient-specific anatomy and 

calcification distribution more than depth of implantation (20). 

Despite the general observation that a low implantation depth and larger THV are associated 

with a higher maximum contact pressure and contact pressure index, analysis of the 
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individual cases shows that this strongly depends on the patient-specific anatomy (i.e. 

location and amount of calcifications, location of the atrioventricular conduction system). 

We observed that in patients with a not very calcified aortic valve, the smaller THV reached a 

good apposition preventing residual AR and maintaining the contact pressure on the 

atrioventricular conduction system low. Whereas, bulky leaflets and sub-annular 

calcifications prevented the smaller THV from an optimal sealing against AR. Also, in some 

patients, calcium nodules that accumulated mainly on the LCC or towards the commissure 

between the NCC and LCC, not only obstructed the good apposition of the valve, but also 

pushed the valve towards the opposite side (NCC/RCC), increasing the contact pressure on 

the atrioventricular conduction system, which is in line with previous findings (29). In such 

cases, the larger THV showed better performance: at comparable maximum contact 

pressure it reduced the postoperative AR. However, this was observed only in few patients, 

and therefore further investigation is required. 

Our findings confirmed also that a deep valve implantation is generally associated with new 

conduction abnormalities, as reported in several clinical studies (9). Similarly, McGee et al. 

observed that a deep THV position increases the mechanical stresses on the bundle of His, 

under the assumption that the stress distribution in this region might contribute to new 

conduction abnormalities (12). However, this observation is based on a single patient-

specific model and, therefore, it cannot be assumed to represent the entire population. 

Furthermore, they limited the location of the bundle of His to the interleaflet triangle 

between the NCC and RCC. However, the atrioventricular conduction system is typically 

located near the inferior border of the membranous septum, which is subjected to 

interpatient variability. Some patients have the membranous septum located in a high 

position (i.e. closer to the annular plane) (16, 30, 31). Therefore, for those patients, a high 

valve implantation would not avoid the THV to exert pressure on the atrioventricular 

conduction system, resulting in a quite high predicted contact pressure and a relatively 

extended region of contact (figure 5). Therefore, a high THV implantation seems not always 

advisable. 

Another aspect that may influence device positioning is the coronary height and the 

sinotubular junction size. In a number of patients, the simulated high implantation showed 

that the deployed braid was adjacent to the coronary ostia and might therefore limit the 
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access to the coronary for future percutaneous coronary intervention. In such cases, a very 

high valve implantation should probably be avoided. 

These findings indicate that, despite certain general trends, optimal THV size selection and 

positioning in patients with equivocal annulus dimension is complex. However, the selection 

of the valve size that best fits the individual patient, and its optimal position, is mandatory to 

ensure maximum safety and efficacy. Personalized computer simulation that can accurately 

predict post-TAVI AR and conduction abnormalities may offer additional support during 

decision making. 

Study limitations 

The number of patients included in this study was not based on a power analysis, but on the 

amount of data received from the participating hospitals. Also, the impact of device size and 

position on predicted AR and contact pressure in patients with equivocal aortic root 

dimensions was investigated in a limited cohort of patients. In future, a large sample size 

should be studied to confirm our findings. 

Elastic material properties were used to model the aortic tissue. Although the hyperelastic 

model may better reflect the actual tissue mechanical behaviour, previous studies have 

reported that the accuracy of the predicted frame deformation using a simple linear elastic 

material or a more complex hyperelastic material is comparable. Therefore, linearization of 

the material property seems viable (23, 32). Similarly, there are many other modelling 

simplifications and assumptions and it is challenging to assess the impact of the modelling 

results for all simplifications and assumption. However, based on the amount of validation 

that is available we believe that those are justified (16, 18, 21). 

In this study, the contact pressure on the atrioventricular conduction system was evaluated 

after full device deployment. However, an analysis over the entire positioning and 

deployment phase might offer a more complete understanding in the mechanisms of the 

development of new conduction abnormalities, as high contact pressure might occur 

periprocedurally. 
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Same boundary conditions were adopted to predict paravalvular AR in each patient although 

the postoperative end-diastolic pressure varies from patient to patient. However, a 

population averaged value needs to be employed when the aim is to develop a predictive 

model. 

Finally, as we were interested in the paravalvular AR, only the diastolic phase was simulated 

and the valve was assumed to be fully closed (i.e. full leaflet coaptation). Therefore, the 

central regurgitation was not considered in this study. 

Conclusions 

Patient-specific computer simulations can accurately predict AR, maximum contact pressure 

and contact pressure index after implantation of the mechanically expandable Lotus valve. 

Also, they offer insight on patients with equivocal aortic root dimensions and provide 

additional information related to optimal THV size and position. 
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Abstract 

Background 

A patient-specific computer simulation of transcatheter aortic valve replacement (TAVR) in 

tricuspid aortic valve has been developed, which can predict paravalvular regurgitation and 

conduction disturbance. We wished to validate a patient-specific computer simulation of 

TAVR in bicuspid aortic valve and to determine whether patient-specific transcatheter heart 

valve (THV) sizing and positioning might improve clinical outcomes. 

Methods 

A retrospective study was performed on TAVR in bicuspid aortic valve patients that had both 

pre- and postprocedural computed tomography imaging. Preprocedural computed 

tomography imaging was used to create finite element models of the aortic root. Finite 

element analysis and computational fluid dynamics was performed. The simulation output 

was compared with postprocedural computed tomography imaging, cineangiography, 

echocardiography, and electrocardiograms. For each patient, multiple simulations were 

performed, to identify an optimal THV size and position for the patient’s specific anatomic 

characteristics. 

Results 

A total of 37 patients were included in the study. The simulations accurately predicted the 

THV frame deformation (minimum diameter intraclass correlation coefficient, 0.84; 

maximum-diameter intraclass correlation coefficient, 0.88; perimeter intraclass correlation 

coefficient, 0.91; area intraclass correlation coefficient, 0.91), more than mild paravalvular 

regurgitation (area under the receiver operating characteristic curve, 0.86) and major 

conduction abnormalities (new left bundle branch block or high-degree atrioventricular 

block; area under the receiver operating characteristic curve, 0.88). When compared with 

the implanted THV size and implant depth, optimal patient-specific THV sizing and 

positioning reduced simulation-predicted paravalvular regurgitation and markers of 

conduction disturbance. 
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Conclusions 

Patient-specific computer simulation of TAVR in bicuspid aortic valve may predict the 

development of important clinical outcomes, such as paravalvular regurgitation and 

conduction abnormalities. Patient-specific THV sizing and positioning may improve clinical 

outcomes of TAVR in bicuspid aortic valve. 
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Introduction 

Transcatheter aortic valve replacement (TAVR) continues to expand into younger, lower risk 

patients, many of whom have bicuspid aortic valve (BAV) morphology (1). While clinical 

outcomes of TAVR in BAV were initially unfavorable, improvements have been made with 

increased operator experience and newer generation devices (2-4). Nonetheless, TAVR in 

BAV remains challenging, with an incidence of paravalvular regurgitation (PVR) and new 

permanent pacemaker implantation, which is higher than with surgery (5-7). Thus, it would 

be desirable to better identify patients at risk for these unfavorable clinical outcomes. 

Furthermore, clinical outcomes of TAVR in BAV could potentially be improved through 

better transcatheter heart valve (THV) sizing and positioning. One potential solution to both 

of these problems is patient-specific computer simulation. 

A patient-specific computer simulation of TAVR in tricuspid aortic valve morphology has been 

developed and validated (TAVIguide; FEops, Ghent, Belgium). The computer simulation can 

predict the THV frame deformation, severity of PVR, and development of major conduction 

abnormalities (8-10). 

In this study, we aimed to validate a patient-specific computer simulation of TAVR in BAV by 

comparing the output of computer simulations to postprocedural computed tomography 

(CT) imaging, cineangiography, echocardiography, and electrocardiograms. We hypothesized 

that computer simulations would predict the THV frame deformation, the severity of PVR, 

and the development of major conduction abnormalities. Furthermore, we hypothesized 

that patient-specific THV sizing and positioning would improve predicted clinical outcomes 

of TAVR in BAV. 

 

Methods 

The data and materials used to conduct the research will not be made available to other 

researchers. A retrospective study was performed in 6 European centers (St. George’s 

Hospital, Erasmus MC, Rigshospitalet, University Heart Centre Freiburg-Bad Krozingen, St. 

Thomas’ Hospital and University Hospital Galway) on patients with BAV who had undergone 

TAVR and had both pre- and postprocedural electrocardiographic-gated cardiac CT imaging. 
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BAV was classified using the Sievers system (11). The study was approved by institutional 

review committees, and subjects gave informed consent. 

 

PVR and Conduction Disturbance Assessment 

Periprocedural cineangiography, transesophageal and transthoracic echocardiograms were 

reviewed and PVR graded using a 3-class grading system (12). Periprocedural 

electrocardiograms were reviewed, and major conduction abnormalities defined as the 

development of either new left bundle branch block, Mobitz type II second-degree 

atrioventricular block, or third-degree atrioventricular block. 

 

Finite Element Analysis 

Finite element models of the CoreValve, Evolut R, Evolut PRO (Medtronic, Minneapolis, MN), 

and Lotus (Boston Scientific, Marlborough, MA) THVs, which had been previously developed, 

were used (8). In brief, frame morphology was derived from micro-CT scanning (30-μm 

resolution). Strut width was obtained from optical microscopy or based on data shared by 

the device manufacturer. Mechanical properties of the nickel titanium (Nitinol) frames were 

obtained though in vitro radial compression testing at body temperature, recording radial 

force throughout the compression cycle. 

Patient-specific finite element models of the aortic root were constructed from preprocedural 

CT scans (Mimics v18.0; Materialise, Leuven, Belgium). The aortic wall, leaflets, and calcium 

were modeled with differing mechanical properties, as described previously (10). 

The finite element model of the implanted THV was positioned within the aortic root model. 

Finite element analysis was performed using Abaqus/Explicit (v6.12; Dassault Systèmes, 

Vélizy-Villacoublay, France; available from https:// www.3ds.com). All steps of the procedure, 

including pre- and postdilatation were modeled. 

The finite element analysis output was overlaid with the postprocedural CT scan, and then 

the depth of implant, as measured from the nadir of the non-coronary cusp to the inflow 
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portion of the THV, was assessed. If there was significant malalignment (≥1 mm), the THV 

was repositioned, and the process was repeated until the depth of implant from the finite 

element analysis output matched the postprocedural CT scan. 

The simulation-predicted minimum diameter, maximum diameter, area, perimeter, and 

eccentricity index of the THV frame were then recorded at the inflow portion, leaflet nadir, 

leaflet coaptation zone, and leaflet commissures, as described previously (8). The predicted 

dimensions from the computer simulations were then compared with the corresponding 

measurements obtained from the postprocedural CT scans. 

 

Computational Fluid Dynamics Analysis 

The blood domain was derived from the finite element analysis output, and then 

computational fluid dynamics simulation was performed (OpenFoam v5.0; OpenCFD, 

Bracknell, United Kingdom) using a fixed pressure gradient of 32 mm Hg—a value that had 

been derived invasively from a population sample (9). The resulting flow in the left 

ventricular outflow tract, expressed in mL/s, was recorded. The predicted PVR from the 

computer simulations was then compared with the periprocedural cineangiography, 

transoesophageal and transthoracic echocardiograms. 

 

Conduction Disturbance Modeling 

The force exerted on the patient anatomy was extracted from the finite element analysis 

output. A region of interest, demarcating the location of the left bundle branch, was 

identified, as described previously (10). The maximum pressure exerted by the THV on the 

region of interest (maximum contact pressure) and the percentage of the region of interest 

subject to pressure by the THV (contact pressure index) were then measured. The predicted 

maximum contact pressure and contact pressure index from the computer simulations were 

then compared with the postprocedural electrocardiographic findings. 
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Optimizing Clinical Outcomes 

Patients who developed more than mild PVR or major conduction abnormalities underwent 

additional simulations, targeting a THV implant depth of 0 (annular), 4 (standard) and 8 mm 

(deep). These simulations were then repeated with a larger and smaller THV. The results of 

the optimal simulation were then compared with the simulation matching the implanted THV 

size and position, as determined from the postprocedural CT scan. 

 

Further Assessment of The Patient-Specific Computer Simulations 

Additional computer simulations were performed to assess the discriminatory power of the 

model without usage of the postprocedural implant depth. Finite element analysis was 

performed targeting a 4-mm (standard) implant depth. Computation fluid dynamics and 

conduction disturbance modeling were then performed. 

 

Statistical Analysis 

Statistical analysis was performed with SPSS, version 24.0 (IBM Corporation, Armonk, NY). 

Continuous variables are presented as mean±SD and categorical variables as frequencies 

(percentage). Correlation was tested using a 2-way mixed intraclass correlation coefficient 

(ICC) (13). Agreement was tested using a Bland-Altman plot with a ≤1-mm difference in 

mean minimum and maximum diameter measurements considered acceptable (14). 

Discriminatory power was tested using the area under a receiver operating characteristic 

curve (AUC). Optimal cutoffs were determined using Youden J statistic (15). Means of 2 

groups were compared using a paired sample t test with a P<0.05 considered significant. 

 

Results 

Patient Characteristics 

A total of 37 patients were included in the study. Patient characteristics are presented in the 

table. Patients were elderly (mean age, 79.1 ± 14.0 years) and at intermediate risk for 
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surgery (Society of Thoracic Surgeons Predicted Risk of Mortality, 4.6 ± 3.0%). There was 

wide variation in bicuspid leaflet morphology and calcium distribution (figure 1). 

Table. Patient Characteristics 

    

Characteristics n=37 

    

Age, y 79.1 ± 14.0 

    Men 21 (56.8) 

STS-PROM score 4.6 ± 3.0 

Sievers classification 
  

 
Type 0 7 (18.9) 

    Lateral 2 (5.4) 

     Anterior-posterior 5 (13.5) 
 

Type 1 30 (81.1) 

    Left-right raphe 26 (70.3) 

    Right-non raphe 3 (8.1) 

    Non-left raphe 1 (2.7) 

Aortic root dimensions 
  

  Left ventricular outflow tract,  mm* 25.9 ± 3.4 

  Aortic annulus, mm* 25.9 ± 2.5 

   Aortic annulus eccentricity index 0.21 ± 0.07 

   Sinus of Valsalva, mm* 36.3 ± 3.9 

  Sinotubular junction, mm* 32.5 ± 4.2 

  Ascending aorta, mm* 36.6 ± 4.4 

THV prosthesis 
  

 
CoreValve           5 (13.5) 

 
Evolut R 16 (43.2) 

 
Evolut PRO 2 (5.4) 

  Lotus 14 (37.8) 

Values are mean±SD or n (%).     
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Frame deformation 

A representation of the finite element analysis output is presented in figure 2. The finite 

element analysis was reliable at predicting the THV minimum dimensions (ICC, 0.84; 95% CI, 

0.74–0.90), maximum dimensions (ICC, 0.88; 95% CI, 0.84–0.92), perimeter measurements 

(ICC, 0.91; 95% CI, 0.87–0.93), area (ICC, 0.91; 95% CI, 0.85–0.94), and eccentricity index 

(ICC, 0.52; 95% CI, 0.28–0.68). There was strong agreement between the computer 

simulation and postprocedural CT measurements (mean difference in minimum diameter, 

−0.9 mm; mean difference in maximum diameter, 0.2 mm; figure 3). 

Figure 1. Representative sample of 3-

dimensional aortic valve reconstructions. A. A 

Sievers type 0 (lateral) valve with moderate 

calcification. B. A Sievers type 0 (anterior-

posterior) valve with heavy calcification. C. A 

Sievers type 1 (left-right raphe) valve with a 

heavily calcified raphe. D. A Sievers type 1 

(right-non raphe) with a moderately calcified 

raphe. 

 

 

Figure 2. Representation of the finite element 

analysis output. A. A patient with a Sievers 

type 1 (left-right raphe) bicuspid valve has 

undergone patient-specific computer 

simulation. The output (B) demonstrates an 

elliptical transcatheter heart valve that is 

constrained by the raphe, (C) leaflet, and left 

ventricular outflow tract calcium. D. The finite 

element analysis output correlates well with 

the (E) postprocedural computed tomography 

scan, as demonstrated by (F) the overlay. 
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There was no correlation between the aortic annulus eccentricity index and either the 

simulated (ICC, 0.15; 95% CI, −0.11 to 0.42) or postprocedural CT (ICC, 0.16; 95% CI, −0.17 to 

0.46) THV eccentricity, as measured at the leaflet nadir. 

 

Paravalvular Regurgitation 

PVR severity was none in 10 patients (27.0%), mild in 15 patients (40.5%), moderate in 9 

patients (24.3%), and severe in 3 patients (8.1%). Two patients required late reintervention 

for PVR, and both were treated with postdilatation. A representation of the computational 

fluid dynamics simulation is presented in figure 4. The average simulation-predicted PVR 

was 23.5 ± 32.5 mL/s. Simulation-predicted PVR was higher in patients who developed more 

than mild PVR, when compared with patients who did not (49.8 ± 43.5 versus 10.8 ± 14.2 

mL/s; P<0.001). The computational fluid dynamics analysis demonstrated a discriminatory 

power to predict the development of more than mild PVR (AUC, 0.86; 95% CI, 0.74–0.99; 

P<0.001; figure 5). 

The optimal cutoff for discriminating none-to-mild from moderate-to-severe PVR was a 

simulation-predicted PVR of 13.6 mL/s, representing a sensitivity of 92%, a specificity of 

72%, a positive predictive of 61%, and a negative predictive value of 95%. 

Figure 3. Bland-

Altman plots of the 

finite element 

analysis reliability 

at predicting the 

transcatheter heart 

valve frame 

deformation. 
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Figure 4. Representation of the computational fluid dynamics simulation. A. The computation fluid 

dynamics simulation predicts a paravalvular regurgitation rate of 34.5 mL/s, which correlates well 

with the (B) moderate paravalvular regurgitation seen on postprocedural transthoracic 

echocardiography. 

 

Conduction Disturbance 

The membranous septum could be identified in 20 cases, which had adequate right-sided 

contrast enhancement and no preexisting conduction disturbance. Major conduction 

disturbance occurred in 15 (75.0%) of these cases (new left bundle branch block in 12 

patients and third-degree atrioventricular block in 3 patients), and a permanent pacemaker 

was implanted in 5 of these patients (25.0%). 

The average implant depth as measured at the non-coronary cusp was 4.6 ± 2.8 mm. The 

average implant depth was similar between patients who developed major conduction 

abnormalities and those who did not (5.0 ± 2.8 versus 3.5 ± 2.7 mm; P=0.33). The implant 

depth did not demonstrate any discriminative power to predict the development of major 

conduction abnormalities (AUC, 0.72; 95% CI, 0.45–0.99; P=0.14). 

A representation of the contact pressure modeling is presented in figure 6. The average 

maximum contact pressure was 0.73 ± 0.42 MPa. The maximum contact pressure was similar 

between patients who developed major conduction abnormalities and those who did not 

(0.76 ± 0.43 versus 0.64 ± 0.40 MPa; P=0.59). The maximum contact pressure did not 

demonstrate any discriminative power to predict the development of major conduction 

abnormalities (AUC, 0.55; 95% CI, 0.26–0.84; P=0.73). 
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Figure 5. Receiver operating characteristic 

curve for the ability of the computation fluid 

dynamics simulation to predict more than mild 

paravalvular regurgitation (PVR). 

 

 

 

 

 

The average contact pressure index was 0.20 ± 0.14. The contact pressure index was higher 

in patients who developed major conduction abnormalities, when compared with those who 

did not (0.24 ± 0.15 versus 0.07 ± 0.04; P=0.02). The contact pressure index demonstrated a 

discriminatory power to predict the development of major conduction abnormalities (AUC, 

0.88; 95% CI, 0.73–1.00; P=0.01). 

The optimal cutoff for discriminating the development of major conduction disturbance was 

a contact pressure index of 0.14, representing a sensitivity of 67%, a specificity of 72%, a 

positive predictive value of 100%, and a negative predictive value of 50%. 
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Figure 6. A representation of the contact pressure output. The inferior border of the membranous 

septum is identified in 3 locations. A. Near the noncoronary cusp. B. The mid-membranous septum. C. 

Near the right coronary cusp. D. The region of interest is defined by an area between the membranous 

septum (extended toward the right-coronary cusp by 25°) and a plane 15 below the aortic annulus. The 

pressure exerted by the transcatheter heart valve on the native anatomy is marked in purple. In this 

example, the simulations predict both a high maximum contact pressure (0.58 MPa) and a high contact 

pressure index (0.47). The patient developed third-degree atrioventricular block after transcatheter 

aortic valve replacement, necessitating permanent pacemaker implantation. 

 

Patient-Specific Valve Sizing and Positioning 

An example of patient-specific THV sizing and positioning is presented in figure 7. For the 12 

patients who developed more than mild PVR, the computer simulations suggested that 

predicted PVR would be reduced by altering the THV prosthesis size in 7 patients (58.3%), 

altering the implant depth in 8 patients (66.7%) and a combination of these strategies in 4 

patients (33.3%). When compared with the simulation matching the implanted THV size and 

implant depth, optimal patient-specific THV sizing and positioning reduced simulation-

predicted PVR from 49.8 to 20.9 mL/s (mean difference, −28.9 mL/s; 95% CI, −53.8 to  

4.2mL/s; P=0.03). A standard and an annular implant depth were predicted to have a similar 

degree of PVR (46.3±43.5 versus 32.9±21.4 mL/s; P=0.30).  

For the 15 patients who developed major conduction disturbance, the computer simulations 

suggested that predicted conduction disturbance would be reduced by altering the THV 

prosthesis size in 1 patient (6.7%) and altering the implant depth in 12 patients (80.0%). 

When compared with the simulation matching the implanted THV size and implant depth, 
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optimal patient-specific THV sizing and positioning reduced simulation-predicted contact 

pressure index from 0.23 to 0.07 (mean difference, −0.16; 95% CI, −0.22 to −0.10; P<0.001). 

An annular implant depth was predicted to reduced contact pressure index when compared 

with a standard implant depth (0.08±0.08 versus 0.23±0.14; P<0.001). 

Figure 7. Patient-specific valve sizing and positioning to minimize paravalvular regurgitation. A. A 

patient underwent transcatheter aortic valve replacement with a 31-mm CoreValve, implanted at a 

standard implant depth. Computational fluid dynamics simulation predicts that there will be 

moderate paravalvular regurgitation (17.5 mL/s). B. The transcatheter heart valve has been 

repositioned at an annular level. Simulation predicts that paravalvular regurgitation severity will be 

reduced to mild (12.5 mL/s). 

 

Further Assessment of the Patient-Specific Computer Simulations 

When the computer simulations were performed without usage of the postprocedural 

implant depth, the discriminatory power of the PVR modeling was similar (AUC, 0.81; 95% CI, 

0.66–0.96; P=0.003), but the discriminatory power of the conduction disturbance modeling 

was lost (AUC, 0.55; 95% CI, 0.21–0.88; P=0.76). 
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Discussion 

As TAVR expands from the extreme-, high-, and intermediate-risk cohorts into younger, 

lower risk patients, achieving optimal clinical outcomes in BAV will be important. More than 

mild PVR may be associated with an increased risk of all-cause mortality, rehospitalization, 

and impaired functional status (16). Left bundle branch block may be associated with a lack 

of improvement in left ventricular ejection fraction, impaired functional status, an increased 

risk of cardiac death, and a higher risk for permanent pacemaker implantation (17-22). 

Permanent pacemaker implantation may be associated with a longer duration of initial 

hospitalization, lack of improvement in left ventricular ejection fraction, and an increased 

risk of late hospitalization or death (22-24). Given the high standards of surgical aortic valve 

replacement, none of these clinical outcomes are desirable in a young, low-risk patient 

cohort. 

In this study, we evaluated a patient-specific computer simulation of TAVR in BAV. We began 

by comparing finite element analysis with postprocedural CT scans and confirmed that the 

computer simulations may accurately predict the THV frame deformation. We then 

compared computation fluid dynamics with periprocedural imaging and established that the 

computer simulations may predict the development of more than mild PVR. Next, we 

compared contact pressure modeling with periprocedural electrocardiograms and confirmed 

that the computer simulations may predict the development of major conduction 

disturbance. Interestingly, our validation of the computer simulations identified optimal 

cutoffs for the development of more than mild PVR and major conduction abnormalities, 

which were similar to previously reported values derived from work in tricuspid aortic valve 

morphology (simulation-predicted PVR of 16.25 mL/s and a contact pressure index of 0.14) 

(9, 10). 

Having validated these patient-specific computer simulations, clinicians might use this tool 

to better risk-stratify patients with BAV anatomy who are being considered for either TAVR 

or surgery. Patients in whom computer simulation predicts a favorable clinical outcome 

might be considered for TAVR, whereas for those in whom an unfavorable clinical outcome is 

expected, surgery may be the preferred treatment modality. 
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Currently, there is no widely accepted THV sizing algorithm for BAV. Strategies include 

annular, supra-annular, and balloon-sizing methods (25-28). Throughout the spectrum of 

BAV, there exists a broad range of potential leaflet configurations, intercommissural angles, 

and calcium distribution. This heterogeneity has significantly hindered attempts to develop a 

bicuspid sizing algorithm. Furthermore, there is no widely accepted THV implant depth for 

BAV. 

In this study, we ran multiple simulations of varying THV sizes and positions, to identify an 

optimal THV size and implant depth for the patient’s specific anatomic characteristics. This 

study demonstrated that patient-specific THV sizing and positioning may reduce simulation-

predicted PVR or markers of conduction disturbance. It is, therefore, plausible that patient-

specific THV sizing and positioning might lead to improved clinical outcomes, but further 

prospective and randomized evaluation will be required to definitively prove this hypothesis. 

In this study, postprocedural CT imaging was used to ensure that the computer simulations 

were performed at a comparable implant depth. When the simulations were performed 

without this information, the discriminatory power of the computational fluid dynamics 

analysis was similar, but the discriminatory power of the conduction disturbance modeling 

was lost. The development of conduction disturbance after TAVR is highly sensitive to implant 

depth (29). Prospective evaluation is required to definitively establish the predictive power of 

the computer simulations. 

In this study, we found no correlation between aortic annulus eccentricity index and 

simulation-predicted or actual THV frame dimensions. This is consistent with previous 

observations that in bicuspid patients, maximal THV constraint occurs in the supra-annular 

complex (25). 

 

Limitations 

The SAPIEN 3 THV (Edwards Lifesciences, Irvine, CA) has recently been reported to be 

associated with favorable clinical outcomes in bicuspid anatomy (30). The computer 

simulations cannot currently simulate the SAPIEN 3 THV as we were unable to obtain this 

valve for micro-CT scanning and radial compression testing. This study would be improved by 

the addition of this prosthesis. This study was small and retrospective and would be 
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enhanced through a larger, prospective collection of both invasive measures of aortic 

regurgitation, such as the aortic regurgitation index, and better noninvasive measures of 

aortic regurgitation, such as phase-contrast velocity mapping with cardiac magnetic 

resonance imaging (31, 32). The frequency of more than mild PVR was high in this study. PVR 

may reduce over time, and this study would be enhanced by long-term echo-cardiographic 

follow-up (33). We were unable to assess whether there was any correlation between the 

location of simulation-predicted and observed PVR jets, as echocardiographic short-axis 

views were not performed in a standardized manner. Only a limited number of CT scans 

were suitable to perform conduction disturbance modeling, and, therefore, there were 

broad CIs for the ability of the simulations to predict conduction disturbance. The finite 

element analysis modeling is currently unable to simulate important clinical complications 

such as aortic or ventricular embolization and aortic root rupture. Finally, the simulations do 

not predict postprocedure valvular gradients or aortic valve area. 

 

Conclusions 

Patient-specific computer simulation of TAVR in BAV may predict the development of 

important clinical outcomes, such as PVR and conduction abnormalities. Computer 

simulation suggests that patient-specific THV sizing and positioning may improve clinical 

outcomes of TAVR in BAV. 
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Differences in clinical valve size selection and valve size selection for patient-specific 
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Abstract 

Valve size selection for transcatheter aortic valve replacement (TAVR) is currently based on 

cardiac CT-scan. At variance with patient-specific computer simulation, this does not allow 

the assessment of the valve-host interaction. We aimed to compare clinical valve size 

selection and valve size selection by an independent expert for computer simulation. A 

multicenter retrospective analysis of valve size selection by the physician and the 

independent expert in 141 patients who underwent TAVR with the self-expanding CoreValve 

or Evolut R. Baseline CT-scan was used for clinical valve size selection and for patient-specific 

computer simulation. Simulation results were not available for clinical use. Overall true 

concordance between clinical and simulated valve size selection was observed in 47 patients 

(33%), true discordance in 15 (11%) and ambiguity in 79 (56%). In 62 (44%, cohort A) one 

valve size was simulated whereas two valve sizes were simulated in 79 (56%, cohort B). In 

cohort A, concordance was 76% and discordance was 24%; a smaller valve size was selected 

for simulation in 10 patients and a larger in 5. In cohort B, a different valve size was selected 

for simulation in all patients in addition to the valve size that was used for TAVR. The 

different valve size concerned a smaller valve in 45 patients (57%) and a larger in 34 (43%). 

Selection of the valve size differs between the physician and the independent computer 

simulation expert who used the same source of information. These findings indicate that 

valve sizing in TAVR is still more intricate than generally assumed. 
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Introduction 

Transcatheter aortic valve replacement (TAVR) is an accepted treatment in patients with 

severe aortic stenosis at a high or intermediate operative risk (1–5). At present, different 

valve types and sizes are available allowing optimal transcatheter valve performance and 

clinical outcome in a wide range of patients (5–8). Availability of different valves and sizes 

implies that choosing the valve that best fts the individual patient has become more 

challenging in particular as outcome of TAVR depends among others on devicehost 

interaction. Currently, computed tomography (CT) scan of the heart is the standard method 

and recommended for selection of the valve size (9). Yet, this does not allow the prediction 

of the mechanical interaction and precise outcome between the device and host. For that 

purpose, a dedicated computer simulation model has been developed and validated to 

predict case-by-case calcium displacement, presence and severity of aortic regurgitation (AR) 

and conduction disturbances post TAVR (10–13). The purpose of this study was to compare 

transcatheter valve size selection between the physician for TAVR and the independent 

expert for the purpose of patient-specific computer simulation. 

 

Patients and methods  

Study population  

The study population consisted of 141 patients who had undergone TAVR with the self-

expanding Medtronic valve (CoreValve [MCS] or Evolut R) because of native tricuspid aortic 

stenosis and in whom patient-specific computer simulation was performed for the 

assessment and prediction of valve performance. The information of the computer 

simulation was not available for clinical application. The valve size selected for the clinical 

implantation (TAVR) was decided by the physician based upon preprocedural multi-slice 

computed tomography (MSCT) as previously described (14). In all patients and participating 

centers dedicated software (i.e., 3 Mensio, Pie Medical Imaging BV, Maastricht, the 

Netherlands) was used for quantitative analysis of the aortic root (15).  

All patients provided written informed consent for TAVR and data collection. Clinical data 

was extracted from local databases. The study was conducted in accordance with the 

principles of the Declaration of Helsinki and did not fall under the scope of the Medical 
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Research Involving Human Subjects Act per EMC Institutional Review Board (MEC nr. 2019-

0442).  

Patient-specific computer simulation was performed by an independent institution (FEops, 

Ghent, Belgium) by first creating a virtual model of each patient’s anatomy by segmentation 

and 3D reconstruction of the aortic root (including the calcified native leaflets and outflow 

tract [LVOT]) based on pre-procedural anonymized MSCT (Mimics Software, Materialise, 

Leuven, Belgium) (10–13). All steps performed during TAVR were respected during 

simulation such as eventual pre- or postdilatation and valve type (i.e., MCS, Evolut R) but not 

valve size (Abaqus/Explicit finite element solver, Dassault Systèmes, Paris, France). The valve 

size used during simulation was decided by the independent simulation expert using the 

aortic annulus dimensions and the manufacturer’s matrix of sizing. As the latter contains 

precise cut-off values for each MCS and Evolut R valve size, a margin of ±2% was used for 

each cut of value (i.e., grey zone of valve size selection). In case a patient had an aortic 

annulus dimension that falls within the grey zone, 2 sizes were simulated. During simulation, 

3 levels of depth of implantation were executed; 2 mm below the annulus (high implant), 

5 mm below the annulus (medium depth of implantation) and 8 mm below the annulus (low 

implant). 

Outcome measures of the simulation were: [1] coronary obstruction, [2] aortic regurgitation 

(AR) and [3] contact pressure of the frame within a predefined area below the annulus (10–

13). Coronary obstruction was defined by measuring the distance between the closest native 

aortic leaflet calcium nodule and the center of the left and right coronary ostium post TAVR 

(i.e., coronary obstruction present if distance: 0 mm) (10). Severity of AR post TAVR was 

measured using computational fluid dynamics and was expressed in ml/s. A cut-off value of 

16.0 ml/s has been reported to correspond to ≥ moderate AR (11). Contact pressure exerted 

by the frame in the region of the LVOT hosting the conduction tissue was expressed as 

maximum contact pressure (MPa) and area (i.e., contact pressure index, %). Cut-off values of 

respectively 0.39 MPa and 14% were earlier found to correlate with the occurrence of new 

left bundle branch block (LBBB) or high degree atrio-ventricular block (high degree AVB) (13).  

Clinical outcome measures (after TAVR) were: [1] coronary obstruction defined by TIMI 0 

flow during contrast angiography immediately post TAVR, [2] AR assessed by transthoracic 
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echocardiography before discharge [VARC-2 criteria, 16] and [3] LBBB or high degree AVB 

(i.e., Mobitz II or 3rd degree AV block) defined by 12-lead ECG before discharge (17).  

 

Statistical analysis  

The main analysis consisted of the assessment of the agreement between the valve size 

selected for simulation and TAVR and, the comparison between the predicted (simulation) 

and clinical (TAVR) outcomes, namely [1] coronary obstruction, [2] AR and [3] new LBBB or 

high degree AVB in relation to maximum contact pressure and area after TAVR. For the 

purpose of this study, the simulation-derived outcome measures at a medium depth of 

implantation were used.  

Normality of distributions was tested by the Kolmogorov–Smirnov test. Continuous variables 

are shown as mean±standard deviation (SD) or medians [interquartile ranges (IQR) 25–75%] 

as appropriate. Categorical variables are expressed as frequencies and percentages. 

Comparison between predicted and observed coronary obstruction and AR post TAVI 

(≥grade 2) was made by means of the McNemar’s test.  

 

Results  

Study population  

The baseline demographic and procedural characteristics of the 141 patients are 

summarized in table 1. The median age was 82 (78–85) years and 50% were male. In 115 

patients (82%) a MCS valve was implanted while 26 (18%) received an Evolut R valve. With 

respect to valve size, a 29 mm valve was implanted in 92 patients (62%), a 26 mm in 40 

(28%) and a 31 mm in 9 (6%). In all patients some degree of oversizing was observed, 18 ± 

7% when using the perimeter and 20±7% when using the mean diameter.  

 

Findings  

In 62 out of the 141 patients (44%) one valve size was simulated (cohort A), 2 valve sizes 

were simulated in 79 patients (56%, cohort B). In cohort A (n= 62), concordance (i.e., same 
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valve size selected for simulation and TAVR) was 76% (47 patients). Discordance was 

observed in 15 patients (24%, table 2); a smaller valve was selected for simulation in 10 

patients and a larger in 5. In cohort B (n = 79, table 3), a different valve size was selected for 

simulation in all patients in addition to the valve size that was used for TAVR; a smaller valve 

was selected for simulation in 45 patients (57%) and a larger in 34 (43%). This means that 

overall true concordance (same valve size selection for simulation and TAVR by independent 

expert or physician) was observed in 33% of patients, true discordance in 11% and ambiguity 

(i.e., two valve sizes selected for simulation and thus a priori considered eligible for TAVR) in 

56% of patients. In case of discordance and ambiguity, a smaller valve was used for 

simulation in 39% of patients and a larger in 28%. In case of discordant valve size selection in 

cohort A (n = 15), the degree of oversizing was 18 ± 7% when using the perimeter and 20 ± 

7% when using the mean diameter. It was 17 ± 8 and 15 ± 7%, respectively in cohort B 

(different valve size used for simulation). 

 

Outcome cohort A 

In correspondence with the clinical observation, simulation did not predict any case of 

coronary obstruction (table 2). In case of discordant valve size selection, the simulation 

predicted a higher degree of AR post TAVR [16.6 (11.3–23.7) ml/s] and (based upon the 

recently validated cutoff-value of AR grade≥2) a higher prevalence of AR≥grade 2 (60%) in 

comparison with concordant valve size selection [14.0 (6.6–24.4) ml/s and 36%), albeit that 

in both situations the predicted AR exceeded the observed AR. Predicted AR≥grade 2 was 

significantly higher compared to observed in case of concordant valve size selection 

(p=0.002, table 2). The predicted maximum contact pressure and contact pressure index 

were lower in case of discordant valve size selection (table 2). The prevalence of clinical (i.e., 

observed) new LBBB and high degree AVB after TAVR were similar between con- and 

discordant valve size selection. 

 

Outcome cohort B  

Similar to cohort A, coronary obstruction was neither predicted nor observed (table 3). In 

case of simulation of a valve size different from TAVR, the simulation predicted a higher 
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degree of AR post TAVR [15.4 [7.5–27.5]) ml/s] and a higher prevalence of AR≥grade 2 (48%) 

in comparison with concordant valve size selection [12.2 (5.1–22.1) ml/s and 42%]. Predicted 

AR ≥grade 2 was higher than observed in both concordant and discordant valve size 

selection (respectively p=0.007 and p=0.001). No difference in predicted maximum contact 

pressure and contact pressure index were seen when using the same or different valve size 

for simulation (table 3). 

 

Table 1. Baseline, MSCT and procedural characteristics.   
 Entire cohort 

  n=141 

Baseline  
  Age (years) 82 (78-85) 

  Gender (male) 70 (50) 

  Left bundle branch block 15 (11) 

  Right bundle branch block 6 (4) 

  Pacemaker 15 (11) 

Multi-slice computed tomography  
  Annulus  
    Minimum diameter (mm) 20.5 ± 2.1 

    Maximum diameter (mm) 26.8 ± 2.3 

    Mean diameter (mm) 23.6 ± 1.9 

    Perimeter (mm) 75.5 ± 5.9 

    Perimeter derived diameter (mm) 24.0 ± 1.9 

    Area (mm2) 428.9 ± 66.2 

    Area derived diameter (mm) 23.3 ± 1.8 

Procedural & sizing  
  Predilatation 122 (87) 

  Predilatation balloon nominal/mean annulus diameter x 100 (%) 90 ± 9 

  Valve type  
    Medtronic CoreValve 115 (82) 

    Medtronic Evolut R 26 (18) 

  Valve size  
26 40 (28) 

29 92 (62) 

31 9 (6) 

  Valve size/mean annulus diameter x 100 (%) 120 ± 7 

  Valve perimeter/perimeter of the annulus x 100 (%) 118 ± 7 

  Depth of implantation non coronary cusp 7.2 ± 3.4 

  Depth of implantation left coronary cusp 8.3 ± 4.1 

  Mean depth of implantation 7.7 ± 3.6 

  Postdilatation 13 (9) 

  Postdilatation balloon nominal/mean annulus diameter x 100 (%) 105 ± 5 

Values are expressed in median (interquartile range), n (%) or mean ± SD. 
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Table 2. Outcome in cohort A (simulation of one valve size). 

 Concordant clinical valve size and 
simulated valve size                                                                                                                          

n=47 

Discordant clinical valve size and 
simulated valve size                                                                                                             

n=15   

 Predicted Observed p-value Predicted Observed p-value 
Coronary obstruction 0 0 - 0 0 - 

Aortic regurgitation (ml/s) 
14.0 (6.6-

24.4) 
-   

16.6 (11.3-
23.7) 

-  

Aortic regurgitation ≥ grade 2 17 (36) 4 (9) 0.002 9 (60) 3 (20) 0.07 
Maximum contact pressure 0.44 ± 0.25 -   0.33 ± 0.24 -  

Maximum contact pressure ≥ 
0.39 MPa 

24 (51) -   4 (27) -  

Contact pressure index 0.21 ± 0.10 -   0.14 ± 0.10 -  

Contact pressure index ≥ 14% 35 (75) -   5 (33) -  

New LBBB or high degree AVB - 25 (53)   - 7 (47)  

Values are expressed in n (%),median (interquartile range) or mean ± SD.    
LBBB: left bundle branch block. High degree AVB: high degree atrio-ventricular block.   

 

 

 

 

 

 

Table 3. Outcome in cohort B (simulation of two valve sizes). 

 
Concordant clinical valve size and 

simulated valve size                                                                                                                                  
n=79 

Comparison between clinical valve 
size and additional (discordant) 

simulated valve size                                                                                                                    
n=79 

  

 Predicted Observed p-value Predicted Observed p-value 
Coronary obstruction 0 0 - 0 0 - 
Aortic regurgitation (ml/s) 12.2 (5.1-22.1) -  15.4 (7.5-27.5) -  

Aortic regurgitation ≥ grade 2 33 (42) 16 (20) 0.007 38 (48) 16 (20) 0.001 

Maximum contact pressure 0.40 ± 0.24 -  0.41 (0.26-
0.62) 

- 
 

Maximum contact pressure ≥ 
0.39 MPa 

36 (46) -  39 (49) - 
 

Contact pressure index 0.18 ± 0.11 -  0.19 (0.12-
0.27) 

- 
 

Contact pressure index ≥ 14% 49 (62) -  50 (63) -  
New LBBB or high degree AVB - 42 (53)  - 42 (53)   

Values are expressed in n (%),median (interquartile range) or mean ± SD.    
LBBB: left bundle branch block. High degree AVB: high degree atrio-ventricular block.    
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Discussion  

When comparing valve size selection by the physician (using MSCT and dedicated software 

for quantitative analysis of the aortic root) with valve size selection for patient-specific 

computer simulation, we found true concordance in 33% of the patients, true discordance in 

11% and ambiguity in 56%. Moreover, a smaller valve was selected for simulation in 39% of 

the patients and a larger in 28%. These findings indicate that valve size selection in TAVR still 

is more intricate than generally assumed even when using MSCT that is the standard imaging 

modality for TAVR planning including valve size selection (9).  

These findings need to be interpreted against the following; firstly, the physician generally 

adheres to the cut-off values for sizing proposed by the manufacturer’s matrix of sizing 

albeit with some degree of oversizing while a margin of 2% at each cut-off value in two 

directions was used for the selection of valve size(s) for computer simulation. This margin of 

which its value (i.e., 2%) was arbitrarily chosen was introduced as the application of strict 

cut-off criteria in clinical practice is often not realistic or preferable and lacks a sound 

pathophysiologic basis. The use of such a margin or grey zone may explain the observation 

that a smaller valve size was used for simulation in 39% of the patients and a larger in 28% in 

the present analysis. 

There are distinct differences between clinical valve size selection (physician) and valve size 

selection based upon computer simulation. In the former, the physician selects the valve size 

upon the quantitative assessment of the dimensions of the aortic root while in the latter–

that starts with MSCT analysis–the effects of the device-host interaction (e.g., coronary 

obstruction, AR post TAVR and conduction abnormalities) are taken into account. The 

device-host interaction is based upon the integration of the dimensions of the device and 

host and, their biomechanical properties. Tissue biomechanical properties are derived from 

experimental data subsequently refined during so-called training of the computer model 

during validation studies (10–13). Biomechanical properties of the frame are derived from 

standard in vitro testing of the stress–strain relationship (18). Of note, the biomechanical 

properties of the nitinol frame of the herein used valves are such that its hysteresis loop has 

a plateau (i.e., no change in radial force during a certain phase of frame compression or 

expansion) with some degree of overlap between two adjacent valve sizes. This implies that–

when a physician decides to oversize to ensure proper anchoring and to avoid PVL–such a 
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strategy does not necessarily translates into a higher contact pressure exerted by the frame 

on the LVOT and consequently new conduction abnormalities. This is supported by the 

observation that the predicted maximum contact pressure and contact pressure index were 

similar when using the same or different valve size for simulation in cohort B. However, a 

higher predicted maximum contact pressure and contact pressure index is seen in 

concordant cohort A versus discordant cohort A which we believe is because majority 

(10/15) of simulations in discordant valve size selection was performed with a smaller valve 

compared to clinical practice. A smaller implanted valve is expected to result in less contact 

pressure. With regard to AR ≥ grade 2, a higher frequency was predicted than observed in 

cohort A (concordant) and cohort B (concordant and discordant) which may be the result of 

AR post TAVR quantification by means of echocardiography based on the VARC 2 method 

since it is known that echocardiography is inferior to magnetic resonance imaging (MRI) for 

the assessment of AR and underestimates the actual degree of AR (19).  

The selection of the valve size (and type) that best fits the individual patient is mandatory as 

a patient-specific or -tailored approach ensures maximum safety and efficacy. This is in 

particular important with the increasing number of sizes and types of valves that are and will 

be available in clinical practice in combination with the fact that the aortic root differs from 

patient to patient. We acknowledge that in this analysis, we concentrated on one single 

valve type (i.e., the self-expanding MCS and Evolut R) and did not include the balloon-

expandable and mechanically expanding valves. Yet, conceptually the role of patient-specific 

computer simulation in clinical practice is self-explanatory. This, however, needs to be 

proven by appropriately designed studies such as RCT (physician vs. simulation driven valve 

size and type selection) and implies that the software keeps track with the rapid 

development of novel valve technologies and sizes. Given the rapid development of valve 

technologies that effectively address the vexing issues of TAVR (AR in particular), patient-

specific computer simulation may have in particular a clinical value in cases of uncertainty in 

valve size selection for instance due to the strict sizing criteria proposed by the manufacturer 

in combination with observer variability in MSCT analysis. It may especially have a clinical 

added value in the selection of the valve type that best fits the individual patient. 
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Limitations  

This study concerns an exploratory analysis of the comparison between valve size selection 

between the physician for TAVR and the independent expert for the purpose of patient-

specific computer simulation. The study design consisted of a retrospective analysis which 

may introduce bias. Predicted outcomes represent the situation directly post TAVR and no 

conclusions on long term can be drawn based on this study. In addition to the limitations 

discussed above, the sample and the fact that only three centers participated need to be 

considered and affect generalizability.  

 

Conclusion  

Selection of the size of the self-expanding valve by the physician for TAVR and the 

independent expert for patient-specific computer simulation differs substantially. 

Concordance was found in only 33% of the patients, true discordance in 11% and ambiguity 

in 56%. A smaller valve was selected for simulation in 39% of the patients and a larger in 

28%. These findings indicate that valve sizing in TAVR is still more intricate than generally 

assumed. 
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Abstract 

Objectives 

The aim of this study was to assess the added value and predictive power of the TAVIguide 

(Added Value of Patient-Specific Computer Simulation in Transcatheter Aortic Valve 

Implantation) software in clinical practice. 

Background 

Optimal outcome after transcatheter aortic valve replacement (TAVR) may become more 

important as TAVR shifts toward low-risk patients. Patient-specific computer simulation is 

able to provide prediction of outcome after TAVR. Its clinical role and validation of 

accuracy, however, have not yet been studied prospectively. 

Methods 

A prospective, observational, multicenter study was conducted among 80 patients with 

severe aortic stenosis treated with the Evolut R valve. Simulation was performed in 42 

patients and no simulation in 38. A comparison between the valve size (decision 1) and 

target depth of implantation selected by the operator on the basis of multislice computed 

tomography and the valve size (decision 2) and target depth of implantation selected after 

simulation were the primary endpoints. Predictive power was examined by comparing the 

simulated and observed degree of aortic regurgitation. 

Results 

Decision 2 differed from decision 1 in 1 of 42 patients because of predicted paravalvular 

leakage, and changes in valve type occurred in 2 of 42. In 39 of 42 patients, decisions 1 and 

2 were similar. Target depth of implantation differed in 7 of 42 patients after simulation 

(lower in 4 and higher in 3). In 16 of 42 patients, simulation affected the TAVR procedure; in 

9, the operator avoided additional measures to achieve the target depth of implantation, 

and in 7 patients, additional measures were performed. There was a trend toward a higher 

degree of predicted than observed aortic regurgitation (17.5 vs. 12 ml/s; p = 0.13). 
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Conclusions 

Patient-specific computer simulation did not affect valve size selection but did affect the 

selection of the target depth of implantation and the execution of TAVR to achieve the 

desired target depth of implantation. 
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Introduction 

Transcatheter aortic valve replacement (TAVR) is becoming the standard treatment for 

patients with severe aortic stenosis. At the same time, a wide variety of bioprosthetic valves 

is available as a result of improved transcatheter valve technology. Yet variation in patient 

anatomy largely exceeds the available type and size of valves. As TAVR shifts toward low-risk 

patients, optimal outcome and prevention of complications may become more important 

given the projected longevity in younger and/or less sick patients (1, 2). A patient-specific 

approach is recommended and needed in such an environment to optimize health benefit 

(3). 

Patient-specific computer simulation has been developed to provide insight into the unique 

interaction between the patient and transcatheter valve (i.e., device-host interaction), 

resulting in the prediction of valve performance (e.g., paravalvular leakage [PVL]) and 

outcome (e.g., conduction abnormalities [CA]) after TAVR. A number of retrospective studies 

validated the computer model by comparing the predicted outcome (frame geometry, 

calcium displacement, PVL, and CA by the computer model) with those observed on 

multislice computed tomography, Doppler echocardiography, and electrocardiography after 

TAVR (4–9). The purpose of this study was to assess the added value and role of the TAVI-

guide (Added Value of Patient-Specific Computer Simulation in Transcatheter Aortic Valve 

Implantation) software in clinical practice and to prospectively evaluate its predictive power. 

It concerns a prospective observational study in which patients with severe aortic stenosis 

were enrolled and treated using the self-expanding Evolut R platform (Medtronic, 

Minneapolis, Minnesota). 

 

Methods 

Patient population and data acquisition 

The TAVIguide Validation Study (NCT03196596) is a multicenter study in which 5 

experienced European centers participated (Erasmus Medical Center, Rotterdam, the 

Netherlands [coordinating center]; Rigshospitalet, Copenhagen, Denmark; University 

Hospital Antwerp, Antwerp, Belgium; University Hospital Cologne, Cologne, Germany; and 

Ospedale di San Raffaele, Milan, Italy). All patients referred for TAVR were discussed among 
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the multidisciplinary heart team. Only patients with severe native aortic stenosis and 

scheduled for treatment with Evolut R valves were enrolled. Enrollment took place between 

May 2017 and January 2019. Exclusion criteria were bicuspid aortic valve, extensive 

subannular calcifications, nontransfemoral access, poor computed tomographic image 

quality, and lack of written informed consent. The study was executed according to the 

Declaration of Helsinki, was approved by the ethics committees of all participating centers, 

and did not fall under the scope of the Medical Research Involving Human Subjects Act per 

EMC Institutional Review Board (MEC-2016-741). All patients underwent pre-procedural 

computed tomography according to standard clinical care, and quantitative aortic root 

analysis was performed at each center using dedicated software (e.g., 3mensio, Pie Medical 

Imaging, Maastricht, the Netherlands). Final depth of implantation, coronary obstruction, 

post-procedural angiographic aortic regurgitation (AR), and electrocardiograms after TAVR 

were assessed by an independent physician expert. 

 

Patient-specific computer simulation 

Simulation was performed alternately in each subset of 5 consecutive patients per center, 

resulting in simulation (n = 42) and no-simulation (n = 38) groups (figure 1). Patient-specific 

computer simulation was performed using pre-procedural computed tomography as 

described previously (4–9) (figure 2). An independent simulation expert determined which 

valve size or sizes were used during simulation on the basis of the Evolut R manufacturer’s 

sizing matrix, including a margin of 2%, which was added for each cut-off value (i.e., gray 

zone of valve size selection). Two valve sizes were simulated if the dimensions fell within the 

gray zone. For each valve size selected by the independent simulation expert, 3 simulations 

were performed at 3 different depths of implantation below the annulus: high (2 mm), 

medium (5 mm), and low (8 mm). Simulation provided the following previously validated 

outcome measures (4–9): degree of oversizing (%); PVL (ml/s); maximum contact pressure 

(MPa) in the region of the left ventricular outflow tract (LVOT); contact pressure index (%), 

defined as the percentage of the LVOT subjected to contact pressure; predicted calcium 

displacement (mm); and predicted frame deformation (ellipticity index and underexpansion 

[%]). 
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Assessment of valve performance 

All patients underwent pre-discharge transthoracic echocardiography in accordance with a 

pre-defined acquisition protocol, and images were analyzed by an independent core 

laboratory according to American and European guidelines (10–13) and the Valve Academic 

Research Consortium-2 (VARC-2) recommendation (14).  

 

Figure 1. Flow 

Diagram of the 

Valve Size 

Decisions. 

 

 

 

 

 

 

 

The presence, location, and severity of AR (trans-valvular, paravalvular, and total) were 

adjudicated at 18 locations in 4 transthoracic echocardiographic views. The PVL locations 

were assigned to 1 or more of the 12 locations on the basis of a clockface model in the cross-

sectional parasternal short-axis view and as either the anterior or posterior side on the 

parasternal long-axis, apical 5-chamber and apical 3-chamber views (figure 3). For severity, 

PVL jets were quantified in the parasternal short-axis view as the circumferential extent in 

degrees as well as jet areas and jet radial width (equivalent to jet neck width). Only areas of 

mosaic color reflecting high-velocity turbulent flow jets were measured. Regurgitant volume 

and fraction were calculated using the pulsed-wave Doppler method on the basis of the 

stroke volumes of the LVOT and right ventricular outflow tract. Diastolic flow reversal in the 

descending and/or abdominal aorta was also assessed. The final PVL severity was 
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adjudicated on the basis of a multi-parametric approach using the cut-offs defined by the 

VARC-2.  

 

Figure 2. Example of Computer 

Simulation. LBBB = left bundle branch 

block; PVL = paravalvular leak. 

 

 

 

 

 

 

 

 

 

Figure 3. Paravalvular Leak Assessment on 

Transthoracic Echocardiography. CH = 3-

chamber; 5CH = 5-chamber; PLAX = 

parasternal long-axis; PSAX = parasternal 

short-axis. 
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Primary endpoint(s) 

The primary endpoint was to assess to what extent patient-specific computer simulation 

affected the physician’s choice of valve size selection. For that purpose, the valve size 

selected by the operator on the basis of analysis of baseline multislice computed 

tomography (decision 1) was compared with the valve size(s) selected by the operator for 

TAVR after he or she was informed of the simulation results (decision 2). The operator was 

also asked to report the target depth of implantation (high, 0 to 2 mm; medium, 3 to 6 mm, 

or low, 7 to 10 mm). For patients in whom simulation was performed, the simulation report 

(which included the outcome measures described previously for the valve size[s] used for 

the simulation[s]) was then provided to the operator, after which he or she was asked to 

report once again the valve size ultimately selected by the operator for TAVR (decision 2) as 

well as the target depth of implantation. The operator was asked to provide arguments 

explaining why he or she selected decision 2 and the target depth of implantation after 

simulation. After the execution of TAVR, the operator had to report whether the simulation 

results had influenced the procedure. 

 

Secondary endpoint(s) 

The secondary endpoints were to assess: 1) valve performance at discharge by 

echocardiography (VARC-2 criteria); 2) the occurrence of new CA post-TAVR and at discharge 

(12-lead electrocardiography); 3) the incidence of major adverse cardiovascular and 

cerebrovascular events at discharge (VARC-2); 4) depth of implantation by angiography; and 

5) the predictive power by comparing the predicted (simulation) and observed degrees of AR 

(on echocardiography post-TAVR, per VARC-2 criteria).  

For the comparison of AR by means of echocardiography, the simulated depth of 

implantation that corresponded to the observed depth of implantation was used. 

Approximation was performed by selecting the depth of implantation with the least 

difference between predicted depth of implantation and observed depth of implantation at 

the non-coronary cusp and left-coronary cusp or the smallest added difference from both 

the non-coronary cusp and left-coronary cusp (in case the first method would lead to 

different depths of implantation). Patients were excluded in case the mean simulated depth 



177 

 

of implantation and observed depth of implantation differed by >4 mm. Patients with 

pacemakers prior to TAVR were excluded in analysis of CA. Cut-off values for simulation 

outcome variables were described previously (4–9). Predicted AR of 16.0 ml/s corresponds 

to moderate or greater AR (6). Maximum contact pressure ≥0.39 MPa and contact pressure 

index ≥14% are associated with the occurrence of new CA after TAVR (7).  

 

Statistical analysis 

Normality of distributions was assessed using the Kolmogorov-Smirnov test. Continuous data 

are expressed as mean ± SD or as median (interquartile range [IQR]) as appropriate. Primary 

endpoint(s) and secondary endpoint(s) were analyzed using the chi-square test, Mann-

Whitney U test, or Student’s t-test. Statistical analysis was done using SPSS version 24.0 

(IBM, Armonk, New York) and statistical significance was assumed for p < 0.05.  

 

Results 

The overall study population consisted of 80 patients with a mean age of 79 ± 8 years, and 

71% were men (table 1). The average peak velocity was 4.0 ± 0.6 m/s, and the median 

Society of Thoracic Surgeons score was 2.9 (IQR: 2.0 to 4.8) (table 1). Simulation was 

performed in 52.5% of patients (n = 42), and no simulation was executed in 47.5% (n = 38) 

(table 1, figure 1).  

 

Primary endpoint(s) 

The independent simulation expert selected 2 valve sizes for simulation in 27 of the 42 

patients (64%) (figure 1), as the annular dimensions measured by the independent expert 

fell within the gray zone of sizing. Decision 2 differed from decision 1 in 1 of 42 patients who 

underwent simulation and in whom the independent expert chose 2 sizes for simulation 

(Central Illustration). The reason for this discrepancy was the amount of predicted PVL. 

Decision 1 consisted of a 26-mm valve with predicted PVL of 8.5 ml/s, and decision 2 was a 

29-mm valve with predicted PVL of 4 ml/s. In 2 patients, decision 2 was not available, 

because the first operator decided to implant another valve type following the simulation 
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results. In 1 patient, this was because of a high predicted degree of PVL (27 ml/s) and in the 

other because of a high predicted degree of oversizing (60%) in a patient with a pre-existing 

first degree atrioventricular block and right bundle branch block and thus increased risk for 

new pacemaker implantation. 

 

Table 1. Baseline characteristics of the overall cohort.    

        

 Overall 
cohort 

Simulation 
No 

simulation 
p-

value 
     

 n = 80 n= 42 n= 38  

Demographics  
   

  Age (yrs), mean ± SD 79 ± 8 79 ± 9 80 ± 7 0.58 

  Male, n (%) 57 (71) 33 (79) 24 (63) 0.13 

  Height (cm), mean ± SD 171 ± 9 172 ± 10 169 ± 9 0.18 

  Weight (kg), mean ± SD 80 ± 18 80 ± 16 80 ± 21 0.95 

  Body mass index (kg/m2), mean ± SD 27 ± 5 27 ± 4 28 ± 6 0.38 

  Systolic bloodpressure (mmHg), mean ± SD 144 ± 21 146 ± 21 141 ± 21 0.31 

  Diastolic bloodpressure (mmHg), mean ± SD 74 ± 13 75 ± 13 75 ± 13 0.99 

Cardiac risk factors  
   

  Diabetes mellitus, n (%) 21 (26) 10 (24) 11 (29) 0.60 

  Hypertension, n (%) 54 (68) 30 (71) 24 (63) 0.43 

  Hypercholesterolemia, n (%) 42 (53) 25 (60) 17 (45) 0.28 

  Frailty, n (%) 39 (49) 20 (48) 19 (50) 0.94 

Medical history  
   

  Previous cerebrovascular accident, n (%) 13 (16) 7 (17) 6 (16) 0.92 

  Previous transient ischemic attack, n (%) 8 (10) 3 (7) 5 (13) 0.44 

  Previous myocardial infarction, n (%) 13 (16) 10 (24) 3 (8) 0.061 

  Previous coronary artery bypass graft 
surgery,  
n (%) 

14 (18) 6 (14) 8 (21) 0.43 

  Previous percutaneous coronary 
intervention,  
n (%) 

28 (35) 16 (38) 12 (32) 0.54 

  Previous valvular intervention, n (%) 3 (4) 1 (2) 2 (5) 0.60 

  Atrial fibrillation, n (%) 23 (29) 15 (36) 8 (21) 0.15 

  Permanent pacemaker, n (%) 12 (15) 7 (17) 5 (13) 0.66 

  Peripheral vascular disease, n (%) 19 (24) 14 (33) 5 (13) 0.034 

  Chronic obstructive pulmonary disease, n (%) 17 (21) 12 (29) 5 (13) 0.092 

  Pulmonary hypertension, n (%) 8 (10) 5 (12) 3 (8) 0.72 

  Chronic kidney disease, n (%) 18 (23) 8 (19) 10 (26) 0.44 

  NYHA functional class ≥ III, n (%) 51 (64) 24 (57) 27 (71) 0.20 

  CCS class ≥ III, n (%) 6 (8) 2 (5) 4 (11) 0.42 

Laboratory  
   

  Creatinin (umol/L), median (IQR) 91 (72-115) 93 (71-128) 89 (72-105) 0.37 
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  Hemoglobin (mmol/L), mean ± SD 9.4 ± 2.5 9.2 ± 2.7 9.6 ± 2.3 0.54 

Electrocardiography  
   

  Sinus rhythm, n (%) 62 (78) 31 (74) 31 (82) 0.41 

  Atrial fibrillation, n (%) 10 (13) 5 (12) 5 (13)  
  First-degree AVB, n (%) 15 (19) 8 (19) 7 (18) 0.94 

  LBBB, n (%) 2 (3) 1 (2) 1 (3)  
  RBBB, n (%) 8 (10) 5 (12) 3 (8) 0.72 

  LAFB, n (%) 5 (6) 1 (2) 4 (11) 0.19 

  RBBB+LAFB, n (%) 1 (1) 0 1 (3) 0.48 

Echocardiography  
   

  Aortic annulus diameter (mm), mean ± SD 24 ± 2 25 ± 3 23 ± 1 0.15 

  LVOT diameter (mm), mean ± SD 21 ± 2 21 ± 3 21 ± 2 0.92 

  LVEF (%), median (IQR) 59 (50-65) 58 (50-62) 60 (50-65) 0.62 

  Peak velocity (m/s), mean ± SD 4.0 ± 0.6 4.1 ± 0.5 3.9 ± 0.7 0.12 

  Peak gradient (mmHg), median (IQR) 64 (55-77) 66 (58-84) 58 (51-76) 0.10 

  Mean gradient (mmHg), mean ± SD 41 ± 13 42 ± 11 40 ± 15 0.39 

  Aortic valve area (cm2), mean ± SD 0.7 ±  0.2 0.7 ± 0.2 0.7 ± 0.2 1.00 

  LVOT VTI, mean ± SD 22 ± 5 22 ± 5 21 ± 6 0.95 

  Aortic valve VTI, mean ± SD 97 ± 23 96 ± 21 98 ± 26 0.86 

  Mitral regurgitation ≥ moderate, n (%) 18 (23) 11 (26) 7 (18) 0.41 

  Aortic regurgitation ≥ moderate, n (%) 15 (19) 8 (19) 7 (18) 0.94 

  Tricuspid regurgitation ≥ moderate, n (%) 17 (21) 8 (19) 9 (24) 0.61 

Multi-sliced Computed Tomography  
   

  Annulus  
   

    Minimum diameter (mm), mean ± SD 23 ±  3 23 ± 3 23 ± 3 0.55 

    Maximum diameter (mm), mean ± SD 28 ±  3 29 ± 3 28 ± 3 0.055 

    Area (mm2), mean ± SD 501 ± 124 526 ± 123 474 ± 122 0.065 

    Perimeter (mm), mean ± SD 80 ± 10 82 ± 8 78 ± 12 0.10 

    Perimeter derived diameter (mm),mean±SD 25 ± 2 25 ± 2 25 ± 2 0.66 

    Aortic root calcification ≥ moderate, n (%) 34 (43) 19 (45) 15 (41) 0.67 

  LVOT  
   

    Area (mm2), mean ± SD 492 ± 122 499 ± 140 484 ± 100 0.64 

    Perimeter, mean ± SD 79 ± 8 79 ± 8 79 ± 8 0.94 

    LVOT calcification ≥ moderate, n (%) 2 (3) 2 (5) 0 0.49 

  Coronary arteries  
   

    Left coronary height (mm), mean ± SD 15 ± 4 15 ± 4 15 ± 3 0.44 

    Right coronary height (mm), mean ± SD 18 ± 3 19 ± 4 18 ± 3 0.31 

Risk scores  
   

  Euroscore II, median (IQR) 2.8 (1.8-4.6) 
2.6 (1.5-

5.5) 
3.0 (2.0-4.7) 0.48 

  STS score, median (IQR) 2.9 (2.0-4.8) 
3.0 (2.0-

5.3) 
2.7 (2.0-4.5) 0.46 

Values are mean ± SD, n (%), or median (interquartile range). AVB = atrioventricular block; CCS = 
Canadian Cardiovascular Society; EuroSCORE = European System for Cardiac Operative Risk 
Evaluation; LAFB = left anterior fascicular block; LBBB = left bundle branch block; LVEF = left 
ventricular ejection fraction; LVOT = left ventricular outflow tract; NYHA = New York Heart 
Association; RBBB = right bundle branch block; STS = Society of Thoracic Surgeons; VTI = velocity-
time integral. 
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In 39 of 42 patients, decisions 1 and 2 did not differ (figure 1). Written reports by the 

operators elucidated that the reasons for this confirmation of initial valve size selection after 

receiving the simulation report were, in descending order, the: 1) predicted PVL (23 of 39); 

2) predicted perimeter oversizing (12 of 39); 3) predicted maximum contact pressure (11 of 

39); 4) predicted contact pressure index (10 of 39); 5) predicted calcium displacement (3 of 

39); 6) predicted frame deformation (3 of 39); 7) absence of information that would lead to a 

change in valve size selection (3 of 39); and 8) difference in conventional aortic root 

measurements (1 of 39).  

The target depth of implantation after simulation differed from the pre-TAVR planned target 

depth of implantation in 7 of the 42 patients (17%) (Central illustration) (lower target of 

implantation in 4 and higher in 3). Reasons for changes in target depth of implantation were 

the predicted: 1) PVL in 5 of 7 patients; and 2) maximum contact pressure and/or contact 

pressure index in 2 of 7 patients. In 33 of the 42 patients (79%), the pre-TAVR target depth of 

implantation did not change because of the: 1) predicted PVL in 21 of 33 patients; 2) 

maximum contact pressure in 14 of 33 patients and/or 3) predicted contact pressure index in 

12 of 33 patients; 4) presence of preprocedural pacemakers in 3 of 33 patients; 5) absence of 

information that would lead to a change in depth of implantation in 1 of 33 patients; and 6) 

difference in conventional aortic root measurements in 1 of 33 patients.  

In 16 of 42 patients (38%), simulation affected the TAVR procedure (Central Illustration); in 9 

of 16, the operator avoided additional measures to achieve the target depth of implantation, 

as predicted outcome by simulation on the achieved depth of implantation was acceptable. 

In 7 of 16 patients, the operator adjusted the target depth of implantation (higher in 2, lower 

in 5) as a result of the simulation report. 

 

Secondary endpoint(s): simulation versus no simulation 

Secondary endpoints are summarized in table 2. Acknowledging the observational nature of 

the study, there were no differences in valve performance, CA, and major adverse 

cardiovascular and cerebrovascular events (supplemental table). The mean depth of 

implantation was similar between the 2 groups (7 ± 3 mm vs. 8 ± 3 mm; p = 0.37). 
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Central illustration. Work Flow and Main Findings of the TAVIguide Study. MSCT = multislice 

computed tomography; PVL = paravalvular leak; TAVIguide = Added Value of Patient-Specific 

Computer Simulation in Transcatheter Aortic Valve Implantation; TAVR = transcatheter aortic valve 

replacement. 

 

Secondary endpoint(s): prospective validation 

There was a trend toward higher predicted PVL in patients in whom AR was observed (12 

ml/s [IQR: 6 to 16.5 ml/s] vs. 17.5 ml/s [IQR: 8.9 to 32.9 ml/s]; p = 0.13). A similar trend was 

observed for the predicted contact pressure index: TAVR-induced CA were associated with 

an increased index (21% [IQR: 17% to 26] vs. 31% [IQR: 23% to 41%]; p = 0.07). The 

maximum contact pressure was similar between patients with and those without TAVR-

induced CA (0.34 MPa [IQR: 0.22 to 0.64 MPa] vs. 0.53 MPa [IQR: 0.34 to 0.60 MPa]; p = 

0.45). 
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Table 2. Technical outcome after TAVR (secondary endpoints). 

  
   

 Overall 
cohort 

Simulation 
No 

simulation 
p-

value 
     

 n = 80 n= 42 n= 38  

          

Aortic regurgitation (Sellers) ≥ moderate, n (%) 0 0 0  

New conduction abnormalities     

First degree AVB, n (%) 11 (14) 5 (12) 6 (16) 0.61 
Third degree AVB, n (%) 8 (10) 3 (7) 5 (13) 0.47 
LBBB, n (%) 24 (30) 12 (29) 12 (32) 0.77 
RBBB, n (%) 3 (4) 0 3 (8) 0.10 
Unspecific, n (%) 1 (1) 0 1 (3) 0.48 
Any conduction abnormality (total ≥ 1 of the 
above) 

37 (46) 17 (41) 20 (53) 0.28 

Valve performance (TTE)     

Aortic valve     

Velocity time integral (cm), mean ± SD 32 ± 7 31 ± 7 34 ± 7 0.09 
Peak velocity (m/sec), mean ± SD 1.8 ± 0.4 1.7 ± 0.3 1.8 ± 0.4 0.12 
Mean gradient (mmHg), mean ± SD 7 ± 3 6 ± 2 7 ± 3 0.10 
LVOT diameter (mm), mean ± SD 21 ± 2 21 ± 2 21 ± 3 0.83 

VTI ratio, median (IQR) 
0.63 (0.57-

0.77) 
0.63 (0.57-

0.84) 
0.63 (0.56-

0.76) 
0.54 

Aortic valve area (cm2), mean ± SD 2.2 ± 0.5 2.2 ± 0.4 2.2 ± 0.6 0.55 

Indexed aortic valve area (cm2/m2), median (IQR) 1.1 (1.0-1.3) 1.1 (1.0-1.3) 
1.08 (0.94-

1.34) 
0.78 

AR     

PVL circumferential extent (PARS-SAX-CE score) 
(%),mean ± SD* 

8 (3-14) 10 (7-18) 4 (1-11) 0.10 

Aortic Regurgitant Volume (AR-RV) (mL),  
mean ± SD** 

12 (3-21) 9 (2-24) 13 (5-19) 1.00 

Aortic Regurgitant Fraction (AR-RF) (%),  
mean ± SD** 

23 (6-27) 10 (2-28) 23 (8-27) 0.81 

Transvalvular AR grade, n (%)    1.00 
      None or trace 77 (96)*** 40 (95) 37 (97)  

      Mild 1 (1) 1 (2) 0  

      Moderate 0 0 0  

      Severe 0 0 0  

    Aortic PVL grade, n (%)    0.65 
      None or trace 42 (53) 21 (50) 21 (55)  

      Mild 29 (36) 15 (36) 14 (37)  

      Moderate 5 (6) 4 (10) 1 (3)  

      Severe 2 (3) 1 (2) 1 (3)  

    Total AR grade, n (%)    0.62 
      None or trace 41 (51) 20 (48) 21 (55)  

      Mild 30 (38) 16 (38) 14 (37)  

      Moderate 5 (6) 4 (10) 1 (3)  

      Severe 2 (3) 1 (2) 1 (3)  
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Discussion 

The TAVIguide study was a prospective, multicenter registry in which we sought to explore 

to what extent information from patient-specific computer simulation in patients with aortic 

stenosis scheduled for Evolut R valve implantation affected the physician’s initial valve size 

choice (before simulation results), its reason, and whether the information also affected 

other treatment planning–related issues and/or the execution of the TAVR procedure.  

Acknowledging the small scale of the study, the main findings are that simulation did not 

affect valve size selection but had more profound effects on the selection of the target depth 

of implantation (7 patients) and the execution of TAVR to achieve the desired depth of 

implantation (also 7). In 2 patients, the operator decided to use another valve type. As far as 

a comparison can be made in an observational study, the findings from the simulation and 

concurrent no-simulation groups indicate that simulation did not affect outcome in terms of 

valve performance and CA. 

Yet patient-specific computer simulation may have an additional value in particular subsets 

of patients, such as those with bicuspid and/or heavily calcified bi-tricuspid aortic valves, flat 

sinuses of Valsalva, extreme elliptical aortic annuli, calcification of the annulus extending 

into the LVOT, mitral valve prostheses in situ, and so on. Interestingly, factors that 

influenced the operator to confirm or change his or her initial valve size choice (decision 1) 

were not only the standard outcome measures of simulation (PVL, contact pressure) but also 

the degree of oversizing, calcium displacement, and frame geometry. This reflects that the 

physicians had a more subtle and refined approach with an eye for detail when treating 

patients with TAVR. Attention to degree of oversizing may in particular be important when 

using a balloon-expandable prosthesis, as this may be associated with an increased risk for 

annular rupture (15). Coronary obstruction is rare, but in this study, calcium displacement 

into the direction of the coronary ostium was taken into consideration for TAVR planning in 

3 of 39 patients (8%). This implies the eventual role of patient-specific computer simulation 

Left ventricle 
Ejection Fraction apical 4 chamber (%), mean ± SD 51 ± 10 49 ± 11 53 ± 8 0.14 

Values are n (%), mean ± SD, or median (interquartile range). *Available in n = 30. **Available in n = 
19. ***Insufficient image quality in n = 2. AR = aortic regurgitation; PARS-SAX-CE = parasternal 
short-axis circumferential extent; TTE = transthoracic echocardiography; other abbreviations as in 
table 1. 
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in patients with heavily calcified leaflets and/or flat sinuses. The same holds for frame 

geometry. Studies using rotational angiography immediately after implantation have shown 

that balloon-expandable and mechanically expanding prosthesis lead to a circular frame 

geometry after expansion, while the self-expanding platform adjusts to the geometry of the 

aortic annulus (16). Predictors of nonuniform valve expansion are not elucidated, as the 

series so far have been too small. Yet it is conceivable that this in particular may be the case 

in bicuspid and/or heavily calcified annular or leaflets aortic valve pathologies, suggesting 

the role of simulation in those patients (17,18). In a small single-center observational study 

encompassing 9 patients with bicuspid aortic stenosis, Dowling et al. reported that 

simulation altered the treatment strategy in 8 patients (18). In 3 patients, it was decided to 

refrain from TAVR and send the patient for surgery because of predicted moderate to severe 

PVL. In the remaining 6 patients who underwent TAVR with Evolut R, valve size and/or 

implantation depth was altered in 5 to minimize PVL and/or conduction disturbance. In 1 

patient, simulations suggested significant conduction disturbance, and the patient received a 

permanent pacemaker prior to the procedure.  

The most striking observation in this study was the effect of computer simulation on the 

execution of TAVR (change in depth of implantation), mainly because of concerns in relation 

to PVL and/or CA. The risk for the latter was assessed by the contact pressure and contact 

pressure index in the LVOT, where the conduction tissue is located. This is in accordance 

with the concept proposed by Jilaihawi et al., who proposed the use of computed 

tomography– derived distance of the membranous septum from the aortic annulus, 

although computer simulation includes contact pressure for assessment of the risk for CA in 

addition to the geometric relationship of the septum and annulus (19).  

In agreement with a previous retrospective study, 2 valves were selected for simulation in a 

significant number of patients (27 of 42 patients), as the measurements were in the gray 

zone for valve size selection (5). Deep learning has already been shown to accurately define 

aortic annular dimensions, eliminating interobserver and intraobserver variability and 

enhance physician work flow (automated annular measurement <1s). Deep learning 

conceptually can also be used for automation of sizing, which may increase TAVIguide’s 

usability and clinical applicability (20–22). The incorporation of these modern technologies 
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may not only improve clinical work flow but also promote patient-tailored treatment 

planning (i.e., precision medicine). 

As TAVR moves toward low-risk patients and rapidly expands, becoming the mainstream 

treatment for aortic stenosis, in addition to the expansion of centers performing TAVR with 

varying degrees of experience and the emergence of new valve manufacturers, it is 

conceivable that patient-specific computer simulation may be either provided by 

manufacturers as a service to physicians, ensuring outcomes, or by the operator in particular 

in case of a small experience. The inclusion of deep learning may serve to further automate 

the process of procedural planning and may enhance this process (22).  

 

Study limitations  

The main limitations are the scale of the study and its observational nature. To prove true 

added clinical value, a randomized controlled trial or prospective study needs to be 

conducted in an appropriately sized sample size in which the primary outcome measures are 

of a technical nature (PVL, CA, new permanent pacemaker implantation analyzed and 

adjudicated by independent core laboratory analysis and a clinical events committee). Also, 

only patients scheduled to undergo TAVR with the Evolut R platform were included. It is 

conceivable that different findings might be observed when including valve type in the 

treatment decision and work-up for TAVR. Simulation could elucidate this and is subject of 

future clinical research. 

 

Conclusions 

In this prospective, observational study, patient-specific computer simulation did not affect 

valve size selection but did affect the selection of the target depth of implantation and the 

execution of TAVR to achieve the desired target depth of implantation for the sake of 

improved outcome (PVL, CA). 
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Supplementary material 

 

Supplemental table. Clinical outcome after TAVR (secondary endpoints). 

  
   

 

Overall 
cohort 

Simulation 
No 

simulation 
p-value 

     

 n = 80 n= 42 n= 38  
          

MACCE, n (%)     
  All-cause mortality 0 0 0  
  Myocardial infarction 0 0 0  
  Stroke 2 (3) 0 2 (5) 0.23 

    Disabling 0 0 0  
    Non-disabling 1 (1) 1 (2) 0  
    TIA 1 (1) 1 (2) 0  
  New pacemaker implantation 10 (13) 5 (12) 5 (13)  
    Indication 3rd degree AVB 8 (10) 3 (7) 5 (13) 0.47 

    AV conduction disorder with BBB 2 (3) 2 (5) 0 0.50 

  Bleeding 6 (8) 5 (12) 1 (3) 0.20 

    Life-threatening 1 (1) 1 (2) 0  
    Major 1 (1) 1 (2) 0  
    Minor 4 (5) 3 (7) 1 (3) 0.62 

  Vascular complications 10 (13) 7 (17) 3 (8) 0.32 

    Major 4 (5) 3 (7) 1 (3) 0.62 

    Minor 6 (8) 4 (10) 2 (5) 0.68 

    Acute kidney injury 1 (1) 0 1 (3) 0.48 

Values are expressed in median (interquartile range), n (%) or mean ± SD. 
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Chapter 10  

Definition of the aortic valve plane by means of a novel dedicated software program: Proof 

of concept and validation with multi slice computed tomography. El Faquir N, Rahhab Z, 

Schultz CJ, Maugenest AM, Aben JP, Slots T, van Domburg R, Van Mieghem N, de Jaegere P. 
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Abstract 

Background 

Proper selection of the C-arm angulation during transcatheter aortic valve implantation 

(TAVI) is essential. Currently multi slice computed tomography (MSCT) is increasingly used to 

determine the C-arm angulation and is considered the gold standard. Yet, MSCT is not 

available in the catheterization laboratory and requires expertise. We sought to evaluate the 

accuracy of a novel software providing the optimal angiographic projection (i.e. three cusps 

on one line, equally in size and posterior, right and left cusp sequence- optimal angiographic 

projection [OAP]) based on two contrast angiograms.  

Methods 

Software was validated by comparing the difference in OAP between MSCT (reference) and 

software (CAAS A-Valve) in 67 patients and by qualitative comparison of the aortograms 

performed in accordance to MSCT and CAAS A-Valve defined OAP in 20 patients by 2 blinded 

assessors.  

Results 

The median (IQR) difference in the OAP between MSCT and software was 12.4 (7.5-20.1) and 

18.9 (10.8-28.5) degrees. For the qualitative comparison, an overall score ≥ 2 (acceptable-

perfect) of 90% was reached by both observers for OAP derived by MSCT. It was 85% and 

90% (observer 1 and 2) for OAP derived from the software and was 90% after consensus. 

The interobserver variability (mean difference and SD) for assessment of OAP curve and OAP 

itself was 1.6 (SD = 5.8, p = .23) and 9.5 (SD = 18.4) degrees (p = .03) respectively. 

Conclusions  

The CAAS A-Valve software adequately defines the OAP and is clinically useful in patients 

who do not have a MSCT prior to TAVI. 
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Introduction 

Transcatheter aortic valve implantation (TAVI) is increasingly used to treat selected patients 

with aortic stenosis and has shown to improve survival and quality of life (1-5). Safety of the 

procedure depends on, among others, correct positioning of the bioprosthesis since 

inaccurate or incorrect positioning may lead to a number of complications such as 

conduction disorders, paravalvular leakage and valve embolization (6). Proper selection of 

the C-arm angulation in which the three aortic sinuses are depicted on one single line in the 

sequence of posterior, right and left sinus, the optimal angiographic projection (OAP), by 

contrast angiography during TAVI is essential (7-11). Multi slice computed tomography 

(MSCT) is increasingly used to define OAP and is currently considered the gold standard (7, 8, 

12).  

Yet, MSCT is not available in the catheterization laboratory and in absence of MSCT before 

TAVI repeated contrast angiograms have to be performed before valve implantation. To 

address this issue, software has been developed that allows the operator to select the 

optimal projection from a multitude of possible projections (OAP curve) but without 

certainty of the sequence consisting of posterior-, right-, and left coronary cusp (9). The aim 

of the present study is to present a novel image analysis software (CAAS A-Valve 1.0, Pie 

Medical Imaging, the Netherlands) which provides the OAP based on two contrast 

angiograms with at least 30 degrees difference. We also sought to evaluate its accuracy by 

comparing the OAP derived from the software with the one derived from MSCT and its 

applicability by assessment of interobserver variability. 

 

Methods  

Patients  

The study population consists of 67 patients with aortic stenosis who underwent TAVI 

between May 2007 and May 2012. All patients gave informed consent before admission for 

anonymised prospective data collection for clinical research purposes (data analysis and 

publication) and the study protocol conforms to ethical guidelines. All patients had tricuspid 

valves and undergone MSCT for procedure planning (i.e. access site and valve size) as 

described before (7). 47 patients were retrospectively identified who had two high quality 
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aortography in two projections at least 30 degrees apart (cohort A). In these patients and in 

a prospective series of 20 patients (cohort B) in whom angiograms were performed in 2 

predefined projections (LAO 50, RAO 25) the software was validated by comparison with 

MSCT. The OAP derived from the software was used for valve implantation if the one 

derived from MSCT was incorrect. In case the OAP derived from the software was also 

incorrect, conventional angiography with repeat injections was used to obtain an OAP.  

 

Determination of OAP by MSCT  

Technical details of the MSCT, protocol of data acquisition and analysis have been described 

in detail before (7, 13, 14). The volume of iodinated contrast material (Visipaque® 320 mg/ml, 

GE Health Care, Eindhoven, The Netherlands) was adapted to the expected scan time. A 

contrast bolus (50-60 ml) was injected in an antecubital vein at a flow rate of 5.0 ml/s followed 

by a second contrast bolus of 30-40 ml at 3.0 ml/s (13).  

 

Determination of OAP by CAAS A-Valve  

OAP defined by the software was based upon the following: two aortograms (Iodixanol 

[Visipaque™] 20 ml, flow rate of 20 ml/sec, cine speed of 30 frames/sec) which differ at least 

30 degrees in viewing angle were first acquired. On both aortograms the ascending aorta is 

segmented by the user using spline drawing methods and a three-dimensional (3D) 

reconstruction of the aortic root is calculated based on well-established reconstruction 

techniques derived from CAAS QCA3D (15-18). The 3D geometry of the aortic annulus is used 

to calculate all possible projections which are optimal in terms of viewing the aortic root 

perpendicular to the axial plane of the aortic valve annulus, resulting in an optimal 

angiographic projection curve (see figure 1). Any projection on this curve is a projection in 

which all three aortic cusps are aligned (i.e. on one single line). On this curve there is one 

unique projection in which all three aortic cusps are viewed equally in size; the right 

coronary cusp R in-between the posterior cusp P (non-coronary cusp) and the left-coronary 

cusp L, the OAP. To obtain this OAP, the user needs to identify the right-coronary cusp in 

both aortograms. As soon as the right-coronary cusp is indicated in one aortogram, guidance 

will be automatically provided to assist the user in selecting the right-coronary cusp in the 
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other aortogram. Based on this information the location of right-coronary cusp on the 

surface of the 3D reconstruction is defined. Using the fact that the right-coronary cusp is 

positioned in the centre of the aortic root, the OAP is calculated by computing the direction 

vector starting from the centre of the 3D reconstruction to the location of the right-coronary 

cusp in the surface of the 3D reconstruction. Calculations were performed with CAAS A-

Valve 1.0 (Pie Medical Imaging, the Netherlands). 

 

Figure 1. 

Schematic 

process in 

defining the 

optimal 

angiographic 

projection with 

CAAS A-Valve. 

 

 

 

Comparison of OAP between MSCT and CAAS A-Valve 

The OAP’s from MSCT and CAAS A-Valve were determined by independent and separate 

observers at separate times and blinded to one-another’s results.   

Validation of the accuracy of the software was performed by quantitative comparison of the 

OAP derived from MSCT and CAAS A-Valve in all patients (cohort A and B) by experts. This 

was done by calculating the 3D angle difference between MSCT and CAAS A-Valve 

projections as follows: The viewing direction of the x-ray source depends on the rotation and 

angulation of the C-arm and defines a direction in space by a 3D unit  

vector (x,y,z); where ( ) ( )angulationrotationx cossin = , ( )angulationy sin=  and 

( ) ( )angulationrotationz coscos =      (1) 
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To define the angle between two different X-ray viewing projections, the dot product is used 

of their unit vector. The angle between the MSCT projection and the OAP obtained by the 

software is calculated by: 

( )MSCTOAPMSCTOAPMSCTOAP zzyyxxangle ++= −1cos   (2) 

Besides the OAP, the software also provides an optimal angiographic projection curve (OAP 

curve) representing all possible C-arm projections in which the X-ray source is positioned 

perpendicular to the axial plane of the aortic valve annulus. The angle between the OAP 

derived from MSCT and the closest projection on this curve is defined by:  

( )MSCTiMSCTiMSCTii zzyyxxARGMINangle ++= −1cos   (3) 

where ),,( iii zyx is the 3D unit vector on each position i of the optimal angiographic 

projection curve. Both angles are computed by use of Matlab 2007b (The MathWorks, Inc., 

Natick, Massachusetts, United States) (see figure 2). 

 

Figure 2. Example of Matlab output. An OAP curve is shown with the OAP on the curve. The MSCT 

projection and the closest point between the MSCT projection and the OAP curve are also shown. 
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Qualitative comparison of the aortograms obtained in the OAP derived from MSCT (pre-

procedure) and the CAAS A-Valve (peri-procedure) was made in cohort B by means of a 

scoring system in which the following 3 elements were visually assessed: 1) alignment of 

aortic siuses on one single line, 2) unique sequence of sinuses and 3) an overall score 

revealing the degree of physician’s satisfaction of the proposed OAP (see figure 3). The OAP 

images were independently scored by two operators using a score varying between 1 and 3 

(i.e. 3 = perfect, 2 = acceptable and 1 = poor). In case of discrepancy, consensus was reached 

by plenary discussion with the 2 operators. Discrepancy was defined as a score difference of 

two points in one of the three elements. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Illustration of visual assessment and grading of optimal projection. Made by M El Faquir. 

 

Validation of the reproducibility of the software was performed in cohort B. Two 

independent investigators, which were trained in using the CAAS A-Valve software, 

performed an analysis of all patients within cohort B. Reproducibility of the OAP was 

assessed by the interobserver variability of the 3D angle between the OAP obtained by two 

observers using the mathematical dot product; 
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angle = cos−1 ( xobs1 ⋅ xobs 2 + yobs1 ⋅ yobs 2 + zobs1 ⋅ zobs2 ) (4) 

In order to define the sign of the angle we choose as reference vector the mean normal vector 

of the OAP’s from observer 1 and observer 2 obtained in each patient. 

 

The reproducibility of the OAP curve was measured by computing the difference in the 

normal vector of the plane defining the optimal projection (see figure 4) between the two 

observers using the mathematical dot product. The plane defining the optimal projection 

was reconstructed from the OAP curve. Sign differences (+ or -) were defined by using a 

reference vector which was perpendicular to the mean normal vector of all measurements 

from observer 1 and observer 2. 

 

 

 

 

 

 

 

 

 

Figure 4. Illustration of the normal vector of the optimal valve plane. 

 

Statistics 

Categorical variables are presented as frequencies and percentages, continuous variables are 

presented as the mean and SD or, if the distribution was not Gaussian, as the median and 
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interquartile range (IQ range). For the reproducibility a signed Student’s t-test was performed. 

A P value of less than .05 was considered to indicate a statistically significant difference. 

Statistical analysis was done using SPSS 20.0. 

  

Results  

The baseline patient characteristics and procedural information are summarized in table 1. 

With respect to validation, the median (IQR) difference in the OAP between MSCT and the 

software was 12.4 (7.5-20.1) and 18.9 (10.8-28.5) degrees in cohort A and B, respectively. The 

median (IQR) difference between the OAP derived from MSCT and the nearest point on the 

OAP software curve was 8.8 (3.9-1 7.7) and 14.6 (9.4-17.9) degrees in cohort A and B, 

respectively (see figure 2). 

 

Table 1. Baseline and procedural characteristics (n= 67) 

Age (yrs), median (IQR) 81 (80-86) 

Male, n (%) 39 (58) 

Height (cm), mean ± SD 167  ± 9 

Weight (kg) , median (IQR) 72 (65-86) 

Body Mass Index (kg/m2), median (IQR)  27 (24-29) 

Body Surface Area (m2), median (IQR) 1.83 (1.69-2.05) 

Tricuspid valve, n (%)                                                  67 (100) 

Valve type                                            

-Medtronic Corevalve System, n (%) 64 (96) 

-Edwards Sapien XT, n (%) 2 (3) 

-No valve, n (%) 1 (1) 

Valve size  

-26mm, n (%) 24 (36) 

-29mm, n (%) 38 (57) 

-31mm, n (%) 4 (6) 

Values are expressed in median (interquartile range), n (%) or mean±SD. 
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With respect to the qualitative comparison of OAP between MSCT and software, an overall 

score ≥ 2 (acceptable or perfect) of 90% was reached by both observers for OAP derived by 

MSCT. It was 85% and 90% (observer 1 and 2) for OAP derived from the software and was 

90% after consensus (see figure 5). For alignment of the sinuses by MSCT, a score ≥ 2 

(acceptable or perfect) was 85% and 90% in observer 1 and 2, respectively and, was 95% and 

85% for the software. After consensus, a score of 90% was reached for both MSCT and the 

software. For the unique sequence of the sinuses by MSCT, a score ≥ 2 (acceptable or 

perfect) was 85% in both observers and was 80% and 85 % by the software in observer 1 and 

2. After consensus, a score of 95% was reached for MSCT and 85% for the software. 

The mean (SD) interobserver variability (applicability software) for assessment of OAP curve 

and OAP itself was 1.6 (SD = 5.8, p = .23) and 9.5 (SD = 18.4) degrees (p = .03) respectively. 

During valve implantation in 8 cases the OAP derived from the software was used, in 8 cases 

the OAP derived from MSCT was used and in 4 cases the OAP derived by conventional 

angiography with repeat injections was used. 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Details of the qualitative comparison of OAP between MSCT and software concerning the 

overall score. 
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Discussion 

In this study, software for the definition of the OAP is described. We found that the CAAS A-

Valve software accurately determines OAP in comparison with MSCT. The median (IQR) 

difference in OAP between the software and MSCT was 12.4 (7.5-20.1) and 18.9 (10.8-28.5) 

degrees in cohort A and B, respectively. Qualitatively, the overall score and alignment were 

found to be equal for both the software and MSCT. MSCT, however, was marginally superior 

to the software in the definition of the unique sequence of sinuses. 

The importance of appropriate visualization of the aortic root in the various phases of TAVI 

(planning, execution and evaluation) is now widely recognized and has been subject of 

clinical research evaluating novel software for improved visualization of the aortic root 

including valve plane and on-line continuous assessment of the relation between the 

bioprosthesis and annulus (8-11, 19-22). 

With respect to clinical relevance of OAP, Samim et al. compared OAP derived from pre-TAVI 

MDCT by a dedicated automated 3D analysis system with conventional angiography and 

demonstrated that the first mentioned is associated with a reduction in contrast use, 

radiation and less kidney injury during TAVI (10). In contrast to Samim et al., CAAS A-Valve 

requires two angiograms’ and does not depend on a pre TAVI CT scan or conventional 

angiography with repeat injections, which could be also associated with less radiation 

exposure, less total contrast use and less kidney injury. Since CAAS A-Valve is not based on a 

pre TAVI CT scan, there is also no necessity of a MSCT scanner and its expertise. 

Furthermore, the automated 3D analysis system described by Samim et al. may affect its 

performance since the position of the patient during MSCT may vary from the one during 

TAVI. Also Gurvitch et al., used pre-TAVI MSCT which was evaluated in a cohort with only 

conventional angiography which resulted in no difference in outcome (8). However, MSCT 

seemed to provide more accurate valve deployment and reduce malposition, this needs to 

be confirmed for CAAS A-Valve in future studies. An important difference is that 

angiographic separation and correct sequence of the sinuses was a requirement of the 

definition of the OAP in the present study, but not in earlier studies (8, 10). When this 

requirement is not specifically addressed, the non- and right coronary sinuses may 

completely overlap in some patient anatomies in commonly used implantation views, which 

may lead to inadvertent positioning of the pigtail catheter in the right instead of the non-
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coronary sinus. As the pigtail is sometimes used as reference point to guide the device 

positioning before deployment this could lead to device release at a higher level than 

intended by the operator. 

In Kurra et al., a comparison between angiography and MDCT demonstrated no significant 

difference in annulus diameter in the LAO projection, respectively 2.3 cm (SD = 0.3) vs. 2.4 

cm (SD = 0.3), (p = .052; 95% CI: -0.1 to 0.2) and a small but significant difference in the RAO 

projection, respectively 2.4 cm (SD = 0.3) vs. 2.2 cm (SD = 0.3), (p = .029; 95% CI: -0.2 to 0.01) 

(23). In contrast with Kurra et al., a comparison between the complete angulations (in 

degrees) of the OAP derived by MSCT and CAAS A-Valve is made here instead of an apart 

analyses of the RAO and LAO angles based on annulus diameter. Due to the difference in 

analyses, a comparison with the present study is not likely and this may also explain the 

difference in the quantitative measurements. Moreover, determination of OAP in clinical 

practice consist of qualitative elements which cannot be assessed by numbers. 

Similar to our study, the software described by Tzikas et al. does not depend on a pre-TAVI 

MSCT (9). Yet, the software described by Tzikas et al. provides only the OAP curve while 

CAAS A-Valve provides both the OAP curve and the ideal working projection (OAP). The 

latter may be associated with lesser contrast use and safety by improved implantation 

technique as a result of optimal visualisation of the target zone. The clinical benefit of OAP 

relative to other techniques of planning and guidance, however, needs to be assessed by 

appropriately designed studies. 

Both MSCT and CAAS A-valve derived OAP’s were accurate enough to be clinically useful in 

90% of cases. Yet the cases where accuracy was suboptimal were different for MSCT and the 

software, likely because of the differences between the 2 techniques. The MSCT definition of 

the OAP may be hindered in cases with substantial calcification at the level of the annular 

plane, due to the calcium blooming effect caused by signal attenuation. In contrast, the 

software derived OAP is not much hindered by the presence of calcium, but relies on 3D 

reconstruction which may sometimes vary from the true 3D geometry in patients with 

unusual anatomy or if the tracing of the aortic outline by the operator is inaccurate. The high 

clinical utility of both MSCT and software derived OAP’s, despite angular differences 

between the 2 techniques, indicates that there is a range of projections close to the OAP 

curve that meet the clinical requirements of the OAP, rather than only a single projection. 
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Both techniques provide an accurate practical solution in the vast majority of patients 

without the need for additional projections. 

 

Limitations 

The present study is a proof of concept of which its applicability and clinical benefit needs to 

be confirmed. MSCT usually requires more contrast than aortography for determining the 

OAP (80-100 ml vs. 40 ml), while it provides additional information to guide vascular access 

and sizing. Therefore, the value of OAP may be restricted in situations where there is no 

availability of MSCT. 

 

Conclusion 

Whereas MSCT should be used to determine the OAP in patients where it is available for 

procedure planning, the CAAS A-Valve software is clinically useful in patients who do not 

have a MSCT prior to TAVI, or when the expertise needed to obtain the OAP from MSCT is 

not available. 
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Abstract 

Aims 

We describe a new semi-automated method that measures aortic regurgitation (AR) on 

contrast aortography with the objectives of reducing the inter-observer variability and 

standardising image acquisition. 

Methods and results 

Aortograms from three participating centres were reviewed to generate the following quality 

criteria: entire left ventricle and aortic root in view, descending aorta or TOE probe not over-

projected, breath hold, no table motion, and adequate contrast opacification of the aortic 

root. AR was visually graded (Sellers) and was quantified by measuring the area under time-

contrast density curves in the aortic root (reference) and the left ventricle. Quality criteria 

were met in 44 retrospectively identified aortograms and in 22 (69%) of 32 prospectively 

collected aortograms. The visual AR grade (Sellers) was highly correlated with time-density 

measurements including relative area under the curve (RAUC) and qRA index (r=0.81 and 

0.83, respectively, p<0.001). Inter-observer reproducibility of visual grading was moderate 

(kappa 0.47-0.60, p<0.001). Inter-observer measurement of RAUC and qRA index were highly 

correlated (r=0.98, p<0.001) and showed a high level of agreement. 

Conclusions 

Quantification of aortic regurgitation by measurement of time-density changes on contrast 

aortography may improve the reproducibility of AR assessment in the catheter laboratory. 

Steps for standardised aortography acquisition are proposed. 
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Introduction 

Aortic regurgitation (AR) is common after transcatheter aortic valve implantation (TAVI), 

affecting 58% to 70% of patients (1). AR is associated with increased rates of death 

proportionate to the degree of AR (1). The prevalence of AR after TAVI varies substantially 

among different studies. This may reflect real differences between patients and procedure-

related factors such as patient annulus size and degree of calcification, prosthesis type, 

method of sizing (e.g., transthoracic/ transoesophageal echocardiography [TTE/TOE] vs. 

multislice computed tomography [MSCT]), implantation depth in addition to the limited sizes 

of prostheses available (1-6). However, differences in the way AR is assessed may also 

contribute. The assessment of AR after TAVI is more difficult than for native valve AR , 

because it is mostly paravalvular, calcification and metal may attenuate ultrasound signals, 

and multiple regurgitant jets are frequent and may follow irregular trajectories (7, 8). This 

means that conventional methods used for quantification of native valve regurgitation 

including pressure half time, vena contracta location and jet width can frequently not be 

reliably determined. Although specific methods for quantification of periprosthetic AR have 

been proposed by expert consensus, these approaches have yet to be validated and may not 

overcome all of the limitations imposed on echocardiography in TAVI patients (7-9). 

Conceptually, contrast aortography (CA) may have some advantages over echocardiography 

for AR quantification after TAVI. Contrast in the left ventricle represents the cumulative effect 

of all regurgitant jets irrespective of number, location or direction. CA is performed after TAVI 

in most cases in the catheter laboratory where significant AR may be alleviated by device post-

dilatation, repositioning or implanting a second valve. Yet, the current method of grading AR 

on contrast aortography proposed by Sellers in 1964 is semi-quantitative and is subject to 

differences in interpretation (10). In contrast to all other imaging modalities where standard 

protocols define image acquisition and measurement requirements, inform quality 

assessment and allow reproducibility of measurement, the acquisition parameters for CA have 

not been standardised. 

Earlier studies have demonstrated the feasibility of quantification of contrast time-density 

changes to improve reproducibility of evaluation of microvascular perfusion (11). We 

developed a tool that measures the degree of AR by contrast densitometry (CAAS A-valve 

quantitative regurgitation analysis; Pie Medical Imaging, Maastricht, The Netherlands). The 
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aim of this study is to describe the tool, to learn the optimal acquisition parameters and to 

provide pilot data of the inter-individual reproducibility when compared to the method of 

Sellers. 

 

Methods 

Patients and image acquisition quality criteria 

Three participating centres contributed aortograms which were evaluated for adequacy of 

image quality. There are no criteria for standardisation of aortograms and we initially deduced 

criteria based on the Sellers approach (no dynamic contrast adjustment, LV fully in view, no 

over-projection of diaphragms). A review of mostly retrospective images indicated that these 

criteria were frequently not met and highlighted the need for additional criteria (no table 

motion, no TOE probe in view, breath hold). Quality requirements were modified accordingly 

and feedback was given to each site for improving routine clinical acquisition. Further image 

review and criteria modification ultimately resulted in specific stepwise acquisition guide-

lines. A total of 285 aortograms from 161 patients were obtained and reviewed during this 

learning process. The following criteria were used in the final analysis: acquisition mode with 

dynamic contrast adjustment turned off, such as the LV mode on the Siemens AXIOM Artis 

(Siemens AG, Forchheim, Germany) system, entire left ventricle and aortic root in view, 

descending aorta not over-projected on the aortic root or LV, no over-projection of dense 

objects such as TOE probes in the regions of interest, acquisition during breath hold, no table 

motion, and adequate contrast opacification of the aortic root (the aortic root had to be 

completely filled with contrast so that it was entirely visible from the floor of the sinuses to 

the ST junction). The steps taken to learn the final image standardisation and quality criteria 

are shown in figure 1. 

Forty-four retrospectively identified aortograms which met the final image acquisition criteria 

were used to evaluate reproducibility of AR grading by visual score and densitometry and to 

develop a provisional guideline for the interpretation of quantitative regurgitation analysis 

(qRA) measurements. Following the implementation of the image acquisition criteria, an 

additional 32 aortograms were prospectively collected from 30 patients to evaluate success 
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rates for achieving adequate image quality and the reproducibility of the provisional 

guidelines for interpretation of qRA measurements. 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. The steps taken to learn the final image standardisation and quality criteria. 

 

This was an observational study, performed according to the privacy policy of the Erasmus MC 

and the Erasmus MC regulations for the appropriate use of data in patient-oriented research, 

which are based on international regulations, including the Declaration of Helsinki. A waiver 

from the hospital ethical committee was obtained for written informed consent as, according 

to Dutch law, written consent is not required if patients are not subject to acts other than as 

part of their regular treatment. At other sites written informed consent was obtained. 

 

Grading of AR according to Sellers 

Four expert observers visually graded the severity of AR according to the method of Sellers. 

Observers 1 and 2 graded each aortogram independently and blinded to one another’s results 

and the results of the quantification methods. Observers 3 and 4 individually graded each 
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aortogram but simultaneously while viewing the same screen (similar to the way AR may be 

scored by the two implanters during a TAVI procedure). After scoring all aortograms, any 

discrepancies were reviewed by Observers 3 and 4 and resolved by consensus. This meant 

that the consensus grading was independent of Observers 1 and 2 and could also be used to 

evaluate reproducibility. 

 

Grading of AR by qRA 

Two observers independently, and blinded to one another’s results, obtained contrast time-

density curves with the CAAS A-valve qRA by following the same steps. On the aortogram, the 

region of interest is drawn to include the contrast-filled aortic root and the left ventricle. The 

base of the aortic root is indicated (figure 2). The software then stabilises the image by 

subtracting the static back-ground before producing five time-density curves, i.e., in the refer-

ence area (aortic root), and in the left ventricular base, mid and apex and overall (figure 2). All 

values are normalised relative to the maximum density measured in the reference area, which 

is given the value of 100. For each ventricular time-density curve the following were measured 

for each of the first three heart phases after arrival of contrast in the aortic root and overall: 

increase, decrease, absolute area under the curve, reference area under the curve, relative 

area under the curve (RAUC, as a fraction of the reference area), absolute partial area under 

the curve, reference partial area under the curve, relative partial area under the curve, peak, 

phase reference peak, relative peak, mean, reference mean, relative mean, maximum 

upslope, maximum downslope, variance (figure 3). 

RAUC is the single measure which includes the most data obtained from the time-density 

curves. Based on RAUC a colour-weighted contrast time-density map was generated to 

facilitate a visual impression of AR severity (figure 2). 



213 

 

Figure 2. Aortogram 

time-density curve 

analysis step by step. 

The region of interest 

is drawn to include 

the contrast-filled 

aortic root and the 

left ventricle (left 

panel, dotted yellow 

lines). The base of the 

aortic root is indicated (left panel, purple line). The panels on the right show the 5 time-density curves 

generated by the qRA software, i.e., for the aortic root reference area (red), and for the left ventricle 

(LV) base (purple), mid section (light blue), apex (green) and overall (yellow). Cumulative LV contrast 

density maps overlaid on the aortograms give a visual impression of the quantified severity of aortic 

regurgitation ranging from absent (0) to moderate to severe (3) in the examples shown. 

Figure 3. Measurements 

obtained from the time-

density curves of the aortic 

root (red) and the left 

ventricle overall (green) over 

three cardiac phases. For 

each ventricular time-density 

curve the following were 

measured for each of the first 

three heart phases after 

arrival of contrast in the 

aortic root and overall: 

increase, decrease, absolute area under the curve (AUC), reference area under the curve, relative area 

under the curve (as a fraction of the reference area), absolute partial area under the curve, reference 

partial area under the curve, relative partial area under the curve, peak, phase reference peak, 

relative peak, mean, reference mean, relative mean, maximum upslope, maximum downslope, 

variance. Legend: 1: start of contrast injection; 2-4: phase borders; 5: absolute reference AUC; 6: 

absolute ventricular AUC; 7: phase peak; 8: phase upslope; 9: phase downslope; 10: phase increase; 

11: phase decrease. 
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Calculation of the qRA index 

The qRA index was calculated from the first three cardiac phases after the arrival of contrast 

in the aortic root by weighting the RAUC with increasing apical depth and longer duration of 

contrast within the LV (analogous to Sellers’ method). In addition, a peak phase qRA index was 

calculated by a similar weighting but based on the first three phases after the contrast peak 

in the aortic root, and an averaging of all phases leading up to the contrast peak. 

 

Statistical methods 

Data are represented as a mean±SD or median (25th to 75th) percentile as appropriate. 

Pearson’s or Spearman’s correlation coefficient was determined as appropriate. For the 

evaluation of inter-individual differences in measurement the Student’s t-test for paired 

samples was used, and scatter and Bland-Altman difference plots were generated. For the 

evaluation of agreement between different observers of the Sellers grade the kappa statistic 

was calculated. Reproducibility was assessed only for RAUC and qRA index because RAUC is 

the single measure which includes the most data obtained from the time-density curves, and 

it forms the basis from which the qRA index is calculated by incorporating other weighted 

parameters. Statistical significance was determined as a two-tailed p-value <0.05. SPSS 20.0 

(IBM, Armonk, NY, USA) was used. 

 

Results 

Reproducibility of grading of AR according to the method of Sellers 

AR was graded as absent, mild, moderate, moderate-severe or severe according to the 

method of Sellers in, respectively, n (%): 6 (14), 17 (39), 14 (32), 4 (9) and 3 (7) aortograms 

by Observer 1, and in 3 (7), 13 (30), 20 (45), 7 (16) and 1 (2) by Observer 2. Grading of AR 

differed by one grade in 15 (34%) aortograms and was graded more severe in 12 and less 

severe in three by Observer 2 when compared to Observer 1. Similar differences were 

observed among the gradings of Observers 1-4 and between Observers 1 or 2 and the 

consensus grading, although the lowest difference was seen between Observers 3 and 4. The 
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kappa statistic showed a moderate level of agreement among the different observers overall 

(table 1). 

 

Reproducibility of grading of AR by qRA 

Both RAUC and qRA index were very highly correlated between the two observers, both 

r=0.98, p<0.001. There were no significant differences between Observers 1 and 2 in either 

total relative area under the curve (mean±SD:  0.15 ± 0.13 vs. 0.15 ± 0.13, mean 

difference±SD: 0.0±0.03, p=0.4) or qRA index (mean±SD: 0.8 ± 0.6 vs. 0.8 ± 0.7, mean 

difference±SD: 0.0±0.1, p=1.0). 

The scatter plots and Bland-Altman plots show a high level of agreement for both 

parameters (figure 4, figure 5). 

Table 1. Agreement between different observers on grading of aortic regurgitation according to 
the method of Sellers. Observers 1 and 2 graded each aortogram independently and blinded to one 
another’s results and the quantification methods. Observer 3 and 4 graded each aortogram 
independently but while viewing the same screen. After scoring all aortograms any discrepancies 
were reviewed by Observers 3 and 4 and resolved by consensus. 

Kappa ±SE Observer 1 Observer 2 Observer 3 Observer 4 
Observer 3 

& 4 
consensus 

Observer 1 
 

0.52±0.10 0.51±0.10 0.57±0.09 0.51±0.10 

Observer 2 0.52±0.10 
 

0.47±0.11 0.60±0.10 0.60±0.10 

Observer 3 0.51±0.10 0.51±0.10 
 

0.72±0.09 
 

Observer 4 0.57±0.09 0.60±0.10 0.72±0.09 
  

Observer 3 & 4 
consensus 

0.51±0.10 0.60±0.10       

p<0.001 for all kappa values         

 

Correlation of qRA measurements with Sellers’ Grading 

Several measurements from the qRA method were significantly correlated with the Sellers 

grading (table 2). The strongest correlation was seen for relative area under the curve, peak 

contrast density, mean contrast density, qRA index and qRA index from peak. When only the 

basal segment of the left ventricle was used to measure contrast density changes, the 
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correlations with Seller grading remained significant and were numerically only marginally 

lower, with basal region RAUC giving the best result (table 2). 

Figure 4. The scatter and Bland-Altman plots of relative area under the time-density curves measured 

by two observers. The line of best fit and 95% confidence interval are shown on the scatter plot (R2 

=0.964, p<0.001). The difference plot shows the mean difference and limits of agreement (95% 

confidence interval). 

 

Figure 5. The scatter and Bland-Altman plots of qRA index measured by two observers. The line of 

best fit and 95% confidence interval are shown on the scatter plot (R2 =0.97, p<0.001). The difference 

plot shows the mean difference and limits of agreement (95% confidence interval). 
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Interpretation of qRA measurements 

To gain a provisional understanding of how to interpret the severity of AR based on the 

various measurements obtainable from qRA, the statistical distribution of parameters with a 

strong correlation with the Sellers grading was determined for each category of aortic 

regurgitation, as graded visually according to Sellers’ method (the consensus grading was 

used because it gave the highest correlation) (table 3). Based on these data a guideline for 

interpretation of RAUC is as follows: 0.0-0.09 trivial, 0.1-0.19 mild, 0.20-0.29 moderate, 0.30-

0.44 moderate-severe, ≥0.45 severe. Application of these guidelines to the measurement 

made by Observers 1 and 2 is shown in figure 6A. 

 

Table 2. Correlation matrix of different parameters measured by qRA on contrast time-
density curves and the visual grading of AR according to the method of Sellers by different 
observers. 

 Sellers 

Contrast time-density parameter 
Observer 

1 
Observer 

2 
Observer 

3 
Observer 

4 
Consensus 

Absolute AUC 0.70 0.72 0.76 0.74 0.79 

Relative AUC 0.78 0.72 0.79 0.76 0.81 

Maximum increase 0.62 0.52 0.61 0.67 0.68 

Maximum peak 0.75 0.75 0.74 0.78 0.81 

Mean peak 0.77 0.73 0.75 0.76 0.80 

Mean 0.79 0.75 0.75 0.74 0.78 

Maximum upslope 0.38* 0.33 0.31* 0.41‡ 0.41‡ 

Maximum variance 0.51 0.39‡ 0.53 0.57 0.58 

qRA index 0.76 0.75 0.80 0.79 0.83 

qRA index from peak 0.76 0.76 0.74 0.72 0.78 

Basal region absolute AUC 0.60 0.65 0.72 0.72 0.74 

Basal region relative AUC 0.72 0.73 0.78 0.80 0.80 

Basal region maximum peak 0.71 0.74 0.70 0.80 0.78 

Basal region mean peak 0.70 0.73 0.71 0.78 0.77 

Basal region mean 0.68 0.73 0.71 0.76 0.75 

p-values are <0.001 for all correlations unless indicated by * (p<0.05) or ‡ (p<0.01). AR: aortic 
regurgitation; AUC: area under the curve; qRA: quantitative regurgitation analysis 
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Table 3. A provisional guide to interpretation of data from qRA. The statistical distribution of 
parameters measured by qRA is shown for each category of aortic regurgitation as graded visually 
according to Sellers’ method (consensus of 2 observers). 

Median [25th-75th] 
(minimum; maximum) 

Sellers grade (Observer 3 & 4 consensus) N=44 

qRA variable 
0, n=2 1, n=20 2, n=16 3, n=6 

4, 
n=0 

Total AUC 

114.9  

(91.9; 
137.9) 

200.7  

[99.1-
296.2]  

(–150.5; 
700.2) 

716.7  

[477.0-895.7] 
(197.2; 1,737.4) 

1,207.7  

[921.5-2,328.1] 
(438.5; 3,361.1) 

 

Total relative AUC 

0.04  

(0.02; 
0.05) 

0.07  

[0.04-
0.09]  

(0.0; 0.18) 

0.17  

[0.11-0.23]  

(0.07; 0.43) 

0.31  

[0.21-0.49] 
(0.17;0.65) 

 

Maximum peak 
5.4  

(4.1; 6.8) 

9.0  

[5.7-10.8]  

(2.1; 22.4) 

17.8  

[13.0-28.6]  

(9.6; 49.0) 

38.9  

[29.0-52.8] 
(24.5;71.4) 

 

Mean peak 
3.8  

(2.6; 5.1) 

6.0  

[4.4-8.1]  

(0.8; 12.8) 

12.2  

[9.0-22.5]  

(5.3; 36.6) 

28.8  

[17.8-38.8] 
(15.8;46.5) 

 

Mean 
1.4  

(1.0; 1.7) 

3.5  

[2.5-4.7]  

(–3.3; 4.7) 

8.2  

[6.7-15.4]  

(2.5; 26.3) 

20.2  

[12.5-30.3]  

(0.2; 34.3)  

qRA index 
0.3  

(0.2; 0.3) 

0.4  

[0.2-0.5]  

(0.0; 0.8) 

0.9  

[0.6-1.3]  

(0.4; 1.9) 

1.5  

[1.2-2.4]  

(1.0;3.0)  

qRA index from peak 
0.3  

(0.2; 0.3) 

0.5  

[0.3-0.8]  

(0.0; 1.3) 

1.0  

[0.7-1.5]  

(0.6; 2.8) 

1.9  

[1.4-3.1]  

(1.4;3.8)  

Basal relative AUC 

0.03  

(0.02; 
0.04) 

0.10  

[0.07-
0.14]  

(–0.1; 
0.19) 

0.21 

[0.17-0.35]  

(0.04; 0.50) 

0.34  

[0.29-0.42] 
(0.24;0.45) 
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Basal maximum peak 
4.6 

(3.2; 6.0) 

12.5  

[9.4-15.3] 

(3.0; 24.0) 

18.8  

[16.7-31.6]  

(2.7; 51.9) 

38.5  

[34.6-48.5] 
(34.0;48.6)   

AUC: area under the curve; qRA: quantitative regurgitation analysis 

 

 

Figure 6. Scatter plot of relative area under the time-density curve (RAUC) as measured by two 

observers showing provisional interpretation of severity of aortic regurgitation generated from 

retrospective data (A) and applied to prospectively collected aortograms (B). 

 

Prospectively collected aortograms 

Of 32 prospectively collected aortograms a total of 22 (69%) were evaluable. Non-

evaluability was due to breathing or over-projection of the descending aorta (i.e., non-

adherence to acquisition guide-lines). Measurements between the two observers were 

highly comparable for RAUC (mean±SD: 0.10 ± 0.08 vs. 0.11 ± 0.09, mean difference±SD: 

0.01 ± 0.02, p=0.04, r=0.98, p<0.001) and for qRA index (mean±SD: 0.5 ± 0.4 vs. 0.6 ± 0.4, 

mean difference±SD: 0.1 ± 0.1, p<0.01, r=0.99, p<0.001). The application of these guidelines 

for interpretation of RAUC, which were developed from the retrospective cohort, to the 

measurement made by Observers 1 and 2 in the prospective cohort is shown in figure 6B. 
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Discussion 

This study demonstrates the feasibility of quantification of AR by measuring contrast 

density changes over time during contrast aortography. We report a high level of 

agreement between two independent observers for the quantitative method. In contrast, 

only moderate agreement was found for visual scoring between independent observers 

fully blinded to one another’s evaluation. 

A key objective of this first study of qRA was to learn the image acquisition requirements and 

to come up with a proposal for standardised aortography. In addition to basic imaging 

parameters derived from the Sellers approach, we learned that over-projection of the 

descending aorta on the LV or ascending aorta has to be avoided. However, specifying an 

overlap-free projection was not simple because of variability in patient anatomy. Operators 

may be trained to judge the location of the descending aorta from the path of a 

transfemoral pigtail catheter. However, the aorta is much wider than the catheter, and the 

direction of catheter bias is unknown without contrast injection so that steeper angulations 

than anticipated are needed to allow an extra margin of error. Further work is needed to 

simplify the selection of an overlap-free C-arm angulation. We also learned that breathing 

motion is detrimental to image analysis, even when the diaphragms are not over-projected 

on the LV. Motion and overlap were the most common technical exclusions for calculating 

time-density curves of myocardial blush in the TAPAS trial (11). The lack of optimised 

acquisition protocols for contrast aortography is also likely to deteriorate inter-observer 

variability in visual grading of AR, for example, by differential over-projection of the aortic 

root or LV on the spine or descending aorta (10). Sixty-nine percent of aortograms were 

analysable when standardised acquisition criteria were applied prospectively, and this is 

likely to improve further with increasing familiarity. The non-analysability of 31% of 

aortograms was due to non-adherence to acquisition guidelines. Therefore, operators can 

change their imaging practice, despite the barriers of habit and pressure of time in the 

catheter laboratory, and in principle an analysability rate approaching 100% is feasible. 

Echocardiography image acquisition criteria for the reliable evaluation of AR are strict. 

Cardiologists in training memorise these criteria and practise echocardiography with 

feedback over a period of time to internalise a habit of good quality image acquisition. A 

broadly similar approach is needed to learn standardised aortography. In this first study we 
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report RAUC, and qRA index, as the primary variable for quantification of AR. RAUC is the 

single measure that includes the most data obtained from the time-density curves, and it 

forms the basis from which the qRA index is calculated. Modifying the quantitative analysis 

approach may obviate some of the technical image quality requirements. For example, the 

peak contrast density and the RAUC in the LV were both similarly correlated with the Sellers 

grade. Although the reference area in the aortic root is needed for normalisation of all 

variables, it is also an additional component of the formula for calculating RAUC, but not 

peak contrast density. In cases where the aortic root is overlapped or not fully in view, peak 

contrast density may be the preferable measure of AR severity. Similarly, the RAUC 

measured only in the basal segment may be useful when the LV apex is not fully in view or 

obscured. Further work is needed to clarify whether there is one optimal quantification 

approach, such as RAUC, qRA index or peak density, or several which may be best tailored to 

specific image criteria. 

We report considerable overlap between different categories of visual AR grade with respect 

to RAUC and qRA index. Cohn et al reported in 167 patients who had aortography before 

surgical valve replacement that there was much overlap between different categories of AR 

as scored visually on cine-angiography (12). Croft et al reported in 83 patients that 

regurgitant volume index, as calculated from the Fick principle and indicator dilution 

method, varied substantially between different categories of visually graded AR severity (13). 

Michel et al studied 200 patients with a combination of quantitative ventriculography and 

indicator dilution techniques and reported wide scatter in regurgitant volume index and 

fraction with considerable overlap between different grades of AR scored visually (14). Two 

small studies recently reported the feasibility of quantification of regurgitant fraction after 

TAVI with the CoreValve® bioprosthesis (Medtronic, Minneapolis, MN, USA) using velocity-

encoded MRI (15, 16). Alternatively, vena-contracta planimetry on 3D TOE may be 

considered (17). Although beyond the aims of the present study, calibration of the 

measurements obtained from time densitometry against a volumetric method is an essential 

next step to optimise application and interpretation of the results. 
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Limitations 

 

A limitation is that contrast aortography cannot differentiate between valvular and 

paravalvular AR, which may impact on the choice of corrective measures. 

The gold standard used in this study, i.e., visual grading of AR according to Sellers’ method, is 

in daily use and semi-quantitative, but it is partly open to interpretation and shows only 

moderate reproducibility. However, it is prudent to demonstrate an acceptable 

reproducibility of the qRA method before proceeding to more burdensome investigations 

involving volumetric CMRI and quantitative echocardiography. The results of this study pave 

the way for comparison studies to a volumetric method which will inform the interpretation 

of the qRA approach. Visually adequate contrast opacification of the aortic root was a 

requirement but contrast injection volume and rate were not specified. Standardisation of 

injection parameters is likely to improve measurement reproducibility. Our experience 

suggests using undiluted contrast at an injection volume and rate of 30 ml at 15 ml/s or 40 

ml at 20 ml/s. The proposed steps for standardisation of aortography are summarised in 

table 4. 

 

Conclusions 

Quantification of aortic regurgitation by measurement of time-density changes on contrast 

aortography may improve the reproducibility of assessment of AR in the catheter laboratory. 

In keeping with other imaging modalities, standardisation of aortography makes 

measurement possible. Calibration against volumetric methods is needed to optimise the 

interpretation.  
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Abstract 

Background 

The aim of this paper was to explore the determinants of aortic regurgitation (AR) after 

transcatheter aortic valve implantation (TAVI) using multi-slice computed tomography 

(MSCT) instead of echocardiography-guided sizing. 

Methods 

Determinants of AR were assessed in 313 consecutive patients who underwent TAVI with 

the Medtronic (MCS, N=259) or Edwards Sapien or XT (ESV, N=54) using MSCT-guided sizing. 

AR was assessed by angiography immediately after TAVI (N=313, Sellers) and by 

echocardiography at discharge (N=285, VARC-2). Distinction was made between patients 

with grade 0-1 and grade ≥2 AR post-TAVI. 

Results 

AR≥2 post-TAVI was seen in 91 patients or 29% (MCS 85/259: 33% vs. ESV 6/54:11%) by 

angiography and 94 patients or 33% (MCS 87/239:36% vs. ESV 7/46:15%) by 

echocardiography. By univariable analysis, patients with AR≥2 post TAVI had more AR≥2 at 

baseline (70% vs. 52%, P=0.003), a larger mean and maximal annulus diameter (25.0 [23.5-

26.3] vs. 24.0 [22.6-26.0], P=0.025 and 27.9±2.7 mm vs. 27.0 ± 2.8 mm, P=0.018, 

respectively) and a higher Agatston Score (3.9 [2.9-5.3] vs. 2.6 [1.8-3.8], P≤0.001). AR≥2 post-

TAVI was more frequent after MCS than ESV (33% vs. 11%, P=0.001). There was no 

difference in nominal valve size relative to the patient’s annulus, nor depth of implantation. 

By propensity score adjusted multivariable analysis, AR≥2 at baseline (odds 2.407 [95% CI: 

1.472-3.938]) but above all MCS (odds: 6.047 [95% CI; 1.307- 27.976]) were independent 

determinants of AR≥2 post-TAVI. The latter was also confirmed by propensity score adjusted 

multivariable analysis in the echocardiography population (N=285) (odds: 5.259 [95% CI; 

1.070-25.851]). 

Conclusions 

AR≥2 is more prevalent after MCS valve implantation and is an independent determinant of 

AR also when using MSCT guided-sizing. 
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Introduction 

Transcatheter aortic valve implantation (TAVI) is increasingly used in patients with aortic 

stenosis and has been shown to be superior to medical treatment in patients who are 

ineligible for surgical aortic valve replacement (SAVR) and at least equally effective in high-

risk patients (1-6). Aortic regurgitation (AR) post TAVI frequently occurs and is associated 

with increased mortality during follow-up (7-10). Patient - procedure- and operator related 

variables such as the amount and distribution of aortic root calcification, annulus 

dimensions, depth of implantation and sizing have been identified as determinants of AR 

post TAVI (11-22). AR post TAVI is more frequent with the self- expanding Medtronic upon 

echocardiographic assessment of the aortic annulus while MultiSlice Computed Tomography 

(MSCT) has been recommended to improve sizing, thereby reducing AR post CoreValve 

System (MCS) as compared to the balloon expandable Edwards Sapien valve (ESV) (7-9, 22-

24). In most of these studies except the CHOICE randomised study, sizing was based upon 

echocardiographic assessment of the aortic annulus while MSCT has been recommended to 

improve sizing, thereby reducing AR post TAVI (21, 24, 25). We studied the determinants of 

AR post TAVI in a consecutive cohort of patients who were treated with the MCS or ESV 

(Sapien, Sapien XT) after heartteam clinical consensus using MSCT guided sizing (26). 

 

Methods  

Patients  

The study population consists of 313 consecutive patients (figure 1) who had undergone 

MSCT before TAVI. For the assessment of AR post TAVI contrast angiography according to a 

predefined protocol (details below) and echocardiography before discharge were used. TAVI 

was performed under general anesthesia using the MCS or ESV (Sapien, Sapien XT) via the 

femoral, axillary artery or the apex of the heart. Sizing was performed in accordance with 

the industry guidelines using MSCT-derived mean diameter, perimeter and/or area of the 

patient’s annulus. Additional post balloon dilatation was performed in case of moderate to 

severe or severe AR. All patients gave written informed consent before admission for 

anonymised prospective data collection for clinical research purposes (data analysis and 

publication).  
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Figure 1. Flowchart of the study population. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

MSCT  

A Second generation Dual Source (Somatom Definition FLASH, Siemens Healthcare, 

Forchheim, Germany) MSCT, was used for the selection of access site, optimal valve plane 

and valve size as described before (26). For the assessment of the calcium load of the aortic 

root a non-contrast scan was performed in an ECG-gated, prospective, sequential (step and 

shoot) mode with a reference tube current of 80 mAs/rotation, a tube voltage of 120kV and 

slice thickness of 3mm at 1.5mm interval with B35f filtered back projection kernel in the 

early systolic heart phase depending on the heart rate. The threshold for the detection of 

calcium was set at 130HU using the SYNGO VIA Calcium score software (Siemens, Forchheim, 

Germany). The aortic root was defined as the stretching from the caudal aspect of the aortic 

annulus to the origin of the left main stem as seen on axial images. Agatston score, calcium 

volume and mass were measured (27). In cases where aortic root calcification was confluent 

with adjacent structures (mitral annulus, ascending aorta, coronary arteries) only the stack 

of images that contained the aortic root were selected. 
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Angiography 

Contrast angiography was performed immediately after TAVI for the assessment of AR post 

TAVI. For that purpose 20 ml non-diluted Iodixanol [Visipaque™] at a flow rate of 20 ml/sec 

was injected via a 6 Fr pigtail that was positioned just above the bioprosthetic leaflets. 

Cineruns were recorded at a speed of 30 frames/sec. AR post TAVI was assessed in 

accordance to the Sellers classification and graded as follows; 0= none, 1= mild, 2=moderate, 

3=moderate to severe and 4=severe (28). Two observers independently from one another 

scored the angiograms. In case of discrepancy, consensus was reached by consulting a senior 

cardiologist. The intra- and interobserver variability for the assessment of AR post TAVI 

according to the Sellers classification were κ 0.07, 0.60 and 0.78 respectively. For the 

purpose of the study, the population was divided into patients with none-mild (Sellers grade 

0-1) and moderate, moderately severe and severe PVL (Sellers grade 2-4). The contrast 

angiogram was also used for the quantification of the depth of implantation (distance 

between the inflow or ventricular end of the valve and the nadir of the non- and left 

coronary sinus – mm). 

 

Echocardiography  

In 285 patients echo-Doppler cardiography was performed before discharge. AR severity was 

assessed by an independent cardiologist and was defined by the circumferential extent of 

the echo-doppler signal in the parasternal short axis view according to the VARC-2 criteria 

(29). Distinction was made between patients with non and mild (<10%) and those with 

moderate and severe (10-29 and ≥30%) AR. 

 

Statistical analysis  

The main analysis consisted of the assessment of the determinants of AR based by 

comparing patients with Sellers grade 0-1 and 2-4 on angiography immediately after 

implantation. The secondary analysis consisted of the assessment of the determinants of AR 

by comparing patients with none or mild (<10%) and those with moderate or severe (10-29 

and ≥30%) AR on echocardiography before discharge. 
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Categorical variables are presented as frequencies and percentages and, compared with the 

use of the Pearson Chi Square Test or the Fisher’s exact test, as appropriate. Continuous 

variables are presented as means (±SD) (in case of normal distribution) or medians (IQR) (in 

case of skewed distribution) and compared with the use of the Student’s t-test or Mann 

Whitney U test. Normality of the distributions was assessed using the Shapiro-Wilk test. To 

study the independent predictors of AR ≥2 post TAVI logistic regression was performed. All 

characteristics judged to be clinically relevant or to have a pathophysiologic role in AR post 

TAVI were included in a multivariable adjusted logistic regression model, taking into account 

the observed frequency of the dependent variable y (n/10). Additionally, a propensity score 

was computed based on baseline characteristics which were different between the MCS and 

ESV population or those which were considered to be clinically relevant. The first consisted 

of age (p=<0.001), hypertension (p=0.031), peripheral vascular disease (p=0.023), baseline 

aortic valve area (p=0.039) and baseline AR index (p=0.001). The second were mean annulus 

diameter and Agatston score. This propensity score was also entered into the multivariable 

adjusted logistic regression model. A two-sided alpha level of 0.05 was used to indicate 

significance. Statistical analyses were performed using SPSS software version 21.0 (SPSS Inc., 

Chicago, Illinois, USA). 

 

Results  

Baseline 

The baseline clinical and procedural details of the total population and of the patients with 

absent or mild (Sellers grade 0-1) and those with moderate to severe (Sellers grade 2-4) AR 

post TAVI are summarised in table 1 and 2. 

AR ≥2 post TAVI was seen in 91 (29%) of the patients. By univariable comparison, these 

patients had more AR ≥ 2 at baseline (70% vs 52%,p=0.003), a larger maximal and mean 

annulus diameter (27.9 ± 2.7 mm vs 27.0 ± 2.8 mm, p=0.018 and 25.0 (23.5-26.3) vs 24.0 

(22.6-26.0), p=0.025 respectively) and a higher Agatston score (3.9 (2.9-5.3) vs 2.6 (1.8-3.8), 

p=<0.001). 
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Table 1. Baseline characteristics of patients undergoing transcatheter aortic valve implantation.  
 Entire cohort AR post TAVI- AR post TAVI- p-value 

  Sellers grade  Sellers grade 
2,3,4 

 
0-1 

  n = 313 n = 222 n = 91   
     

Age (yrs), median (IQR) 81 (76-85) 80 (75-84) 81 (77-86) 0.12 

Male, n (%) 166 (53) 109 (49) 57 (63) 0.029 

Height (cm), median (IQR) 168 (162-174) 168 (160-174) 169 (164-175) 0.094 

Weight (kg), median (IQR) 74 (65-85) 74 (65-85) 72 (64-81) 0.14 

Body mass index (kg/m2), median (IQR) 26 (24-29) 26 (24-30) 26 (23-27) 0.006 

Body surface area (m2), mean ± SD 1.9 ± 0.2 1.9 ± 0.2 1.8 ± 0.2 0.62 

New York Heart Association class ≥ III, n (%) 239 (78) 170 (78) 69 (78) 0.93 

Previous cerebrovascular event, n (%) 66 (21) 41 (19) 25 (28) 0.076 

Previous myocardial infarction, n (%) 73 (23) 55 (25) 18 (20) 0.34 

Previous coronary artery bypass graft 
surgery, n (%) 

73 (23) 52 (23) 21 (23) 0.95 

Previous percutaneous coronary 
intervention, n (%) 

91 (29) 64 (29) 27 (30) 0.88 

Diabetes mellitus, n (%) 87 (28) 67 (30) 20 (22) 0.14 

Hypertension, n (%) 210 (67) 153 (69) 57 (63) 0.28 

Peripheral vascular disease, n (%) 68 (22) 46 (21) 22 (24) 0.50 

Pulmonary Hypertension, n (%) 19 (6) 13 (6) 6 (7) 0.80 

Severe Pulmonary Hypertension, n (%) 8 (3) 5 (2) 3 (3) 0.70 

Chronic obstructive  
pulmonary disease, n (%) 

91 (29) 63 (28) 28 (31) 0.67 

Atrial fibrillation, n (%) 75 (24) 57 (26) 18 (20) 0.27 

Permanent pacemaker, n (%) 28 (9) 21 (10) 7 (8) 0.62 

Laboratory results     

Creatinine (umol/L), median (IQR) 95 (77-120) 93 (75-115) 97 (80-126) 0.17 

Hemoglobin (g/dl), median (IQR) 7.6 (7.1-8.3) 7.6 (7.1-8.3) 7.7 (7.1-8.4) 0.51 

Echocardiography     

Left ventricular ejection fraction, mean ± SD 50 ± 14 50 ± 15 50 ± 13 1.00 

Aortic valve area (cm2), median (IQR) 0.7 (0.5-0.8) 0.7 (0.5-0.8) 0.7 (0.5-0.8) 0.42 

Peak gradient, median (IQR) 68 (54-85) 67 (53-85) 76 (55-88) 0.093 

Mitral regurgitation grade ≥ II, n (%) 163 (52) 118 (54) 45 (50) 0.50 

Aortic regurgitation grade ≥ II, n (%) 150 (48) 107 (49) 43 (48) 0.89 

AR grade  ≥ II baseline, n (%) 179 (57) 115 (52) 64 (70) 0.003 

AR index baseline, median (IQR) 28 (20-35) 28 (21-36) 26 (20-34) 0.40 

Logistic Euroscore, median (IQR) 13 (9-22) 13 (9-21) 13 (10-23) 0.68 

Multi-sliced Computed Tomography     

Bicpusid aortic valve, n (%) 20 (6) 13 (6) 7 (8) 0.58 

   Type 0 4 (1) 2 (1) 2 (2)  

   Type 1 L-R 9 (3) 6 (3) 3 (3)  

   Type 1 R-N 4 (1) 3 (1) 1 (1)  

   Type 1 N-L 3 (1) 2 (1) 1 (1)  

  minimal annulus diameter (mm),  
median (IQR) 

21.7 (20.0-
23.3) 

21.4 (19.9-
23.2) 

22.1 (20.4-
23.4) 

0.060 
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Table 2. Procedure related factors in patients undergoing transcatheter aortic valve 
implantation.  

      

 Entire cohort 
AR post 

TAVI- 
AR post TAVI- p-value 

  Sellers 
grade 0-1 

Sellers grade 
2,3,4 

 

 n = 313 n = 222 n = 91  

          

Device, n (%)     
  Medtronic CoreValve 259 (83) 174 (78) 85 (93) 0.001 
  Edwards Sapien 54 (17) 48 (22) 6 (7) 0.001 
Access strategy, n (%)    

 

  Trans-femoral 281 (90) 200 (90) 81 (89) 0.78 
  Trans-apical  16 (5) 13 (6) 3 (3) 0.41 
  Trans-subclavian  16 (5) 9 (4) 7 (8) 0.26 
  Trans-iliacal 1 (0) 1 (1) 0 (0) 1.00 
Circulatory support , n (%)  7 (2) 3 (1) 4 (4) 0.20 
Prosthesis size, n (%)    

 

23, 26 –mm 101 (32) 74 (33) 27 (30) 0.53 
29, 31-mm 179 (57) 118 (53) 61 (67) 0.024 
Pre- implantation balloon dilation, n (%) 303 (97) 215 (97) 88 (98) 1.00 
Ratio Ballon/Annulus (Dmean), median 
(IQR) 

0.92 (0.86-
0.97) 

0.93 (0.87-
0.98) 

0.89 (0.85-
0.95) 

0.013 

Ratio Ballon/Annulus (Circumference), 
median (IQR) 

0.90 (0.85-
0.95) 

0.90 (0.85-
0.95) 

0.88 (0.84-
0.93) 

0.018 

Post implantation balloon dilation, n (%) 57 (18) 28 (13) 29 (32) <0.001 
Depth of implantation NCC ( mm), 
median (IQR) 

6 (4-9) 6 (4-9) 7 (5-9) 0.53 

Depth of implantation LCC ( mm), 
median (IQR) 

7 (5-10) 7 (5-10) 7 (5-10) 0.93 

Ratio Valve/Annulus(Dmin), median 
(IQR) 

1.29 (1.21-
1.37) 

1.29 (1.21-
1.37) 

1.28 (1.21-
1.35) 

0.35 

Ratio Valve/Annulus(Dmax), median 
(IQR) 

1.03 (0.98-
1.07) 

1.04 (0.98-
1.08) 

1.02 (0.98-
1.07) 

0.17 

Ratio Valve/Annulus(Dmean), median 
(IQR) 

1.15 (1.10-
1.20) 

1.15 (1.10-
1.21) 

1.14 (1.09-
1.19) 

0.24 

Ratio Valve/Annulus(Circumference), 
median (IQR) 

1.12 (1.07-
1.17) 

1.13 (1.07-
1.18) 

1.12 (1.08-
1.15) 

0.15 

  maximal annulus diameter (mm),  
mean ± SD 

27.3 ± 2.8 27.0 ± 2.8 27.9 ± 2.7 0.018 

  mean annulus diameter (mm),  
median (IQR) 

24.3 (22.9-
26.1) 

24.0 (22.6-
26.0) 

25.0 (23.5-
26.3) 

0.025 

  aortic valve Agatston (/1000) score, 
median (IQR) 

3.0 (2.0-4.3) 2.6 (1.8-3.8) 3.9 (2.9-5.3) <0.001 

  aortic eccentricity, median (IQR) 
0.20 (0.16-

0.25) 
0.21 (0.16-

0.25) 
0.20 (0.15-

0.24) 
0.68 
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Procedural characteristics  

From a procedural perspective, AR ≥2 post TAVI was more often seen after MCS 

implantation than after ESV (33% vs 11%, p=0.001). There was a similar use of balloon 

dilatation after MCS and ESV valve implantation (46 (18%) vs 11 (20%), p= 0.65). In patients 

with AR ≥2 post TAVI, the balloon used for predilatation was smaller (0.89 (0.85-0.95) vs 0.93 

(0.87-0.98) , p=0.013) relative to the patient’s annulus (mean annulus diameter (Dmean)) 

and balloon dilatation post valve implantation was more often performed (32% vs 13%, 

p=<0.001). There was no difference in valve sizing (i.e. nominal valve size relative to the 

patient’s annulus; minimal annulus diameter (Dmin), maximal annulus diameter (Dmax), 

Dmean, Circumference) nor depth of implantation between the 2 groups. 

 

Propensity score adjusted multivariable analysis  

As patients were not randomly allocated to valve type, a propensity score adjusted 

multivariable analysis was performed. The baseline clinical and procedural details of the 

total population and of the patients with MCS and those with ESV are summarised in 

supplemental table 1 and 2. 

 

 

 

 

 

 

 

In the propensity score adjusted multivariable analysis, valve type (i.e. MCS) (odds: 6.047 

[95%CI; 1.307- 27.976], p=0.021) and AR ≥2 at baseline (odds: 2.407 [95%CI; 1.472 –3.938], 

p<0.001 were found to be independent determinants of AR ≥2 post TAVI (table 3). Repeat 

analysis using echo-Doppler cardiography to discern patients with non-mild and those with 

Table 3. Multivariable propensity score adjusted analysis for the 
determinationof AR ≥2 post TAVI (Sellers) in the entire cohort (n=313). 

 OR (95% CI)  p-value  

Male gender  1.194 (0.577-2.472)  0.63  

AR grade ≥ II at baseline  2.407 (1.472-3.938) <0.001 

Maximal annulus diameter (Dmax,mm)  0.913 (0.755-1.104)  0.35  

Medtronic Corevalve System  6.047 (1.307-27.976)  0.021  

Ratio Balloon/Annulus (Circumference)  0.014 (0.000-73.524)  0.33  

Ratio Valve/Annulus(Circumference)  0.003 (0.000-2.326)  0.088  

Bicuspid aortic valve 0.767 (0.228- 2.575) 0.67 
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moderate-severe AR confirmed the above findings and in particular that the MCS valve 

(odds:5.259 [95%CI; 1.070-25.851], p=0.041) was an independent determinant of AR≥2 post 

TAVI (table 4, supplemental table 3). 

 

Table 4. Multivariable propensity adjusted analysis for the determination of 
AR≥2 post TAVI (echocardiography) in n=285. 

 OR (95% CI)  p-value  

Male gender  1.935 (0.899-4.162) 0.091 

AR grade ≥ II at baseline  1.321 (0.800-2.180) 0.28 

Maximal annulus diameter (Dmax,mm)  1.178 (0.943-1.471) 0.15 

Medtronic Corevalve System  5.259 (1.070-25.851) 0.041 

Ratio Balloon/Annulus (Circumference)  7.872 (0.001- 103680) 0.6745 

Ratio Valve/Annulus(Circumference)  0.028 (0.00-29.315) 0.31 

Aortic Peak Gradient (mmHg) 1.021 (1.006-1.037) 0.005 

Bicuspid aortic valve 1.767 (0.523-5.962)  0.36 

 

Discussion  

This study confirms that valve type (i.e. MCS) is an important determinant of AR post TAVI 

also when using CT guided sizing. This is noteworthy given the fact that MSCT has been 

shown to be superior to 2D echocardiography for a more accurate and reproducible 

definition of the annular geometry and dimensions leading to improved sizing and, thereby, 

reducing AR (12, 16, 17, 21, 25, 26). 

With respect to the present findings, we acknowledge that the majority of the patients in 

this study received the self-expanding MCS while a smaller fraction received the balloon 

expandable ESV. Also, the observational nature precludes a direct comparison between 

valves as confounders may have played a role in addition to time bias (experience) since the 

ESV was used later than the MCS. Yet, the findings were confirmed by a propensity score 

adjusted multivariable analysis in the angiography as well as in the echocardiography 

population. The higher incidence of AR after MCS implantation can be explained by the 

findings of CT revealing that the MCS valve – especially at the inflow or ventricular end - is 

more often elliptical while the ESV is more often circular (12, 30-32). In a series of 30 

patients who underwent MSCT after TAVI, symmetrical expansion of the MCS valve was seen 
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in only 5 patients (17%) while circularity of the ESV was seen in all but 2 out of 89 patients 

(98%) and was independent of the native annular anatomy (30, 31). This indicates that the 

MCS conforms to the geometry of the patient’s annulus while the ESV dictates the geometry 

of the annulus. Moreover, in a series of 110 patients treated with MCS, aortic root 

calcification had a higher discriminatory power for the prediction of balloon dilatation after 

MCS valve implantation than annulus dimensions or prosthesis to annulus ratio (14). In 

another 56 patients treated with the MCS, malapposition was seen in 35 (63%) and occurred 

at specific anatomic locations of the left ventricular outflow tract coinciding with AR that did 

not only depend on depth of implantation but also the calcium load of the aortic root (15). 

Asymmetrical expansion is also seen at higher levels of the MCS frame and may also 

contribute to AR post TAVI (30, 33). 

 

Aetiology AR post TAVI  

AR after ESV implantation appears to be predominantly the result of inappropriate sizing 

rather than frame geometry or apposition (11, 12, 16, 17, 20, 21). As mentioned above, the 

ESV is more often circular and a low cover index has consistently been reported to be 

associated with AR post TAVI. This has recently been confirmed by the French registry 

revealing an inverse relationship with cover index and degree of AR (22). This was not the 

case for the MCS valve in which no association between AR and cover index was found. The 

question is, however, whether the cover index can adequately be measured for the MCS 

valve given the hourglass configuration of the frame and the varying degree of depth of 

implantation. These data indicate the importance of correct sizing when using the ESV (i.e. 

neither under- nor oversizing) while some degree of oversizing may be needed when using 

the MCS valve to overcome the calcium load and/or to compensate for variations in position. 

 

Assessment of AR post TAVI  

Similar to the CHOICE study that compared valve function between the MCS and ES valve, 

contrast angiography was the principal method to address the current study objective (24). 

The reason is twofold; contrast angiography is used during every TAVI procedure for 

guidance and evaluation and because of the recognized limitations of echo-Doppler 
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cardiography for AR assessment post valve implantation (34, 35). Although contrast 

angiography has been reported to overestimate the AR severity in comparison to 

echoDoppler, it has conceptually the advantage over echo-Doppler cardiography - analogous 

to MRI – to represent the accumulation of contrast in the left ventricle that is the sum effect 

of all regurgitant jets irrespective of number, location, direction, regurgitation path and/or 

eventual signal attenuation in the presence of calcium and frame (34-39). Even when using 

multiparametric echo analysis, echo-Doppler has recently been shown to inaccurately 

estimate AR severity following TAVI (38, 39). Obviously, the question is how contrast 

angiography compares to MRI and is subject of ongoing research. Noteworthy, irrespective 

of the former discussion, repeat analysis using echo-Doppler assessment (VARC-2 criteria) 

confirmed the angiographical analysis. 

In addition to the limitations summarised above, the herein reported findings only relate to 

the MCS and ESV (Sapien, XT) but not to other type of valves such as among others the novel 

generation self-expanding CoreValve Evolut R valve. Also, the explanation why AR is more 

frequent after MCS than ESV (Sapien, XT) implantation is deduced from MSCT analysis of the 

frame from different populations and studies. It remains to be seen whether the present 

explanation will be confirmed when analysing novel generations of valves. Device-host 

interaction is complex and novel generations of devices may interact in a different way with 

the host. Yet, the findings of this observational study complement those of the randomised 

CHOICE study, thereby, enforcing the role of valve type in the aetiology of AR. 

 

Conclusion 

AR≥2 is more prevalent after MCS valve implantation and is an independent determinant of 

AR also when using MSCT guided-sizing. This is most likely due to the intrinsic biomechanical 

properties and design of the valve indicating room for improvement. 
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Supplementary material 

Supplemental table 1. Baseline characteristics of patients undergoing transcatheter aortic valve 
implantation. Distinction between patients with MCS and ESV. 

     

 Entire cohort MCS ESV p-value 
     

 n = 313 n=259 n=54  

          
     

Age (yrs), median (IQR) 81 (76-85) 81 (77-85) 77 (72-81) <0.001 

Male, n (%) 166 (53) 139 (54) 27 (50) 0.62 

  Height (cm), median (IQR) 
168 (162-

174) 
168 (162-

175) 
167 (162-

172) 
0.78 

  Weight (kg), median (IQR) 74 (65-85) 73 (65-84) 77 (63-90) 0.35 

  Body mass index (kg/m2), median (IQR) 26 (24-29) 26 (24-29) 27 (23-31) 0.24 

  Body surface area (m2), mean ± SD 1.9 ± 0.2 1.8 ± 0.2 1.9 ± 0.2 0.68 

New York Heart Association class ≥ III, n (%) 239 (78) 197 (78) 42 (79) 0.79 

  Previous cerebrovascular event, n (%) 66 (21) 56 (22) 10 (19) 0.61 

  Previous myocardial infarction, n (%) 73 (23) 56 (22) 17 (32) 0.12 

  Previous coronary artery bypass graft 
surgery, n (%) 

73 (23) 63 (24) 10 (19) 0.36 

  Previous percutaneous coronary 
intervention, n (%) 

91 (29) 75 (29) 16 (30) 0.92 

Diabetes mellitus, n (%) 87 (28) 70 (27) 17 (32) 0.51 

Hypertension, n (%) 210 (67) 167 (65) 43 (80) 0.031 

Peripheral vascular disease, n (%) 68 (22) 50 (19) 18 (33) 0.023 

Pulmonary Hypertension, n (%) 19 (6) 13 (5) 6 (11) 0.11 

Severe Pulmonary Hypertension, n (%) 8 (3) 7 (3) 1 (2) 1.00 

Chronic obstructive pulmonary disease, n (%) 91 (29) 77 (30) 14 (26) 0.58 

Atrial fibrillation, n (%) 75 (24) 66 (26) 9 (17) 0.17 

Permanent pacemaker, n (%) 28 (9) 25 (10) 3 (6) 0.44 

Laboratory results     

  Creatinine (umol/L), median (IQR) 95 (77-120) 94 (75-120) 97 (81-120) 0.50 

  Hemoglobin (g/dl), median (IQR) 7.6 (7.1-8.3) 7.6 (7.1-8.4) 7.6 (7.1-8.2) 0.70 

Echocardiography     

  Left ventricular ejection fraction, mean ± SD 50 ± 14 50 ± 14 48 ± 13 0.48 

  Aortic valve area (cm2), median (IQR) 0.7 (0.5-0.8) 0.7 (0.5-0.8) 0.7 (0.6-0.9) 0.039 

  Peak gradient, median (IQR) 68 (54-85) 67 (54-85) 71 (57-85) 0.81 

  Mitral regurgitation grade ≥ II, n (%) 163 (52) 131 (51) 32 (60) 0.20 

  Aortic regurgitation grade ≥ II, n (%) 150 (48) 118 (46) 32 (59) 0.079 

AR Pre Sellers grade  ≥ II, n (%) 179 (57) 148 (57) 31 (57) 0.97 

AR index Pre, median (IQR) 28 (20-35) 28 (21-36) 23 (16-29) 0.001 

Logistic Euroscore, median (IQR) 13 (9-22) 13 (10-22) 13 (7-20) 0.14 

Multi-sliced Computed Tomography     

Bicpusid aortic valve, n (%) 20 (6) 17 (7) 3 (6) 1.00 

   Type 0 4 (1) 4 (2) 0 (0)  

   Type 1 L-R 9 (3) 7 (3) 2 (4)  
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   Type 1 R-N 4 (3) 3 (1) 1 (2)  

   Type 1 N-L 3 (1) 3 (1) 0 (0)  

  minimal annulus diameter (mm), median 
(IQR) 

21.7 (20.0-
23.3) 

21.7 (20.0-
23.3) 

21.4 (20.1-
23.2) 

0.81 

  maximal annulus diameter (mm), mean ± SD 27.3 ± 2.8 27.3 ± 2.8 27.2 ± 2.8 0.76 

  mean annulus diameter (mm), median (IQR) 
24.3 (22.9-

26.1) 
24.4 (22.9-

26.1) 
23.9 (22.8-

26.1) 
0.63 

  aortic valve Agatston 1000 score, median 
(IQR) 

3.0 (2.0-4.3) 3.0 (2.0-4.3) 2.6 (1.9-4.0) 0.65 

  aortic eccentricity, median (IQR) 
0.20 (0.16-

0.25) 
0.20 (0.16-

0.25) 
0.21 (0.15-

0.25) 
0.91 
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Supplemental table 2. Procedure related factors in patients undergoing transcatheter aortic valve 
implantation. Distinction between patients with MCS and ESV. 

     

 Entire cohort MCS ESV p-value 
     

 n = 313 n=259 n=54  

          
     

Access strategy, n (%)    
 

  Trans-femoral 281 (90) 243 (94) 38 (70) <0.001 

  Trans-apical  16 (5) 0 (0) 16 (30) <0.001 

  Trans-subclavian  16 (5) 16 (6) 0 (0) 0.084 

  Trans-iliacal 1 (0) 1 (0) 0 (0) 1.00 

Circulatory support , n (%)  7 (2) 7 (3) 0 (0) 0.61 

Prosthesis size, n (%)    
 

23, 26 –mm 101 (32) 69 (27) 32 (59) <0.001 

29, 31-mm 179 (57) 174 (67) 5 (9) <0.001 

Pre- implantation balloon dilation, n (%) 303 (97) 251 (97) 52 (96) 0.66 

Ratio Ballon/Annulus (Dmean), median (IQR) 
0.92 (0.86-

0.97) 
0.92 (0.86-

0.97) 
0.93 (0.86-

0.98) 
0.52 

Ratio Ballon/Annulus (Circumference) 
median (IQR) 

0.90 (0.85-
0.95) 

0.90 (0.84-
0.94) 

0.91 (0.87-
0.96) 

0.087 

Post implantation balloon dilation, n (%) 57 (18) 46 (18) 11 (20) 0.65 

Depth of implantation NCC ( mm), median 
(IQR) 

6 (4-9) 7 (4-10) 5 (4-6) 0.002 

Depth of implantation LCC ( mm), median 
(IQR) 

7 (5-10) 8 (5-11) 5 (4-6) <0.001 

 
   

 

Ratio Valve/Annulus(Dmin), median (IQR) 
1.29 (1.21-

1.37) 
1.32 (1.24-

1.38) 
1.21 (1.13-

1.26) 
<0.001 

Ratio Valve/Annulus(Dmax), median (IQR) 
1.03 (0.98-

1.07) 
1.04 (1.00-

1.08) 
0.95 (0.92-

1.00) 
<0.001 

Ratio Valve/Annulus(Dmean), median (IQR) 
1.15 (1.10-

1.20) 
1.16 (1.11-

1.21) 
1.07 (1.03-

1.11) 
<0.001 

Ratio Valve/Annulus( Circumference ), 
median (IQR) 

1.12 (1.07-
1.17) 

1.13 (1.09-
1.18) 

1.03 (1.00-
1.07) 

<0.001 
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Supplemental table 3. Baseline and procedural characteristics of patients undergoing 
transcatheter aortic valve implantation with AR severity based on echocardiography. 
     

 
Entire cohort 

AR < 10% of 
circumference  

AR ≥ 10% of 
circumference  

P 

  

by echo- 
cardiography 

by echo- 
cardiography  

  n = 285 n = 191 n = 94   

     
Age (yrs), median (IQR) 81 (76-85) 81 (77-84) 81 (72-85) 0.64 

Male, n (%) 150 (53) 84 (44) 66 (70) <0.001 

  Height (cm), median (IQR) 168 (162-174) 165 (160-172) 170 (164-178) <0.001 

  Weight (kg), median (IQR) 74 (64-84) 74 (64-85) 73 (64-83) 0.59 

  Body mass index (kg/m2), median 
(IQR) 

26 (23-29) 27 (24-30) 25 (22-27) 0.005 

  Body surface area (m2), mean ± SD 1.8 ± 0.2 1.8 ± 0.2 1.9 ± 0.2 0.55 

New York Heart Association class ≥ 
III, n (%) 

220 (77) 151 (79) 69 (73) 0.18 

  Previous cerebrovascular event,  
n (%) 

62 (22) 33 (17) 29 (31) 0.009 

  Previous myocardial infarction,  
n (%) 

66 (23) 48 (25) 18 (19) 0.26 

  Previous coronary artery bypass 
graft surgery, n (%) 

67 (24) 44 (23) 23 (25) 0.79 

  Previous percutaneous coronary 
intervention, n (%) 

81 (28) 57 (30) 24 (26) 0.45 

Diabetes mellitus, n (%) 79 (28) 56 (29) 23 (25) 0.39 

Hypertension, n (%) 192 (67) 131 (69) 61 (65) 0.53 

Peripheral vascular disease, n (%) 58 (20) 39 (20) 19 (20) 0.97 

Pulmonary Hypertension, n (%) 18 (6) 12 (6) 6 (6) 0.97 

Severe Pulmonary Hypertension,  
n (%) 

8 (3) 6 (3) 2 (2) 1.00 

Chronic obstructive pulmonary 
disease, n (%) 

78 (27) 53 (28) 25 (27) 0.84 

Atrial fibrillation, n (%) 70 (25) 44 (23) 26 (28) 0.39 

Permanent pacemaker, n (%) 27 (10) 19 (10) 8 (9) 0.70 

Laboratory results     
  Creatinine (umol/L), median (IQR) 94 (76-120) 93 (75-119) 96 (82-122) 0.26 

  Hemoglobin (g/dl), median (IQR) 7.7 (7.1-8.4) 7.6 (7.1-8.2) 7.8 (7.1-8.6) 0.12 

Echocardiography     
  Left ventricular ejection fraction, 
mean ± SD 98 

50 ± 14 50 ± 14 51 ± 13 0.76 

  Aortic valve area (cm2),  
median (IQR) 

0.70 (0.50-
0.80) 

0.70 (0.50-
0.80) 

0.70 (0.51-0.81) 0.89 

  Peak gradient, median (IQR) 67 (53-85) 64 (52-85) 77 (60-89) 0.04 

  Mitral regurgitation grade ≥ II,  
n (%) 

146 (51) 100 (52) 46 (49) 0.62 

  Aortic regurgitation grade ≥ II, n (%) 136 (48) 92 (48) 44 (47) 0.77 

AR Pre Sellers grade  ≥ II, n (%) 167 (59) 103 (54) 64 (68) 0.023 

AR index Pre, median (IQR) 28 (20-35) 27 (20-35) 28 (21-35) 0.44 
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Logistic Euroscore, median (IQR) 13 (9-22) 13 (10-24) 13 (8-20) 0.17 

Multi-sliced Computed Tomography     
Bicpusid aortic valve, n (%) 19 (7) 7 (4) 12 (13) 0.004 

   Type 0 4 (1) 1 (1) 3 (3)  
   Type 1 L-R 8 (3) 3 (2) 5 (5)  
   Type 1 R-N 4 (1) 2 (1) 2 (2)  
   Type 1 N-L 3 (1) 1 (1) 2 (2)  
  minimal annulus diameter (mm), 
median (IQR) 

21.7 (20.0-
23.2) 

21.3 (19.6-
23.0) 

22.4 (20.8-24.1) <0.001 

  maximal annulus diameter (mm), 
mean ± SD 

27.3 ± 2.8 26.8 ± 2.7 28.4  ± 2.6 <0.001 

  mean annulus diameter (mm), 
median (IQR) 

24.3 (22.9-
26.0) 

23.8 (22.5-
25.7) 

25.1 (23.9-27.0) <0.001 

  aortic valve Agatston 1000 score, 
median (IQR) 

3.0 (2.0-4.4) 2.6 (1.7-3.7) 4.1 (2.7-5.5) <0.001 

  aortic eccentricity, median (IQR) 80 (75-84) 80 (75-84) 80 (75-84) 0.65 

Device, n (%)     
  Medtronic CoreValve 239 (84) 152 (80) 87 (93) 0.005 

  Edwards Sapien 46 (16) 39 (20) 7 (7) 0.005 

Access strategy, n (%)     
  Trans-femoral 261 (92) 172 (90) 89 (95) 0.19 

  Trans-apical  10 (4) 9 (5) 1 (1) 0.17 

  Trans-subclavian  14 (5) 10 (5) 4 (4) 1.00 

  Trans-iliacal 1 (0) 1 (1) 0 (0) 1.00 

Circulatory support , n (%)  6 (2) 6 (3) 0 (0) 0.18 

Prosthesis size, n (%)     
23, 26 –mm 91 (32) 74 (39) 17 (18) <0.001 

29, 31-mm 165 (58) 92 (48) 73 (78) <0.001 

Pre- implantation balloon dilation,  
n (%) 

275 (97) 186 (97) 89 (96) 0.48 

Ratio Ballon/Annulus (Dmean), 
median (IQR) 

0.92 (0.87-
0.97) 

0.93 (0.87-
0.98) 

0.90 (0.84-0.95) 0.002 

Ratio Ballon/Annulus 
(Circumference), median (IQR) 

0.90 (0.85-
0.94) 

0.90 (0.85-
0.95) 

0.88 (0.82-0.93) 0.007 

Post implantation balloon dilation,  
n (%) 

53 (19) 22 (12) 31 (33) <0.001 

Depth of implantation NCC ( mm), 
median (IQR) 

6 (4-9) 6 (4-9) 7 (4-10) 0.58 

Depth of implantation LCC ( mm), 
median (IQR) 

7 (5-10) 7 (5-10) 7 (4-10) 0.87 

Ratio Valve/Annulus(Dmin),  
median (IQR) 

1.29 (1.21-
1.37) 

1.30 (1.22-
1.37) 

1.29 (1.19-1.36) 0.32 

Ratio Valve/Annulus(Dmax),  
median (IQR) 

1.03 (0.98-
1.07) 

1.04 (0.98-
1.08) 

1.02 (0.98-1.06) 0.056 

Ratio Valve/Annulus(Dmean), 
median (IQR) 

1.15 (1.10-
1.20) 

1.15 (1.10-
1.21) 

1.13 (1.09-1.18) 0.099 

Ratio 
Valve/Annulus(Circumference), 
median (IQR) 

1.12 (1.07-
1.17) 

1.13 (1.08-
1.18) 

1.11 (1.06-1.15) 0.070 
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Chapter 13 

Comparison of valve performance of the mechanically expanding Lotus and the balloon-

expanded SAPIEN3 transcatheter heart valves: an observational study with independent core 

laboratory analysis. Soliman OII, El Faquir N, Ren B, Spitzer E, van Gils L, Jonker H, Geleijnse 

ML, van Es GA, Tijssen JG, Van Mieghem NM, de Jaegere PPT. Eur Heart J Cardiovasc 
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Abstract 

Aims  

The Lotus and SAPIEN3 are second-generation transcatheter heart valves, which are 

designed to minimize paravalvular aortic regurgitation (PAR) after transcatheter aortic valve 

replacement (TAVR). We sought to compare both devices for valve performance and with 

emphasis on PAR by independent core laboratory analysis.  

Methods and results  

A total of 162 (79 Lotus and 83 SAPIEN3) consecutive patients (51% female, 80 ± 8 years, 

Logistic EuroSCORE 14.8 ± 9.4%) who underwent TAVR because of aortic stenosis were 

included. Patients with aortic valve-in-valve treatment were excluded. Pre-discharge 

echocardiograms were analysed by an independent core laboratory using the Valve 

Academic Research Consortium 2 criteria. There were no differences in baseline and 

procedural characteristics, except for a larger aortic annulus and sizing indices in SAPIEN3-

treated patients and frequency of post-dilatation (0% in Lotus and 13.1% in SAPIEN3). Both 

valves have similar mean residual gradient, indexed effective orifice area and Doppler 

velocity index when adjusted to valve size. The frequency of mild (13.9% vs. 31.3%) and at 

least moderate (1.3% vs. 3.6%) PAR was less after Lotus than after SAPIEN3 implantation (P = 

0.02). Multi-slice computed tomography-based annulus and left ventricular outflow tract 

diameters, calcification and percentage of oversizing were not different between those with 

or without mild or more PAR. On multivariate analysis, the use of Lotus valve was associated 

with less (odds ratio OR, 0.41, P = 0.03) occurrence of PAR. 

Conclusion  

Overall, haemodynamic performance was comparable between the Lotus and SAPIEN3 

valves. Lotus valve required less oversizing and was associated with less PAR than SAPIEN3. 

 

 

 

 



251 

 

Introduction 

Transcatheter aortic valve replacement (TAVR) was first performed in 2002 and is 

increasingly used to treat patients with aortic stenosis, including patients at intermediate 

surgical risk (1-3). Until recently, most patients have been treated with the balloon-

expandable (Edwards SAPIEN) or the self-expandable (Medtronic CoreValve) transcatheter 

heart valve (THV) (4). These valves have gone through a series of developments, but the 

fundamental characteristics of both valves remained relatively unchanged except for the 

addition of a sealing skirt to the SAPIEN valve and possibility of recapturing of the CoreValve 

Evolut valve (4). 

Paravalvular aortic regurgitation (PAR) has been an important limitation of early generation 

THVs designs because of its association with increased late mortality (5-7). This may in 

particular be a concern when TAVR is offered to intermediate and low-risk patients because 

the left ventricle may be exposed to a certain degree of volume overload over a longer 

period. The addition of a collar at the inflow of the Edwards SAPIEN3 (SAPIEN3) is associated 

with a significant reduction in PAR (4, 8, 9). This also applies to the more recently introduced 

mechanically expanding Lotus THV (10). Head-to-head comparison of haemodynamic 

performance and the incidence of PAR after TAVR between the SAPIEN3 and the Lotus THVs 

in an independent core laboratory setting is not available, as no randomized studies have 

been performed yet. In this study, we sought to compare the valve performance and PAR 

after Lotus and SAPIEN3 implantation using pre-discharge transthoracic echocardiography 

(TTE) and independent core laboratory analysis. 

 

Methods 

Study population  

This is a single-center, observational study encompassing 162 consecutive patients who 

underwent TAVR because of severe aortic stenosis with either the Lotus (n = 79) or the 

SAPIEN3 (n = 83) THVs between September 2013 and December 2015. Eligibility for TAVR 

and vascular access (i.e. femoral, axillary and apex) was decided during the multidisciplinary 

valve team discussion. Exclusion criteria included valve-in-valve procedure or TAVR because 

of aortic regurgitation (AR) and patients without echocardiographic follow-up. Flow chart of 
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the study population is shown in figure 1. Patients were first seen at the outpatient clinic and 

gave written informed consent for anonymized prospective data collection for clinical 

research purpose per local ethics committee approved (TAVI Care and Cure project, MEC-

2014-277).  

 

Figure 1. Flowchart of the study 

patient population. 

 

 

 

 

 

 

 

Pre-procedural assessment and treatment 

All patients underwent pre-procedural multi-slice computed tomography (MSCT) of the 

aortic valve and peripheral vasculature before TAVR. Technical details of MSCT acquisition 

were described previously (11). MSCT scans were analysed by an expert reader using the 

3Mensio valve analysis program (3Mensio Medical Imaging, Bilthoven, The Netherlands) 

(12). For the purpose of the study, the following derived parameters were calculated in 

addition to the standard set of direct quantitative aortic root measures namely: aortic 

annulus (minimum, maximum diameters, perimeter and area) and perimeter- and area-

derived diameters. In addition, left ventricular outflow tract (LVOT) area-derived diameter 

was also measured. Sizing index defined by nominal THV diameter or area/aortic annulus or 

LVOT diameter or area), Cover Index was defined by 100 x (nominal THV diameter - CT 

diameter)/nominal THV diameter and the Eccentricity Index defined by 100 x  [1 - (aortic 

annulus minimum diameter/maximum diameter)] (12). 
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TAVR treatment  

The Lotus and SAPIEN3 valves were the devices of first choice in our centre. All TAVR 

procedures were performed according to standard practice. The choice of the valve type was 

at the operator’s discretion. Valve size was based upon MSCT and the manufacturer’s 

guidelines for sizing. 

 

Assessment of valve performance 

TTE was performed before hospital discharge using the ‘iE33, the EPIQ 7C ultrasound system’ 

(Philips Medical System, Best, the Netherlands) and the ‘ACUSSON SC2000’ (Siemens, 

Germany) conform a predefined acquisition protocol. Pulsed- and continuous-wave Doppler 

signals were recorded at a sweep speed of 50–100 mm/s. Colour Doppler recordings were 

optimized for display with the colour velocity scale at ± 60 (50–70 cm/s) during the entire 

study. All TTEs were analysed by experienced analysts in accordance with published 

guidelines using the Image Arena Platform (TomTec Imaging Systems, Unterschleissheim, 

Germany) who were blinded to patient- and procedure related variables except for patient’s 

height and weight (13-15). Analyses were approved by one experienced echocardiologist 

(O.S.).  

The presence, location and severity of AR (central, paravalvular and total) were adjudicated 

according to the core laboratory standards in line with American and European guidelines 

(15-19). Corelab standards included determination of AR according to the paravalvular aortic 

regurgitation severity (PARS) model (figure 2). The latter represents the assessment of the 

presence, location and severity of AR on colour Doppler images at 18 locations in four TTE 

views. PAR locations were assigned to one or more of the 12 locations based on a face of a 

clock model on the cross-sectional parasternal short-axis view. PAR location was assigned as 

either anterior or posterior on the parasternal long-axis, apical five-chamber and apical 

three-chamber views. For severity, PAR jet(s) were quantified in the Parasternal short-axis 

(PSAX) as colour areas, radial width (equivalent to jet neck width) and the SAX 

circumferential extent in degrees. Only areas of mosaic colour reflecting turbulent flow high-

velocity PAR jet(s) were measured. PAR jets were then measured when appropriate for 

radial width (perpendicular to the flow and LVOT). Based on the above locations, three 
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quantitative scores were calculated namely: ‘the PARS radial score’ (similar to vena 

contracta width) defined as sum of maximum radial width of PAR jet(s) measured in all 18 

locations; ‘the PARS area score’ (similar to vena contracta areas) defined as the sum of all 

PAR areas in the 12 locations on parasternal short-axis view; and the ‘PARS-SAX score’ is 

calculated as the sum degrees of circumferential occupancy of PAR jet(s) in the 12 locations 

on the parasternal SAX view divided by 360. 

AR volume was calculated as LVOT stroke volume—right ventricular outflow tract stroke 

volume and divided by the LVOT stroke volume to provide AR fraction. Diastolic flow reversal 

in the descending thoracic or abdominal aorta was also determined. 

A multi-parametric approach was used to adjudicate PAR severity (20, 21). Using a 

combination of all available parameters, patients were allocated into one- of six-class 

grading scheme (none/trace, mild, mild-to-moderate, moderate, moderate-to-severe and 

severe) (22). We used the cut-off points defined by guidelines and Valve Academic Research 

Consortium 2 (VARC-2) criteria and experts’ consensus (16, 17, 19, 22). The six-class grading 

scheme was then collapsed into a four-class grading scheme of none-trace, mild, moderate 

and severe. Mild and mild-to-moderate classes were taken together, as well as moderate 

and moderate-to-severe (23). 

 

Study endpoint  

The primary endpoint of the study was valve performance as intended by TTE at discharge or 

30-day whichever came first, in accordance with VARC-2 criteria (16, 17). Valve performance 

was defined according to VARC-2 as follows: (i) mean gradient<20mmHg2, (ii) peak velocity 

<3m/s, (iii) Doppler velocity index≥0.35, (iv) effective orifice area (EOA)>1.2 cm2 for body 

surface area≥1.6 m2 or EOA >1.0 cm2 for body surface area<1.6m2, (v) no moderate or 

severe PAR and (vi) no patient–prosthesis mismatch (PPM). The latter was defined as EOA 

index<0.85 cm2/m2 if body mass index is <30kg/m2 or EOA index <0.70 cm2/m2 if body 

mass index is >30kg/m2. Because second-generation devices are designed to eliminate PAR, 

we used modified definition for VARC-2 to include mild AR in the composite endpoint. 

Because PPM is debatable, we used another VARC-2 modification to define haemodynamic 

success that disregard PPM as a requirement of device success. Thus, devices are compared 
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in relation to four VARC-2 definitions: original: no stenosis, no PPM and no moderate or 

severe AR; modification 1: no stenosis, no PPM and no AR (mild, moderate or severe); 

modification 2: no stenosis, no moderate or severe AR and modification 3: no stenosis, no 

AR (mild, moderate or severe).  

 

Figure 2. The standard four views, which are used to assess AR severity in the PARS model: the 

parasternal short-axis view (left) superimposed a face of a clock for simple estimation of PAR location, 

the apical five-chamber view (second left), the apical three-chamber view (second right), and the 

parasternal long-axis view (right). Numbers from 1 to 18 refer to a location in relation to the native 

aortic cusps and anatomic orientation (for details, see text), the parasternal short-axis. 5CH, the 

apical five-chamber view; 3CH, the apical three-chamber view; C (or IST), commissure (or intersinus 

triangle), LCC, left coronary cusp; NCC, non-coronary cusp; PLAX, parasternal long-axis view; RCC, 

right coronary cusp. 

 

Statistical analysis  

Continuous variables are summarized as mean ± SD or median (interquartile range) and 

categorical variables as absolute frequencies and percentages. Normality of distributions for 

continuous variables was tested using the Shapiro–Wilk test. Statistical significance between 

continuous variables was tested using the appropriate t test or nonparametric test (the 

Wilcoxon test for paired samples and the Mann– Whitney U test for independent samples). 

Categorical variables were compared using ꭓ2 or Fisher’s exact tests. Univariate and 
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multivariate analyses were used to test the association between mild or more AR and 

demographic, anatomic and procedural variables. Statistical analysis was performed with 

SPSS 23 (IBM, Armonk, NY, USA). All probability values were two tailed, and value of P < 0.05 

was considered significant. 

 

Results  

The baseline clinical and procedural characteristics of the study population are shown in 

tables 1 and 2. Except for a slightly larger aortic annulus area, perimeter, perimeter-derived 

diameter and LVOT (perimeter and area) in patients treated with the SAPIEN3 THV; there 

was no difference in the baseline characteristics between the Lotus and SAPIEN3 patients. 

The transfemoral approach was used in all Lotus- and in 75 (90%) SAPIEN3-treated patients. 

The use of balloon pre-dilatation was similar [12 (15%) vs. 18 (22%), P= 0.20] in the Lotus- 

and SAPIEN3- treated patients, respectively. Yet, the balloon size was larger in the SAPIEN3 

group (19.5 6 2.0 vs. 23.7 6 2.0 mm; P< 0.001). The SAPIEN3 cohort had overall larger sizing 

and cover indices (table 2), albeit small but statistically significant (P<0.01). Post-TAVR 

balloon dilatation was performed in 11 (13%) of the SAPIEN3-treated patients. 

 

Valve performance  

The primary endpoint (VARC-2 intended valve performance, no stenosis, no moderate or 

severe AR, and no PPM) was reached in 71% and 76% in the Lotus- and SAPIEN3-treated 

patients, respectively (P = 0.59). Modified VARC-2 intended valve performance, no stenosis, 

no moderate or more AR was reached in 99% and 96% in the Lotus- and SAPIEN3-treated 

patients, respectively (P = 0.98). The distribution of failure to meet the components of the 

VARC-2 criteria is summarized in table 3. Detailed TTE-derived haemodynamic parameters 

are summarized in table 4. Supplementary data online, table S1, lists the haemodynamic 

performance per THV size. 
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Table 1. Baseline patients’ demographic and CT characteristics. 

      
Lotus SAPIEN3 p 

value (N=79) (N=83) 

Demographics    

Age, years 80 ± 7 80 ± 8 0.53 

Women, n (%) 44 (56) 38 (46) 0.14 

Height, cm 166 ± 10 168 ± 10 0.21 

Weight, kg 78 ± 15 77 ± 16 0.74 

Body surface area, m2 1.85 ± 0.20 1.86 ± 0.21 0.79 

Body mass index, kg/m2 28.0 ± 5.3 27.1 ± 5.0 0.29 

Logistic EuroSCORE, % 14.0 ± 9.3 15.5 ± 9.5 0.33 

NYHA functional class 2.8 ± 0.7 2.8 ± 0.6 0.75 

I 4 (5.3) 1 (1.3)  

II 15 (20.0) 19 (24.4)  

III 48 (64.0) 50 (64.1)  

IV 8 (10.7) 8 (10.3)  

MSCT    

Aortic annulus area, mm2 461 ± 61 487 ± 89 0.03 

Aortic annulus area derived diameter, mm 24.2 ± 1.7 24.8 ± 2.3 0.05 

Aortic annulus perimeter, mm 76.9 ± 5.1 79.0 ± 7.2 0.03 

Aortic annulus perimeter derived diameter, mm 24.4 ± 1.7 25.2 ± 2.3 0.02 

Aortic annulus maximum diameter, mm 26.9 ± 2.2 27.6 ± 2.6 0.07 

Aortic annulus mean diameter, mm 24.3 ± 1.7 24.9 ± 2.3 0.06 

Aortic annulus minimum diameter, mm 21.7 ± 1.7 22.3 ± 2.4 0.07 

LVOT area, mm2 433 ± 69 463 ± 107 0.04 

LVOT area derived diameter, mm 23.4 ± 1.8 24.1 ± 2.8 0.06 

LVOT perimeter, mm 75.4 ± 5.9 77.7 ± 8.9 0.04 

LVOT perimeter derived diameter, mm 24.1 ± 1.9 24.8 ± 2.8 0.06 

Annulus Agatston score 2649 (816-5482) 2889 (1117-4661) 0.52 

Annulus calcium Rosenhek grading   0.08 

     None 0 0  

     Mild 17 (22) 10 (12)  

     Moderate 45 (57) 42 (52)  

     Severe 17 (22) 29 (36)  

LVOT calcium grading   0.75 

     None 46 (58) 51 (61)  

     Mild 15 (19) 15 (18)  

     Moderate 7 (9) 6 (2)  

     Severe 6 (8) 3 (4)   

Values are expressed as either mean ± SD or absolute frequency (percentage) 

Abbreviations: LVOT = Left ventricular outflow tract; NYHA = New York Heart Association.  
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Table 2. Procedural characteristics.       

      
Lotus SAPIEN3 

p value 
(N=79) (N=83) 

TAVR approach    

Transfemoral  79 (100) 75 (90) 0.004 

Transapical   8 (10)  

THV size, mm    <0.001 

23 26 (33) 19 (23)  

25 29 (37)   

26  39 (47)  

27 24 (30)   

29  25 (30)  

Balloon dilatation    

Use of balloon pre-dilatation 12 (15) 18 (22) 0.20 

Pre-dilatation balloon size, mm 19.5 ± 2.0 23.7 ± 2.0 <0.001 

Use of balloon post-dilatation  11 (13)  

Post-dilatation balloon size, mm   24.4 ± 2.4  

MSCT sizing parameters, %    

Aortic annulus area derived diameter 3.5 ± 4.7 6.0 ± 5.0 0.001 

Aortic annulus perimeter derived diameter 2.3 ± 4.9 4.4 ± 5.0 0.008 

Aortic annulus maximum diameter -1.0 ± 0.6 -0.4 ± 0.6 0.02 

Aortic annulus mean diameter 2.7 ± 4.8 5.3 ± 5.2 0.001 

Aortic annulus minimum 15.4 ± 7.3 18.0 ± 8.0 0.03 

LVOT area derived diameter 6.8 ± 6.3 9.3 ± 7.8 0.03 

MSCT-derived Cover Index    

Aortic annulus area derived diameter 3.1 ± 4.3 5.4 ± 4.4 0.001 

Aortic annulus perimeter derived diameter 2.0 ± 4.6 4.0 ± 4.6 0.005 

Aortic annulus maximum diameter -8.0 ± 6.7 -5.4 ± 6.6 0.01 

Aortic annulus mean diameter 2.4 ± 4.5 4.8 ± 4.8 0.001 

Aortic annulus minimum 12.9 ± 5.5 14.9 ± 5.8 0.03 

LVOT area derived diameter 6.1 ±  5.4 8.0 ± 6.3 0.04 

Values are expressed as mean ± SD or absolute frequency (percentage).  Percentages are rounded to 
the nearest 0.5 value.  Sizing index defined by nominal THV diameter or area  / aortic annulus or 
LVOT diameter).  Cover Index was defined by 100 x (nominal THV diameter – CT diameter(s)) / 
nominal THV diameter and the Eccentricity Index defined by 100 x (1 - (aortic annulus minimum 
diameter / maximum diameter)). 

 

AR  

Location of PAR  

Overall, PAR was less often seen in the SAX compared with the three long-axis views with a 

similar frequency of PAR in the apical five-chamber (15%) and the apical three-chamber 

(15%) views (figure 3). In the parasternal short-axis view, the 2 o’clock location (i.e. 
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corresponding with location of the right aortic cusp) showed more often PAR jets (5%) 

compared with the 6 o’clock to 10 o’clock locations (i.e. corresponding with location of the 

left and non-coronary aortic cusp and aortic-mitral curtain) (figure 4). Numerically more PAR 

jets were seen in the SAPIEN3-treated patients at all 18 locations of the PARS model except 

at 11 and 12 o’clock (3% and 4% vs. 2% and 2%, in the Lotus and SAPIEN3-treated patients, 

respectively). None of the Lotus treated patients had PAR in the 6 o’clock to 10 ‘clock 

territory. 

 

Severity of AR  

Overall, 41 (25%) patients had mild or more AR. None had severe AR. Using the collapsed AR 

severity grading scheme, Lotus valve was associated with less AR of any category compared 

with SAPIEN3 valve. Only 1 (1.3%) vs. 3 (3.6%) patients had moderate AR and 11 (13.9%) vs. 

26 (31.3%) patients had mild AR in the Lotus and SAPIEN3 groups, respectively (P = 0.02). In 

10 out of 41 (24.4%) patients with mild or more AR, the parasternal SAX view was negative 

for PAR. In all those cases, PARS radial score were used in conjunction with other PAR jet 

pressure-half time, and diastolic flow reversal for adjudication of AR severity.  

Central AR of mild severity was seen in one (1.3%) patient in both groups. AR severity 

parameters and grading between the two groups are listed in tables 3 and 4. 

 

Determinants of AR  

Among patients (n = 45) who received 23 mm THV, 4 (8.9%) and 12 (26.7%) patients have 

mild or more AR in the Lotus and SAPIEN3 groups (P = 0.09), respectively. Most of AR 

occurred in the 26 mm THV (available only in the SAPIEN3 group), where 14 (35.9%) had mild 

or more AR (table 5). Overall, there has been no significant interaction between the MSCT-

based sizing indices nor cover indices and incidence of mild or more AR. Moreover, the latter 

was confirmed visually (figure 5). On univariate analysis, the use of balloon post-dilatation 

(odds ratio, OR = 3.98, P = 0.03), and the use of SAPIEN3 valve (OR = 3.0, P = 0.005) are 

predictors of mild or more AR after TAVR. The use of SAPIEN3 valve (OR = 2.5, P = 0.03) and 

balloon post-dilatation (OR = 4.0, P = 0.04) remained the only independent predictors of mild 
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or more AR after TAVR. The use of Lotus valve (OR = 0.41, P = 0.03) was associated with a 

lower AR incidence. 

 

Table 3. Core laboratory-adjudicated valve performance on TTE. 

  Lotus SAPIEN3 p 
value   (N=79) (N=83) 

THV performance as intended (VARC-2)    

Original: no stenosis, no PPM, no moderate or more AR 56 (71) 63 (76) 0.59 

Modification 1: no stenosis, no PPM, no AR  
(mild, moderate or severe) 

50 (63) 42 (50) 0.14 

Modification 2: no stenosis, no moderate or severe AR 78 (99) 80 (96) 0.98 

Modification 3: no stenosis, no AR (mild, moderate or severe) 67 (85) 54 (65) 0.007 

THV haemodynamic function    

Normal (no stenosis) 78 (99) 83 (100) 0.98 

Fully normal (Mean gradient<20 mmHg and Aortic Valve 
Area>1.1(0.9) cm2) 

75 82  

Normal but with other criteria 3 1  

Pseudo THV stenosis with low flowa 2 1  

Normal THV function with highb 1 0  

Abnormal 1 0  

Possible THV stenosisc 1 0  

Prosthesis–patient mismatch    

No or insignificant (AVA > (0.85 (0.70) cm2/m2) 57 (72) 65 (78) 0.50 

Moderated (AVA (0.85 (0.70) to 0.65 (0.60) cm2/m2) 20 (25) 16 (19) 0.46 

Low flow 11 9  

Normal flow 9 7  

Severee (AVA <0.65 (0.60) cm2/m2) 2 (3) 2 (2) 0.96 

Low flow 2 1  

Normal flow 0 1  

Paravalvular AR    

None/trace 67 (85) 55 (66) 0.01 

Mild 12 (15) 25 (30)  

Moderate 0 3 (4)  

Severe 0 0   

Values are expressed as mean ± SD or absolute frequency (percentage). Percentages are 
rounded to the nearest 0.5 value. Low flow is defined as low stroke volume index < 
35mL/m2/beat. 

a Pseudo-THV stenosis with low flow (mean gradient < 20 mmHg and AVA < 1.1 (0.9) cm2) 

b Normal THV function with high flow (mean gradient > 20 mmHg and AVA > 1.1 (0.9) cm2). 

c Possible THV stenosis (mean gradient >20 mmHg and AVA <1.1 (0.9) cm2). 

d 10 Lotus and 10 SAPIEN3 have low flow. 

e One Lotus and two SAPIEN3 have low flow. 
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Table 4. Detailed core laboratory-adjudicated valve performance on echocardiography. 

Hemodynamic parameters 
Lotus  SAPIEN3  

p value 
(N=79) (N=83) 

THV EOA, cm2 1.84 ± 0.47 1.99 ± 0.57 0.07 

THV EOA index, cm2/m2 1.0 ± 0.25 1.07 ± 0.30 0.13 

Transprosthetic mean pressure gradient, mmHg 11 ± 4 10 ± 4 0.01 

Transprosthetic peak pressure gradient, mmHg 20 ± 7 18 ± 6 0.01 

Transprosthetic Vmax, m/s 2.23 ± 0.39 2.08 ± 0.37 0.01 

Dimensionless ratio 0.49 ± 0.12 0.47 ± 0.12 0.16 

Paravalvular AR    

None/trace 67 (85) 55 (66) 

0.01 
Mild 12 (15) 25 (30) 

Moderate 0 3 (4) 

Severe 0 0 

Central AR    

None/trace 78 (99) 82 (99) 

0.74 
Mild 1 (1) 1 (1) 

Moderate 0 0 

Severe 0 0 

Total AR    

None/trace 67 (85) 54 (65) 

0.02 
Mild 11 (14) 26 (31) 

Moderate 1 (1) 3 (4) 

Severe 0 0 

Values are expressed as mean ± SD or absolute frequency (percentage). Percentages are 
rounded to the nearest 0.5 value. DVI, Doppler velocity index (=LVOT-VTI/THV VTI); PHT, 
pressure half time on continuous-wave Doppler; PVR, paraprosthetic aortic regurgitation; 
VTI, velocity time integral on Doppler. 
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Figure 3. PAR location using the PARS model. AP3CH, Apical 3-chamber view; AP5CH, Apical 5-

chamber view; C (or IST), commissure (or intersinus triangle); LCC, left coronary cusp; NCC, non-

coronary cusp; PLAX, parasternal long-axis view; RCC, right coronary cusp. 

 

 

 

 

 

 

 

 

 

Figure 4. Location of PAR in relation to native aortic cusps using a face of a clock. LCC, left coronary 

cusp; LA, left atrium; RA, right atrium; RCC, right coronary cusp; RVOT, right ventricular outflow tract. 
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Discussion 

This single-centre, observational study evaluated valve performance by independent core 

laboratory analysis in 162 patients treated with the Lotus or SAPIEN3 valve. The main finding 

is that the Lotus valve was associated with less AR than SAPIEN3 despite a lower cover index 

in patients treated with a Lotus valve. 

Outcome of TAVR depends on—among others—valve performance that has substantially 

been improved by, for instance, the addition of a paraprosthetic cuff to reduce AR (24,25). In 

this study, the frequency of mild or more AR was 15% after Lotus valve implantation. It was 

35% after SAPIEN3 valve implantation. The question is whether this observation is a finding 

by chance because of the observational nature of the study with its intrinsic limitations 

because of bias in patient selection and/or observation in addition to eventual differences in 

operator performance such as differences in the depth of implantation that was not 

measured or whether it is a true phenomenon because of differences in the valve design. 

The presence of a true difference is supported by the findings of the multivariate analysis in 

which the SAPIEN3 valve had an increased risk of PAR when compared with the Lotus valve. 

There is also evidence from previous research that valves do differ in terms of valve 

performance, AR in particular. The CHOICE study compared the SAPIEN XT and CoreValve by 

means of a randomized clinical trial and showed significantly less AR after SAPIEN valve 

implantation (mild or more AR: 34% vs. 51%). It should be acknowledged that at variance 

with this study, echo assessment in the CHOICE study consisted of on site evaluation by an 

experienced interventional echocardiographer (26). A recent non-randomized core 

laboratory evaluation (VARC-2) of the Lotus and CoreValve reported a frequency of mild or 

more PAR of 18% after Lotus valve implantation and 72% after CoreValve (27). Of note, the 

frequency of PAR after Lotus and SAPIEN3 valve implantation in this study is similar to an 

observational study with the Lotus valve, on one hand, and with the recent publication of 

TAVR with the SAPIEN3 valve in patients at intermediate risk (mild and more: 35% vs. 40%, 

moderate: 3.6% vs. 1.5%, respectively) (25, 27, 28). 
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Table 5. Determinants of mild or more AR. 

  
No AR 

(N=121) 

Mild or 
more AR 
(N=41) 

p value *OR †OR 
†P-

value 

Demographic       

Age, years 80 ± 8 81 ± 7 0.45    

Female gender 61 (50.4) 21 (51.2) 0.54    

Height, cm 167 ± 10 168 ± 9 0.65    

Weight, Kg 78 ± 16 76 ± 13 0.71    

BSA, m2 1.9 ± 0.2 1.9 ± 0.2 0.99    

BMI, kg/m2 27.7 ± 5.3 27.1 ± 4.7 0.51    

Logistic EuroSCORE, % 14.6 ± 9.5 15.3 ± 9.4 0.71    

MSCT anatomic and morphologic       

Aortic annulus area, mm2 472 ± 77 481 ± 80 0.54    

Aortic annulus area derived 
diameter, mm 

24.4 ± 2.1 24.6 ± 2.1 0.56    

Aortic annulus perimeter, mm 77.8 ± 6.3 78.5 ± 6.3 0.52    

Aortic annulus perimeter derived 
diameter, mm 

24.7 ± 2.1 25.1 ± 2.0 0.38    

Aortic annulus maximum 
diameter, mm 

27.2 ± 2.5 27.4 ± 2.2 0.72    

Aortic annulus mean diameter, 
mm 

24.6 ± 2.1 24.8 ± 2.0 0.59    

Aortic annulus minimum 
diameter, mm 

22.0 ± 2.1 22.2 ± 2.4 0.49    

LVOT area, mm2 472 ± 77 481 ± 80 0.41    

LVOT area derived diameter 24.4 ± 2.1 24.4 ± 2.1 0.56    

LVOT perimeter, mm 76.3 ± 7.4 77.5 ± 7.7 0.37    

LVOT Perimeter-derived Diameter, 
mm 

24.3 ± 2.4 24.7 ± 2.5 0.38    

Annulus: Agatston score 
2757 (944-

4570) 
2514 (22-

5006) 
0.52    

Annulus: Calcium Rosenhek 
Grading  

      

None 0 0 

0.21 

   

Mild 18 (15) 9 (23)    

Moderate 70 (58) 17 (43)    

Severe 32 (27) 14 (35)    

LVOT: Calcium Grading        

None 76 (63) 21 (51) 

0.42 

   

Mild 20 (17) 10 (24)    

Moderate 11 (9) 2 (5)    

Severe 6 (5) 3 (7)    

Stent eccentricity 9.9 ± 8.0 7.4 ± 5.3 0.08    

MSCT based sizing, %       

Aortic annulus area derived 
diameter 

4.9 ± 5.0 4.4 ± 5.1 0.59    

Aortic annulus perimeter derived 
diameter 

3.6 ± 5.0 2.9 ± 5.0 0.31    
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Aortic annulus maximum diameter -0.5 ± 0.6 -0.6 ± 0.6 0.78    

Aortic annulus mean diameter 4.2 ± 5.1 3.7 ± 5.3 0.64    

Aortic annulus area derived 
diameter 

17.0 ± 7.8 16.2 ± 7.8 0.55    

LVOT area derived diameter 8.2 ± 6.9 7.6 ± 8.0 0.65    

MSCT derived Cover Index, %       

Aortic annulus area derived 
diameter 

4.4 ± 4.5 4.0 ± 4.6 0.60    

Aortic annulus perimeter derived 
diameter 

3.2 ± 4.7 2.3 ± 4.9 0.30    

Aortic annulus maximum diameter -6.6 ± 6.5 -6.9 ± 7.5 0.78    

Aortic annulus mean diameter 3.7 ± 4.7 3.3 ± 5.0 0.63    

Aortic annulus minimum diameter 14.1 ± 5.7 13.5 ± 5.8 0.57    

Procedural       

TF approach 116 (95.9) 38 (92.7) 0.33    

Use of balloon pre-dilatation 20 (16.5) 10 (24.4) 0.19    

Use of balloon post-dilatation 4 (3.3) 7 (17.1) 0.006 6.022 3.977 0.04 

Use of Lotus THV 67 (55.4) 12 (29.3) 0.005 0.334 0.407 0.03 

THV size, mm 25.6 ± 2.0 25.7 ± 2.1 0.76       

Values are expressed as either mean ± SD or absolute frequency (percentage) or median (25 -75 
quartiles) 

*=on univariate analysis  

†=on multivariate analysis 

LV = Left ventricle or left ventricular; MSCT =Multislice computed tomography; THV = 
Transcatheter heart valve, for other abbreviations, see tables before 

 

The question remains how this difference in PAR in favour of the Lotus valve over the 

SAPIEN3 is to be explained. Frame geometry analysis post TAVI has revealed that both the 

Lotus and SAPIEN valve virtually reach complete expansion and a circular configuration 

(29,30). This may indicate a better sealing effect of the cuff of the Lotus valve in combination 

with a denser configuration of the frame of the Lotus valve.  

The clinical relevance of efforts to eliminate PAR is indicated by the findings that even mild 

PAR is associated with impaired prognosis (5-7). This may, in particular, become important 

when TAVR moves to the low-risk patient, as the ventricle will be exposed to a longer lasting 

period of volume overload albeit small. Yet, this is the subject of debate because the 

response of the LV to long-lasting volume (over)load is influenced by other factors as well 

such as coexistent coronary artery disease and hypertension. One should acknowledge, 

however, that favourable frequency of PAR after Lotus valve implantation comes at a price 

of a substantial higher frequency of new conduction abnormalities and new pacemaker 

implantation (25, 27). A pacemaker may have not only protective effects (e.g. prevention of 
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sudden cardiac death) but also adverse effects on cardiac performance because of, for 

instance, interventricular dyssynchrony. There, thus, is a pacemaker PAR trade-off or 

dilemma and as TAVR moves to the low-risk patient, one needs to assess what harms the 

patient the most.  

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Histograms displaying frequency of different MSCT sizing parameters in relationship with 

the incidence of mild or more AR. ADD, area derived diameter; PDD, perimeter derived diameter; 

LVOT, left ventricular outflow tract; Dmax, maximum diameter; Dmin, minimum diameter; Dmean, 

mean diameter. 

 

The optimal technique to assess and define PAR is the subject of debate. Conceptually, 

Magnetic Resonance Imaging (MRI) is superior in terms of precision and accuracy in grading 

PAR but is in clinical practice often not feasible because of logistic issues or contraindications 

to perform MRI (31, 32). In this study, not only a comprehensive echo core laboratory 

algorithm was used to assess the location and severity of PAR and included the VARC-2 

Doppler and 2D echocardiographic parameters of AR assessment but also three novel core 

laboratory developed PARS scores that we believe is necessary for proper PAR assessment. 

In particular, the PARS radial score proved to be important when AR was not seen in the 
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parasternal SAX view. This is explained by the often eccentric nature of PAR that is difficult 

to image in the axial plane (short-axis view) where one can appropriately quantify PARS SAX 

and PARS areas scores. Of note, Doppler signals indicating PAR were seen in all patients with 

AR in any of the three PARS long-axis views of the heart. Therefore, the three long-axis views 

are of real help to improve diagnosis of PAR. We did not provide, however, cut-off values for 

the PARS area or PARS radial scores but used the ones proposed by Hahn et al (23). PARS 

cut-off values need validation against reference method or outcome data. In addition, we 

used the six-class grading scheme that was shown to improve the reproducibility of PAR 

grading when collapsed to the VARC-2 four-class grading scheme. We reported the study 

findings according to the collapsed four-class scheme (none or trace, mild, moderate or 

severe) that is familiar to clinicians.  

 

Clinical perspectives  

TAVR using early generation THVs is widely recognized as an effective treatment in 

intermediate, high-risk and inoperable patients with severe aortic valve stenosis. The 

excellent results of the first-generation THVs are limited by excess incidence of paravalvular 

AR. The latter is particularly important with the intent of the expansion of TAVR indications 

toward lower-risk patients. Antileakage sealing mechanisms are added to the newly 

designed second-generation devices. Impact of MSCT sizing algorithms in the second-

generation THVs is not known. Head-to-head comparison of the Lotus and SAPIEN3 second-

generation THVs in a controlled core laboratory setting has not previously performed.  

This prospective study showed that TAVR using the Lotus and SAPIEN3 second-generation 

THVs is effective in reducing moderate or more AR. Mild or more AR is more frequent in the 

SAPIEN3 despite more often use of balloon post dilation. The Lotus and SAPIEN3 THVs have a 

comparable haemodynamic profile at 30-day after TAVR. MSCT-based oversizing and cover 

index are not related to the incidence of mild or more AR or to the THV size in the second 

generation devices.  

The impact of sizing algorithm in eliminating AR after TAVR should be confirmed in a 

randomized study comparing new generation THVs. 
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Limitations  

The present findings stem from a single-centre study with a relatively small sample size. Yet, 

all echocardiographic analyses were performed by an independent core laboratory.  

 

Conclusions  

Overall, haemodynamic performance was comparable between the Lotus and SAPIEN3 

valves. Despite a smaller cover index, there was less AR of any grade after Lotus compared 

with SAPIEN3 valve implantation. 
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Supplementary material 

The Paravalvular Aortic Regurgitation Severity (PARS) model 

The presence and severity of AR was assessed on color Doppler images in the cross-sectional 

parasternal short axis, three longitudinal views namely: the parasternal long-axis, apical 5-

chamber and apical 3-chamber views. With respect to location, a face-of-a clock model (1 

through 12 o’clock, figure 2) was used for the parasternal short axis view, while in the other 

three longitudinal views, AR location was assigned as either anterior or posterior.  

For severity, PAR jet(s) were quantified in the parasternal short axis view as color areas, 

radial width (equivalent to jet neck width) and the circumferential extent in degrees.   

The PARS model comprised in total of 18 locations namely: 1 O'clock right coronary cusp 

(RCC) location; 2 O'clock left coronary cusp (LCC) + commissural © location; 3 O'clock LCC 

location; 4 O'clock LCC location; 5 O'clock LCC location; 6 O'clock non coronary cusp (NCC) + 

C location; 7 O'clock NCC location; 8 O'clock NCC location; 9 O'clock NCC location; 10 O'clock 

NCC + C location; 11 O'clock RCC + C location; 12 O'clock RCC location; 13 apical 5-chamber 

view anterior (NCC+C+RCC) location; 14 apical 5-chamber view posterior (LCC) location; 15 

apical 3-chamber view anterior (RCC) location; 16 apical 3-chamber view posterior (NCC) 

location;17 parasternal long-axis view anterior location; and18 parasternal long-axis view 

posterior location. 
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Table S1. Detailed echocardiographic parameters. 

  Lotus (N=79) Sapien3(N=83) p value 

LVOT diameter. Mm 21.9 ± 2.0 23.2 ± 1.9 <0.001 

LVOT Velocity Timed Integral. Cm 19.6 ± 5.3 17.7 ± 5.1 0.028 

Stroke Index. mL/beat/minute 39.71 ± 11.03 40.31 ± 11.13 0.738 

Hear Rate. beat per minute 72 ± 13 75 ± 13 0.215 

Cardiac Index. L/m 2.82 ± 0.82 2.94 ± 0.83 0.348 

Mitral E/A ratio 1.3 ± 0.98 1.22 ± 1.13 0.705 

Estimated systolic pulmonary artery pressure. 
mmHg  

36.56 ± 11.29 34.31 ± 14.15 0.283 

LV EDV. mL 101 ± 60 110 ± 43 0.376 

LVESV. mL 55 ± 49 63 ± 33 0.31 

Left ventricular ejection fraction. % 48.73 ± 10.37 44.55 ± 12.78 0.056 

Mitral regurgitation    

    None/trivial 40 (50.6) 49 (59.8) 

0.172 
    Mild 27 (34.2) 28 (34.1) 

    Moderate 12 (15.2) 4 (4.9) 

    Severe 0 1 (1.2) 

 Tricuspid regurgitation    

    None/trivial 25 (32.1) 37 (46.3) 

0.63 
    Mild 38 (48.7) 24 (30.0) 

    Moderate 13 (16.7) 14 (17.5) 

    Severe 2 (2.6) 5 (6.3) 
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Table S2. Echocardiographic Performance per Transcatheter Heart Valve Size (THV 
Dysfunction Based on VARC-2 definitions). 

      
Lotus 

(N=79) 
Sapien3 
(N=83) 

p 
value 

Transprosthetic mean pressure gradient ≥ 20 
mmHg 

   

23 mm (26/19, total n=45) 2 (7.7)   

25 mm (29/0, total n=29)    

26 mm (0/39, total n=39)    

27 mm (27/0, total n=24)    

29 mm (0/25, total n=25)    

Transprosthetic Vmax ≥ 3 m/s    

23 mm (26/19, total n=45) 2 (7.7)   

25 mm (29/0, total n=29)    

26 mm (0/39, total n=39)    

27 mm (27/0, total n=24)    

29 mm (0/25, total n=25)    

Dimensionless ration (≤0.35)    

23 mm (26/19, total n=45) 4 (15.4) 2 (10.5)  

25 mm (29/0, total n=29) 1 (3.4)   

26 mm (0/39, total n=39)  6 (15.4)  

27 mm (27/0, total n=24) 4 (16.7)   

29 mm (0/25, total n=25)  6 (24.0)  

No Patient Prosthesis Mismatch (EOA index >0.85 
or 0.70) 

   

23 mm (26/19, total n=45) 16 (61.5) 13 (68.4)  

25 mm (29/0, total n=29)    

26 mm (0/39, total n=39)  1 (2.6)  

27 mm (27/0, total n=24)    

29 mm (0/25, total n=25)    

Moderate Patient Prosthesis Mismatch (0.85>EOA 
index >0.65 or 0.60) 

   

23 mm (26/19, total n=45) 8 (30.8) 5 (25.3)  

25 mm (29/0, total n=29)    

26 mm (0/39, total n=39)  1 (2.6)  

27 mm (27/0, total n=24)    

29 mm (0/25, total n=25)    

Severe Patient Prosthesis Mismatch (EOA index 
<0.65 or 0.60) 

   

23 mm (26/19, total n=45) 2 (7.7) 1 (5.3)  

25 mm (29/0, total n=29)    

26 mm (0/39, total n=39)  1 (2.6)  

27 mm (27/0, total n=24)    

29 mm (0/25, total n=25)    

Moderate or severe AR    

23 mm (26/19, total n=45) 1 (3.8) 1 (5.3)  
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25 mm (29/0, total n=29)    

26 mm (0/39, total n=39)  2 (5.1)  

27 mm (27/0, total n=24)    

29 mm (0/25, total n=25)    

*=presence of one or more of the individual echocardiographic parameters of 
transcatheter heart valve dysfunction based on VARC-2 definition. Data are presented as 
absolute frequency (percentages). Percentages of the different THV size cohorts are 
presented as percentages from each THV size cohort. For abbreviations, see other tables. 
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Table S3. Echocardiographic Performance per Transcatheter Heart Valve Size 
(Detailed THV Performance Parameters based on VARC definitions). 

      
Lotus 

(N=79) 
S3 (N=83) 

p 
value 

Transprosthetic EOA, cm2   0.54 

23 mm (26/19, total n=45) 1.62 ± 0.40 1.55 ± 0.31  

25 mm (29/0, total n=29) 1.78 ± 0.35   

26 mm (0/39, total n=39)  2.04 ± 0.57  

27 mm (27/0, total n=24) 2.14 ± 0.52   

29 mm (0/25, total n=25)  2.22 ± 0.57  

Transprosthetic EOA index, Cm2/m2   0.76 

23 mm (26/19, total n=45) 0.93 ± 0.24 0.91 ± 0.22  

25 mm (29/0, total n=29) 0.97 ± 0.20   

26 mm (0/39, total n=39)  1.11 ± 0.33  

27 mm (27/0, total n=24) 1.10 ± 0.30   

29 mm (0/25, total n=25)  1.12 0.25  

Transprosthetic mean pressure gradient, mmHg   0.50 

23 mm (26/19, total n=45) 12 ± 5 11 ± 4  

25 mm (29/0, total n=29) 11 ± 3   

26 mm (0/39, total n=39)  10 ± 3  

27 mm (27/0, total n=24) 10 ± 3   

29 mm (0/25, total n=25)  8 ± 3  

Transprosthetic peak pressure gradient. mmHg   0.72 

23 mm (26/19, total n=45) 22 ± 10 22.1 ± 7.1  

25 mm (29/0, total n=29) 20 ± 6   

26 mm (0/39, total n=39)  18 ± 6  

27 mm (27/0, total n=24) 20 ± 5   

29 mm (0/25, total n=25)  15 ± 5  

Transprosthetic Vmax. m/s   0.81 

23 mm (26/19, total n=45) 2.3 ± 0.5 2.3 ± 0.4  

25 mm (29/0, total n=29) 2.2 ± 0.3   

26 mm (0/39, total n=39)  2.1 ± 0.4  

27 mm (27/0, total n=24) 2.2 ± 0.3   

29 mm (0/25, total n=25)  1.9 ± 0.3  

Dimensionless ratio (DVI)   0.84 

23 mm (26/19, total n=45) 0.49 ± 0.11 0.43 ± 0.10  

25 mm (29/0, total n=29) 0.50 ± 0.11   

26 mm (0/39, total n=39)  0.50 ± 0.14  

27 mm (27/0, total n=24) 0.49 ± 0.14   

29 mm (0/25, total n=25)   0.44 ± 0.11   

For abbreviations, see tables 1, 2 and 3. 
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Table S4. Detailed Prosthetic Valve Regurgitation per Transcatheter Heart Valve Size. 

      Lotus (N=79) S3 (N=83) p value 

Paraprosthetic aortic regurgitation   0.01 

None/trivial 67 (84.8) 55 (66.3)  

23 mm (26/19, total n=45) 22 (84.6) 11 (57.9)  

25 mm (29/0, total n=29) 26 (89.7)   

26 mm (0/39, total n=39)  26 (66.7)  

27 mm (27/0, total n=24) 19 (79.2)   

29 mm (0/25, total n=25)  18 (72)  

Mild 12 (15.2) 25 (30.1)  

23 mm (26/19, total n=45) 4 (15.3) 7 (36.8)  

25 mm (29/0, total n=29) 3 (10.3)   

26 mm (0/39, total n=39)  11 (28.2)  

27 mm (27/0, total n=24) 5 (20.8)   

29 mm (0/25, total n=25)  7 (28)  

Moderate  3 (3.6)  

23 mm (26/19, total n=45)  1 (5.3)  

25 mm (29/0, total n=29)    

26 mm (0/39, total n=39)  2 (5.1)  

27 mm (27/0, total n=24)    

29 mm (0/25, total n=25)    

Severe    

Central aortic regurgitation    

None/trivial 78 (98.7) 82 (98.8) 0.74 

23 mm (26/19, total n=45) 25 (96.2) 19 (100) 1.00 

25 mm (29/0, total n=29) 29 (100)   

26 mm (0/39, total n=39)  38 (97.4)  

27 mm (27/0, total n=24) 24 (100)   

29 mm (0/25, total n=25)  25 (100)  

Mild 1 (1.3) 1 (1.2)  

23 mm (26/19, total n=45) 1 (3.8)   

25 mm (29/0, total n=29)    

26 mm (0/39, total n=39)  1 (2.6)  

27 mm (27/0, total n=24)    

29 mm (0/25, total n=25)    

Moderate    

Severe    

Total aortic regurgitation    

None/trivial 67 (84.8) 54 (65.1) 0.02 

23 mm (26/19, total n=45) 22 (84.6) 11 (57.9)  

25 mm (29/0, total n=29) 26 (89.7)   

26 mm (0/39, total n=39)  26 (66.7)  

27 mm (27/0, total n=24) 19 (79.2)   

29 mm (0/25, total n=25)  18 (72)  

Mild 11 (13.9) 26 (31.3)  
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23 mm (26/19, total n=45) 3 (11.5) 7 (36.8)  

25 mm (29/0, total n=29) 3 (10.3)   

26 mm (0/39, total n=39)  12 (30.8)  

27 mm (27/0, total n=24) 5 (20.8)   

29 mm (0/25, total n=25)  7 (28)  

Moderate 1 (1.3) 3 (3.6)  

23 mm (26/19, total n=45) 1 (3.8) 1 (5.3)  

25 mm (29/0, total n=29)    

26 mm (0/39, total n=39)  2 (5.2)  

27 mm (27/0, total n=24)    

29 mm (0/25, total n=25)    

Severe      

For abbreviations, see other tables; empty cells under each THV group = zero. 
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Chapter 14 

Long-Term Structural Integrity and Durability of the Medtronic CoreValve System After 

Transcatheter Aortic Valve Replacement. El Faquir N, Ren B, Faure M, de Ronde M, Geeve P, 

Maugenest AM, Kardys I, Geleijnse ML, de Jaegere PP, Budde RPJ, Van Mieghem NM. JACC 

Cardiovasc Imaging. 2018 May;11(5):781-783. Followed by the complete manuscript. 
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Excellent outcome after transcatheter aortic valve replacement (TAVR) is demonstrated by 

preserved transcatheter heart valve (THV) function at 2 to 5 years and intact structural 

integrity at 2 years (1, 2). Hypo-attenuated leaflet thickening (HALT) appears in up to 40% by 

multislice computed tomography (MSCT) at 30 days post-TAVR (3). Data on long-term THV 

performance and durability are scarce but imperative to justify the growing implementation 

in low-risk patients. We aimed to assess stent frame integrity and durability of the 

Medtronic CoreValve System (MCS)(Medtronic, Minneapolis, Minnesota) at least 4 years 

post-TAVR. 

Consecutive patients with at least 4 years of follow-up and single transfemoral MCS 

underwent transthoracic echocardiography (TTE) and MSCT after ethics committee approval 

(TACT, MEC-2013-331) and written informed consent were obtained. A pre-defined 

comparison was performed in patients with MSCT 5 to 6 months post-TAVR.  

An expert echocardiographer performed and read the TTE studies according to the valve  

academic research consortium consensus document (4). 

THV degeneration was defined as: 1)>10 mm Hg increase of mean transprosthetic gradient  

to a gradient ≥40 mmHg; and/or 2) development of at least moderate aortic regurgitation 

(AR) that was less than moderate directly post-TAVR.  

MSCT examinations (Definition, FLASH, or Force, Siemens  Healthcare,  Forchheim,  

Germany) were performed with electrocardiographic triggering or gated acquisitions in  

systole. Images were reconstructed and assessed (0.75 mm; Intellispace Portal, Philips,  Best,  

the  Netherlands) in end-systole by 2 experienced cardiovascular radiologists. 

Minimum/maximum diameter, area, and perimeter were defined at 3 pre-defined levels:  

inflow, nadir (of MCS leaflets), and outflow (central coaptation of MCS leaflets). Expansion  

(measured perimeter/nominal perimeter x 100%) and circularity (minimum 

diameter/maximum diameter x 100%) were derived. The presence of stent frame fractures  

and HALT was assessed. Longitudinal measurements (TTE, MSCT) were compared by paired 

Student’s t-tests or Wilcoxon signed rank tests. 

We included 20 (of 257) patients (age 80 years; interquartile range [IQR]: 73 to 83 years;  

logistic EuroSCORE 18%; 10% to 24%) with characteristics  similar to those of excluded 

patients. Follow-up time for clinical events was 6 years (IQR: 4 to 8 years); 2 patients died 
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after 8 years. Two transient ischemic attacks occurred (at 1 and 2 years), and no endocarditis 

or additional valve therapies. 

TTE (median 5 years; IQR: 4 to 7 years) showed no changes in left ventricular ejection  

fraction, transprosthetic gradient, maximum velocity, velocity time integral ratio, effective  

orifice area, or AR over time (figure 1). Two patients had MCS degeneration through 

deterioration of mild-to-moderate paravalvular leakage (PVL) (case 1) and moderate-to-

severe valvular AR (case 2) after 6 years. PVL was stable in 10 and improved in 8 patients. 

Two patients developed mild valvular AR. 

MSCT (median 5 years; IQR: 4 to 6 years) showed no frame fractures, whereas HALT was 

apparent in 50% without clinical consequence (figure 1). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Transprosthetic gradients and HALT. (Top) mean transprosthetic gradient post-TAVR in 20 

patients. (Bottom) HALT post-TAVR in 10 patients (median 5 years). HALT = hypo-attenuated leaflet 

thickening; TAVR = transcatheter aortic valve replacement. 
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Eleven patients had undergone an earlier MSCT (median 5 months; IQR: 0 to 14 months 

post-TAVR). Over time, circularity extended from 82.4 ± 5.3% to 84.4 ± 5.4% (p=0.019) and 

expansion from 83.3 ± 8.6% to 86.0 ± 7.2% (p=0.005) at the inflow without differences in 

nadir and outflow. No relationship was observed between baseline calcification (Agatston 

score) and eccentricity or expansion over time. Four patients developed HALT early, which  

remained stable in 1, improved in 2, and deteriorated in 1 (case 1, with valve degeneration). 

Two patients developed HALT at late follow-up. Of note, no HALT occurred in case 2 who 

developed valve degeneration. 

In summary, we observed preserved THV function and frame integrity at a median of 5 years 

post-TAVR. PVL typically remained stable or improved over time, although 1 patient had 

worse PVL and 1 patient had worse valvular AR. Transprosthetic gradients remained stable, 

which is consistent with findings from previous MCS studies (1). HALT was frequent (50%) at 

late follow-up without clinical consequence, in keeping with previous literature (3). 

Interestingly, our data suggest no interaction of oral anticoagulation therapy with late 

development of HALT, as the majority of patients with HALT were taking oral anticoagulants. 

We did not perform 4-dimensional scans and therefore cannot comment on leaflet mobility. 

We demonstrated for the first time continued MCS frame expansion and increased 

circularity between 5 months and 6 years post-TAVR at the inflow level. This may explain PVL 

improvement with self-expandable THV over time as suggested earlier (1). Further research 

is needed to understand HALT etiology (thrombotic vs. nonthrombotic) and to confirm our 

findings in large populations because our observations stem from a limited pool of eligible 

patients. 
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Abstract 

Objectives 

To explore the long-term structural integrity and durability of the Medtronic CoreValve 

System (MCS) after TAVI. 

Background 

Transcatheter aortic valve implantation (TAVI) is already applied in lower risk patients but 

durability data is scarce. 

Methods 

Twenty consecutive patients were invited for integrated multi-modality imaging with 

transthoracic echocardiography (TTE) and multislice computed tomography (CT) at least 4 

years after MCS TAVI. 

Results 

Median follow-up time was 5 years (IQR 4-7). Transprosthetic gradient, maximum aortic 

valve velocity and velocity time integral ratio remained stable. Paravalvular leakage (PVL) 

remained stable in 11, improved in 8 and deteriorated in 1 patient. One patient developed 

moderate valvular aortic regurgitation (AR). No stentframe fractures were observed by CT. 

Hypo-attenuated leaflet thickening (HALT) at long-term follow-up was apparent in 50% of 

patients with stable transprosthetic gradients. Eleven patients had 2 follow-up CT scans 5 

months and 6 years post TAVI in whom 4 had HALT early, that remained stable in 1, 

improved in 2 and deteriorated in 1 whereas 2 patients developed HALT at late follow-up. 

Valve frame circularity and expansion at the inflow level increased from 82.4% ± 5.3% to 

84.4% ± 5.4% (p=0.019) and from 83.3% ± 8.6% to 86.0% ± 7.2% (p=0.005) respectively. 

Conclusions 

At a median of 5 years post TAVI the MCS has preserved function and structural frame 

integrity. In the majority of cases PVL remained stable or improved, yet degeneration 

occurred in 10% based on PVL or valvular AR. Leaflet thickening was frequent with no 

apparent clinical consequences. The stentframe inflow tended to increase in circularity and 

expansion over time. 
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Introduction 

Transcatheter aortic valve implantation (TAVI) is an accepted treatment for symptomatic 

severe aortic stenosis (AS) in elderly patients with elevated operative risk (1-7). Several 

reports have demonstrated excellent clinical outcome extending 2-5 years after TAVI with 

preserved transcatheter heart valve (THV) function comparable to surgical aortic valve 

replacement (SAVR) as assessed by transthoracic echocardiography (TTE) (2, 4, 8-15). Other 

studies demonstrated encouraging data on the structural integrity of first generation devices 

up to 2 years post TAVI (16, 17). Recent studies with early evaluation of THV leaflets by 

multislice computed tomography (MSCT) scanning showed leaflet thickening in 4-40 % up to 

1 year post TAVI (18-23). TAVI is particularly attractive because it is minimally invasive, does 

not require general anesthesia, shortens hospital stay and is associated with fast functional 

recovery (24). TAVI is therefore also considered in younger and lower-risk patients with a 

longer life-expectancy (25). Data on long-term THV performance and durability are scarce 

but imperative to justify this growing adoption and implementation of TAVI.  

The aim of this study was to assess stent frame integrity and THV durability of the Medtronic 

CoreValve System (MCS) in patients at least 4 years after TAVI. 

 

Methods  

Patient population 

We approached all consecutive living patients who underwent transfemoral TAVI with the 

MCS in our center with at least 4 years follow-up. All patients were deemed at high surgical 

risk according to our heart team. TAVI procedures evolved under general anesthesia and 

through a transfemoral approach (26). Exclusion criteria were TAVI in a failed bioprosthesis, 

implantation of  > 1 THV during the procedure, severe kidney injury (GFR<30 mL/min) or no 

written informed consent. The study was according to the principles of the declaration of 

Helsinki and approved by the local ethics committee (TACT project, MEC-2013-331). All 

patients gave written informed consent for participation and were invited to undergo TTE 

and MSCT. A predefined analysis included a comparative CT study in patients with a follow-

up CT 5 to 6 months post TAVI. Clinical data were extracted from our prospective clinical 

database. 
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Transthoracic echocardiography 

An expert echocardiographer performed all TTE studies. TTE was performed with the patient 

in the left lateral decubitus position using a Philips iE33 ultrasound or a Sonos 7500 

ultrasound system (Philips Medical System, Best, The Netherlands) according to a standard 

acquisition protocol (27).  

All aortic valve measurements were obtained in mid-systole. The effective orifice area (EOA) 

was calculated using the continuity equation approach. Furthermore mean gradient and 

doppler velocity index (DVI) were calculated. Both central and paravalvular aortic 

regurgitation (AR) were assessed in the parasternal short-axis view (PSAX) according to the 

VARC-2 criteria (28). The left ventricular ejection fraction (LVEF) was assessed by the 

modified Simpson method. 

 

THV degeneration  

 THV degeneration was defined by TTE as follows: 

1. Increase of mean transprosthetic gradient with >10 mmHg to ≥ 40mmHg and/or 

2. Development of at least moderate AR that was less than moderate AR directly post 

TAVI. AR was further subcategorized into valvular and paravalvular AR.  

 

Multislice computed tomography 

Contrast enhanced imaging was performed on a dual source MSCT (Definition, FLASH or Force, 

Siemens Healthcare, Forchheim, Germany). ECG-triggered or gated acquisitions were 

performed in systolic phases. Images were reconstructed at 0.75 mm slice thickness. Image 

quality was scored as 1) non-diagnostic, 2) moderate, 3) good and 4) excellent. Appropriate 

image quality was defined as a score ≥ 3. 

The MCS prosthesis was assessed with a multiplaner viewer (Philips, Intellispace Portal, 

Philips, Best, the Netherlands). Measurements were performed in end-systole or, if image 

quality was poor, at another heart phase with optimal image quality. We measured the 

minimum diameter, maximum diameter, area and perimeter by connecting the center of the 
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stent struts at 3 predefined levels: 1) Inflow (where the MCS first appeared as a ring in the 

left ventricular outflow tract), 2) Nadir (located three strut connecting points more cranial ) 

and 3) Outflow (located three strut connecting points more cranial) (figure 1) (29). The depth 

of implantation (DOI) was measured from the deepest ventricular end of the MCS to the 

native aortic annulus. Stent frame and bioprosthesis valve leaflets were examined for stent 

frame fractures and hypo-attenuated leaflet thickening (HALT) by 3D reconstructions from 

multiple angles and scrolling through axial and longitudinal images while defining the 

affected cusp. Two experienced cardiovascular radiologists performed all CT analyses. Intra- 

and inter-observer variability were determined by a second measurement of ten randomly 

selected CT’s. 

 

Figure 1. MSCT example for the 

assessment of structural stent frame 

integrity and leaflet thickening.1) Inflow, 

2) Nadir, 3) Outflow and 4) DOI. 

 

 

 

 

 

Stent frame geometry 

Stent frame expansion and circularity at the inflow, nadir and outflow were assessed by CT 

based on the following formulas: 

1) Degree of bioprosthesis valve expansion: (measured perimeter/nominal perimeter 

(MCS)) x 100%.  

2) Degree of circularity of the bioprosthesis valve: (minimum diameter/maximum 

diameter) x 100%. 

 



288 

 

Statistical analysis  

The Shapiro-Wilk test was used to test normality of distributions. Continuous variables are 

presented as means (±SD) or medians (IQR) as appropriate and categorical variables as 

frequencies and percentages. Baseline characteristics were compared by the Student’s t-test, 

Mann-Whitney U test, Pearson’s chi-squared or Fisher’s exact test. Continuous 

echocardiographic and CT measurements which were repeated over time were compared by 

the paired Student’s t-test or Wilcoxon signed-rank test depending on their distributions, and 

for categorical echocardiographic data McNemar’s test was used. Intra- and interobserver 

variability for CT was assessed by calculating the intraclass correlation coefficient and by the 

Bland-Altman method. All investigators were blinded to each other’s results. A two-sided 

alpha level of 0.05 was used to indicate statistical significance and all statistical analysis were 

performed by SPSS software 23.0 (SPSS Inc, Chicago, Illinois, USA). 

 

Results 

Patient population and clinical outcome 

Twenty (out of 257) patients who underwent TAVI between November 2005 and March 

2012 were alive and agreed to participate (figure 2). Baseline patient characteristics are 

summarized in table 1. The median age was 80 (73-83) years, 11 (55%) patients were male 

and the median Logistic Euroscore was 18 (10-24) %. Seventeen patients had CT-based MCS 

sizing, with 13 ± 6% MCS oversizing relative to the annular perimeter (supplemental table 1). 

Median follow-up time for clinical events after discharge was 6 years (IQR 4-8), 2 patients 

died 8 years post TAVI. Two patients had a transient ischemic attack at 1 and 2 years and in 3 

patients a pacemaker was implanted at 1, 3 and 4 years respectively. Five patients 

developed new onset atrial fibrillation at 1, 4 and 6 years. Three patients were admitted to 

the hospital for heart failure at 1, 4 and 6 years. There were no cases of endocarditis. No 

patients underwent additional valve therapies during follow up. 
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Transcatheter heart valve function 

The median follow-up time for long-term TTE was 5 years (IQR 4-7). Overall, a comparison 

between index TTE post TAVI and long-term showed no significant difference in LVEF, 

transprosthetic gradients, maximum velocity, VTI ratio, EOA or AR (table 2, figure 3). One 

patient (case 1) had mild PVL immediately post TAVI, which increased to moderate. Another 

patient (case 2) developed moderate valvular AR in addition to stationary mild PVL post TAVI 

resulting in severe total AR. In both patients deterioration became apparent 6 years post 

TAVI (figure 4) and was associated with left ventricular dilatation (figure 5 upper- middle- 

bottom section). Of note, these 2 patients did not need postdilatation at the index 

procedure. PVL in the other patients was stationary in 10 and improved in 8 patients: from 

moderate to mild in four patients at 1 and 7 years post TAVI, from moderate to none in one 

patient 6 years post TAVI and from mild to none in three patients at 1 and 2 years post TAVI 

(figure 4). Two other patients developed mild valvular AR at 2 and 7 years post TAVI. 

 

Figure 2. 

Flowchart of 

the study 

patient 

population. 

 

 

 

Bioprosthesis valve degeneration 

Two patients (case 1 and 2) had MCS degeneration with deterioration in case 1 of mild PVL 

to moderate and in case 2 combined with moderate valvular AR to severe total AR 6 years 

post TAVI (figure 5 upper and middle section). Transprosthetic gradients remained stable in 

all patients (figure 6). 
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Table 1. Baseline characteristics       

 Study cohort 

Died, lost to 
follow-up or 

declined 
participation 

p-value 

  n =20 n=214   

Demographics    

  Age (years) 80 (73-83) 82 (78-86) 0.057 
  Male 11 (55) 104 (49) 0.58 
  Height (cm) 170 ± 9 167 ± 9 0.81 
  Weight (kg) 81 ± 14 73 ± 13 0.77 
  Body surface area (m2) 2.0 ± 0.2 1.8 ± 0.2 0.89 
Cardiac risk factors  

  
  Diabetes mellitus 3 (15) 55 (26) 0.42 
  Hypertension 13 (65) 129 (60) 0.68 
Medical history  

  
  Previous cerebrovascular event 5 (25) 47 (22) 0.78 
  Previous myocardial infarction 6 (30) 51 (24) 0.59 
  Previous coronary artery bypass graft surgery 9 (45) 54 (25) 0.057 
  Previous percutaneous coronary intervention 5 (25) 56 (26) 0.91 
  Permanent pacemaker 3 (15) 17 (8) 0.39 
  Peripheral vascular disease 1 (5) 32 (15) 0.32 
  Chronic obstructive pulmonary disease 6 (30) 62 (29) 0.92 
  Atrial fibrillation 5 (25) 63 (29) 0.68 
  New York Heart Association class (NYHA)≥ III 17 (85) 179 (84)  
Laboratory results  

  
  Creatinine (umol/L) 99 (76-132) 92 (75-117) 0.41 
  Hemoglobin (g/dl) 8.1 ± 1.0 7.6 ± 1.1 0.75 
Echocardiography  

  
  Left ventricular ejection fraction (%) 43 ± 16 51 ± 14 0.29 
  Peak velocity (m/s) 4.3 ± 0.9 4.2 ± 0.7 0.25 
  Peak gradient (mmHg) 66 (51-90) 72 (56-90) 0.79 
  Mean gradient (mmHg) 39 (29-54) 43 (32-56) 0.68 
  Aortic valve area (cm2) 0.7 (0.7-0.9) 0.7 (0.5-0.8) 0.091 
  Indexed aortic valve area (cm2/m2) 0.4 (0.3-0.4) 0.4 (0.3-0.4) 0.44 
  Aortic regurgitation grade ≥ II 3 (15) 36 (17)  
Multislice computed tomography (MSCT)  

  
  Annulus  

  
    Minimum diameter (mm) 23 (22-24) 22 (21-24) 0.15 
    Maximum diameter (mm) 27 ± 2 27 ± 3 0.088 
    Area (mm2) 466 (453-545) 474 (409-539) 0.33 
    Area derived diameter (mm) 24 (24-26) 25 (23-26) 0.43 
    Perimeter (mm) 80 ± 5 79 ± 9 0.13 
    Aortic root Agatston score 3952 (2338-5013) 2883 (1998-4286) 0.21 
  Left ventricular outflow tract (LVOT)  

  
    Area (mm2) 490 (406-550) 429 (369-510) 0.10 
    Perimeter (mm) 79 (75-85) 75 (70-82) 0.044 
Risk score  

  
  Logistic Euroscore I (%) 18 (10-24) 15 (10-23) 0.44 

Values are expressed in median (IQR), n (%) or mean ± SD.  
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Figure 3. Overview of  ≥ moderate PVL post TAVI over time. Present and absent are stationary, 

deterioration or improvement indicate change over time. 

 

 

Table 2. Echocardiographic findings post TAVI  

  

Directly Long-term Difference, 
p-

value 
post TAVI     post TAVI     mean (CI 95%) 

n=20 n=20   

Time to echo 7 (5-8) days 5 (4-7) years    
Left ventricular ejection fraction (%) 41.9 ± 15.9 45.5 ± 13.5 + 3.6 (-2.9; 10.0) 0.26 

Peak velocity (m/s) 1.9 ± 0.5 1.8 ± 0.4 -0.1 (-0.3; 0.1) 0.22 

Peak gradient (mmHg) 16.4 ± 7.6 13.8 ± 5.5 -2.7 (-5.8; 0.5) 0.090 

Mean gradient (mmHg) 8.4 ± 4.4 7.1 ± 2.9 -1.3 (-3.1; 0.5) 0.16 

Velocity time integral ratio 0.5 ± 0.1 0.5 ± 0.2 0.0 (-0.2; 0.1) 0.50 

Doppler velocity index 0.5 ± 0.1 0.4 ± 0.2 0.0 (-0.2; 0.1) 0.17 

Effective orifice area (cm2) 1.8 ± 0.5 1.7 ± 0.6 -0.1 (-0.5; 0.2) 0.44 

Indexed effective orifice area 
(cm2/m2) 

0.9 ± 0.2 0.9 ± 0.4 0.0 (-0.3; 0.2) 0.70 

Values are expressed in median (interquartile range), mean ± SD or mean (confidence interval 95%). 
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Observer variability and agreement - CT  

There was an excellent intra- and inter observer agreement, with an intraclass correlation 

coefficient >0.99 for the inflow, >0.96 for the nadir and >0.80 for the outflow (supplemental 

table 2a, 2b). Bland-Altman analysis also showed  good intra- and inter observer agreement 

(supplemental figure 1a, 1b). 

Figure 4. PVL post TAVI by TTE in 20 patients. 

 

Structural stent frame integrity 

Long-term CT was performed in 20 patients at a median follow-up time of 5 years (IQR 4-6). 

Overall CT image quality was appropriate for analysis. The mean circularity was 86.2% ± 6.3% 

at the inflow, 87.9% ± 5.3% at the nadir and 93.4% ± 2.9% at the outflow. The mean 

expansion was 85.4% ± 6.0% at the inflow, 92.9% ± 2.4% at the nadir and median expansion 

at the outflow was 100.0% (99.1-101.0%). Mean DOI was 5.4 ± 3.4mm. There were no stent 

frame fractures. 

Eleven patients had previously undergone a CT post TAVI with a median follow-up time of 5 
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months (IQR 0-14) (table 3). Overall, between 5 months and 6 years valve circularity 

extended from 82.4% ± 5.3% to 84.4% ± 5.4% (p=0.019) and valve expansion from 83.3% ± 

8.6% to 86.0% ± 7.2% (p=0.005) at the inflow. There were no differences at the nadir and 

outflow. In 7/11 patients valve circularity and valve expansion increased at the inflow with 

3.0% ± 2.0% and 2.7% ± 2.4% respectively. In 3 patients valve circularity decreased and valve 

expansion increased at the inflow with 0.8% ± 0.8% and 3.6% ± 2.9% respectively. In 1 

patient circularity increased with 3.7% and expansion remained stable over time. 

In case 1 with PVL deterioration, valve circularity decreased from 81.4% to 80.9% and valve 

expansion increased from 78.2% to 81.2% at the inflow. In case 2 with deterioration to 

severe total AR, circularity and expansion increased at the inflow from 87.5% to 89.5% and 

from 89.9% to 92.0%, respectively.  

Overall, in paired analysis the DOI remained stable between the short and long term scan 

(table 3). 
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Figure 5 Upper section. Case 1 with increased PVL post TAVI (PSAX). A) Mild PVL directly post TAVI. B) 

Moderate PVL 6 years post TAVI. 

Figure 5 Middle section. Case 2 with stationary PVL and development of moderate valvular AR. A) 

Mild PVL directly post TAVI (PSAX). B) Severe total AR 6 years post TAVI (PSAX). C) Illustration of 

predominantly valvular AR 8.5 years post TAVI (apical 3 chamber view). 

Figure 5 Bottom section. Case 2 with increased LV diameter post TAVI. A) End-diastolic left ventricular 

diameter of 56mm directly post TAVI and B) 62mm 7 years post TAVI. 

 

 

 



295 

 

Table 3. Multislice computed tomography (MSCT) at two timepoints post TAVI. 

  
First CT post 
TAVI n=11 

Second CT post 
TAVI n=11 

Difference, mean 
(CI 95 %) 

p-value 

 
Time to MSCT 5 (0-14) months 6 (5-7) years    

 

Appropriate image quality 11 (100) 11 (100)   
 

Inflow     
 

  Minimum diameter (mm) 21.2 ± 2.8 22.2 ± 2.8 + 1.1 (0.5; 1.6) 0.002  

  Maximum diameter (mm) 25.6 ± 2.6 26.3 ± 2.3 + 0.6 (0.1; 1.1) 0.016  

  Area (mm2) 422.8 ± 97.1 454.3 ± 91.4 + 31.5 (13.7; 49.2) 0.003  

  Area derived diameter (mm) 23.0 ± 2.8 23.9 ± 2.5 + 0.9 (0.4; 1.4) 0.003  

  Perimeter (mm) 73.1 ± 8.5 75.4 ± 7.6 + 2.4 (0.9; 3.8) 0.004  

  Circularity (%) 82.4 ± 5.3 84.4 ± 5.4 + 2.0 (0.4; 3.7) 0.019  

  Expansion (%) 83.3 ± 8.6 86.0 ± 7.2 + 2.7 (1.0; 4.4) 0.005  

Nadir      

  Minimum diameter (mm) 21.3 ± 1.8 21.5 ± 1.4 + 0.2 (-0.5; 0.9) 0.52  

  Maximum diameter (mm) 24.9 ± 0.8 24.7 ± 0.9 -0.2 (-0.5; 0.2) 0.40  

  Area (mm2) 407.2 ± 39.7 412.2 ± 38.2 + 5.0 (-8.5; 18.5) 0.43  

  Area derived diameter (mm) 22.7 ± 1.1 22.9 ± 1.1 + 0.1 (-0.2; 0.5) 0.44  

  Perimeter (mm) 71.9 ± 3.2 72.0 ± 3.2 + 0.1 (-1.3; 1.5) 0.89  

  Circularity (%) 85.6 ± 7.0 86.9 ± 5.4 + 1.4 (-1.0; 3.8) 0.23  

  Expansion (%) 91.9 ± 3.3 92.0 ± 2.3 + 0.1 (-1.7; 1.9) 0.92  

Outflow  
 

  
 

  

  Minimum diameter (mm) 21.8 ± 1.0 22.1 ± 0.7 + 0.2 (-0.3; 0.8) 0.36  

  Maximum diameter (mm) 23.8 ± 0.8 23.8 ± 0.6 0.0 (-0.5; 0.6) 0.89  

  Area (mm2) 400.3 ± 24.8 408.3 ± 18.4 + 8.0 (-4.3; 20.8) 0.20  

  Area derived diameter (mm) 22.6 ± 0.7 22.8 ± 0.5 + 0.3 (-0.1; 0.6) 0.16  

  Perimeter (mm) 71.2 ± 2.4 72.2 ± 3.1 + 1.0 (-1.4; 3.5) 0.37  

  Circularity (%) 91.7 ± 2.9 92.6 ± 3.0 + 0.8 (-0.6; 2.3) 0.21  

  Expansion (%) 99.9 ± 3.5 101.3 ± 3.6 + 1.4 (-2.0; 4.9) 0.37  

Depth of implantation (mm) 6.5 ± 3.9 5.5 ± 3.2 -1.0 (-2.2; 0.1) 0.080  

Values are expressed in median (interquartile range), n (%), mean ± SD or mean (confidence 
interval 95%). 
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Figure 6. Mean transprosthetic gradient post TAVI by TTE in 20 patients. 

Figure 7. HALT after TAVI in ten patients post TAVI (median 5 years). The arrows indicate HALT. 

 

Hypo-attenuated leaflet thickening 

HALT was identified in 4/11 patients with an early scan post TAVI and in 10/20 patients on 

the late scan (figure 7).  

In the 11 patients with 2 CT studies post TAVI, 4 patients had HALT on both scans, that 

remained stable in 1 patient, became less pronounced at follow up in 2 and increased in 1 

patient. Two patients only developed HALT at long-term follow up CT. Patients with HALT 

had stable transprosthetic gradients by TTE and no neurological or other clinical events. In 

patients with THV degeneration, HALT was observed on the first CT and became less 
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pronounced at the second follow-up CT in case 1 and no HALT in case 2. 

 

Discussion 

Our exploratory study provides more insights into Corevalve structural integrity and 

durability at a median of 5 years post TAVI. Key findings are: 1) Transprosthetic valve 

degeneration occurred in 10% and was based on increase in AR (PVL or valvular AR), 

transprosthetic gradients remained stable. 2) PVL remained stable in 55%, improved in 40% 

and deteriorated in 5% of patients. 3) HALT was present in 50% of patients without any 

hemodynamic or clinical impact. 4) In general, the stent frame over time remained intact, 

expanded further and became more circular at the inflow level.  

 

The literature on surgical bioprosthetic valve durability/degeneration lacks uniformity and 

troubles comprehensive comparison or extrapolation. We report transcatheter bioprosthetic 

degeneration in 10% of patients at 5 years. Degeneration was determined by aggravation of 

PVL and valvular AR. With surgical bioprosthesis structural valve degeneration is based on 

increase in gradient in 3.6%, valvular regurgitation in 1.7% and a combination in 0.6% (30). 

Notably, we did not see a change in transprosthetic gradients, which echoes previous MCS 

studies with up to 5-year follow up (13, 14). The US pivotal CoreValve trial reported stable 

MCS performance up to 3 years of follow-up by TTE with lower transprosthetic gradients 

after TAVI compared with SAVR (mean gradient: 7.62 ± 3.57mmHg vs. 11.40 ± 6.81mmHg, 

p<0.001) (31). No structural valve deterioration occurred in both groups and significant 

increase in transprosthetic gradients (defined as >50% increase from 1 month to 3 years) 

was equally frequent between TAVI and SAVR (TAVI: 9.5% and SAVR:12.6%, p=0.38). 

Moderate or severe AR was more frequent after TAVI (6.8% vs. 0.0%, p<0.001) and 

predominantly paravalvular (in 5.9%). 

Five-year core lab assessed echo follow up in the PARTNER Cohort A trial confirmed 

comparative durability between TAVI with a balloon-expandable THV and SAVR (32). No 

structural valve deterioration requiring surgery was apparent in both groups and valve 

haemodynamics were comparable (mean gradient TAVI 10.7mmHg versus SAVR 10.6mmHg, 

p=0.92). Moderate or severe aortic regurgitation was more frequent after TAVI compared 
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with SAVR (14% with TAVI and 1% with SAVR, p<0.0001).  

Data on structural stent frame integrity after TAVI is scarce. Willson et al. reported preserved 

SAPIEN integrity by MSCT 2.5 ± 0.9 years post TAVI in 50 patients and showed excellent 

frame circularity in 96% with median eccentricity of 2.0% (1.2%-3.0%) (17). Mean THV 

expansion was 104.1 ± 7.4% and increased from stent inflow (100.8 ± 7.6%) to outflow 

(108.1 ± 6.9%, p<0.001). No stent frame fractures were observed. We previously found 

intact MCS stent frame structure up to 2 years post TAVI by R-angio in 58 patients and by 

MSCT 1.5months (IQR 0-7months) post TAVI (16, 33). Valve expansion was symmetrical in 

17% (5/30) and more at the cranial levels. The degree of deformation (difference between 

smallest and largest orthogonal diameter) was maximal at the inflow with a median 

difference of 4.4mm (IQR 3.3-6.4mm). Incomplete apposition was seen in the majority of 

patients due to deep DOI or calcified leaflets. Our present data extend these findings up to 5 

years. PVL may be due to native leaflet calcification and/or the non-circular valve frame 

expansion. In vivo, MCS typically is more eccentric and less expanded than the Edwards 

sapien valve as assessed by MSCT 1.5 months and 3 years post TAVI respectively (8, 33). Our 

study highlighted for the first time continued MCS frame expansion and increased circularity 

between 5 months and 6 years post TAVI at the inflow. The US pivotal CoreValve 

investigators suggested this phenomenon to explain PVL improvement between 30 days and 

1 year post TAVI (6, 7). In our study, PVL remained stable or improved in 55% and 40% of 

patients respectively and deteriorated in 5%. 

 

HALT was seen in 4 and in 10 patients (respectively on the first and second CT scan, figure 7).  

Similar to previous reports HALT had no meaningful clinical or hemodynamic impact in our 

patient cohort (18-23). In the eleven patients with sequential CT scans 4 patients had early 

HALT, in whom 1 remained unchanged over time, 2 partially resolved and 1 increased. Two 

patients only had HALT at the late follow up scan. 

 

Limitations 

This is a small exploratory study out of a limited pool of eligible patients. Patients were old, 

frail, with co-morbidities and no longer self-dependent, which affected motivation to study 



299 

 

participation. Our findings only apply to the first generation MCS, are hypothesis generating 

and require confirmation in larger patient cohorts. We did not perform 4D scans and 

therefore cannot comment on any association of HALT with leaflet mobility.  

 

Conclusions 

At a median of 5 years post TAVI the MCS has preserved structural frame integrity. In the 

majority of cases PVL improved or remained stable, yet degeneration occurred in 10% based 

on PVL or valvular AR. Leaflet thickening was frequent without clear consequences and the 

inflow level of the stentframe tended to increase in circularity and expansion over time. 
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Supplementary material 

Supplemental table 1. Sizing n=17 

Valve size/ minimum annulus diameter x 100% 125 ± 9  

Valve size/ maximum annulus diameter x 100% 106 ± 6 

Valve size/ mean annulus diameter x 100% 113 (109-121) 

Valve perimeter/ perimeter native annulus x 100% 113 ± 6 

Values are expressed in mean ± SD or median (IQR).   

 

  
Supplemental table 2a. Intra-observer variability of the MSCT measurements at 
different levels.  

  
Intraclass 

correlation 
coefficient 

MSCT Assessment 1 
n=10 

MSCT 
Assessment 2 

n=10 

p-
value 

 

 

Inflow        

  Minimum diameter (mm) 0.99 21.9 ± 2.8 22.0 ± 2.9 <0.001  

  Maximum diameter (mm) 0.99 26.3 ± 2.8 26.1 ± 2.7 <0.001  

  Area (mm2) 1.0 451.6 ± 94.9 451.6 ± 93.8 <0.001  

  Area derived diameter (mm) 1.0 23.8 ± 2.8 23.8 ± 2.8 <0.001  

  Perimeter (mm) 1.0 75.4 ± 8.5 75.3 ± 8.4 <0.001  

  Circularity (%) 0.94 83.1 ± 5.5 84.3 ± 5.0 <0.001  

  Expansion (%) 1.0 84.3 ± 7.0 84.2 ± 6.9 <0.001  

Nadir  
  

 
 

  Minimum diameter (mm) 0.98 21.7 ± 1.6 21.8 ± 1.6 <0.001  

  Maximum diameter (mm) 0.96 25.1 ± 0.9 24.9 ± 1.2 <0.001  

  Area (mm2) 0.99 423.3 ± 45.1 424.2 ± 43.9 <0.001  

  Area derived diameter (mm) 1.0 23.2 ± 1.3 23.2 ± 1.2 <0.001  

  Perimeter (mm) 1.0 72.9 ± 3.7 73.0 ± 3.6 <0.001  

  Circularity (%) 0.95 86.3 ± 6.1 87.8 ± 5.9 <0.001  

  Expansion (%) 0.99 92.4 ± 2.7 92.5 ± 2.5 <0.001  

Outflow      

  Minimum diameter (mm) 0.94 22.1 ± 0.8 22.3 ± 0.9 0.001  

  Maximum diameter (mm) 0.80 23.8 ± 0.5 23.9 ± 0.3 0.012  

  Area (mm2) 0.94 410.8 ± 18.3 414.8 ± 19.5 <0.001  

  Area derived diameter (mm) 0.96 22.9 ± 0.5 23.0 ± 0.6 <0.001  

  Perimeter (mm) 0.84 72.0 ± 1.0 71.9 ± 1.6 0.017  

  Circularity (%) 0.89 92.8 ± 3.5 93.0 ± 3.2 0.005  

  Expansion (%) 0.29 100.3 ± 2.2 99.7 ± 1.0 0.35  

Depth of implantation (mm) 0.69 6.1 ± 2.7 6.2 ± 1.8 0.056  

Values are expressed in mean ± SD.   
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Supplemental table 2b. Inter-observer variability of the MSCT measurements at different levels. 

  
Intraclass 

correlation 
coefficient 

MSCT MSCT 

p-value Observer 1 Observer 2    

n=10 n=10 

Inflow        

  Minimum diameter (mm) 1.0 21.9 ± 2.8 22.0 ± 2.9 <0.001 

  Maximum diameter (mm) 1.0 26.3 ± 2.8 26.4 ± 2.3 <0.001 

  Area (mm2) 1.0 451.6 ± 94.9 452.4 ± 96.1 <0.001 

  Area derived diameter (mm) 1.0 23.8 ± 2.8 23.9 ± 2.8 <0.001 

  Perimeter (mm) 1.0 75.4 ± 8.5 75.5 ± 8.2 <0.001 

  Circularity (%) 0.94 83.1 ± 5.5 83.0 ± 5.5 <0.001 

  Expansion (%) 1.0 84.3 ± 7.0 84.5 ± 6.5 <0.001 

Nadir     

  Minimum diameter (mm) 1.0 21.7 ± 1.6 21.6 ± 1.6 <0.001 

  Maximum diameter (mm) 0.97 25.1 ± 0.9 25.0 ± 1.2 <0.001 

  Area (mm2) 0.99 423.3 ± 45.1 419.4 ± 43.3 <0.001 

  Area derived diameter (mm) 1.0 23.2 ± 1.3 23.1 ± 1.2 <0.001 

  Perimeter (mm) 0.99 72.9 ± 3.7 72.6 ± 3.6 <0.001 

  Circularity (%) 0.97 86.3 ± 6.1 86.3 ± 5.9 <0.001 

  Expansion (%) 0.98 92.4 ± 2.7 92.0 ± 2.6 <0.001 

Outflow     

  Minimum diameter (mm) 0.96 22.1 ± 0.8 22.5 ± 1.0 <0.001 

  Maximum diameter (mm) 0.88 23.8 ± 0.5 24.0 ± 0.4 0.001 

  Area (mm2) 0.94 410.8 ± 18.3 417.4 ± 22.2 <0.001 

  Area derived diameter (mm) 0.95 22.9 ± 0.5 23.1 ± 0.6 <0.001 

  Perimeter (mm) 0.87 72.0 ± 1.0 72.2 ± 1.8 0.010 

  Circularity (%) 0.96 92.8 ± 3.5 93.7 ± 3.8 <0.001 

  Expansion (%) 0.50 100.3 ± 2.2 100.0 ± 1.3 0.20 

Depth of implantation (mm) 0.50 6.1 ± 2.7 6.7 ± 3.0 0.17 

Values are expressed in mean ± SD.  
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Supplemental figure 1a. Intra-observer variability plots of MSCT (circularity and expansion). 

Horizontal lines represent the mean and +/- 2SD. 
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Supplemental figure 1b. Inter-observer variability plots of MSCT (circularity and expansion). 

Horizontal lines represent the mean and +/- 2SD. 
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Chapter 15 

Determinants of image quality of rotational angiography for on-line assessment of frame 

geometry after Transcatheter Aortic Valve Implantation. Rodríguez-Olivares R, El Faquir N, 

Rahhab Z, Maugenest AM, Van Mieghem NM, Schultz C, Lauritsch G, de Jaegere PP. Int J 

Cardiovasc Imaging. 2016 Jul;32(7):1021-9. 
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Abstract 

To study the determinants of image quality of rotational angiography using dedicated 

research prototype software for motion compensation without rapid ventricular pacing after 

the implantation of four commercially available catheter-based valves. Prospective 

observational study including 179 consecutive patients who underwent transcatheter aortic 

valve implantation (TAVI) with either the Medtronic CoreValve (MCS), Edward-SAPIEN Valve 

(ESV), Boston Sadra Lotus (BSL) or Saint-Jude Portico Valve (SJP) in whom rotational 

angiography (R-angio) with motion compensation 3D image reconstruction was performed. 

Image quality was evaluated from grade 1 (excellent image quality) to grade 5 (strongly 

degraded). Distinction was made between good (grades 1, 2) and poor image quality (grades 

3–5). Clinical (gender, body mass index, Agatston score, heart rate and rhythm, artifacts), 

procedural (valve type) and technical variables (isocentricity) were related with the image 

quality assessment. Image quality was good in 128 (72%) and poor in 51 (28%) patients. By 

univariable analysis only valve type (BSL) and the presence of an artefact negatively affected 

image quality. By multivariate analysis (in which BMI was forced into the model) BSL valve 

(Odds 3.5, 95% CI [1.3–9.6], p=0.02), presence of an artifact (Odds 2.5, 95% CI [1.2–5.4], 

p=0.02) and BMI (Odds 1.1, 95% CI [1.0–1.2], p=0.04) were independent predictors of poor 

image quality. Rotational angiography with motion compensation 3D image reconstruction 

using a dedicated research prototype software offers good image quality for the evaluation 

of frame geometry after TAVI in the majority of patients. Valve type, presence of artifacts 

and higher BMI negatively affect image quality. 
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Introduction 

Transcatheter aortic valve implantation (TAVI) is an established therapeutic option for 

patients with aortic stenosis who are considered at high risk or inappropriate for surgical 

valve replacement (1–5). Parallel with the increasing clinical experience with various 

catheter-based valve technologies, there is ongoing technical improvement in these devices 

to overcome their technical limitations (6). One of these is the occurrence of paravalvular 

aortic regurgitation that stem from a combination of patient- and procedure related 

variables (e.g. amount and distribution of aortic root calcium, sizing and depth of 

implantation) but also from intrinsic device related factors and ensuing device–host 

interaction that may lead to incomplete or non-uniform frame expansion (7–11). This has led 

to an increased interest in on-line assessment of frame geometry to better understand 

and/or to improve the immediate results of TAVI (12). Echocardiography helps to evaluate 

and understand valve performance but is limited in offering detailed information of the 

geometry of the valve frame. The latter implies (on-line) 3D imaging. Although 3D 

echocardiography is increasingly used to assess complex cardiac structures it is limited by 

sufficient temporal and spatial resolution for detailed assessment of frame geometry after 

TAVI. For that reason, we used rotational angiography (R-angio) using prototype software for 

motion compensation (12). Conventional R-angio is characterized by a high spatial but low 

temporal resolution. Motion compensation techniques in the reconstruction step are 

restoring the good temporal resolution of the frame acquisition. R-angio, however, has been 

shown to be instrumental in the on-line assessment and quantification of the base of the 

aortic root in patients scheduled for TAVI although image quality may vary depending on a 

number of patient-related factors (13–15). In this study we sought to explore the 

determinants of image quality of the frame geometry using R-angio with dedicated research 

prototype software for motion compensation without rapid ventricular pacing after the 

implantation of four commercially available catheter-based valves as R-angio may be used 

for clinical decision making of additional treatment measures, thereby, improving outcome 

(14, 15). 
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Methods  

Patients  

The study population consists of 179 consecutive patients with aortic stenosis who 

underwent TAVI with either the Medtronic CoreValve (MCS), Edward-SAPIEN Valve (ESV-XT 

& S3), Boston Sadra Lotus (BSL) or Saint-Jude Portico Valve (SJP) in whom R-angio using 

dedicated research prototype software for motion compensation but without rapid pacing 

was performed (12, 16).  

R-angio was performed immediately after TAVI using the Artis zee biplane angiographic C-

arm system (Siemens Healthcare GmbH, Forchheim, Germany) with a 20×20 cm detector 

and isotropic pixel length of 180 μm. A total of 133 images were acquired in 5s along a 198° 

arc (99° right anterior oblique to 99° left anterior oblique view) during breath hold at a 

detector entrance dose of 0.36 μGy per frame and a tube voltage of 90 kV.  

3D reconstruction was done using a predefined Standard Operating Procedure (supplement). 

From the projection data a motion compensated 3D image (R-angio) was reconstructed with 

research prototype software (Siemens Healthcare GmbH, Forchheim, Germany) with a 

matrix of 256 in each direction and isotropic (0.5 mm)3 voxel size. A motion compensated 

image reconstruction was made using the end-diastolic phase at 75% of the cardiac cycle 

since at that moment there is theoretically less motion. The 3D reconstruction of the frame 

was then processed (e.g. cropping) before analysis. Cross-sectional short axes images were 

used for frame analysis (figure 1c). 

Frame analysis was performed at three pre-specified levels in MCS, ESV and SJP (A—inflow, 

B—functioning segment and C—outflow) and in two in the BSL (functioning segment and 

outflow) due to the lack of useful landmarks at the level of the BSL inflow (figure 2).  

Image quality was evaluated using the following score: grade 1, excellent image quality 

(struts visible without artifacts); grade 2, struts clearly visible, distinction between struts and 

artifacts possible; grade 3, struts visible but in some regions distinction between struts and 

artifacts cannot be made; grade 4, degraded (struts are blurred and distorted); grade 5, 

strongly degraded (struts and artefacts cannot be distinguished) (figure 3).  
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Isocentricity of the valve in the field of examination was defined by drawing two orthogonal 

lines (vertical, horizontal) in the middle of the image window. Isocentricity was visually 

assessed using a circular grid consisting of three isocentric circles of different diameters and 

graded as isocentric (grade 1) when the valve was within the first circle, mildly off-center 

(grade 2) when the valve was within the boundaries of the second circle, moderately off-

center when the valve was within the boundaries of the third circle and severely off-center 

(grade 4) when the valve was beyond the boundaries of the third circle (figure 4). Valve 

position was defined isocentric when the valve was within the boundaries of the second 

circle (grades 1 and 2).  

An artifact was defined by the presence of at least one of the following: permanent 

pacemaker, transoesophageal probe, pigtail, stitches, prosthesis or other radiopaque objects 

in the field of examination (figure 5). 

Figure 1. Acquisition of the multi-planar 

reformat short-axis view (c) at the 

different levels of interest adjusting two 

longitudinal multi-planer reformatted 

orthogonal views (a, b) similar to MSCT 

and the resulting volume rendered 

tridimensional reconstruction (d). Reprinted 

from EuroIntervention 2015 Aug 13;11(4) Ahead-of-print, 

Rodríguez-Olivares R, El Faquir N, Rahhab Z, Geeve P, Maugenest 

AM, van Weenen S, Ren B, Galema T, Geleijnse M, Van Mieghem 

NM, van Domburg R, Bruining N, Schultz C, Lauritsch G, de Jaegere 

PP. Does frame geometry play a role in aortic regurgitation after 

Medtronic CoreValve implantation? Copyright (2015), with 

permission from Europa Digital & Publishing. 
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Figure 2. Cross-sectional view at the three 

levels of interest of the valve types BSL (top 

left), SJP (top right), MCS (bottom left) and 

ESV (bottom right) included in the study. 

 

 

 

 

 

 

 

 

 

Figure 3. Image quality of R-angio; grade 1 

(best quality) to grade 5 (worst). 
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Figure 4. Isocentricity assessment in an 

implanted ESV. a Grade 1: “isocentric”, b 

grade 2: “slightly eccentric”, c grade 3: 

“moderately eccentric”, d grade 4: “severely 

eccentric”. 

 

 

 

 

 

 

Figure 5. Example of the impact of artefacts 

(sternal wires and permanent pacemaker) on 

the image quality of an implanted MCS. At the 

left angiography, at the right 3D 

reconstruction using R-angio with motion 

compensation. 

 

 

 

Data collection, statistics and analysis  

All patients gave written informed consent for the TAVI procedure as well as for anonymized 

analysis of all prospectively collected baseline and procedural related data (TAVI Care & Cure 

project, MEC-2014-277). Categorical variables are presented as frequencies and percentages 

and compared with the Pearson Chi square test. Continuous variables results are presented 

as means (±SD) and compared with the Student t test. To study the independent predictors 

of image quality multivariable logistic regression model was performed, taking into account 



314 

 

the observed frequency of the dependent variable by (n/10). A two-sided alpha level of 0.05 

was used to indicate significance. 

 

Results  

A total of 179 patients underwent R-angio with motion compensation after TAVI using four 

CE marked valves (MCS, n=98 or 54.7%; ESV, n=52 or 29.1% of whom 27 XT and 25 S3; BSL, 

n=23 or 12.8%; SPJ, n=6 or 3.4%). The median [IQR] dose of radiation used to perform R-

angio was 1351 [997–1578] cGy cm2 (area dose) and 183 [139–210] mGy (skin dose). Good 

image quality (grade 1 or 2) was obtained in 128 patients (72%) and poor image quality in 51 

(28%).  

Per device, the prevalence of good image quality—in descending order of frequency—was 

ESV (45/52, 86%), SJP (5/6, 83%), MCS (68/98, 69%) and BSL (10/23, 48%). Image quality was 

good in 79% of the patients when no artefact was present vs 63% in the presence of an 

artifact. Arrhythmia (e.g. atrial fibrillation, premature ventricular contractions) was present 

in 35/179 patients (20%) but did not affect image quality (good image quality in 29/35, 83%) 

(table 1).  

By univariable analysis only valve type (BSL) and the presence of an artefact negatively 

affected image quality (figure 5). ESV was significantly related with good image quality (table 

1). By multivariate analysis (in which BMI was forced—BMI of patients with good and poor 

image quality: 26 ± 5 and 27 ± 5, respectively, figure 6), BSL valve (Odds 3.2, 95% CI [1.2–

9.0], p=0.024), presence of an artifact (Odds 2.6, 95% CI [1.2–4.2], p=0.014) and BMI (Odds 

1.1, 95% CI [1.0–1.2], p=0.034) were found to be independent predictors of poor image 

quality (table 2). 

 

Discussion  

This study demonstrates that rotational angiography using dedicated research prototype 

software for motion compensation offers good image quality for the evaluation of frame 

geometry after TAVI in the majority of patients. Image quality is affected by patient- and 
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Table 1. Baseline clinical and procedural characteristics. 

  
Total 

Population 
(n = 179) 

Good 
Image 
quality  

(n= 128) 

Poor 
Image 
quality 
(n= 51) 

p-
value 

Age (years) 79.2 ± 8.8 78.8 ± 9.0  80.3 ± 8.2  0.31 

Gender, male N (%) 95 (53.1) 72 (56.2) 23 (45.1) 0.18 

Height (cm) 
168.6 ± 

9.4 
168.5 ± 

9.4 
168.9 ± 9.5 0.81 

Weight (kg) 
76.0 ± 
15.4 

75.0 ± 
14.8  

78.4 ± 16.7 0.18 

Body mass index (Kg/m) 26.7 ± 5.0 26.4 ± 4.9 27.4 ± 5.4 0.21 

Body surface area 1.9 ± 0.2 1.8 ± 0.2 1.9 ± 0.2 0.13 

Agatston Score 
3384 ± 
2231 

3584 ± 
2466  

2892 ± 
1408 

0.08 

Permanent pacemaker N (%) 11 (6.1) 6 (4.7) 5 (9.8) 0.20 

Valve Type N (%)    0.003 

       Corevalve 98 (54.7) 68 (53.1) 30 (54.7) 0.49 

       Edwards-SAPIEN 52 (29.1) 45 (35.2) 7 (13.7) 0.004 

      Edwards-SAPIEN XT 27 (15.1) 22 (17.2) 5 (9.8) 0.21 

      Edwards-SAPIEN 3 25 (14.0) 23 (18.0) 2 (3.9) 0.014 

       Portico 6 (3.4) 5 (3.9) 1 (2.0) 0.51 

       Lotus 23 (12.8) 10 (7.8) 13 (25.5) 0.001 

Rhytmic N (%) 141 (78.8) 98 (77.2) 43 (87.8) 0.12 

       Sinus Rhythm N (%) 98 (55.7) 68 (53.5) 30 (61.2)  

       Pacemaker rhythm N (%) 38 (21.6) 25 (19.7) 13 (26.5)  

       Other N (%) 5 (2.8) 5 (3.9) 0 (0.0)  

Arrhythmia N (%) 35 (19.9) 29 (22.8) 6 (12.2) 0.12 

       Sinus, nodal or pacemaker rhythm + extrasystoles 
N (%) 

13 (7.4) 11 (8.7) 2 (4.1)  

       Atrial fibrillation or atrial flutter N (%) 17 (9.7) 14 (11.0) 3 (6.1)  

       Other causes of arrhythmia N (%) 5 (2.8) 4 (3.1) 1 (2.0)  

Heart Rate (Bpm) 
75.4 ± 
27.7 

75.4 ± 
27.8 

75.3 ± 27.8 0.98 

Isocentricity (≥ grade 3) N (%) 59 (33.5) 41 (32.3) 18 (36.7) 0.58 

Presence of any artifact N (%) 84 (47.2) 53 (41.7) 31 (60.8) 0.021 

 

procedural factors (i.e. BMI, valve type and the presence of an artifact in the field of 

examination). This implies that on one hand image quality will remain insufficient in a subset 

of patients (i.e. obese and/or receiving a Lotus valve) and, on the other, that image quality 

can be improved by careful execution of R-angio (e.g. avoiding artefacts).  

The findings of this study must be interpreted in the light of the size and demographics of 

the current study population (table 1) and the fact that R-angio was performed without 
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rapid pacing but with prototype software for motion compensation. Similar to Schultz et al., 

who used R-angio for quantification of the base of the aortic root before valve implantation, 

we found that BMI—that was forced into the multivariate model—had a negative effect on 

image quality (i.e. for every increase of 1 kg, 8% increase in risk of poor image quality) (15). 

Table 2. Univariate and multivariate logistic regression analysis. 

  
Univariate 

p-value 
Multivariate p-

value Odds ratio (95% CI) Odds ratio (95% CI) 

Body Mass Index (kg/m) 1.041 (0.977 – 1.109) 0.21 1.081 (1.006 – 1.162) 0.034 

Lotus  4.037 (1.638 – 9.947) 0.002 3.237 (1.169 – 8.964) 0.024 

Edwards-SAPIEN  0.293 (0.122 – 0.705) 0.006 0.392 (0.148 – 1.038) 0.060 

Artifacts 2.164 (1.115 – 4.202) 0.023 2.589 (1.216 – 5.511) 0.014 

Isocentricity ≥ grade 3 1.218 (0.611 – 2.428) 0.58 0.972 (0.460 – 2.054) 0.942 

 

Yet, he also found that patients with a BMI <29 kg/m2 had good image quality regardless of 

rapid pacing but that good image quality was achieved in a substantial larger proportion of 

patients with a BMI ≥29 kg/m2 when image acquisition was performed when using rapid 

pacing (increase from 11 to 50%) (15). The question, therefore, is whether and to what 

extent rapid pacing would have contributed to improved image quality in the current study 

(i.e. frame analysis immediately after TAVI) and population. Rapid pacing is, however, not 

without harm and is preferentially to be avoided, in particular in patients whose hearts have 

been exposed to a long period of increased afterload (16). It also increases the complexity 

and, therefore, the application of R-angio in clinical practice. X-ray settings of image 

acquisition are reported in the “Methods” section. A modification of the settings to increase 

energy output does not appear to be an option since it would increase radiation exposure to 

both patient and people in the immediate environment. It remains to be seen whether 

further improvement in software for motion compensation may improve image quality and 

output, potentially also in obese patients. Imaging obese patients is suffering by strong noise 

and poor contrast overlaid by image artifacts. These are impacting both in the accuracy of 

motion compensation and in degradations of the finally reconstructed images. Motion 

compensation might be facilitated by incorporating the information of the valve structure to 

be imaged, and therefore tracking a known structure. The main cause of severe image 

artifacts is irradiation of metallic objects like pacing electrodes. Known methods of artifact 

reduction from static metallic objects might be extended to moving ones. The dynamic 
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location of the metallic object can be determined from a preliminary use of the motion 

compensation prototype software. Noise and remaining artifact patterns might be scaled 

down by nonlinear filters in the image reconstruction step. 

In addition to BMI we found—not unexpectedly—that valve type played an important role in 

image quality. ESV proved to be a determinant of good and BSL of poor image quality. This is 

explained by the fact that an object with a sparse wire strut configuration (e.g. ESV) can be 

imaged better by motion compensation techniques than objects with a dense wire strut 

configuration (e.g. BSL) and—in the valves used in this study—is independent of the 

chemical composition of the frame that determines radio-opacity. The ESV is composed of 

cobalt and chromium and the BSL of nitinol that consist of nickel and titanium. All those four 

chemicals belong to the fourth period of transition metals and, thus, have a similar electron 

configuration. Irrespective of this, they have a similar atomic number or mass (ranging from 

22 [titanium] to 28 [nickel] with in between chromium [27] and cobalt [27]). Given their 

electron configuration and mass, one may assume a similar X-ray absorption and, thus, 

attenuation or visibility on X-ray. 

A disturbing factor is the presence of artifacts of which some can be avoided and others not. 

Therefore, all those measures that can improve image quality by avoiding the first category 

of artefacts such as the presence of a trans esophageal echo probe and catheters (pigtail in 

particular) should be taken care of. This also holds for putting the valve in the center of the 

field of examination. This is easily achieved by aligning the table and X-ray tube so that the 

valve is in the center of the field in the anterior–posterior projection (horizontal movement 

and final position of table) followed by the lateral projection (vertical movement and final 

position of table) without any further table movements. 

Image acquisition by R-angio and processing is on-line available in the catheterization 

laboratory. Image acquisition takes 5s, no contrast is needed for frame analysis and 

processing of the images takes about 5 min. The combined used of the geometric analysis of 

the frame (R-angio) and functional analysis of the valve (echocardiography) during TAVI may 

offer a better understanding of the etiology of immediate valve failure or dysfunction. This is 

illustrated by a patient with severe paravalvular aortic regurgitation due to an unexpected 

high degree of frame under expansion on the basis of which balloon size was decided for 

additional balloon dilatation (17). Under expansion does not per se lead to paravalvular 
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aortic regurgitation. It may also be associated with a significant residual gradient more than 

regurgitation (figure 7). Also, R-angio may be used for on-line quantification of the aortic 

annulus just before TAVI and for the assessment of the aortic valve plane facilitating and 

improving the outcome of TAVI when MSCT is not available or not performed (15).  

The relation of frame geometry assessment by R-angio and severity of aortic regurgitation 

(AR), have been shown in two other studies by our group (18, 19). In patients who 

underwent TAVI with the MCS valve, we found a higher incidence of more-than-mild AR 

when the frame is more elliptical than native annulus (18). Yet, we also found that 

eccentricity of the MCS frame is not always related with significant AR and that circularity of 

ESV frame precludes the presence of significant AR (19). 

The major issue of performing R-angio is the exposure to extra radiation for patients and 

catheterization laboratory workers. Patients undergoing TAVI are elderly with a limited life 

expectancy, therefore the clinical risk associated with this exposure is negligible. During the 

realization of the R-angio, all workers involved in the procedure are asked to stay away from 

the c-arm during the image acquisition in order to minimalize radiation exposure. The 

operator uses the X-ray pedal at the maximum distance possible away of the c-arm taking 

into consideration the inverse-square law (X-ray intensity is inversely proportional to the 

square of the distance from the source). 

 

Conclusion 

Rotational angiography with motion compensation 3D image reconstruction using a 

dedicated research prototype software offers good image quality for the evaluation of frame 

geometry after TAVI in the majority of patients. Valve type, presence of artifacts and higher 

BMI negatively affect image quality. 
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Figure 6. Impact of BMI 

on image quality. a 

BMI<20.0 (18.7), b BMI 

20-30 (24.7), c BMI 30-40 

(34.7), d BMI>40 (46.4). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. a Residual gradient of 68 mmHg after valve implantation. b–d Severe under-expansion of 

frame. e, f Frame geometry and dimension after balloon dilatation. g, h Composite of frame geometry 

before and after balloon dilatation. 
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Supplementary material 

Standard operating procedure for rotational angiography analysis for the assessment of 

post-procedural parameters after trans-catheter aortic valve implantation (TAVI). 

 

1. Scope 

1.1 This standard operating procedure describes the procedure for the analysis of the frame 

of a TAVI using rotational angiography. In order to get it, we use a research prototype 

software by the company Siemens Healthcare GmbH (Forchheim, Germany). 

1.2 CAVAREC is a software used to visualize and analyze rotational angiography images. It has 

the possibility of improving the quality of images using a procedure called motion 

compensation.  

 

2. Screening and analysis 

2.1 Image loading  

2.1.1 Switch on the computer and monitor. 

2.1.2 CAVAREC will start automatically. 

2.1.3 Click on the Browser icon or press the Browser button. 

2.1.4 One click on the patient you want to analyze. A list with different archives related 

with the patient will appear. Do one click on an archive with the format 5sDRc. 

2.1.5 Go to “Patient” and do one click on “Send to 3D” to upload the images. 

2.1.6 Two orthogonal valve reconstructions will pop up. If the images are dark and you 

cannot see the valve clearly, press the central mouse bottom and shift the mouse 

to change the brightness. Go to one of the corners of the frame and using the left 

mouse button to adapt the frame to the region of interest encompassing 

completely the valve. Use the bar below to assure that the frame is encompassing 

the valve at every projection. 
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2.1.7 Go to the blue tool card and select “Recon”. In “preset” select “Coronary” instead 

of “cardiac gated”. This will do a smooth reconstruction automatically.  

2.1.8 Go to the upper bar and click on “Reconstruction”. Select “Run” in the menu.  

2.2 Motion Compensation 

2.2.1. A new menu will pop up. Select “Motion Compensation: Coronary Arteries 

(Advanced)”. 

2.2.2 Now you should select the heart phase in which the frame will be analyzed. The 

default value is 0.75 (end-diastolic phase), because that is when the heart theoretically 

has less motion. Untick automatic reference and tick on “non-periodic ECG gating” and 

“Affine VOI”. 

2.2.3 The ECG select window is popping up. It automatically detects R-peaks. Check 

the proper location of R peaks. To eliminate one line, place the cursor over a red line 

and click the right mouse button. To add one line, press the left button. Finally press 

the “Send” button.  

2.2.11 After a couple of minutes the first reconstruction will be ready. Go to “Inspace” 

and click the central mouse button while you shift it to get a clear image of the 

prosthesis.  

2.2.12 In tools, select “Volume of Interest (VOI) Punching. Edit volume using ROI” for 

motion pre-correction. Remove all the artifacts not associated with the prosthesis. 

First, use a longitudinal view of the prosthesis and select and area which encompasses 

completely the prosthesis excluding not important information. Press “Remove 

Outside” to crop the selected area. Keeping the longitudinal view, turn the prosthesis 

90 degrees and repeat the action. Turn 90 degrees towards a cross-sectional view and 

repeat the action. Finally, remove artifacts from inside the prosthesis using “remove 

inside”.  

2.2.13 Once you have selected the  VOI, use the middle mouse key to gray scale until 

the VOI is appearing as a bright body (completely white).  

2.2.14 Press “send image” in the tools tab card and close the volume. The motion pre-

correction will start then.  
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2.2.15 For the second reconstruction phase repeat step 2.2.12. Once you are done 

with the cropping you have to adjust the contrast/brightness until you can only see 

parts of the structure and all the rest is filtered out. 

2.3. Frame analysis 

2.3.1 When the 3D reconstruction is done, go to the upper bar and click on “View” and  

select “MPR view”.  

2.3.2 Adjust the red line with the longitudinal axis of the frame at both orthogonal 

views and use the yellow line (cross-section area) to check that all the struts appear at 

the same time in the cross-sectional view placed below left. Adjust the axis for the 

proper measurement at every level of the frame (See 2.4.2.). 

2.3.3. Use the middle mouse key to reduce the brightness until you can only see the 

basic structure of the frame so you will be sure that your measurements will be done 

in the real middle of the strut.  

2.3.4 Double click in the image of interest for full screen view. Label it in the proper 

way according to the type of valve you are analyzing and the level of the measurement  

(see “2.4 Measurements”). Save the image in “new series" and name it “Image”.  

2.3.5 When you have selected all the cross-sectional areas to measure (see specific 

measurements), go to the browser and click “Refresh” in the upper bar. Click on the 

saved file “Image” and move it to Inspace. Now you can start to measure. 

 2.4. Measurements 

  2.4.1 General measurements:  

2.4.1.2 Area: Go to the tools tab card and select “Freehand ROI”. Click in the 

middle of each strut until you complete a polygon.  

2.4.1.3 Perimeter: Go to the tools tab card and select “Free Hand Distance“. 

Click in the middle of every single strut until you complete a polygon.  

2.4.1.4 Diameter: Go to the tools tab card and select the ruler icon. Measure 

the maximum and perpendicular to the maximum diameters. The maximum 

diameter should set off from the middle of one strut and end at the end of 

another strut. 

  2.4.2 Specific measurements 
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2.4.2.1 Medtronic Core-Valve (MCS) and Saint-Jude Portico (SJP). All the 

general measurements will be done at 3 levels: inflow, nadir of the leaflets and 

coaptation level. Use the Inspace screen to seek the adequate area to 

measure. Save the measurements in an archive named “Measurements”. 

2.4.2.1.1 Inflow: go to Inspace and select the lower ring of struts. Label 

it as “ Inflow ”using the “ABC” button located in the tools tab card.  

2.4.2.1.2 Nadir of the leaflets: select a cross-sectional image 1.5 cells 

or 12 mm above the inflow (4 cross-sections from inflow). Label it as 

“Nadir”. 

2.4.2.1.3 Coaptation: select a cross-sectional image 3 cells or 24 mm. 

(7 cross-sections from inflow) above the inflow. Label it as 

“coaptation”. 

2.4.2.2 Edward-SAPIEN (ES). All the general measurements will be done at 3                   

levels: inflow, mid portion and outflow.  

2.4.2.1.1 Inflow: is the lower ring of struts. Label it as “Inflow” using 

the “ABC” button located in the tools tab card.  

2.4.2.1.2 Mid portion: select the cross-sectional image half-way 

between inflow and outflow. Label it as “Mid”. 

2.4.2.1.3 Outflow: select the first ring of struts at the top of the 

prosthesis. Label it as “Outflow”.  

2.4.2.3 Lotus valve. All the general measurements will be done at 2                   

levels: mid portion and outflow. 

2.4.2.3.1 Mid portion: is located at the level of the platinum marker. 

Label it as “mid”. 

2.4.2.3.2. Outflow: select the first ring of struts at the top of the 

prosthesis. Label it as “Outflow”. 

 

3. Quality assessment: the quality of the 3D reconstruction can range from 1 to 5, being 1 the 

worst quality and 5 the best, as identified by the observer.  
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1 - Excellent. Grid points of the valve frame are clearly visible in the MPR (slice image) and the 

frame wire is nicely depicted in the volume rendered image. 

2 - Minor artifacts. Not affecting measurements: grid points are clearly visible in the MPR. 

3 - Borderline. Analysis still possible: grid points visible in the MPR, however, in some small 

regions there are some uncertainties in the distinction of artifacts and grid points. 

4 - Degraded. Grid points blurred and distorted, such that at least the area of the valve region 

can still be measured in the MPR, but the layers are not distinguishable. 

5 -Strongly degraded. Not useful: grid points and artifacts cannot be distinguished anymore. 
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Differences in Frame Geometry Between Balloon-expandable and Self-expanding 

Transcatheter Heart Valves and Association With Aortic Regurgitation. Rodríguez-Olivares R, 

Rahhab Z, El Faquir N, Ren B, Geleijnse M, Bruining N, van Mieghem NM, Schultz C, Lauritsch 

G, de Jaegere PP. Rev Esp Cardiol (Engl Ed). 2016 Apr;69(4):392-400. 

 

 

 

 

 

 

 



330 

 

Abstract 

Introduction and objectives 

Patient- and procedure-related factors are known to be associated with aortic regurgitation 

after transcatheter aortic valve implantation. Nevertheless, this entity may also be caused by 

a specific device-host interaction due to the biomechanical properties of the valves, 

independently of clinical factors. We sought to elucidate the role of frame geometry in the 

occurrence of aortic regurgitation after Medtronic CoreValve and Edwards SAPIEN valve 

implantation. 

Methods 

We conducted an observational study encompassing 134 patients undergoing transcatheter 

aortic valve implantation with the Medtronic CoreValve and Edwards SAPIEN valve. Frame 

analysis was performed at 3 predefined levels of both valves by rotational angiography using 

dedicated motion compensation software. A distinction was made between patients with 

no-to-mild and moderate-to-severe aortic regurgitation by echocardiography.  

Results 

Baseline characteristics were similar between the 2 valves. Despite greater use of predilation 

in the CoreValve (95.2% vs 82.0%; P = .012), more oversizing (perimeter, 114 ± 7% vs 103 ± 

7%; P < .001), and the same depth of implantation (noncoronary sinus, 7 ± 4 vs 8 ± 2 mm; left 

coronary sinus, 8 ± 4 vs 8 ± 2 mm), it was less expanded and more eccentric than the 

Edwards SAPIEN (83 ± 7% vs 92 ± 4%; P < .001 and 82 ± 8% vs 95 ± 3%; P < .001, respectively) 

and when eccentricity was adjusted for the patient’s annulus eccentricity (4 ± 13% vs 21 ± 

11%; P < .001). Eccentricity and adjusted eccentricity were associated with moderate-to-

severe aortic regurgitation.  

Conclusions 

Independently of patient- and procedure-related factors, there is a device-specific device-

host interaction that explains aortic regurgitation after transcatheter aortic valve 

implantation. 
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Introduction 

Transcatheter aortic valve implantation (TAVI) is increasingly used for patients with severe 

aortic stenosis at high risk for surgical valve replacement and has been shown to be safe and 

effective compared with aortic valve replacement in such patients (1-5). Nevertheless, aortic 

regurgitation (AR) often occurs and is usually paravalvular. It is more frequent after the 

implantation of the self-expanding Medtronic CoreValve System (MCS) than the balloon-

expandable Edwards SAPIEN valve (ESV) (6-8). 

Patient- and procedure-related variables such as the amount and distribution of aortic root 

calcification, annular dimensions, the depth of implantation, and sizing have been identified 

as determinants of AR post-TAVI (9, 10). Nevertheless, AR may also stem from a specific 

device-host interaction due to the intrinsic biomechanical properties of valves that in turn 

may affect frame geometry and the degree of expansion contributing to AR. There is 

evidence from multislice computed tomography (MSCT) analysis in selected patients that 

noncircular expansion and malapposition is more frequent after MCS than ESV valve 

implantation (11-14). To further elucidate the role of frame geometry and degree of 

expansion in relation to established patient- and procedure-related variables associated with 

AR, we incorporated rotational angiography with dedicated motion compensation 3-

dimensional image reconstruction immediately after TAVI (15). The objective of this study 

was to assess and compare the geometric findings by rotational angiography between the 

MCS and ESV valve and its association with AR. 

 

Methods 

Patients 

This was an prospective observational study with a study population of 150 consecutive 

patients with symptomatic severe artic stenosis who underwent TAVI with the MCS or ESV 

and who underwent rotational angiography (15). Only patients with a single valve 

implantation (i.e., patients with a valve-in-valve procedure were excluded) in a native aortic 

valve (i.e., patients with failed bioprosthesis were excluded) and sufficient image quality for 

frame assessment (grade 1, 2 or 3) were included using the following score: grade 1, 

excellent image quality (struts visible without artifacts); grade 2, struts clearly visible, 
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distinction between struts and artifacts possible; grade 3, struts visible but in some regions 

the distinction between struts and artifacts cannot be made; grade 4, degraded (struts are 

blurred and distorted), and grade 5, strongly degraded (struts and artefacts cannot be 

distinguished) (figure 1). A total of 16 patients (MCS 14, ESV 2) were excluded from the 

analysis because of image quality grade 4 (8 patients) and 5 (8 patients). Therefore, the total 

study population was 134 (MCS 84, ESV 50). All patients underwent TAVI under general 

anesthesia via the femoral or subclavian artery or left ventricular apex after heart team 

discussion. The MSCT was used for sizing in all patients except 9 (16). Patients were first 

seen at the outpatient clinic and gave written informed consent for anonymized prospective 

data collection for clinical research purpose (TAVI Care and Cure project, MEC-2014-277). 

Figure 1. Image quality of rotational angiography; grade 1 (best quality) to grade 5 (worst). CT, 

central coaptation of the leaflets; ESV, Edwards SAPIEN valve; I, inflow; M, mid segment; MCS, 

Medtronic CoreValve system; N, nadir; O, outflow. 

 

Rotational Angiography, 3-dimensional Reconstruction and Frame Analysis 

Rotational angiography was performed immediately after TAVI using the Artis zee 

angiographic C-arm system (Siemens Healthcare GmbH; Forchheim, Germany) with a 20 x 20 

cm detector and isotropic pixel length of 180 μm. A total of 133 images were acquired in 5 

seconds along a 198 ֯ arc (99֯ right anterior oblique to 99 ֯ left anterior oblique view) during 

breath hold at a detector entrance dose of 0.36 mm per frame.  
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Three-dimensional Reconstruction  

From the projection images, a motion-compensated 3-dimensional image was reconstructed 

with prototype software (Siemens Healthcare GmbH) with a matrix of 256 and 0.5 mm3 voxel 

size using a standard operating procedure (15). In summary, an electro-cardiogram-gated 

reconstruction was made using the end-diastolic phase at 75% of the cardiac cycle since at 

that moment there is theoretically less motion. The electrocardiogram-gated reconstruction 

was used as a reference image for estimating cardiac motion. The estimated motion was 

compensated in a final reconstruction step. The total process took approximately 5 minutes. 

The 3-dimensional reconstruction of the frame was then processed (e.g., cropping) before 

analysis. Cross-sectional images were used for frame analysis. 

 

Frame Analysis 

Frame analysis was performed at 3 predefined levels of both valves. The dimensions of the 

MCS were measured at the inflow (0 mm), nadir of leaflets (12 mm from inflow), and central 

coaptation (24 mm from inflow), as previously described (13). The dimensions of the ESV 

were measured at the inflow (0 mm), mid segment (at 50% for XT, at the 3rd cross section 

for S3) (figure 2), and outflow (top). At each of these levels, the minimum diameter (Dmin), 

maximum diameter (Dmax), area and perimeter were manually measured using the center 

point of the strut or struts (figure 2).  

Valve sizing was defined by dividing the nominal valve size by the MSCT-derived annulus 

measures (Dmin, Dmax, Dmean and perimeter) x 100 (%). The degree of frame expansion 

was calculated by dividing the measured perimeter by the nominal perimeter of that level 

(perimeter frame-measured/perimeter frame-nominal), as well as by relating the degree of 

expansion to the annulus perimeter (i.e., adjusted degree of expansion) by calculating: 

perimeter valve-measured/perimeter annulus. For the MCS valve, the following nominal 

perimeters were used: inflow, 72.3, 81.7, 91.1 and 97.4 mm for 23, 26, 29 and 31 mm, 

respectively; nadir, 64.4, 75.4, 79.8 and 83.9 mm for 23, 26, 29 and 31 mm, respectively, and 

central coaptation, 68.8, 69.1, 72.6 and 76.3 mm for 23, 26, 29 and 31 mm, respectively 

(source: Medtronic Inc.; Mineapolis, United States). For the ESV, the calculated nominal 

perimeter of the inflow (i.e., π x Dnominal) was used for all levels given the tubular shape of 
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the ESV. The eccentricity of the frame was calculated by Dframe-min/Dframe-max at all 

levels. The eccentricity at the nadir (MCS) and mid segment (ESV) was adjusted to the 

eccentricity of the native valve using the following equation: (eccentricity nadir or mid 

segment – eccentricity native annulus/eccentricity native annulus) x 100. This was done 

since this part of the frame is closer to the patients’ native annulus than the other parts of 

the frame. 

Figure 2. Cross-sectional view at the 3 levels of interest of the self-expanding Medtronic CoreValve 

and Edwards SAPIEN frame. A: inflow, B: nadir/mid segment; C: coaptation/outflow. 

 

Assessment of Aortic Regurgitation 

Contrast angiography and Doppler echocardiography were used to assess AR immediately 

after TAVI and at discharge. With respect to contrast angiography, AR severity was defined 

using Sellers’ classification (0 = none, 1 = mild, 2 = moderate, 3 = moderate to severe, and 4 

= severe) (17). For that purpose, a predefined angiography protocol was used that consisted 

of the injection of 20 ml undiluted iodixanol (VisipaqueTM) at a flow rate of 20 ml/s via a 6-

Fr pigtail that was positioned just above the bioprosthetic leaflets. Cine runs were recorded 

at a speed of 30 frames/s. Two observers scored the angiograms independently from each 

another. If there was a discrepancy, consensus was reached by including a third observer. 

The intra- and interobserver variability for the assessment of AR post-TAVI according to 
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Sellers’ classification were k = 0.70 and k = 0.78, respectively. A distinction was made 

between patients with Sellers’ grade 0-1 and those with Sellers’ grade 2-4. Transthoracic 

Doppler echocardiography was performed before discharge. The AR severity was defined by 

the circumferential extent of the Doppler signal at the inflow of the MCS frame in the 

parasternal short axis view using the VARC-2 (Valve Academic Research Consortium-2) 

criteria (18). Echocardiography of sufficient quality to assess AR was available in 119 out of 

the 134 patients (89%). A distinction was made between patients with no AR and mild AR (< 

10%) and those with moderate and severe AR (10% to 29% and ≥ 30%). 

 

Statistical Analysis  

Categorical variables are presented as frequencies and percentages and compared with the 

Pearson chi-square test. The normality of the continuous variables distributions was 

assessed using the Kolmogorov-Smirnov test and, since all the variables studied were 

(nearly) normally-distributed results, are presented as means ± standard deviation and 

compared with the Student t test. Interobserver variability was calculated using intraclass 

correlation (table 1 of the supplementary material). Statistical analyses were performed 

using SPSS software version 21.0 (IBM SPSS Statistics for Windows, Version 21.0; Armonk, 

New York, United States). 

The main analysis consisted of the comparison of the geometry of the MCS and the ESV. The 

secondary analysis consisted of the assessment of the relationship between the geometry of 

the frame of both valves and AR. A distinction was made between (none or mild (< 10%) vs 

moderate or severe (10% to 29% and ≥ 30%) AR based on the short axis view of the 

echocardiography-Doppler examination before discharge (VARC-2 criteria) (18). 

 

Results 

The baseline clinical and procedural data of all patients and of those treated with the MCS or 

ESV valve are summarized in tables 1 and 2. By univariable analysis, there were no 

differences between patients treated with the MCS or ESV valve except for a lower body 

weight (74 ± 14 kg vs 80 ± 15 kg; P = .02), lower body surface area (1.8 ±  0.2 m2 vs 1.9 ± 0.2 
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m2 ; P = .044), a lesser prevalence of mitral regurgitation≥ II at baseline (41.7% vs 64.6%; P = 

.021), and smaller annulus perimeter (78 ± 7 mm vs 81 ± 8 mm; P = .049) in patients treated 

with the MCS valve.  

From a procedural perspective, patients treated with the MCS valve more often underwent 

balloon predilation than patients treated with the ESV valve (95.2% vs 82.0%; P = .012), 

albeit with a smaller balloon in relation to the patient’s annulus (mean balloon 

diameter/mean diameter annulus x 100 MCS vs ESV: 91 ± 7% vs 94 ± 5%; P = .024), and also 

received a larger valve relative to all MSCT-derived annulus measures compared with 

patients receiving the ESV (MCS vs ESV: Dmin, 130 ±  10 mm; vs 121 ±  8 mm; P < .001; Dmax, 

105 ± 8 mm vs 96 ± 6 mm; P < .001; Dmean, 116 ± 7 mm vs 107 ± 5 mm; P < .001, perimeter 

114 ± 7 vs 103 ± 7; P < .001) (figure 3). After valve implantation, the depth of implantation 

was similar between the 2 groups as was the use of post-dilation (MCS, 17.9% vs ESV, 16%; P 

= .783), although the balloon used for post-dilation in the MCS group was smaller relative to 

the mean diameter of the patient’s annulus (99 ± 8 mm vs 107 ± 3 mm; P = .019) and 

nominal valve size (88 ± 5 mm vs 102 ± 6 mm; P < .001).  

Details of the frame geometry of the 2 valves are summarized in table 3. The degree of 

expansion of the MCS valve was less at its inflow compared with the ESV (83 ± 7 vs 92 ± 4; P 

< .001). When we related the degree of expansion to the patient’s annulus (adjusted 

expansion), no difference was found between valves either at the inflow or at the nadir/mid-

segment (MCS vs ESV, 0.95 ± 0.09 vs 0.95 ± 0.05 and 0.91 ± 0.07 vs 0.91 ± 0.06, respectively) 

(table 3). 

The MCS valve was more elliptical than the ESV at all levels (inflow, 82 ± 8 vs 95 ± 3; P < .001; 

nadir/mid segment, 83 ± 8 vs 95 ± 4; P < .001; coaptation/outflow, 90 ± 6 vs 96 ± 3; P < .001). 

This was also the case for the adjusted eccentricity (MCS, 4 ± 13 vs ESV, 21 ± 11; P < .001), 

which was more prevalent after MCS than ESV implantation (MCS, 36% vs 2% P < .001) 

(figure 4). 

Separate analysis for the ESV-XT and ESV-S3 are summarized in tables 2–5 of the 

supplementary material. Despite a lesser use of balloon predilation and less oversizing, a 

higher degree of expansion of the S3 compared with XT was noted and a similar degree of 

circularity with a trend to less post-dilation. 
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Entire cohort MCS ESV p-value
(n=134) (n=84) (n=50)

Age (years) 82 ± 9 80 ± 9 78 ± 10 0.141
Male, n (%) 78 (58.2) 47 (56.0) 31 (62.0) 0.492
Height (cm) 169 ± 9 168 ± 10 170 ± 9 0.253
Weight (kg) 76 ± 15 74 ± 14 80 ± 15 0.020
Body mass index (kg/m2) 26 ± 5 26 ± 5 28 ± 5 0.069
Body surface area (m2) 1.9 ± 0.2 1.8 ± 0.2 1.9 ± 0.2 0.044
NYHA class ≥ III, n (%) 93 (69.4) 59 (72.8) 34 (72.3) 0.951
Previous CVA, n (%) 30 (22.4) 22 (26.2) 8 (16.0) 0.171
Previous MI, n (%) 31 (23.1) 20 (23.8) 11 (22.0) 0.810
Previous CABG, n (%) 31 (23.1) 21 (25.0) 10 (20.0) 0.507
Previous PCI, n (%) 35 (26.1) 23 (27.4) 12 (24.0) 0.667
Diabetes mellitus, n (%) 30 (22.4) 17 (20.2) 13 (26.0) 0.439
Hypertension, n (%) 103 (76.9) 61 (72.6) 42 (84.0) 0.131
Peripheral vascular disease, n (%) 36 (26.9) 19 (22.6) 17 (34.0) 0.151
Pulmonary Hypertension, n (%) 11 (8.2) 5 (6.0) 6 (12.0) 0.217
Severe Pulmonary Hypertension, n (%) 4 (3.0) 1 (1.2) 3 (6.0) 0.114
COPD, n (%) 36 (26.9) 26 (31.0) 10 (20.0) 0.167
Atrial fibrillation, n (%) 35 (26.1) 21 (25.0) 14 (28.0) 0.702
Permanent pacemaker, n (%) 9 (6.7) 4 (4.8) 5 (10.0) 0.241
Logistic Euroscore (%) 17 ± 12 17 ±11 16 ± 13 0.678
Echocardiography and cardiac catheterization
LVEF (%) 54 ± 14 51 ± 14 50 ± 13 0.864
Aortic valve area (cm2) 0.7 ± 0.2 0.69 ± 0.2 0.74 ± 0.2 0.182
Peak gradient (mmHg) 68 ± 25 72 ± 27 72 ± 21 0.993
Mitral regurgitation ≥ II n (%) 66 (49.3) 35 (41.7) 31 (64.6) 0.011
AR baseline ≥ II , n (%) 62 (46.3) 35 (41.7) 27 (57.4) 0.083
AR index 25 ± 11 26 ± 12 24 ± 7 0.498
Multi-sliced Computed Tomography
Minimal annulus diameter (mm) 22 ± 2 22 ± 2 22 ± 2 0.614
Maximal annulus diameter (mm) 27 ± 3 27 ± 3 28 ± 3 0.110
Mean annulus diameter (mm) 25 ± 2 25 ± 2 25 ± 2 0.239
Perimeter annulus (mm) 79 ± 7 78 ± 7 81 ± 8 0.049
Area annulus (mm2) 469 ± 84 469 ± 83 488 ± 85 0.203
Annulus eccentricity (%) 80 ± 6 81 ± 6 79 ± 6 0.240
Agatston score 3614 ± 2403 3349 ± 1922 4010 ± 2964 0.150

Table 1. Baseline characteristics.

AR, aortic regurgitation; CABG, coronary artery bypass; COPD, chronic obstructive pulmonary disease; CVA, cerebrovascular 

event; ESV, Edwards SAPIEN valve; LVEF, left ventricular ejection fraction; MCS, Medtronic CoreValve system; MI, myocardial 

infarction; NYHA, New York Heart Association; PCI, percutaneous coronary intervention. Data are expressed as no. (%) or mean ± 

standard deviation.

Table 2. Procedural details.
Entire cohort MCS ESV p-value

(N=134) (N=84) (N=50)
Access, n (%)
Trans-femoral 129 (96.3) 82 (97.6) 47 (94.0)
Trans-subclavian 2 (1.5) 2 (2.4) 0 (0.0)
Trans-apical 3 (2.2) 0 (0.0) 3 (6.0)
Prosthesis size (mm), n (%)
23 mm 8 (6.0) 1 (1.2) 7 (14.0)
26 mm 46 (34.3) 20 (23.8) 26 (52.0)
29 mm 72 (53.7) 55 (65.5) 17 (34.0)
31 mm 8 (6.0) 8 (9.5) 0 (0.0)
Predilation
Pre- implantation balloon dilation, n (%) 121 (90.3) 80 (95.2) 41 (82.0) 0.012
Balloon nominal / mean annulus diameter x 100 92 ± 7 91 ± 7 94 ± 5 0.024

Sizing
Valve size / minimal annulus diameter x 100 (%) 127 ± 10 130 ± 10 121 ± 8 <0.001
Valve size / maximal annulus diameter x 100 (%) 101 ± 8 105 ± 8 96 ± 6 <0.001
Valve size / mean annulus diameter x 100 (%) 112 ± 8 116 ± 7 107 ± 5 <0.001
Valve perimeter / perimeter native annulus x 100 110 ± 9 114 ± 7 103 ± 7 <0.001
Valve area at inflow/ area native annulus
Depth of Implantation

Non-coronary sinus (mm) 7 ± 4 7 ± 4 8 ± 2 0.055
Left-coronary sinus (mm) 8 ± 3 8 ± 4 8 ± 2 0.459

Post-dilation
Post implantation balloon dilation, n (%) 23 (17.2) 15 (17.9) 8 (16.0) 0.783
Balloon nominal diameter / mean annulus diameter x 100 (%) 102 ± 8 99 ± 8 107 ± 3 0.019
Balloon nominal diameter / Valve size x 100 (%) 92 ± 8 88 ± 5 102 ± 6 < 0.001
AR post TAVR
AR index 23 ± 9 22 ± 10 24 ± 6 0.454

AR post TAVR by aortography, n (%)
Grade 0, n (%) 17 (12.7) 4 (4.8) 13 (26.0)
Grade I, n (%) 93 (69.4) 58 (69.0) 35 (70.0)
Grade II, n (%) 22 (16.4) 20 (23.8) 2 (4.0)
Grade III, n (%) 2 (1.5) 2 (2.4) 0
Grade IV, n (%) 0 0 0
Grade  ≥ II, n (%) 24 (17.9) 22 (26.2) 2 (4.0) 0.001

Abbreviations as in table 1.
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Figure 3.  Scatter plot of the relationship 

between sizing (nominal valve 

perimeter/perimeter annulus measured by 

multislice computed tomography x 100) 

and expansion (perimeter measured valve 

at the inflow/nominal valve perimeter at 

the inflow level x 100). 

 

 

 

 

 

 
 
Table 3. Frame analysis by rotational angiography. 

  
Entire 
cohort 

MCS ESV p-value 

 (N=34)    (N=84) (N=50)  

          
     

Degree of Expansion     
Degree of valve expansion at the inflow  (%) 86 ± 8  83 ± 7 92 ± 4 < 0.001 

Degree of valve expansion at the Nadir/Mid  
(%) 

89 ± 3 90 ± 3 88 ± 3  0.001 

Degree of valve expansion at the 
coaptation/Outflow  (%) 

95 ± 5 97 ± 4 92 ± 4 < 0.001 

Adjusted expansion 0.95 ± 0.08 0.95 ± 0.09 0.95 ± 0.05 0.785 

Frame Eccentricity     
Degree of eccentricity valve at inflow (%) 87 ± 9 82 ± 8 95 ± 3 < 0.001 

Degree of eccentricity valve at nadir/mid 
(%) 

88 ± 9 83 ± 8 95 ± 4 < 0.001 

Degree of eccentricity valve at 
coaptation/outflow (%) 

92 ± 6 90 ± 6 96 ± 3 < 0.001 

Degree of eccentricity nadir/mid adjusted to 
eccentricity native annulus.  

10 ± 15 4 ± 13 21 ± 11 < 0.001 

Nadir/mid more eccentric than the native 
annulus, n (%)  

29 (21.6) 28 (36.4) 1 (2.1) < 0.001 

ESV, Edwards SAPIEN valve; MCS, Medtronic CoreValve system. Data are expressed as no. (%) 
or mean ± standard deviation 
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Figure 4. Example of the aortic annulus of 2 patients with similar annulus eccentricity (multislice 

computed tomography) treated with the Medtronic CoreValve and Edwards SAPIEN valve. Left panel: 

3-dimensional rendered image of frame implanted. Right panel: frame geometry at the level of the 

nadir (Medtronic CoreValve) and mid segment (Edwards SAPIEN valve) by rotational angiography 

post transcatheter aortic valve implantation. Mid panel: cross-sectional view and eccentricity index of 

the Medtronic CoreValve (above) and Edwards SAPIEN valve (below) post transcatheter aortic valve 

implantation. MSCT, multislice computed tomography. 

 

Aortic Regurgitation Post-implantation and Before Discharge  

By contrast angiography, the prevalence of AR grade 0-1 and 2-4 after MCS implantation was 

73.8% and 26.2% and was 96% and 4%, respectively, after ESV implantation. By 

echocardiography at discharge, the prevalence of no-to-mild and moderate-to-severe AR 

was 76.4% and 23.6% after MCS implantation and was 86.4% and 13.6% after ESV 

implantation (table 2). Table 4 summarizes the relationship between frame geometry and AR 

post-TAVI (echocardiography at discharge, VARC-2). Aortic regurgitation ≥ 10% was related 

to the adjusted degree of expansion (the lesser the expansion, the more AR) as well as with 
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the eccentricity and adjusted eccentricity of the frame at the nadir (MCS)/mid segment (ESV) 

and coaptation (MCS)/ outflow (ESV). A similar trend was seen when we separately analyzed 

patients who received the MCS or ESV, but the sample size precludes firm conclusions. 

 

Discussion 

The main finding of the present study is that the frame of the self-expanding MCS valve is 

less expanded at its inflow and overall is more eccentric than the balloon-expandable ESV. 

This was also true when eccentricity was corrected for the eccentricity of the patient’s 

anulus, which was found to be associated with a higher prevalence of AR by both 

angiography and echocardiography. These data indicate the existence of a device-specific 

device-host interaction that is associated with AR post-TAVI. 

We acknowledge that these findings stem from an observational study with limited sample 

size and uneven distribution of patients per valve in addition to the absence of randomized 

allocation to one valve or the other, thereby precluding direct comparison of valve 

morphology and function. Nevertheless, there were no differences in baseline 

characteristics, including aortic root anatomy between patients receiving the MCS or ESV 

valve. Interestingly, balloon dilation before valve implantation was performed more often in 

patients receiving the MCS valve (albeit with a smaller balloon relative to the patient’s 

annulus) in addition to a higher degree of oversizing (valve size relative to all MSCT-derived 

measures of the patient’s annulus) in comparison with patients treated with the ESV. In 

addition, we found a higher incidence of AR ≥ 2 by angiography after MCS but no difference 

between the 2 valves when using echocardiography. This may be explained by the intrinsic 

differences between the 2 techniques for assessing AR in addition to their timing 

(angiography immediately after TAVI, echocardiography before discharge). In addition, the 

change may have played a role given the uneven distribution of patients for AR assessment 

(MCS, 84; ESV, 50).  

The current clinical findings in patients with aortic stenosis who underwent TAVI are 

underscored by the experimental work of Tzamtzis et al (19). In a study using finite element 

analysis to study hoop force of the MCS and ESV-XT for different dimensions and rigidity of  
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Table 4. Relation Between Frame Geometry and Aortic Regurgitation by Echocardiography. 

 Entire population (n=119) MCS (n=72) ESV (n=47) 

  

Entire 
cohort 
(n=11

9) 
< 10% 
(n=96) 

≥ 10% 
(n=23) 

p-
value 

Entire 
cohort 
(n=72) 

< 10% 
(n=55) 

≥ 10% 
(n=17) 

p-
value 

Entire 
cohort 
(n=47) 

< 10% 
(n=41) ≥ 10% 

p-
value 

Degree of 
Expansion                

   

Inflow, %  

 

87 ± 7  

 

87 ± 7  84 ± 9  0.113  83 ± 7 84 ± 7 81 ± 8 0.260 92 ± 4 92 ± 4 93 ± 4 0.480 

Nadir/mid 
segment,% 89 ± 4 89 ± 4 90 ± 4 0.509 90 ± 4 90 ± 4 90 ± 4 0.897 88 ± 3 88 ± 3 89 ± 5 0.446 

          

Coaptation/
outflow,%  95 ± 5 95 ± 5 96 ± 5 0.182 97 ± 5 97 ± 4 98 ± 4 0.897 93 ± 4 93 ± 4 93 ± 7 0.880 

Adjusted 
expansion 

  

0.95 ± 
0.07 

0.95 ± 
0.07 

0.92 ± 
0.08 0.049 

0.95 ± 
0.08 

0.95 ± 
0.08 

0.92 ± 
0.08 0.131 

0.94 ± 
0.05 

0.95 ± 
0.04 

0.92 ± 
0.09 0.181 

Degree of 
eccentricity                 

 

Inflow, %  87 ± 9 87 ± 9 84 ± 9 0.167 81 ± 8 81 ± 8 81 ± 7 0.734 95 ± 3 96 ± 3 95 ± 3 0.715 

 

Nadir/mid 
segment,%  88 ± 9 89 ± 9 84 ± 9 0.015 83 ± 8 84 ± 8 81 ± 9 0.220 95 ± 4 95 ± 3 91 ± 6 0.019 

Coaptation/
outflow,% 92 ± 6 93 ± 6 90 ± 7 0.024 90 ± 7 91 ± 6 88 ± 7 0.206 96 ± 3 96 ± 3 93 ± 5 0.114 

    

Adjusted 
expansion  

10 ± 
15 

12 ± 
14 3 ± 16 0.010 3 ± 11 4 ± 12 -1 ± 9 0.101 20 ± 11 21 ± 9 

17 ± 
20 0.472 

   

Frame 
more 
eccentric 
than the 
native 
annulus 

25 
(22.7) 

15 
(16.9) 

10 
(47.6) 0.002 

24 
(36.9) 

15 
(30.6) 

9 
(56.2) 0.065 1 (2.2) 0 (0.0) 

1 
(20.0) 0.004 

ESV, Edwards SAPIEN valve; MCS, Medtronic CoreValve system.  Negative value denotes that the frame is 
more elliptical than native annulus.  Data are expressed as no, (%) or mean ± standard deviation. 
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the left ventricle outflow tract, these authors found that the ESV had a stronger hoop force 

than the MCS for any left ventricle outflow tract diameter, independently of left ventricle 

outflow tract rigidity (19). This is not surprising since such a biomechanical property is 

mandatory for the safe implantation of the ESV valve, which is based upon the plastic 

deformation and, therefore the frame must withstand the forces of recoil of the left 

ventricle outflow tract after deflation of the delivery balloon, thereby ensuring valve 

geometry and function. A lesser hoop force of the self-expanding or super-elastic MCS valve 

is underscored by a clinical observation reporting that aortic root calcification had a higher 

discriminatory power for the prediction of balloon dilation after MCS valve implantation 

than annulus dimensions or the prosthesis-to-annulus ratio (12). Differences in 

biomechanical properties may also explain the current and previously reported difference in 

eccentricity between the MCS and ESV valves. In a series of 30 patients, symmetrical 

expansion of the MCS valve was seen in only 5 patients (17%), while circularity of the ESV 

was seen in all but 2 out of 89 patients (98%) and was independent of the native annular 

anatomy (13, 14). 

The aggregate of these clinical and experimental data confirm and explain why the MCS 

frame conforms to the geometry of the patient’s annulus, while the ESV dictates the 

geometry of the annulus and its contribution to the development of AR. Less AR after ESV 

implantation has consistently been reported by a number of observational studies and 1 

randomized clinical trial directly comparing MCS and ESV (8-10). The question is to what 

extent does device-host interaction play a role in AR post-TAVI on top of patient- and 

procedure-related variables such as the amount and distribution of calcium, sizing, and 

depth of implantation? The present study lacked the power to analyze the contribution to 

AR relative to the aforementioned patient- and procedure-related variables due to sample 

size (i.e., power) but also because of the equal distribution of baseline and procedural 

characteristics between patients treated with the MCS and ESV. Nevertheless, a frame with 

sufficient hoop force at least eliminates one of the components of the equation in the 

attempt to reduce of AR post-TAVI as seen with the ESV and novel generation devices (20, 

21).  

In this study, rotational angiography was used to assess frame geometry using dedicated 

prototype software for motion compensation that has been validated with MSCT (15). The 
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advantage of rotational angiography over MSCT is that it is available on-line in the 

catheterization or hybrid operating room. Currently, it is unknown how and when to 

incorporate this information in the decision for further therapeutic measures such as 

additional balloon dilation, although a few clinical reports have demonstrated such a 

potential role and benefit (22). Their need may also be questioned with the advent of novel 

and more advanced TAVI technologies allowing precise positioning and repositioning if 

needed to reduce and even eliminate AR (20-24). The data of this study nevertheless 

indicate the need to either incorporate the calcium load of the aortic root into the sizing 

matrix in particular when using the MCS and/or to apply sufficient hoop force in the 

development of future catheter-based valves. 

 

Conclusions 

Rotational angiography is an easy, accurate, and relatively rapid method to assess frame 

geometry in the catheterization laboratory. After MCS implantation, frame eccentricity at 

the annulus is common and not necessarily associated with an increase in AR unless 

eccentricity is also increased from baseline. After ESV implantation, circularity is the rule and 

precludes significant AR. 
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Supplementary material 
 
Table 1. Comparison of Frame Dimensions Obtained From the Rotational Angiography 
at the Various Levels of the Medtronic CoreValve® System and Edwards SAPIEN® Valve 
Between 2 Blinded Independent Observers.  

N = 30 Mean ± SD Dimension Correlation 
R-angio 
Observer 1 

R-angio  
Observer 2 

P  

  coefficient*       

Inflow         

 Dmin (mm) 0.978 21 ± 3 21 ± 3 < .001  

 Dmax (mm) 0.977 25 ± 3 25 ± 3 < .001  

 Perimeter(mm) 0.997 74 ± 8 74 ± 8 < .001  

 Area (mm2) 0.997 424 ± 92 425 ± 92 < .001  

Nadirs/Mid        

Segment Dmin (mm) 0.965 21 ± 2 20 ± 2 < .001  

 Dmax (mm) 0.949 24 ± 2 24 ± 2 < .001  

 Perimeter(mm) 0.978 71 ± 5 70 ±5      <.001 
 Area (mm2) 0.988 385 ± 50 384 ± 51 < .001  

Coaptation/Outflow        

 Dmin (mm) 0.980 22 ± 2 22 ± 2 < .001  

 Dmax (mm) 0.942 24 ± 2 24 ± 2 < .001  

 Perimeter(mm) 0.998 72 ± 6 70 ± 5 < .001  

 Area (mm2) 0.999 407 ± 73 408 ± 72 < .001  

Dmax, maximum diameter; Dmin, minimum diameter; R-angio, rotational angiography.  
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Table 2. Baseline Characteristics. Differences Between Edwards SAPIEN® Valve XT and Edwards 
SAPIEN® Valve S3. 

          

 Entire cohort ESV-XT  ESV-S3  P 

  (50 
patients) 

(26 patients) (24 patients)  

          

Age (y) 78 ± 10 75 ± 10 80±10 .084 

Male, n (%) 31 (62.0) 14 (53.8) 17 (70.8) .216 

Height (cm) 170 ± 9 169 ± 6 171 ± 11 .263 

Weight (kg) 80 ± 15 79 ± 17 81±11 .661 

Body mass index (kg/m2) 28 ± 5 28 ± 6 28±5 .986 

Body surface area (m2) 1.9 ± 0.2 1.9 ± 0.2 1.9 ± 0.2 .367 

New York Heart Association class ≥ III, n (%) 34 (72.2) 16 (64.0) 18 (81.8) .173 

Previous cerebrovascular event, n (%) 8 (16.0) 5 (19.2) 3 (12.5) .517 

Previous myocardial infarction, n (%) 11 (22.0) 5 (19.2) 6 (25.0) .623 

Previous coronary artery bypass graft surgery, 
n (%) 

10 (20.0) 4 (15.4) 6 (25) .396 

Previous percutaneous coronary intervention, 
n (%) 

12 (24.0) 7 (26.9) 5 (20.8) .614 

Diabetes mellitus, n (%) 13 (26.0) 8 (30.8) 5 (20.8) .424 

Hypertension, n (%) 42 (84.0) 23 (88.5) 19 (79.2) .370 

Peripheral vascular disease, n (%) 17 (34.0) 6 (23.1) 11 (45.8) .090 

Pulmonary hypertension, n (%) 6 (12.0) 2 (7.7) 4 (16.7) .329 

Severe pulmonary hypertension, n (%) 3 (6.0) 0 (0) 3 (12.5) .063 

Chronic obstructive pulmonary disease, n (%) 10 (20.0) 6 (23.1) 4 (16.7) .571 

Atrial fibrillation, n (%) 14 (28.0) 5 (19.2) 9 (37.5) .151 

Permanent pacemaker, n (%) 5 (10.0) 1 (3.8) 4 (16.7) .131 

Logistic EuroSCORE (%) 16 ± 13 12 ± 10 19± 15 .063 

Echocardiography and cardiac catheterization     

Left ventricular ejection fraction (%) 50 ± 13 53 ± 11 50±14 .538 

Aortic valve area (cm2) 0.74 ± 0.2 0.72 ± 0.2 0.72 ± 0.2 .539 

Peak gradient (mmHg) 72 ± 21 68 ± 18 68±18 .203 

Mitral regurgitation ≥ II n (%) 31 (64.6) 13 (59.1) 13 (59.1) .464 

AR baseline ≥ II, n (%) 27 (57.4) 10 (47.6) 10 (47.6) .221 

AR index 27 ± 10 25 ± 10 29 ± 11 .218 

Multislice Computed Tomography     

Minimal annulus diameter (mm) 22 ± 2 22 ± 2 23 ± 2 .145 

Maximal annulus diameter (mm) 28 ± 3 27 ± 2 29 ± 3 .124 

Mean annulus diameter (mm) 25 ± 2 25 ± 2 26 ± 2 .097 

Perimeter annulus (mm) 81 ± 8 80 ± 8 82 ± 7 .257 

Area annulus (mm2) 488 ± 85 463 ± 72 515 ± 90 .032 

Annulus eccentricity (%) 79 ± 6 80 ± 8 82 ± 7 .953 

Agatston score 4010 ± 2964 3738 ± 3438 4265 ± 2377 .537 

AR, aortic regurgitation; ESV, Edwards SAPIEN® valve 
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Table 3. Procedural Details. Distinction Between Edwards SAPIEN® Valve XT and Edwards SAPIEN® 
Valve S3. 

  
Entire 
cohort ESV-XT  ESV-S3  P 

  
 (50 

patients) (26 patients) 
(24 

patients)   

Access, n (%)     
Transfemoral 47 (94.0) 24 (92.3) 21 (95.5)  
Transsubclavian 0 (0) 0 (0) 0 (0)  
Transapical 3 (6.0) 2 (7.7) 1 (4.5)  
Prosthesis size (mm), n (%)     
23 mm 7 (14.0) 2 (7.7) 5 (20.8)  
26 mm 26 (52.0) 16 (61.5) 10 (4.7)  
29 mm 17 (34.0) 8 (30.8) 9 (37.5)  
31 mm 0 (0.0) 0 (0) 0 (0)  
Predilation     
Pre- implantation balloon dilation, n (%) 41 (82.0) 25 (96.2) 16 (66.7) .007 
Balloon nominal / mean annulus diameter x 100 94 ± 5 95 ± 6 93 ± 5 .243 
Sizing     
Valve size / minimal annulus diameter x 100 (%) 121 ± 8 124 ± 8 117 ± 6 .004 
Valve size / maximal annulus diameter x 100 (%) 96 ± 6 98 ± 6 93 ± 6 .008 
Valve size / mean annulus diameter x 100 (%) 107 ± 5 109 ± 5 104 ± 5 <.001 
Valve perimeter / perimeter native annulus x 100 103 ± 7 105 ± 7 101 ± 6 .031 
Depth of Implantation    

 
Noncoronary sinus (mm) 8 ± 2 8 ± 2 8 ± 2 .771 
Left-coronary sinus (mm) 8 ± 2 8 ± 3 7 ± 2 .334 
Post-dilatation     
Post implantation balloon dilation, n (%) 8 (16.0) 5 (19.2) 3 (12.5) .517 
Balloon nominal diameter / mean annulus diameter x 
100 (%) 

107 ± 3 109 ± 3 104 ± 1 .070 

Balloon nominal diameter / Valve size x 100 (%) 102 ± 6 102 ± 7 100 ± 0 .698 
AR post-TAVI     
AR index 24 ± 6 24 ± 8 25 ± 9 .641 
AR post-TAVI by echocardiography, n (%)     
Mild (< 10 % circumferential extend of the leakage) 38 (86.4) 20 (87.0) 18 (85.7)  
Moderate (10%-29% circumferential extend of the 
leakage) 4 (9.1) 2 (8.7) 2 (9.5)  
Severe (> 30% circumferential extend of the leakage) 2 (4.5) 1 (4.3) 1 (4.8)  
More-than-mild (≥ 10 % circumferential extend of the 
leakage) 6 (13.6) 3 (13) 3 (14.3) 

.905 

AR post-TAVI by aortography, n (%)  
   

Grade 0, n (%) 13 (26.0) 4 (15.4) 9 (37.5)  
Grade I, n (%) 35 (70.0) 20 (76.9) 15 (62.5)  
Grade II, n (%) 2 (4.0) 2 (7.7) 0 (0)  
Grade III, n (%) 0 (0.0) 0 (0) 0 (0)  
Grade IV, n (%) 0 (0.0) 0 (0) 0 (0)  
Grade ≥ II, n (%) 2 (4.0) 2 (7.7) 0 (0) .166 

AR, aortic regurgitation; ESV, Edwards SAPIEN® valve; TAVI, transcatheter aortic valve implantation. 
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Table 4. Frame Analysis by Rotational Angiography. Distinction Between Edwards SAPIEN® Valve 
XT and Edwards SAPIEN® Valve S3. 

 Entire 
cohort  

ESV-XT  ESV-S3 P 

  
(50 

patients) 
(26 

patients) 
(24 

patients) 
  

Degree of Expansion     

Degree of valve expansion at the inflow (%) 92±4 90±3 94±2 <.001 

Degree of valve expansion at the Nadir/Mid segment 
(%) 

88±3 89±3 88±3 .232 

Degree of valve expansion at the coaptation/Outflow 
(%) 

92±4 90±4 95±3 <.001 

Frame Eccentricity     

Degree of eccentricity valve at inflow (%) 95±3 95±3 96±3 .318 

Degree of eccentricity valve at nadir/mid segment (%) 95±4 95±4 95±3 .933 

Degree of eccentricity valve at coaptation/outflow (%) 96±3 94±4 97±2 .011 

Degree of eccentricity nadir/mid adjusted to 
eccentricity native annulus 

21±11 21±13 20±9 .761 

Nadir/mid more eccentric than the native annulus, n 
(%) 

1 (2.1) 1 (4) 0 (0) .343 

ESV, Edwards SAPIEN® valve. 
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Table 5. Relationship Between Frame Geometry and Aortic Regurgitation by Aortography and 
Echocardiography. Distinction Between Edwards SAPIEN® Valve XT and Edwards SAPIEN® Valve S3. 

  
Entire population 

(47 patients) 
ESV-XT population  

(24 patients) 
ESV-S3 population  

(23 patients)   

              

 

Entire 
cohort <10% ≥ 10% 

Entire 
cohort <10% ≥ 10% 

Entire 
cohort <10% ≥ 10%  

              

  (47 pt) (41 pt) (6 pt) (23p) (20 pt) (3 pt) (24 pt) (21 pt) (3 pt) 

Degree of Expansion              

Inflow (%) 92±4 92±4 93 ±4 90±3 89±2 93 ± 5 94±2 95±2 93±4 

Nadir/Mid segment (%) 88±3 88±3 89 ± 5 89±3 83±3 88 ± 6 88±3 87±3 90±3 

Coaptation/Outflow 
(%) 

93±4 93±4 93 ± 7 90±4 90±4 88 ± 6 95±3 95±2 98±3 

Degree of Eccentricity    
          

Inflow (%) 95±3 96±3 95 ± 3 95±3 95±3 95 ± 5 96±3 96±3 95±3 

Nadir/Mid segment (%) 95±4 95±3 91 ± 6 95±5 96±4 90 ± 8 95±3 95±3 93±3 

Coaptation/Outflow 
(%) 

96±3 96±3 93 ± 5 94±4 95±4 90 ± 6 97±2 97±2 96±1 

Adjusted eccentricity 
20±11 21±9 

17 ± 
20 

20±13 21±10 11 ± 37 21±9 21±9 20±9 

Nadir/Mid segment 
more elliptical than 
native annulus, n (%) 

1 (2.2) 0 (0.0) 
1 

(20.0) 
1 (4.5) 0 (0.0) 1 (50.0) 0 (0.0) 0 (0.0) 0 (0.0) 

ESV, Edwards SAPIEN® valve; pt, patients.  
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Abstract 

Aims 

Aortic regurgitation (AR) after Medtronic CoreValve System (MCS) implantation may be 

explained by patient-, operator- and procedure-related factors. We sought to explore if 

frame geometry, as a result of a specific device-host interaction, contributes to AR.  

Methods and results 

Using rotational angiography with dedicated motion compensation, we assessed valve frame 

geometry in 84 patients who underwent TAVI with the MCS. Aortic regurgitation was 

assessed by angiography (n=84, Sellers) and echocardiography at discharge (n=72, VARC-2). 

Twenty-two patients (26%) had AR grade ≥2 using contrast angiography, and 17 (24%) by 

echocardiography. Balloon predilatation and sizing and depth of implantation did not differ 

between the two groups. Despite more frequent balloon post-dilatation in patients with AR 

(40.9 vs. 9.7%, p=0.001), the frame was more elliptical at its nadir relative to the patient’s 

annulus (6 ± 13 vs. –1 ± 11%, p=0.046) and occurred in a larger proportion of patients (61.9 

vs. 26.8%, p=0.004). Although the Agatston score and the eccentricity of the MCS frame 

relative to the annulus were independent determinants of AR (odds ratio: 1.635 [1.151-

2.324], p=0.006, and 4.204 [1.237-14.290], p=0.021), there was a weak association between 

the Agatston score and the adjusted eccentricity (Spearman’s rank correlation coefficient =–

0.24, p=0.046).  

Conclusions 

These findings indicate that AR can be explained by a specific device-host interaction which 

can only partially be explained by the calcium load of the aortic root. 
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Introduction 

Transcatheter aortic valve implantation (TAVI) is increasingly being used to treat patients 

with aortic stenosis who are considered too high a risk for surgical valve replacement (1-5). A 

vexing clinical problem is the occurrence of paravalvular aortic regurgitation (AR) which is 

reported to occur more frequently after implantation of the self-expanding Medtronic 

CoreValve® (MCS) (Medtronic, Minneapolis, MN, USA) than after the balloon-expandable 

Edwards SAPIEN valve (ESV) (Edwards Lifesciences, Irvine, CA, USA) (6-8). 

Patient and procedure-related variables such as aortic root calcification, annular dimensions, 

depth of implantation and sizing, have been identified as determinants of AR post TAVI (9, 

10). However, specific valve-related issues such as the type (i.e., circular vs. non-circular 

expansion) and degree of valve expansion may play a role as well. There is evidence from 

multislice computed tomography (MSCT) analysis in selected patients that non-circular 

expansion and malapposition is more frequent after MCS than ESV valve implantation (11-

14). The question is to what extent this plays a role in the development of AR on top of 

patient-related and procedural variables. For that purpose, we have adopted a strategy of 

performing routine rotational angiography (R-angio) using dedicated motion compensation 

to study frame geometry immediately after valve implantation (15). The purpose of this 

study was to assess the correlation between MCS geometric findings by rotational 

angiography and AR after TAVI. 

 

Methods  

Patients  

The study population consisted of 98 consecutive patients who underwent TAVI with the 

MCS valve in whom R-angio with motion compensation was performed (15). Only patients 

with sufficient image quality for frame assessment (grade 1,2,3) were included using the 

following scores:  

Grade 1: excellent image quality (struts visible without artefacts).  

Grade 2: struts clearly visible, distinction between struts and artefacts possible. 
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Grade 3: struts visible but in some regions distinction between struts and artefacts cannot 

be made.  

Grade 4: degraded (struts are blurred and distorted).  

Grade 5: strongly degraded (struts and artefacts cannot be distinguished) (figure 1).  

A total of 14 patients were excluded from the analysis because of image quality grade 4 (six 

patients) and grade 5 (eight patients). Therefore, the final study population was 84.  

Patients were seen at the outpatient clinic and gave written informed consent for 

anonymised prospective data collection for clinical research purposes (TAVI Care & Cure 

project, MEC-2014-277). All patients underwent TAVI under general anaesthesia via the 

transfemoral approach, except two in whom the subclavian approach was used following 

Heart Team discussion. MSCT was used for sizing in all except nine patients (16).  

Figure 1. Image quality of R-angio: grade 1 (best quality) to grade 5 (worst quality). CT: central 

coaptation of the leaflets; I: inflow; N: nadir. 

 

Rotational angiography, 3D reconstruction and frame analysis 

R-angio was performed immediately after TAVI using the Artis zee biplane angiographic C-

arm system (Siemens AG Healthcare, Forchheim, Germany). The technical details have been 

described before (15). Cross-sectional short-axis images were used for frame analysis (figure 

2).  

Frame analysis: MCS frame analysis was performed at three predefined levels (figure 3), 

inflow, nadir and central coaptation of the leaflets (13). At each of these levels, the minimum 

diameter (Dmin), maximum diameter (Dmax), area and perimeter were manually measured 

using the centre point of the strut(s).  
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Expansion of the frame was calculated by measured perimeter/ nominal perimeter. The 

eccentricity of the frame was calculated by Dmin/Dmax×100. The eccentricity of the frame 

at the level of the nadir was adjusted to the eccentricity of the native annulus using the 

following equation: (Eccentricity nadir – Eccentricity native annulus/Eccentricity native 

annulus)×100, since this part of the frame, that contains the nadir of the bioprosthetic 

leaflets, is in closest contact with the base of the aortic root and is the part most subjected 

to the constraining forces of the aortic root.  

Figure 2. Acquisition of the multiplanar 

reformatted short-axis view (C) at the different 

levels of interest adjusting two longitudinal 

multiplaner reformatted orthogonal views (A & B) 

similar to MSCT (16) and the resulting volume-

rendered tridimensional reconstruction (D). 

 

 

 

 

Figure 3. Cross-sectional view at the three levels of interest of the MCS frame. Nominal perimeters at 

the various levels of the MCS frame were kindly provided by Medtronic Inc., Minneapolis, MN, USA. 
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Assessment of aortic regurgitation 

Contrast angiography and Doppler echocardiography were used to assess AR immediately 

after TAVI and at discharge (17, 18). With respect to contrast angiography, AR severity was 

defined using the Sellers classification (0=none, 1=mild, 2=moderate, 3=moderate to severe, 

and 4=severe) (17). For that purpose, an angiography protocol was used consisting of the 

injection of 20 ml of non-diluted Iodixanol (Visipaque™; General Electric Company, Fairfield, 

CT, USA) at a flow rate of 20 ml/sec via a 6 Fr pigtail catheter which was positioned above 

the bioprosthetic leaflets. Cine runs were recorded at a speed of 30 frames/sec. Two 

observers (independently from one another) scored the angiograms. In case of discrepancy, 

consensus was reached by including a third observer. The intra- and interobserver variability 

for the assessment of AR post TAVR according to the Sellers classification was κ 0.70, 0.60 

and 0.78, respectively. A distinction was made between patients with Sellers grade 0-1 and 

those with Sellers grade 2-4. 

Doppler echocardiography was performed before discharge. AR severity was defined by the 

circumferential extent of the Doppler signal at the inflow of the MCS frame in the 

parasternal short-axis view (SAX) using the VARC-2 criteria (18). Echocardiography was 

available in 72 out of the 84 patients. A distinction was made between none-mild (<10%) and 

moderate-severe (10-29% and ≥30%) AR. 

 

Statistics and analysis 

Categorical variables are presented as frequencies and percentages and compared using 

Pearson’s chi-square test. Continuous variables are presented as means (±SD) and compared 

with the Student’s t-test. The association between two continuous variables was carried out 

by using Pearson’s or Spearman’s rank correlation coefficient test when adequate. To study 

the independent predictors of AR post TAVI, logistic regression was performed. All 

characteristics judged to be clinically relevant or to have a pathophysiologic role in AR post 

TAVI were included in the multivariable logistic regression model. A two-sided alpha level of 

0.05 was used to indicate significance. Statistical analyses were performed using SPSS 

software, Version 21.0 (IBM Corp. Armonk, NY, USA).  
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The main analysis consisted of the detection of the determinants of AR based on comparing 

patients with Sellers grade 0-1 and 2-4 on angiography after implantation. The secondary 

analysis consisted of the assessment of the determinants of AR by comparing patients with 

no or mild (<10%) and those with moderate or severe AR (10-29% and ≥30%) on the SAX 

view of the echo-Doppler examination before discharge (18). 

 

Results 

The baseline clinical and procedural data of all patients and of those with AR grade 0-1 

versus those with AR grade ≥2 post TAVI are summarised in online table 1 and online table 2.  

AR grade ≥2 was seen in 22 patients (26%). By univariable analysis, these patients had a 

lower body weight (68 ± 15 vs. 76 ± 14 kg, p=0.037) and body mass index (23 ± 3 vs. 27 ± 5 

kg/m2, p=0.003), and a lower prevalence of antecedent coronary artery bypass surgery (9.1% 

vs. 30.6%, p=0.045). They also had more severe aortic stenosis (aortic valve area of 0.61 ± 

0.2 cm2 vs. 0.72 ± 0.2 cm2 [p=0.034]) with a higher prevalence of AR at baseline by 

aortography (AR ≥2 81.8% vs. 51.6% [p=0.013]) and a higher Agatston score (4.545 ± 2.005 

vs. 2.895 ± 1.698, p=0.001).  

From a procedural perspective, there was no difference in predilation strategy, sizing and 

depth of implantation between the two groups. The only difference was a higher frequency 

of balloon postdilatation in patients with AR grade ≥2 (40.9% vs. 9.7%, p=0.001). With 

respect to frame geometry (table 1), there was no difference in the degree of frame 

expansion or eccentricity at any level between patients with AR grade 0-1 and ≥2. Yet, when 

relating the degree of frame eccentricity at the level of the nadir with the degree of 

eccentricity of the native annulus, the frame was more elliptical at its nadir relative to the 

patient’s annulus in patients with AR ≥2 compared to those with AR grade 0-1 (6 ± 13 vs. –1 

± 11%, p=0.046). 

The eccentricity of the frame relative to the patient’s annulus was also seen in a larger 

proportion of patients with AR ≥2 (61.9 vs. 26.8%, p=0.004). In other words, when the valve 

was more elliptical than the recipient’s anatomy (adjusted ellipticity≥0). 
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Spearman’s rank correlation coefficient revealed a weak association between Agatston score 

and the adjusted eccentricity (=-0.24, p=0.046). There was no correlation between 

prosthesis sizing and adjusted eccentricity (R=0.03, p=0.81). Multivariate analysis revealed 

the Agatston score and eccentricity of MCS frame relative to the native annulus to be 

independent determinants for AR post TAVI (odds ratio: 1.635 [1.151-2.324], p=0.006, and 

4.204 [1.237-14.290], p=0.021, respectively) (table 2).  

Repeat analysis based on the circumferential extent of AR on echocardiography before 

discharge indicated similar findings but lacked statistical power to confirm (online table 3-

online table 5). 

 

 

Table 1. Rotational angiography analysis.     

  
Entire cohort AR  0 or 1 AR 2, 3 or 4 

p-value 
(84 patient) (62 patients) (22 patients) 

Degree of valve expansion at the inflow (%) 83 ± 7 84 ± 7 82 ± 9 0.398 

Degree of valve expansion at the nadir (%) 90 ± 3 90 ± 4 91 ± 3 0.502 

Degree of valve expansion at the 
coaptation  (%) 

97 ± 5 97 ± 5 97 ± 4 0.499 

Degree of eccentricity at the inflow  (%) 82 ± 8 81 ± 7 82 ± 8 0.617 

Degree of eccentricity at the nadir (%) 83 ± 8 84 ± 8 81 ± 7 0.121 

Degree of eccentricity at the coaptation (%) 90 ± 6 91 ± 6 88 ± 6 0.150 

Degree of eccentricity at the nadir adjusted 
to the eccentricity of the native annulus* 

  4 ± 13 6 ± 13 -1 ± 11 0.046 

Nadir more eccentric than the native 
annulus, n (%) 

28 (36.4) 15 (26.8) 13 (61.9) 0.004 

* negative value denotes that the MCS frame is more eccentric than native annulus 

Degree of valve expansion: measured frame perimeter/nominal frame perimeterx100 
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Table 2. Predictors of AR post TAVI.     

  

Univariate Model 
p 

Value 
Multivariate Model 

p 
Value 

 

Weight (kg) 
0.961 (0.925 - 

0.998) 
0.041 

  

 

Body mass index (kg/m2) 
0.805 (0.691 - 

0.938) 
0.005 

  

 

Aortic valve area (cm2) 
0.074 (0.006 - 

0.869) 
0.038 

  

 

AR pre-TAVI by aortography grade ≥ II  
4.219 (1.280 - 

13.901) 
0.018 

  

 

Agatston score 
1.599 (1.156 - 

2.213) 
0.005 

1.635 (1.151 - 
2.324) 

0.006  

Post-implantation balloon dilation 
6.462 (1.953 - 

21.374) 
0.002 

  

 

Nadir more eccentric than native 
annulus 

4.442 (1.537-
12.832) 

0.006 
4.204 (1.237 - 

14.290) 
0.021  

 

Discussion  

The main finding of this study is that, in patients with severe aortic stenosis who received 

the self-expanding MCS valve, the frame was more elliptical at its nadir relative to the 

patient’s annulus in patients with >mild AR (6 ± 13%) compared to those with no or mild AR 

(-1 ± 11%). The eccentricity of the frame relative to the patient’s annulus was also seen in a 

significantly larger proportion of patients (61.9 vs. 26.8%, p=0.004) despite a more frequent 

use of balloon dilatation after valve implantation (40.9 vs. 9.7%, p=0.001). Although the 

Agatston score and degree of adjusted ellipticity were independent determinants of AR, the 

Spearman rank correlation analysis indicates that the calcium load of the aortic root only 

partially explains the degree of adjusted ellipticity.  

These data indicate the presence of a specific device-host interaction that, in turn, may 

suggest the presence of incomplete apposition. Unfortunately, apposition, or the lack 

thereof, cannot be assessed in vivo. This is supported by experimental findings analysing the 

numerical radial force of the MCS valve that was used in the current population (21). 

Tzamtzis et al found that the radial force of the MCS frame rapidly drops with the increasing 

diameter of the recipient’s anatomy and, depending on this diameter, may reach zero (21). 

The model did not include elastic coupling between valve and host tissue and may therefore 

underestimate the radial force exerted by the frame in vivo but supports the findings in this 
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clinical study and, therefore, the aetiology of AR. Furthermore, the experimental model of 

Tzamtzis used a cylindrical surrogate for the annulus while in patients it is often asymmetric 

(11-14). Therefore, non-uniform distribution of force along the perimeter of the MCS valve 

most likely occurs, which, in combination with opposing forces due to calcium, may affect 

apposition in vivo.  

Lack of apposition as a cause of AR after MCS, on top of other factors such as sizing and 

depth of implantation, is supported by the findings in 56 patients treated with the MCS valve 

in whom geometric analysis of the MCS frame (cardiac CT post TAVI) was correlated with AR 

on the short-axis view of transthoracic echo-Doppler cardiography (SAX-TTE) (22). 

Malposition was reported in 35 patients (63%) and was correlated with the calcium load of 

the aortic root and the site of AR on SAX-TTE (22). The role of apposition as a cause of AR 

and the effects of calcium on apposition are highlighted by the findings in another 110 

patients treated with the MCS valve in whom it was found that aortic root calcification had a 

higher discriminatory power for the prediction of balloon dilatation after MCS valve 

implantation to treat AR than sizing (prosthesis to annulus ratio) (23).  

Tzamtzis et al also demonstrated a similar biomechanical behaviour in the Edwards SAPIEN 

valve (stainless steel frame - decreasing radial force with increasing diameter of the recipient 

anatomy) but found that it was independent of tissue stiffness (21). This may explain why (at 

variance with the MCS valve) circularity after ESV implantation is the rule: circularity of the 

ESV valve was reported in all but two out of 89 patients (98%) and was independent of the 

native annular anatomy while symmetrical expansion of the MCS frame was seen in only five 

out of 30 patients (17%) (13, 14). The aggregate of these data indicates that the MCS 

conforms to the geometry of the patient’s annulus while the ESV dictates the geometry of 

the annulus. Interestingly, in this study patients with AR had a more severe aortic stenosis 

(AVA) and a higher Agatston score, reflecting more advanced atherosclerotic disease and 

therefore higher opposing forces to frame expansion. The combination of the experimental 

findings of Tzamtzis et al and the current clinical findings indicate that some extra degree of 

oversizing may be needed when using the MCS valve, in particular in such patients, to 

overcome the calcium load (in addition to correct positioning) or to change the 

biomechanical properties of the MCS frame at the inflow level. Unfortunately, this study 

lacks the power to prove this point. Another solution is the use of a repositionable valve 
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which allows the operator to change the depth of implantation so as to avoid or minimise AR 

(24, 25). 

In comparison with the CHOICE study which compared valve function between the MCS and 

ESV, contrast angiography was the principal method used to address the current study 

objective (8). AR is most often caused by inappropriate sealing or apposition of the valve, 

though sometimes it is due to a central leak. This distinction cannot be made by angiography 

and clarification is needed for proper definition of the eventual additional treatment, such as 

balloon dilatation in case of malapposition. With respect to quantitative assessment of AR, 

the limitations of echocardiography are well known (19, 20). MRI has been shown to be the 

best method but is less available in clinical practice (26, 27).  

In this study, R-angio was used for the assessment of frame geometry using dedicated 

prototype software for motion compensation which was validated with MSCT (15). The 

advantage of R-angio over MSCT is that it is available on-line in the catheterisation or hybrid 

operating room. The morphologic information of the valve in combination with 

haemodynamic (e.g., residual gradient) and/or echocardiographic findings during TAVI may 

help to tailor or define additional therapeutic measures to improve outcome and valve 

function (28). 

 

Limitations  

The main limitations of the present study are sample size and the absence of independent 

(core lab) analysis of the parameter of interest. Also, not all patients underwent 

echocardiography before discharge and we did not perform rotational angiography before 

and after additional balloon dilatation. A larger sample would have allowed a more 

comprehensive and robust multivariable analysis. In addition, a larger or multicentric sample 

with a more heterogeneous distribution of the independent variables – sizing and depth of 

implantation in particular – would have allowed the assessment of the strength of the 

reported specific device-host interaction relative to operator- and procedure-related 

variables such as sizing and depth of implantation. The present analysis also pertains to a 

selected group of patients (i.e., patients with rotational angiography with sufficient image 

quality). The absence of independent analysis may affect the validity of the reported point 
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estimate of the target parameter and may explain the difference in AR between this and 

other studies using contrast angiography. However, we believe that the proposed aetiology 

of AR in the present population is plausible, in particular considering the experimental 

analysis of the biomechanical properties of the frame and previous clinical observations. 

 

Conclusions  

When the valve is properly implanted, AR post MCS valve implantation is the result of a 

specific device-host interaction (inadequate frame apposition due to calcium). It is currently 

unknown how to incorporate the calcium load of the aortic root into the sizing matrix. 
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Supplementary material 

 

Table 1. Baseline characteristics (analysis based on aortic regurgitation by aortography).  

Entire 
cohort 

AR by 
aorto-
graphy 

grade 0 or 
1 

AR by 
aorto-
graphy 

grade 2, 3 
or 4. 

p-
value 

(84 
patients) 

(62 
patients) 

(22 
patients) 

Age (years) 80 ± 9 79 ± 9 83 ± 7 0.158 

Male, n (%) 47 (56.0) 36 (58.1) 11 (50.0) 0.513 

Height (cm) 168 ± 10 168 ± 9 169 ± 11 0.595 

Weight (kg) 74 ± 14 76 ± 14 68 ± 15 0.037 

Body mass index (kg/m2) 26 ± 5 27 ± 5 23 ± 3 0.003 

Body surface area (m2) 1.8 ± 0.2 1.9 ± 0.2 1.8 ± 0.2 0.090 

New York Heart Association Class ≥ III, n (%) 59 (72.9) 43 (70.5) 16 (80.0) 0.407 

Previous cerebrovascular event, n (%) 22 (26.2) 14 (22.6) 8 (36.4) 0.207 

Previous myocardial infarction, n (%) 20 (23.8) 16 (25.8) 4 (18.2) 0.471 

Previous coronary artery bypass graft surgery, n (%) 21 (25.0) 19 (30.6) 2 (9.1) 0.045 

Previous percutaneous coronary intervention, n (%) 23 (27.4) 15 (24.2) 8 (36.4) 0.271 

Diabetes mellitus, n (%) 17 (20.2) 15 (24.2) 2 (9.1) 0.130 

Hypertension, n (%) 61 (72.6) 47 (75.8) 14 (63.6) 0.271 

Peripheral vascular disease, n (%) 19 (22.6) 14 (22.6) 5 (22.7) 0.989 

Pulmonary Hypertension, n (%) 5 (6.0) 5 (8.1) 0 (0.0) 0.170 

Severe Pulmonary Hypertension, n (%) 1 (1.2) 1 (1.6) 0 (0.0) 0.549 

Chronic obstructive pulmonary disease, n (%) 26 (31.0) 20 (32.3) 6 (27.3) 0.664 

Atrial fibrillation, n (%) 21 (25.0) 16 (25.8) 5 (22.7) 0.774 

Permanent pacemaker, n (%) 4 (4.8) 4 (6.5) 0 (0.0) 0.222 

Logistic Euroscore (%) 17 ± 11 17 ± 10 18 ± 13 0.570 

Echocardiography & invasive measurements 

Left ventricular ejection fraction (%) 51 ± 14 51 ± 14 52 ± 13 0.794 

Aortic valve area (cm2) 0.69 ± 0.2 0.72 ± 0.2 0.61 ± 0.2 0.034 

Peak gradient (mmHg) 72 ± 27 69 ± 28 79 ± 22 0.174 

Mitral regurgitation ≥  grade II by echocardiography, 
n (%) 

35 (41.7) 23 (37.1) 12 (54.5) 0.154 

Aortic regurgitation ≥ II by echocardiography, n (%) 35 (41.7) 24 (38.7) 11 (50.0) 0.356 

Aortic regurgitation ≥ II by aortography, n (%) 50 (59.5) 32 (51.6) 18 (81.8) 0.013 

Pre-implantation AR index  26 ± 12 26 ± 12 23 ± 11 0.313 

Multi-sliced Computed Tomography 

Minimal annulus diameter (mm) 22 ± 2 22 ± 3 22 ± 2 0.882 

Maximal annulus diameter (mm) 27 ± 3 27 ± 3 27 ± 2 0.650 

Mean annulus diameter (mm) 25 ± 2 25 ± 2 24 ± 2 0.856 

Perimeter annulus (mm) 78 ± 7 78 ± 7 78 ± 7 0.759 

Area annulus (mm2) 472 ± 85 474 ± 90 466 ± 73 0.740 

Eccentricity of the native annulus (%) 81 ± 6 80 ± 6 82 ± 6 0.420 

Agatston score 
3349 ± 
1922 

2895 ± 
1698 

4545 ± 
2005 

0.001 
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Table 2. Procedural details (analysis based on aortic regurgitation by aortography). 

  

Entire 
cohort 

AR by 
aorto-
graphy 

grade 0 or 
1 

AR by 
aorto-
graphy 

grade 2, 3 
or 4 

p-
value 

(84 
patients) 

(62 
patients) 

(22 
patients) 

Access strategy, n (%) 0.394 

  Trans-femoral 82 (97.6) 60 (96.8) 22 (100)  
  Trans-subclavian 2 (2.4) 2 (3.2) 0 (0.0) 

 

Prosthesis size (mm), n (%) 0.310 

23 1 (1.2) 1 (1.6) 0 (0.0) 
 

26 20 (23.8) 14 (22.6) 6 (27.3) 
 

29 55 (65.5) 39 (62.9) 16 (72.7) 
 

31 8 (9.5) 8 (12.9) 0 (0.0) 
 

Predilatation  

  Pre- implantation balloon dilation, n (%) 80 (95.2) 58 (93.5) 22 (100.0) 0.222 

  Balloon nominal / mean annulus diameter x 100 (%) 91 ± 7 91 ± 8 91 ± 5 0.824 

Sizing MCS 

-        Valve size / Minimal annulus diameter x 100 (%) 130 ± 10 131 ± 11 129 ± 9 0.357 

-        Valve size / Maximal annulus diameter x 100 (%) 105 ± 8 105 ± 8 105 ± 6 0.913 

-        Valve size / mean annulus diameter x 100 (%) 116 ± 7 116 ± 8 115 ± 6 0.575 

-        Valve perimeter / Perimeter of the annulus x 100 
(%) 

114 ± 7 115 ± 7 113 ± 7 0.352 

Depth of Implantation (mm) 

-        Left coronary sinus 8 ± 4 8 ± 4 8 ± 4 0.734 

-        Non coronary sinus 7 ± 4 7 ± 4 7 ± 4 0.807 

Balloon post-dilation 

  Post implantation balloon dilation, n (%) 15 (17.9) 6 (9.7) 9 (40.9) 0.001 

  Balloon nominal diameter / mean annulus diameter x 
100 (%) 

99 ± 8 101 ± 10 98 ± 6 0.540 

   Balloon nominal diameter / MCS size x 100 (%) 88 ± 5 88 ± 5 87 ± 5 0.912 

AR post TAVI 
    

Post-implantation AR index  (%)  22 ± 10 23 ± 10 20 ± 8 0.267 

AR post-implantation by aortography, n (%) 

-        Grade 0 4 (4.8) 4 (6.5) 0 (0.0) 
 

-        Grade I  58 (69.0) 58 (93.5) 0 (0.0) 
 

-        Grade II  20 (23.8) 0 (0.0) 20 (90.9) 
 

-        Grade III  2 (2.4) 0 (0.0) 2 (9.1) 
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-        Grade IV 0 (0) 0 (0) 0 (0)  

AR post-implantation by echocardiography, n (%) 

-        Mild (< 10 % circumferential extend of the leakage) 55 (76.4) 48 (88.9) 7 (38.9)  

-        Moderate (10 – 29% circumferential extend of the 
leakage) 

15 (20.8) 5 (9.3) 10 (55.6)  

-        Severe (> 30% circumferential extend of the 
leakage) 

2 (2.8) 1 (1.9) 1 (5.6)   
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Table 3. Baseline characteristics (analysis based on aortic regurgitation by 
echocardiography). 

  

Entire 
cohort 

AR < 10% of 
circumference by 

AR ≥ 10% of 
circumference by p-

value (72 patients) echocardiography echocardiography 

  (55 patients) (17 patients) 

Age (years) 81 ± 8  82 ± 7 76 ± 11 0.012 

Male, n (%) 42 (58.3) 32 (58.2) 10 (58.8) 0.963 

Height (cm) 169 ± 8 167 ± 9 172 ± 11 0.076 

Weight (kg) 74 ± 14 74 ± 14 73 ± 16 0.742 

Body mass index (kg/m2) 26 ± 4 26 ± 4 24 ± 5 0.081 

Body surface area (m2) 1.8 ± 0.2 1.8 ± 0,2 1.8 ± 0.2 0.935 

New York Heart Association 
class ≥ III, n (%)  

48 (69.6) 36 (69.2) 12 (70.6) 0.916 

Previous cerebrovascular 
event, n (%) 

19 (26.4) 10 (18.2) 9 (52.9) 0.004 

Previous myocardial 
infarction, n (%) 

18 (25.0) 14 (25.5) 4 (23.5) 0.873 

Previous coronary artery 
bypass graft surgery, n (%) 

18 (25.0) 16 (29.1) 2 (11.8) 0.149 

Previous percutaneous 
coronary intervention, n (%) 

15 (20.8) 10 (18.2) 5 (29.4) 0.319 

Diabetes mellitus, n (%) 11 (15.3) 9 (16.4) 2 (11.8) 0.645 

Hypertension, n (%) 52 (72.2) 44 (80.0) 8 (47.1) 0.008 

Peripheral vascular disease, n 
(%) 

16 (22.2) 13 (23.6) 3 (17.6) 0.604 

Pulmonary Hypertension, n 
(%) 

5 (6.9) 5 (9.1) 0 (0.0) 0.197 

Severe Pulmonary 
Hypertension, n (%) 

1 (1.4) 1 (1.8) 0 (0.0) 0.576 

Chronic obstructive 
pulmonary disease, n (%) 

24 (33.3) 18 (32.7) 6 (35.3) 0.844 

Atrial fibrillation, n (%) 20 (27.8) 16 (29.1) 4 (23.5) 0.655 

Permanent pacemaker, n (%) 3 (4.2) 3 (5.5) 0 (0.0) 0.325 

Logistic Euroscore (%) 18 ± 11 19 ± 11 14 ± 12 0.154 

Echocardiography and invasive measurements 

Left ventricular ejection 
fraction (%) 

51 ± 14 50 ± 14 51 ± 14 0.971 

Aortic valve area (cm2) 0.70 ± 0.2 0.72 ± 0.2 0.66 ± 0.2 0.272 

Peak gradient (mmHg) 70 ± 26 68 ± 25 77 ± 26 0.237 

Mitral regurgitation ≥ grade II 
by echocardiography, n (%)  

30 (41.7) 25 (45.5) 5 (29.4) 0.241 

Aortic regurgitation ≥ II by 
echocardiography, n (%)  

29 (40.3) 24 (43.6) 5 (29.4) 0.296 

Aortic regurgitation ≥ II by 
aortography, n (%) 

44 (61.1) 30 (54.5) 14 (82.4) 0.040 

Pre-implantation AR index  26 ± 12 25 ± 12 28 ± 12 0.531 

Multi-sliced Computed Tomography 
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Minimal annulus diameter 
(mm) 

22 ± 2 22 ± 2 23 ± 2 0.299 

Maximal annulus diameter 
(mm) 

27 ± 3 27 ± 3 28 ± 2 0.621 

Mean annulus diameter (mm) 25 ± 2 25 ± 2 25 ± 2 0.414 

Perimeter annulus (mm) 78 ± 8 78 ± 9 80± 7 0.310 

Area annulus (mm2) 480 ± 87 474 ± 87 496 ± 86 0.400 

Annulus eccentricity (%)  81 ± 6 80 ± 7 82 ± 6 0.464 

Aortic valve Agatston score 
3437 ±  
2014 

3117 ±  1812 4317 ±  2327 0.040 
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Table 4. Procedural details (analysis based on aortic regurgitation by echocardiography). 

  

  

Entire 
cohort 

AR < 10% of 
circumference by 

AR ≥ 10% of 
circumference by 

  

 echocardiography echocardiography p-value 

(72 
patients) 

(55 patients) (17 patients)   

Access strategy, n (%) 

Trans-femoral 70 (97.2) 53 (96.4) 17 (100.0)  

Trans-subclavian  2 (2.8) 2 (3.6) 0 (0.0)  

Prosthesis size (mm), n (%) 

23 1 (1.4) 0 (0.0) 1 (5.9)  

26 17 (23.6) 15 (27.3) 2 (11.8)  

29 47 (65.3) 33 (60.0) 14 (82.4)  

31 7 (9.7) 7 (12.7) 0 (0.0)  

Predilatation  

Pre- implantation balloon dilation, n (%)  68 (94.4) 51 (92.7) 17 (100.0) 0.253 

Balloon nominal / mean annulus diameter x 
100 (%) 

90 ± 7 90 ± 7 90 ± 7 0.911 

Sizing MCS 

Valve size /minimal annulus diameter x 100 
(%)  

129 ± 10 131 ± 9 126 ± 10 0.081 

Valve size /maximal annulus diameter x 100 
(%) 

104 ± 7 104 ± 7 102 ± 6 0.274 

Valve size /mean annulus diameter x 100 
(%) 

115 ± 7 116 ± 7 113 ± 6 0.091 

Valve perimeter / perimeter of the annulus 
x 100 (%) 

113 ± 6 114 ± 6 111 ± 7 0.068 

Depth of Implantation (mm) 

Left coronary sinus 8 ± 4 7 ± 4 8 ± 4 0.546 

Non coronary sinus 7 ± 4 7 ± 4 7 ± 4 0.937 

Balloon post-dilation  

Post implantation balloon dilation, n (%) 12 (16.7) 5 (9.3) 7 (38.9) 0.003 

Balloon nominal diameter / mean annulus 
diameter x 100 (%) 

98 ± 8 96 ± 7 99 ± 9 0.572 

Balloon nominal diameter / MCS size x 100 
(%) 

87 ± 5 85 ± 5 89 ± 5 0.149 

Result AR 

Post-implantation AR index 22 ± 9 21 ± 9 24 ± 7 0.217 

AR post-implantation by aortography, n (%) 

Grade 0 4 (5.6) 4 (7.3) 0 (0.0)  

Grade I 50 (69.4) 44 (80.0) 6 (35.3)  

Grade II 16 (22.2) 7 (12.7) 9 (52.9)  

Grade III 2 (2.8) 0 (0.0) 2 (11.8)  

Grade IV 0 (0) 0 (0) 0 (0)   
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Table 5. Rotational angiography analysis (analysis based on aortic regurgitation by 
echocardiography). 

  

Entire 
cohort 

AR < 10% of 
circumference 

AR ≥ 10% of 
circumference 

p-value 
 

by 
echocardiography 

by 
echocardiography 

(72 
patients) 

(55 patients) (17 patients) 

Degree of valve expansion at the 
inflow (%)   

83 ± 7  84 ± 7 81 ± 8 0.260 

Degree of valve expansion at the 
nadir (%)   

90 ± 4 90 ± 4 90 ± 4 0.897 

Degree of valve expansion at the 
coaptation (%)   

97 ± 5 97 ± 4 97 ± 6 0.482 

Degree of eccentricity at the 
inflow (%) 

81 ± 8 81 ± 8 81 ± 7 0.734 

Degree of eccentricity valve at the 
nadir (%) 

83 ± 8  84 ± 8 81 ± 9 0.220 

Degree of eccentricity valve at the 
coaptation (%) 

90 ± 7 91 ± 6 88 ± 7 0.206 

Degree of eccentricity at the nadir 
adjusted to the eccentricity of the 
native annulus* 

3 ± 11 4 ± 12  -1 ± 9 0.101 

Nadir more eccentric than the 
native annulus, n (%) 

24 (36.9) 15 (30.6) 9 (56.2) 0.065 

* negative value denotes that the MCS frame is more eccentric than native annulus 
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Chapter 18 

Impact of Device-Host interaction on Paravalvular Aortic Regurgitation with different 

Transcatheter Heart Valves. Rodríguez-Olivares R, El Faquir N, Rahhab Z, van Gils L, Ren B, 

Sakhi R, Geleijnse ML, van Domburg R, de Jaegere PPT, Zamorano Gómez JL, Van Mieghem 

NM. Cardiovasc Revasc Med. 2019 Feb;20(2):126-132. 
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Abstract 

Aims 

We sought to evaluate the interaction of different aortic root phenotypes with self-

expanding (SEV), balloon-expandable (BEV) and mechanically expanded (MEV) and the 

impact on significant aortic regurgitation. 

Methods and results 

We included 392 patients with a SEV (N = 205), BEV (N = 107) or MEV (N = 80). Aortic 

annulus eccentricity index and calcification were measured by multi-slice CT scan. 

Paravalvular aortic regurgitation was assessed by contrast aortography (primary analysis) 

and transthoracic echocardiography (secondary analysis). In mildly calcified roots 

paravalvular regurgitation incidence was similar for all transcatheter heart valves (SEV 8.4%; 

BEV 9.1%; MEV 2.0% p = 0.27). Conversely, in heavily calcified roots paravalvular 

regurgitation incidence was significantly higher with SEV (SEV 45.9%; BEV 0.0%; MEV 0.0% 

p< 0.001). When paravalvular regurgitation was assessed by TTE, the overall findings were 

similar although elliptic aortic roots were associated with more paravalvular regurgitation 

with SEV (20.5% vs. BEV 4.5% vs. MEV 3.2%; p=0.009). 

Conclusions 

In heavily calcified aortic roots, significant paravalvular aortic regurgitation is more frequent 

with SEV than with BEV or MEV, but similar in mildly calcified ones. These findings may 

support patient-tailored transcatheter heart valve selection. 
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Introduction 

Transcatheter aortic valve implantation (TAVI) is increasingly adopted for treatment of 

symptomatic severe aortic stenosis (1–5). Compared to surgical aortic valve replacement, 

TAVI is associated with a higher rate of residual paravalvular aortic regurgitation and its 

occurrence is associated with poor outcome (6, 7). Patient-specific anatomical factors such 

as aortic root calcification, eccentricity and procedure-specific factors such as transcatheter 

valve type, sizing and depth of implantation predict paravalvular regurgitation (8-12). The 

implementation of three-dimensional multi-slice computed tomography as the planning tool 

of first choice has improved transcatheter heart valve size selection, yet the incidence of 

significant paravalvular regurgitation is still not negligible (13). 

Second-generation heart valves implement sealing fabric to mitigate paravalvular leak albeit 

sometimes at the expense of more conduction disorders (14, 15). With the commercial 

availability of multiple different transcatheter valves designs, device selection may become 

relevant and a more patient tailored approach may need to consider particular device-host 

interactions. The aim of this study was thus to evaluate the interaction of different aortic 

root phenotypes (calcium load and eccentricity index of the aortic annulus) with self-

expanding (SEV), balloon-expandable (BEV) and mechanically expanded (MEV) transcatheter 

heart valves in terms of significant paravalvular regurgitation after implantation. 

 

Material and methods  

Patients  

This study included all patients who underwent TAVI in our center from November 2005 to 

December 2015 and had multimodality imaging planning with transthoracic 

echocardiography, computed-tomography assessment of the aortic valve and peripheral 

arterial tree and quantification of aortic regurgitation by aortography 5 min after 

implantation and by transthoracic echocardiography before discharge (16). A 

multidisciplinary heart team consisting of at least 1 cardio-thoracic surgeon and 1 

interventional cardiologist deemed all patients at high risk for mortality with surgical aortic 

valve replacement. TAVI procedure was executed under general or local anesthesia using 



380 

 

standard techniques as described (17). Relevant clinical and procedural data were 

prospectively collected and entered in a dedicated database. All patients provided written 

informed consent for the procedure and data analysis for research purposes per Institutional 

Review Board approval. 

The initial TAVI experience was built with Medtronic CoreValve (Medtronic, Minneapolis, 

MN, USA). In 2012 the Edwards Sapien XT (Edwards Lifesciences, Irvine, CA, USA) was added 

to our practice. In September 2013 the Lotus valve (Boston Scientific, Natick, Massachusetts) 

was introduced followed by the Edwards Sapien S3 (Edwards Lifesciences, Irvine, CA, USA) in 

January 2014. Corevalve Evolut R (Medtronic, Minneapolis, MN, USA) replaced the first 

generation Corevalve in 2014.  

 

Multi-slice computed tomography imaging  

A second generation dual source (Somatom Definition FLASH, Siemens Healthcare, 

Forchheim, Germany) computed-tomography, was used for the selection of access site, 

optimal valve plane and valve size. For the assessment of aortic root calcification, a non-

contrast scan was performed in an electrocardiogram-gated, prospective, sequential (step 

and shoot) mode with a reference tube current of 80 mAs/rotation, a tube voltage of 120 kV 

and slice thickness of 3 mm at 1.5 mm interval with B35f filtered back projection kernel in 

the early systolic heart phase depending on the heart rate. The threshold for the detection 

of calcium was set at 130HU using the SYNGO VIA Calcium score software (Siemens, 

Forchheim, Germany). The aortic root was defined on axial images as the stretching from the 

caudal aspect of the aortic annulus to the origin of the left main stem. Agatston score (AG), 

calcium volume and mass were measured. In cases where aortic root calcification was 

confluent with adjacent structures (mitral annulus, ascending aorta, coronary arteries) only 

the stack of images that contained the aortic root were selected.  

Eccentricity index of the aortic annulus (EI) was calculated as follows:  

1– (Diameter minimum=Diameter maximum) x 100  
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Assessment of aortic regurgitation  

The primary analysis for AR was performed by contrast aortography and a secondary analysis 

by transthoracic echocardiogram. Contrast aortography was performed 5 min after device 

deployment and release. Severity was defined using the Sellers classification (0 = none, 1 = 

mild, 2 = moderate, 3 = moderate to severe and 4 = severe) (18). A predefined angiography 

protocol comprised the injection of 15 to 20 ml non-diluted Iodixanol [Visipaque™] at a flow 

rate of 15 to 20 ml/s via a 6 Fr pigtail that was positioned just above the bioprosthetic 

leaflets. Cine runs were recorded at a speed of 30 frames/s. Two observers independently 

scored the angiograms. In case of discrepancy, consensus was reached by including a third 

observer. The intra- and interobserver variability for the assessment of aortic regurgitation 

post TAVI according to the Sellers classification were κ 0.70 and 0.78 respectively. 

Transthoracic echocardiography was acquired and analyzed according to the most recent 

Valve Academic Research Consortium criteria (19).  

For the purpose of this study, aortic regurgitation with a Sellers ≥ 2 by aortography or ≥ 

moderate by transthoracic echocardiogram was considered clinically significant.  

 

Measurement of depth of implantation  

The depth of device implantation was measured by quantitative angiographic analysis with 

CAAS 5.9 (Pie Medical, Maastricht, The Netherlands). Depth of implantation was defined as 

the distance from the inflow of the prosthesis to the nadir of the non-coronary and left 

coronary cusp measured in an optimal projection where the three cusps were aligned.  

 

Aortic root characteristics  

Based on the median values of the AG (2863 [1812 – 4110]) and EI of the aortic annulus (20 

[14 – 23] %), four aortic root phenotypes were identified (figure 1):  

• Phenotype 1: mildly calcified aortic root (AG < 3000) + circular aortic annulus (EI < 20%)  

• Phenotype 2: mildly calcified aortic root (AG < 3000) + elliptical aortic annulus (EI ≥ 20%).  

• Phenotype 3: highly calcified aortic root (AG ≥ 3000) + circular annulus (EI < 20%)  
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• Phenotype 4: highly calcified aortic root (AG ≥ 3000) + elliptical aortic annulus (EI ≥ 20%).  

 

 

 

 

 

 

 

 

Figure 1. Example of phenotypes of aortic root created for this study. 

 

Statistical analysis  

Normality of the distributions was assessed using Shapiro-Wilk test. Continuous variables 

with normal distribution are presented as mean ± standard deviation and differences 

compared by using the ANOVA test. Median and interquartile range was used for non-

normally distributed continuous variables and differences were compared by using the 

Kruskal-Wallis test. Categorical variables are presented as frequencies and differences were 

compared using the Pearson chi-square test or Fisher's exact test when applicable.  

All statistical tests were two-sided, and a p-value b 0.05 was considered statistical significant. 

The statistical analyses were performed using SPSS software version 21.0 (SPSS INC., 

Chicago, IL).  

 

Results 

Patient population and baseline characteristics  

A total of 392 patients were included in the study. Baseline characteristics are summarized in 

tables 1 and 2. Mean ± SD age was 80 ± 8 years, 51.8% were male. Mean ± SD Euroscore was 
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16 ± 11. There were no differences across different THV cohorts in terms of calcification (AG 

SEV 2955 [1909–4276] vs. BEV 2920 [2031–3910] vs. MEV 2528 [1584–3749]; p = 0.073) or 

eccentricity index (SEV 18 [14–23] vs. BEV 20 [13–24] vs. MEV 20 [13–24]; p = 0.40). 

 

Table 1. Baseline characteristics. 

  
Total Population   

(n = 392) 
SEV  

(n= 205) 
BEV  

(n= 107) 
MEV  

(n= 80) 
p-value 

Age (years) 80 ± 8 80 ± 8 79 ± 8 80 ± 6 0.80 

Gender, male N (%) 203 (51.8) 
110 

(53.7) 
59 (55.1) 34 (42.5) 0.17 

Body mass index 27 ± 5 27 ± 4 28 ± 6 27 ± 5 0.38 

Diabetes Mellitus N (%) 113 (28.8) 55 (26.8) 29 (27.1) 29 (36.3) 0.26 

Hypertension N (%) 294 (75.0) 
135 

(65.9) 
86 (80.4) 73 (91.3) <0.001 

Atrial fibrillation N (%) 108 (27.8) 49 (24.0) 3 (29.9) 27 (34.6) 0.17 

Prior Stroke N (%) 87 (22.2) 47 (22.9) 22 (20.6) 18 (22.5) 0.89 

Prior Myocardial Infarction N (%) 79 (20.2) 47 (22.9) 17 (15.9) 15 (18.8) 0.32 

Prior Coronary Artery Bypass 
Grafting N (%) 

78 (19.9) 46 (22.4) 19 (17.8) 13 (16.3) 0.41 

Peripheral vascular disease N (%) 94 (24.0) 43 (21.0) 34 (31.8) 17 (21.3) 0.086 

New York Heart Association class 
≥ III N (%) 

278 (74.3) 
149 

(75.3) 
73 (70.9) 56 (76.7) 0.62 

Euroscore  16 ± 11 17 ± 11 16 ± 11 14 ± 9 0.055 

 

Procedural characteristics and outcomes  

Procedural characteristics are summarized in table 3. Two hundred and five (52.3%) patients 

received a self-expanding device (197 Corevalve and 8 Corevalve Evolut R), 107 (27.3%) a 

balloon-expandable valve (33 Edward-SAPIEN XT and 74 Edwards-SAPIEN 3) and 80 (20.4%) a 

mechanically-expanded valve (Boston Lotus Valve). The rate of balloon pre-dilation was 

higher in SEV in comparison with MEV and BEV (93.6 vs. 46.7 vs. 17.5% respectively; p < 

0.001). We did not find differences in depth of implantation at the non-coronary sinus (SEV 6 

[4–10] mm; BEV 7 [5–8] mm; MEV 7 [6–8] mm; p = 0.40), but a significant difference was 

found at the left-coronary sinus (SEV 8 [5–10] mm; BEV 6 [5–8] mm; MEV 7 [5–9] mm; p = 

0.015). The need for balloon post-dilation was similar for SEV (18.0%) and BEV (19.6%) 

devices and was absent for MEV. 
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Table 2. Echocardiographic and computed-tomography data. 

  

Total 
Population   SEV  

(n= 205) 
BEV  

(n= 107) 
MEV  

(n= 80) 
 p-

value 
(n = 392) 

Echocardiographic data 

Left ventricular ejection fraction 
(%) 

55 [45- 64] 52 [42 – 62] 55 [45 - 65] 60 [50 – 65] 0.01 

Peak aortic gradient pre (mmHg) 67 [52 – 85] 67 [52 – 85] 73 [52 – 85] 67 [55 – 87] 0.94 

Mean aortic gradient pre (mmHg) 41 [31 – 52] 40 [31 – 51] 45 [33 – 56] 41 [30 – 52] 0.34 

Aortic valve area pre-
implantation (cm2) 

0.7 [0.6 – 
0.8] 

0.7 [0.5 – 
0.8] 

0.7 [0.6 – 
0.9] 

0.7 [0.6 – 
0.9] 

0.016 

Aortic regurgitation ≥ grade II (%) 233 (62.0) 202 (62.9) 99 (66.7) 75 (53.3) 0.19 

Mitral regurgitation ≥ grade II (%) 286 (75.3) 145 (71.1) 81 (81.8) 60 (77.9) 0.11 

MSCT data 

Annulus diameter minimum (mm) 22 [21 -24] 22 [21 - 24] 22 [20 – 24] 22 [20 – 23] 0.24 

Annulus diameter maximum 
(mm) 

27 [26 – 29] 27 [26 – 29] 27 [26 – 29] 27 [26 – 29] 0.53 

Annulus area (mm2) 
466 [423 – 

529] 
470 [422 – 

535] 
466 [423 – 

527] 
449 [423 – 

517] 
0.62 

Annulus perimeter (mm) 78 [74 – 82] 78 [74 – 83] 79 [73 – 82] 77 [74 – 82] 0.67 

Annulus eccentricity index 20 [14 – 23] 18 [14 – 23] 20 [13 – 24] 20 [13 – 24] 0.42 

Elliptical annulus (EI > 20%) 166 (42.3) 79 (38.5) 51 (47.7) 36 (45.0) 0.26 

Aortic Root  Agatston score 
2863 [1812 – 

4110] 
2955 [1909 – 

4276] 
2920 [2031 – 

3910] 
2528 [1584 

– 3749] 
0.073 

Highly calcified aortic root 
(Agatston score > 3000) 

180 (45.9) 98 (47.8) 52 (48.6) 30 (37.5) 0.24 

 

Table 3. Procedural characteristics.  

 

  
Total 

Population  
(n = 392) 

SEV  
(n= 205) 

BEV  
(n= 107) 

MEV  
(n= 80) 

p-value  

Depth of implantation (mm)  

        Non-coronary sinus 7 [5 - 9] 6 [4 – 10] 7 [5 – 8] 7 [6 – 8] 0.42  

        Left coronary sinus 7 [5 - 9] 8 [5 – 10] 6 [5 – 8] 7 [5 - 9] 0.015  

Sizing annulus based on perimeter(%) 8 [2 – 13] 12 [8 – 17] 4 [1 – 8] 1 [-2 – 5] < 0.001  

Balloon pre-dilation N (%) 255 (65.2) 191 (93.6) 50 (46.7) 14 (17.5) < 0.001  

Balloon post-dilation N (%) 58 (14.8) 37 (18.0) 21 (19.6) 0 (0.0) < 0.001  

Residual aortic regurgitation ≥ grade 2 
(Aortography) 

61 (15.6) 54 (26.3) 5 (4.7) 1 (1.3) < 0.001  

Residual paravalvular regurgitation ≥ 
moderate (transthoracic 
echocardiography) 

39 (11.1) 31 (16.4) 6 (6.5) 2 (2.9) 0.02  
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Aortic regurgitation by aortography and relation with aortic root characteristics  

The incidence of significant aortic regurgitation by aortography was 15.3% overall (60 

patients), 26.3% in SEV (54 patients), 4.7% in BEV (5 patients) and 1.3% in MEV (1 patients) 

(p < 0.001). 

 

Comparison among devices  

In terms of aortic root calcification, no difference in aortic regurgitation was seen across 

different devices in mildly calcified aortic roots (AG < 3000) (SEV 8.4%; BEV 9.1%; MEV 2.0% 

p = 0.27). Conversely, in heavily calcified roots (AG > 3000) the rate of significant 

regurgitation was significantly higher with SEV (SEV 45.9%; BEV 0.0%; MEV 0.0% p < 0.001) 

(figure 2A). Aortic regurgitation was more frequent with SEV regardless of EI: aortic 

regurgitation with EI < 20% for SEV 23.0%; for BEV 5.4%; for MEV 2.3% (p < 0.001) and aortic 

regurgitation with EI > 20% for SEV 31.6%, BEV 3.9%; MEV 0.0% p < 0.001 (figure 3A). The 

analysis per phenotype can be found in figure 4A.  

 

 

 

 

 

 

 

 

Figure 2. Rate of more-than-mild aortic regurgitation among devices per calcium burden, A by 

aortography (Sellers method) and B by transthoracic echocardiography (Valve Academic Research 

Consortium criteria). 
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Aortic regurgitation by echocardiography and relation with aortic root characteristics  

Three-hundred and fifty-two patients out of the 392 initially included in our study, had a 

good quality transthoracic echocardiogram before discharge. A total of 39 patients had 

moderate or severe paravalvular regurgitation (11.1%). The frequency of significant 

paravalvular regurgitation was 16.4% (n = 31/189) for the SEV, 6.5% (n = 6/93) with BEV and 

2.9% (n = 2/70) with MEV (p = 0.002). 

Figure 3. Rate of more-than-mild aortic regurgitation among devices per eccentricity of the aortic 

annulus, A by aortography (Sellers method) and B by transthoracic echocardiography (Valve 

Academic Research Consortium criteria). 

Figure 4. Rate of more-than-mild aortic regurgitation among devices per phenotype, A by 

aortography (Sellers method) and B by transthoracic echocardiography (Valve Academic Research 

Consortium criteria). 
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Comparison among devices 

In highly calcified aortic roots, the rate of significant paravalvular regurgitation was higher in 

SEV vs. BEV and MEV (24.4% vs. 8.9% vs. 3.8%; p = 0.012). No differences were found among 

devices in mildly calcified aortic roots (9.7% vs. 4.2% vs. 2.3%; p = 0.19) (figure 2B).  

Paravalvular regurgitation was more frequent with SEV in EI > 20% (SEV 20.5% vs. BEV 4.5% 

vs. MEV 3.2%; p = 0.009), but not in EI < 20% (13.8% vs. BEV 8.2% vs. MEV 2.6%; p = 0.12) 

(figure 3B). The analysis per phenotype can be found in figure 4B. 

 

Discussion 

The key findings of this retrospective observational study can be summarized as follows: 1) 

Paravalvular regurgitation is more frequent with SEV than with BEV or MEV. 2) Aortic root 

calcification is associated with more paravalvular regurgitation with SEV but not with BEV or 

MEV. 3) Aortic annulus circularity does not seem to affect paravalvular regurgitation 

frequency.  

Paravalvular regurgitation impacts long-term outcomes after TAVI. Randomized trials 

evaluating BEV and SEV unequivocally identified moderate paravalvular regurgitation as an 

independent predictor of mortality after TAVI (5–7). In our study moderate paravalvular 

regurgitation by aortography appeared in 15.6% but more with SEV (26.3%) than with BEV 

(4.7%) or MEV (1.3%). Moderate paravalvular regurgitation by transthoracic echocardiogram 

was somewhat lower (11.0%) but consistently higher with SEV (16.0%) than with BEV (6.5%) 

or MEV (2.9%). The higher moderate aortic regurgitation frequency with SEV by aortography 

may reflect the inherent capacity of the nitinol Corevalve frame to further expand after 

deployment. Indeed, aortography was performed approximately 5 min after TAVI as 

compared to transthoracic regurgitation evaluation several days later. A substudy of the 

Corevalve US Pivotal Trial demonstrated that at 1 year follow up the degree of aortic 

regurgitation had improved in the majority of patients underpinning the hypothesis of 

continued remodeling and outward expansion of the Corevalve nitinol frame (20).  

The optimal imaging technique to assess TAVI related paravalvular regurgitation is 

controversial and also dependent on the timing and setting. Cardiac magnetic resonance 
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imaging may be considered the standard for aortic regurgitation assessment yet is hampered 

by logistic and patient related challenges (claustrophobia, permanent pacemaker). 

Compared to cardiac magnetic resonance, both aortography and transthoracic 

echocardiography have only modest correlation (21–24). Because of current trends for a 

“minimalist TAVI approach” implying local anesthesia with or without sedation, aortography 

has become the dominant imaging tool to address paravalvular regurgitation in the 

catheterization laboratory and to guide corrective maneuvers where needed.  

Our study is the first to address the interaction of anatomical characteristics with different 

THV designs in terms of incidence of paravalvular regurgitation after TAVI. Indeed, device 

composition and mode of implantation may respond differently to a particular anatomical 

phenotype independent of an operator's experience. Our findings demonstrate SEV was 

more susceptible for paravalvular regurgitation than BEV or MEV when the aortic annulus is 

more calcified or ellipsoid. This is consistent with the superior procedural success rates with 

BEV over SEV in the CHOICE trial driven by a higher frequency of more-than-mild aortic 

regurgitation with SEV vs. BEV (18.3% vs. 4.1% RR, 0.23; 95% CI, 0.09–0.58; P < 0.001) (12).  

Aortic root calcification is associated with paravalvular regurgitation with both SEV and BEV 

(8, 25, 26). In our study more than mild aortic regurgitation (assessed by aortography or 

transthoracic echocardiogram) was more frequent with SEV than with BEV or MEV. 

Interestingly, this higher frequency of aortic regurgitation was driven by degree of aortic 

annulus calcification. In heavily calcified annuli there was significantly more paravalvular 

regurgitation with SEV vs. BEV or MEV (SEV 45.9%; BEV 0.0%; MEV 0.0% p < 0.001). In mildly 

calcified annuli there was no difference in paravalvular regurgitation among the different 

devices (SEV 8.4%; BEV 9.1%; MEV 2.0% p = 0.27). Several reports previously identified an 

Agatston calcium score > 3000 to predict significant aortic regurgitation or the need of 

balloon postdilation (26–28). In our study, aortic annulus calcification seemed to only affect 

paravalvular regurgitation frequency with SEV but not with BEV or MEV. In contrast, one 

report found a relation between Agatston Score > 3000 with significant paravalvular 

regurgitation and BEV (27). This study contained a mixed cohort of SEV and BEV and contrary 

to our study device sizing was not solely based on computed-tomography. Ellipsoid aortic 

annuli are associated with paravalvular regurgitation after SEV, but not after BEV or MEV (9). 

A potential explanation could be that BEV dominates the annular anatomy and remains 
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circular after implantation, whereas the opposite holds for SEV that appears ellipsoid after 

implantation (29-33). We previously demonstrated more circularity with BEV than with SEV 

by rotational angiograph (29). Furthermore, SEV seems associated with more paravalvular 

regurgitation in aortic annuli with more calcium, smaller areas and more aortic regurgitation 

at baseline (8). These differences may be the result of stronger hoop forces with BEV over 

SEV (32). Our findings suggest that MEV share similar properties with BEV and seem thus less 

affected by calcium or annulus eccentricity with lower paravalvular regurgitation rates. 

However, the flipside of higher hoop strengths and device over host dominance may be a 

higher risk for aortic rupture with BEV and pacemaker with MEV (14, 34, 35).  

This study demonstrates specific device-host interactions with a recipient's anatomy. 

Computer simulation models that integrate transcatheter heart valve biomechanical 

properties and aortic root characterization by computed-tomography may predict this 

interaction and resultant aortic regurgitation. A recent series of 60 patients already found 

good aortic regurgitation prediction with SEV (35, 36). Further refinement and validation of 

this concept involving other heart valve designs may eventually catalyze patient tailored 

transcatheter heart valve design selection. 

 

Limitations  

Our study has the limitations inherent to its single-center and retrospective nature. We 

acknowledge possible selection bias because we used 3 different transcatheter heart valve 

designs with unequal patient distribution and only patients with computer tomography-

guided sizing were included. Aortic regurgitation was primarily assessed by contrast 

angiography. The optimal tool to address aortic regurgitation is controversial. However, the 

overall results were confirmed when using echocardiography to determine aortic 

regurgitation.  
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Conclusions  

In heavily calcified aortic roots, significant paravalvular aortic regurgitation is more frequent 

with self-expanding devices than with balloon expandable or mechanically expanded 

models, but similar in mildly calcified ones. These findings may support patient-tailored 

transcatheter heart valve selection. 
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Chapter 19 

Distribution of aortic root calcium in relation to frame expansion and paravalvular leakage 

after Transcatheter Aortic Valve Implantation [TAVI]. El Faquir N, Wolff Q, Sakhi R, Ren B, 

Rahhab Z, van Weenen S, Geeve P, Budde RPJ, Boersma E, Daemen J, Van Mieghem NM, de 

Jaegere PP. Under review. 
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Abstract 

Objectives 

To examine the role of calcium in (site-specific) PVL after TAVI using a patient-specific 

contrast attenuation coefficient in combination with the effect of frame expansion. 

Background 

Calcium is identified as determinant of paravalvular leakage (PVL) after transcatheter aortic 

valve implantation (TAVI). This is based on a fixed contrast attenuation value while X-ray 

attenuation is patient-dependent and without considering frame expansion and PVL location. 

Methods 

57 patients were included with baseline CT, post-TAVI transthoracic echocardiography and 

Rotational angio. Calcium load was assessed using a patient-specific contrast attenuation 

coefficient. Baseline CT and post-TAVI R-angio were fused to assess frame expansion. PVL 

was assessed by a corelab distinguishing patients with or without PVL. 

Results 

In all patients, the highest calcium load was at the non-coronary cusp region (NCR, 436mm3)  

vs. the right-coronary cusp region (RCR, 233mm3) and the left-coronary cusp region (LCR, 

244mm3), P<0.001. Calcium load was higher in patients with PVL vs. without PVL (1137 vs. 

742mm3, P=0.012) and was an independent predictor of PVL (OR 4.83, P=0.004). PVL was seen 

most often in the LCR (39% vs. 21%(RCR) and 19%(NCR)). The degree of frame expansion was 

71% at the NCR, 70% at the RCR and 74% at the LCR and did not differ between patients with 

or without PVL. 

Conclusion 

Calcium load was higher in patients with PVL and was an independent predictor of PVL. While 

calcium was predominantly seen at the NCR, the location of PVL was most often at the LCR. 

These findings indicate that in addition to calcium, specific anatomic features play a role in 

PVL after TAVI. 
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Introduction 

Outcome of Transcatheter Aortic Valve Implantation (TAVI) has continuously improved over 

the last decade and is currently approved by the FDA for the treatment of low risk patients (1-

7). Notwithstanding improvements in operator experience and valve technology, paravalvular 

leakage (PVL) may still occur and is seen more often after TAVI than after surgical aortic valve 

replacement (SAVR) (6-19). It is associated with impaired survival in certain patient categories 

and, conceptually, may be more of a concern in low risk patients as they have a longer 

projected longevity (8-12). 

Different patient- and procedure related factors such as among others calcium, sizing and 

depth of implantation have been identified as determinants of PVL (15, 19, 20). With respect 

to calcium - that at variance with SAVR is not removed during TAVI -  all studies assessing the 

role of calcium and PVL have been based upon a fixed software defined value of attenuation 

of the incoming X-rays for the differentiation between calcium and non-calcified tissue while 

X-ray attenuation is a patient-dependent phenomenon (20-22). In addition, PVL is the result 

of a device-host interaction that is specific for each individual patient. The objective of this 

study was to further elucidate the role of calcium and its distribution within the aortic root in 

the occurrence of PVL using a patient-specific contrast attenuation coefficient and fusion 

imaging (i.e. integration of frame expansion [rotational angiography (R-angio) immediately 

after TAVI] with the patient’s baseline anatomy [computed tomography (CT) before TAVI]). 

 

Methods 

Patient population 

The index population consisted of 134 patients with severe degenerative tricuspid aortic 

stenosis who underwent TAVI between July 2009 and September 2014 and in whom pre 

procedural multislice CT (MSCT), R-angio immediately after TAVI and pre discharge 

transthoracic echocardiography (TTE) were available. Patients with poor image quality (MSCT 

n=3, R-angio n= 14, TTE n=32, Fusion imaging n=28) were excluded from analysis. The total 

population of the present study, therefore, consists of 57 patients. All patients gave written 

informed consent for anonymized prospective data collection for clinical research purpose 

(TAVI Care & Cure project, MEC-2014-277). 
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MSCT-baseline - Calcium load and distribution 

Dual source (Somatom Definition FLASH, Drive or Force, Siemens Healthcare GmbH, 

Forchheim, Germany) CT was used for sizing as previously described (23). For the assessment 

of the calcium load, a contrast-enhanced prospectively ECG-triggered with a tube voltage of 

120kV, a reference tube current of 190 mAs at 30-50% of the ECR-R interval was used. Images 

were reconstructed at a 0.75 mm slice thickness with Bv40 kernel (23). Measurements were 

acquired by performing planimetry on MSCT aided by 3Mensio software (Pie Medical Imaging 

BV, Maastricht, the Netherlands) (24). 

After automatic reconstruction and segmentation of the aortic root, the aortic annulus was 

manually defined as a virtual plane containing the basal attachment point of the 3 aortic valve 

leaflets. Subsequently, the software automatically created a multiplanar reconstruction (MPR) 

of the aortic root in short- and long axis view perpendicular to the manually preferable defined 

centerline. The window of interest was defined into three specific area’s (figure 1 A and B):  

1. The supra-annular area (SAA) was defined from the annular plane till the ostium of the first  

coronary artery that branches off the ascending aorta; 2. Left ventricular outflow tract (LVOT) 

was defined from 6 mm below the annular plane till the annular plane; 3. Total aortic root was 

defined as the sum of both areas (SAA + LVOT: total area). The software automatically 

subdivided each area into 3 specific regions according to the 3 coronary cusp regions (non-

coronary (NCR), right-coronary (RCR) and left-coronary region (LCR)). Concerning the 

asymmetric distribution of calcium per area, the software provided visual short- and long axis 

views of the calcium distribution (figure 1 A-C). All measurements were performed in the 

systolic phase (at 30-50% of R wave). 

Given the variability in intraluminal contrast attenuation between patients, a patient-specific 

calcium detection threshold was used similar to the method of Hansson et al (25). For that 

purpose, a polygonal surface in a homogeneous blood pool region 10 mm above the ostium 

of the first coronary that branches of was selected (figure 1 D) from which a mean attenuation 

value and the standard deviation was calculated. The patient-specific attenuation threshold 

was defined using the following formula: Calcium detection threshold / mean attenuation 

value + 4SD attenuation value. Any level above this threshold was used to define the amount 

of calcium for each individual patient and was expressed by mm3. The amount of calcium (i.e. 

calcium load) was calculated for the entire aortic root (SAA+LVOT), the area above the annulus 
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up to the level of the coronary ostia (SAA), the area below the aortic annulus up to 6 mm 

below the annular plane (LVOT) and for the three different cusp areas (NCR, RCR and LCR). 

 

 

 

 

 

 

 

 

 

 

Figure 1. MSCT aortic root dimensions. Multiplanar reconstruction views demonstrating the areas of 

interest. A) Supra-annular area (SAA); B) Left ventricular outflow tract (LVOT); C) Non-coronary region 

(NCR), Right-coronary region (RCR) and Left-coronary region (LCR); D) Homogenous blood pool 

surface 10 mm above the ostium of the first coronary that branches of. 

 

Intra- and interobserver variability of calcium load  

All images were analysed by an experienced investigator after specific training (RS). A 

randomly selected sample of 30 patients of the index population was re-evaluated within 30 

days to determine the intra-observer variability. A second experienced investigator (SvW) 

blinded to the results of observer 1, analysed the same 30 patients for inter-observer 

variability assessment. The intra-class correlation coefficient (ICC) was satisfactory for all the 

measurements (ICC>0.90, supplementary table).  
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Rotational angiography and fusion imaging: valve position and frame geometry in relation 

to aortic annulus 

R-angio was performed immediately after TAVI by the Artis zee biplane angiographic C-arm 

system using dedicated software for motion compensation to reconstruct the valve frame 

(Siemens Healthcare GmbH, Forchheim, Germany) as described before (14, 15, 26, 27). The 

image of the valve frame was fused with the preprocedural CT using the Siemens prototype 

software (Siemens Healthcare GmbH, Forchheim, Germany). First, the CT image was rotated 

until the projection angle did correspond with the one that was used during the TAVI 

procedure (figure 2A). Next, the reconstructed valve frame was positioned into the aortic 

root derived from the baseline CT while respecting the orientation of the valve frame in the 

aortic root and the depth of implantation (i.e. distance inflow valve frame at the non-

coronary (NCC) and left-coronary cusp (LCC) to aortic annulus, figure 2G). The following 

measurements were performed in the cross-sectional view at the level of the annulus for 

each cusp: the distance between the center of the annulus and outer border of the baseline 

anatomy (i.e. longest distance, figure 2E) and the distance between the center of the 

annulus and the edge of the valve frame (i.e. shortest distance, figure 2H). The degree of 

expansion of the valve frame was assessed at the level of each cusp and was calculated by 

shortest distance/longest distance*100. 
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Figure 2. Workflow of fusion of pre-procedural CT and post-procedural rotational angiography. A) 

Frontal view of the aorta and LVOT corresponding with the angulation of X-Ray gantry used during 

implantation (in this case LAO 7 / Cranial 10). B) Cross sectional view of the sinus of Valsalva that was 

used for the definition of the center-point of the aortic root (i.e. the crossing of the 3 light blue lines 

starting from the middle portion of each cusp). C) Frontal view of the aortic annulus. D) Cross sectional 

view of the aortic annulus (see C) with superposition of the light blue lines defining the center-point 

(see B). E) Cross sectional view of the aortic annulus with the measurement of the distance from the 

center-point to the outer border of the aortic annulus for each cusp (red lines). F) Frontal view of the 

aortic annulus with depth of implantation of the valve-frame at the NCC and LCC in accordance to the 

actual depth of implantation measured on the angiogram after implantation (blue lines). G) Frontal 

view of the aortic annulus with the fusion of the CT and R-angio, showing the superposition of the valve 

derived from the R-angio (red points) on the baseline CT respecting the actual depth of implantation 

and angle of X-Ray gantry used during implantation. H) Cross sectional view of the aortic annulus with 

the measurement of the distance from the center-point to the edge of the valve frame (red points) for 

each cusp (green lines).  

PVL assessment 

Transthoracic echocardiography was performed before hospital discharge using the Philips 

iE33 ultrasound system (Philips Medical System, Best, the Netherlands) according to a 

standard acquisition protocol. Color Doppler recordings were optimized for display with the 

color velocity scale at 59.3 cm/s (50 to 70 cm/s). All echocardiograms were analysed by a core 

laboratory using the Image Arena workstation (TomTec Imaging System, Unterschleissheim, 
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Germany). The analysts were blinded to patient- and procedure-related information except 

patient’s height and weight (28). 

The presence, location and severity of aortic regurgitation were assessed according to the 

VARC2 criteria and expert opinions (28-29). PVL location and severity was assessed in the 

parasternal short-axis (PSAX) view in which the location was assigned to 12 locations based 

on a clock face and the severity was solely assessed based on the circumferential extent of 

PVL. Only mosaic color reflecting turbulent flow high velocity PVL jet(s) were measured 

(supplemental figure). In case of negative PSAX view finding, PVL was further assessed in the 

parasternal long-axis, apical 5-chamber and apical 3-chamber views, in which the PVL location 

was assigned as anterior or posterior to the prosthesis and the jet neck width (perpendicular 

to the flow) was measured and used in this study as an outcome measure. If multiple jets were 

seen in the same anatomic coronary cusp region, the measure of each jet was summed.  

 

Statistical analysis 

Normality of distributions was assessed by the Shapiro-Wilk test. Subsequently continuous 

variables were presented as mean ± standard deviation (SD) or median (interquartile range 

(IQR)). Categorical variables are expressed as frequencies and percentages. Baseline patient 

characteristics, including calcium load, procedural characteristics and fusion imaging 

variables were compared between patients with or without PVL by means of the Student t-

test, Mann Whitney U-test (continuous data) or Chi-square test (categorical data). 

Spearman-Rho correlation coefficients were used to assess the relation between 1) calcium 

load & degree of frame expansion and 2) degree of frame expansion & PVL Jet Width. 

Logistic regression analyses were performed to study calcium load and frame expansion as 

determinants of PVL. We considered site (NCR, RCR, LCR) and not patient, as unit of analysis. 

Model parameters were therefore estimated by generalized estimating equations (GEE) to 

account for clustering of data within a patient. We also ran models that included ‘site’ * 

‘calcium load’ and ‘site’ * ‘frame expansion’ interaction terms (with ‘site’ modelled by two 

dummy variables) to study if the relation between calcium load and frame expansion vs. PVL 

was modified by site (i.e. if that relation was site-specific) which was not the case. Statistical 

significance was assumed when the p-value was <0.05. Statistical analysis was done using 

SPSS 24.0 (IBM Corporation, New York). 
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Results  

The baseline and procedural characteristics of the study population including the presence 

and severity of PVL before discharge are summarised in table 1 & 2. Any degree of PVL was 

observed in 34 out of the 57 patients (60%), (figure 3 Central illustration). There was a similar 

distribution of the use of predilatation before TAVI and valve technology between patients 

with and without PVL. In comparison with patients without PVL, those with PVL had a higher 

calcium load (predominantly in the SAA) and 12 (35%) underwent post-dilation (figure 3 

Central illustration). Valve frame expansion and depth of implantation did not differ. The 

distribution of calcium is shown in figure 4. Most if not all was seen in the SAA in the NCR. 

 

PVL, calcium load and distribution relationships 

PVL was observed most frequently in the LCR area (39%), followed by the RCR (21%) and NCR 

(19%), (figure 3 Central illustration). The odds PVL at LCR was 2.63 (95% Confidence Interval 

1.12-6.19) (table 3). 

The calcium load at the total area and SAA were independent predictors for the presence of 

PVL (table 3). 
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Table 1. Baseline characteristics including calcium load and distribution. 
     

 

Total 
population  

No PVL            PVL                     
n= 34 

p-value 

n=57 n= 23 

          

Demographics     

  Age (yrs), median (IQR) 80 (74-85) 81 (75-85) 79 (72-84) 0.42 

  Male, n (%) 30 (53) 11 (48) 19 (56) 0.55 

  Height (cm), mean ± SD 168 ± 9 168 ± 10 168 ± 8 0.89 

  Weight (kg), mean ± SD 75 ± 14 78 ± 13 73 ± 14 0.18 

  Body mass index (kg/m2), median (IQR) 26 (23-29) 27 (24-32) 26 (22-28) 0.20 

Cardiac risk factors  
   

  Diabetes mellitus, n (%) 14 (25) 9 (39) 5 (15) 0.036 

  Hypertension, n (%) 46 (81) 20 (87) 26 (77) 0.50 

Medical history  
   

  Previous cerebrovascular event, n (%) 13 (23) 5 (22) 8 (24) 0.87 

  Previous myocardial infarction, n (%) 13 (23) 8 (35) 5 (15) 0.076 

  Previous coronary artery bypass graft 
surgery, n (%) 

13 (23) 7 (30) 6 (18) 0.26 

  Previous percutaneous coronary 
intervention, n (%) 

15 (26) 5 (22) 10 (29) 0.52 

  Peripheral vascular disease, n (%) 15 (26) 9 (39) 6 (18) 0.071 

  Pulmonary Hypertension, n (%) 4 (7) 3 (13) 1 (3) 0.29 

  Chronic obstructive pulmonary disease, n (%) 9 (16) 4 (17) 5 (15)  

  Atrial fibrillation, n (%) 18 (32) 7 (30) 11 (32)  

  Permanent pacemaker, n (%) 1 (2) 0 1 (3)  

  NYHA class ≥ III, n (%)  46 (81) 21 (91) 25 (74) 0.17 

Laboratory  
   

  Creatinine (umol/L), median (IQR)  92 (73-121) 92 (80-127) 89 (72-120) 0.34 

  Hemoglobin (g/dl), mean ± SD 7.8 ± 1.0 7.6 ± 0.9 8.0 ± 1.0 0.11 

Risk score   
   

  Logistic Euroscore, median (IQR) 12 (7-20) 16 (10-24) 10 (6-14) 0.016 

Multi-sliced Computed Tomography  
   

  Annulus  
   

    Minimal diameter (mm), mean ± SD 22 ± 2 22 ± 2 22 ± 2 0.51 

    Maximal diameter (mm), mean ± SD 27 ± 2 27 ± 3 27 ± 2 0.86 

    Mean diameter (mm), mean ± SD 25 ± 2 24 ± 2 25 ± 2 0.71 

    Perimeter derived diameter (mm),  
mean ± SD 

25 ± 2 25 ± 2 25 ± 2 0.84 

    Area derived diameter (mm), mean ± SD 24 ± 2 24 ± 2 24 ± 2 0.90 

    Perimeter (mm), mean ± SD 77 ± 6 77 ± 7 78 ± 6 0.85 

    Area (mm2), mean ± SD 468 ± 74 465 ± 83 471 ± 68 0.76 

  LVOT     
    Perimeter derived diameter (mm),  
mean ± SD 

24 ± 2 24 ± 3 24 ± 2 0.69 

    Area derived diameter (mm), mean ± SD 24 ± 2 24 ± 3 24 ± 2 0.66 

    Perimeter (mm), mean ± SD 76 ± 7 77 ± 9 76 ± 6 0.63 

    Area (mm2), mean ± SD 441 ± 89 451 ± 106 436 ± 76 0.53 
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  Calcium load (mm³)     

    Aortic root, median (IQR) 
976 (543-

1371) 
742 (354-

1251) 
1137 (697-

1598) 
0.012 

      Non coronary region, median (IQR) 
436 (256-

692) 
305 (159-

624) 
559 (385-

722) 
0.015 

      Right coronary region, median (IQR) 
233 (115-

380) 
159 (64-268) 

248 (168-
478) 

0.019 

      Left coronary region, median (IQR) 
244 (130-

414) 
156 (103-

395) 
283 (163-

453) 
0.029 

    Supra-annular area, median (IQR) 
862 (534-

1326) 
702 (354-

1239) 
1114 (677-

1521) 
0.008 

      Non coronary region, median (IQR) 
413 (256-

628) 
302 (159-

511) 
514 (364-

659) 
0.011 

      Right coronary region, median (IQR) 
227 (115-

379) 
159 (64-266) 

244 (167-
477) 

0.019 

      Left coronary region, median (IQR) 
235 (127-

377) 
153 (103-

316) 
253 (155-

436) 
0.018 

    LVOT, median (IQR) 6 (1-75) 1 (0-65) 11 (2-81) 0.095 

      Non coronary region, median (IQR) 1 (0-21) 1 (0-9) 2 (0-23) 0.34 

      Right coronary region, median (IQR) 0 (0-1) 0 (0-1) 1 (0-2) 0.30 

      Left coronary region, median (IQR) 1 (0-21) 0 (0-5) 3 (0-30) 0.20 

Values are expressed in median (interquartile range), n (%) or mean ± SD. 

NYHA: New York Heart Association functional classification, LVOT: Left ventricular outflow tract. 

 

Fusion imaging 

There was no difference in degree of frame expansion between patients with or without PVL 

(table 2). There was also no significant correlation between the calcium load and degree of 

frame expansion (figure 5A). No correlation was seen between PVL Jet Width and degree of 

frame expansion in patients with PVL except at the NCR (figure 5B, R=-0.39, P=0.024). 
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Figure 3. Central illustration. Overview of methodology and main findings. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



407 

 

Table 2. Procedural characteristics and technical outcome. 
     

 

Total 
population 

n=57 

No PVL           
n= 23 

PVL                     
n= 34 

p-
value 

          
     
Transfemoral access, n (%) 55 (97) 22 (96) 33 (97)  
Pre balloon dilatation, n (%) 49 (86) 19 (83) 30 (88) 0.70 
Valve Type, n (%)  

   
  Self-expandable 32 (56) 12 (52) 20 (59) 0.62 
  Balloon-expandable 22 (39) 8 (35) 14 (41) 0.63 
  Mechanically expandable 3 (5) 3 (13) 0 0.061 
Valve Size, n (%)  

   
23 6 (11) 2 (9) 4 (12)  
25 2 (4) 0 2 (6) 0.51 
26 19 (33) 9 (39) 10 (29) 0.57 
27 1 (2) 1 (4) 0 0.40 
29 27 (47) 11 (48) 16 (47) 0.96 
31 2 (4) 0 2 (6) 0.51 

Post balloon dilatation, n (%) 12 (21) 0 12 (35) 0.001 
Depth of implantation non coronary cusp (mm), 
median (IQR) 

7 (4-8) 5 (4-8) 7 (4-9) 0.35 

Depth of implantation left coronary cusp (mm), 
median (IQR) 

7 (4-8) 7 (4-8) 6 (4-9) 0.76 

Fusion  
   

  Degree of frame expansion (%)  
   

    Annulus  
   

      NCR, median (IQR) 71 (63-76) 68 (63-75) 71 (63-77) 0.58 
      RCR, median (IQR) 70 (61-82) 70 (62-83) 71 (60-81) 0.79 
      LCR, median (IQR) 74 (66-81) 74 (69-85) 74 (63-81) 0.32 
Pre discharge echocardiography  

   
  PVL severity according to VARC-2*  

  - 
    None 23 (40) 23 (100) -  
    Trace 4 (7) - 4 (12)  
    Mild 29 (51) - 29 (85)  
    Moderate 0 - 0  
    Severe 1 (2) - 1 (3)  
  PVL severity according to expert opinion**  

  - 
    None 23 (40) 23 (100) -  
    Trace 4 (7) - 4 (12)  
    Mild 18 (32) - 18 (53)  
    Mild to Moderate 11 (19) - 11 (32)  
    Moderate 0 - 0  
    Moderate to Severe 0 - 0  
    Severe 1 (2) - 1 (3)  
Values are expressed in n (%) or median (interquartile range);*reference 27; **reference 28. 
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Discussion  

The main findings of the present study are that aortic root calcium is predominantly located 

at the NCR in patients with and without PVL. Patients with PVL had a significantly larger 

amount of calcium compared to those without. Despite the fact that most calcium was at 

the NCR, the site of PVL was most often at the LCR. Except for calcium there were no other 

patient-, procedure- and/or device-related factors independently associated with PVL. 

Interestingly, balloon dilatation post TAVI was more often performed in patients with PVL. 

The aggregate of the findings indicates that in addition to calcium, specific anatomic features 

play a role in the occurrence of PVL after TAVI. 

They need, however, to be interpreted in the context of the small scale and single-centre 

nature of the study of which the objective was to assess the relationship between calcium 

load and distribution and PVL. This is the reason why distinction was made between patients 

without and those with any degree of PVL, prognosis was not the objective. Sample size and 

single-centre nature may have impeded to elucidate (patient/procedure-related) factors 

other than calcium to be associated with PVL. This also holds for valve type. There was an 

equal distribution between balloon- and self-expanding valves but only three patients 

received a mechanical-expanding valve. Acknowledging these limitations, the findings unveil 

that specific anatomic factors may play a role in the occurrence of PVL as well.  

This may not be surprising considering the anatomy of the base of the heart and its 

functional consequences. The LCC is located upstream of the so-called aortic-mitral 

continuity curtain (30-32). At the level of the “annulus”, the LCC juxtaposes the ventricular 

mass and left fibrous trigone (LFT) on one side and the NCC on the other and is separated 

from the latter by an interleaflet triangle. The aortic-mitral curtain is reinforced to either 

side by the thick dense fibrous tissue of the LFT and right fibrous trigone (RFT) at, 

respectively, the nadir of the LCC and NCC. This area of fibrous continuity between the L- 

and RFT provides the support for the anterior mitral leaflet (33). The area occupied by the 

interleaflet triangle between the RCC and NCC, membranous septum below those two cusps 

and the RFT (the latter two being the main constituents of the central fibrous body), 

separates the RCC from the aortic-mitral curtain. While long considered a static structure, 

the aortic-mitral curtain varies in size during the cardiac cycle (34, 35). Similar to other 

studies, we found that most calcium was located at the NCR but at the level of the LVOT, 
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most calcium was below the LCR (25, 36). These findings support the concept that 

calcification of the base of the root progresses “downwards” into the aortic-mitral curtain 

(37-38). 

 

 

 

 

 

Figure 4. Comparison of the calcium volume between the different areas and the different coronary 

region. Boxplots including median (horizontal line within box) as well as 25th to 75th percentiles. 

Abbreviations as in figure 1. 

 

 

 

 

 

Table 3. Results of the logistic regression using generalized estimating equations for association 
with PVL. 

Univariate analysis   

Location 
Odds Ratio (95% Confidence 
Interval) p-value 

Non coronary cusp Reference  

Right coronary cusp 1.12 (0.46-2.69) 0.81 

Left coronary cusp 2.63 (1.12-6.19) 0.027 

Determinants 
Odds Ratio (95% Confidence 
Interval) p-value 

Calcium load aortic root (mm³)/1000 4.83 (1.66-14.09) 0.004 

Calcium load SAA (mm³)/1000 4.75 (1.52-14.88) 0.007 

Calcium load LVOT (>100 mm³) 2.36 (0.56-9.91) 0.24 

Degree of expansion at the Annulus 
(%) 0.99 (0.96-1.01) 0.29 



410 

 

 

 

 

 

Figure 5. A. Spearman-Rho correlation coefficient to assess the relation between degree of frame 

expansion and calcium load in the entire cohort and B. to assess the relation between degree of frame 

expansion and PVL jet width in patients with PVL. Abbreviations as in figure 1. 

 

From a methodological point of view, calcium quantification was performed using a patient 

specific calcium detection threshold proposed by Hansson et al (25). This is in contrast with 

previous studies so far reported that provided only qualitative or semi-quantitative 

information. 

As it concerns a mechanics study, no distinction in severity of PVL was made. We 

acknowledge the complexity and pitfalls of the assessment of the presence and severity of 

PVL by transthoracic echocardiography, necessitating a multi-parametric approach. In this 

study, the presence and severity of PVL was based on a standard core lab analysis plan 

(VARC-2 adapted), which mainly focused on the detection of PVL in the PSAX view combined 

with three long axis (LAX) views using colour Doppler. The location of PVL was assessed 

mainly in the PSAX view using a clock model complemented with three LAX views. It is 

believed that the multiple-view approach demonstrates a comprehensive evaluation around 

the circumference of the valve frame that may reduce the rate of false negative findings 

when using only the PSAX view (29, 39). As the circumferential extent of PVL in the PSAX 

view can over- and underestimate PVL, quantification of PVL in this study was based upon 

the measurement of the mosaic jet radial width, thereby, avoiding miscalculation a wide 

spread PVL along the valve frame with a small radial width or the inverse (29). Additionally, 

the jet radial width is argued to be the most accurate parameter in assessing PVL and the 

only quantitative parameter that could be measured in all views in contrast with jet area, 

which can only be measured in the PSAX view and may suffer from false negative findings 

(29). More importantly, since we used a quantitative measure to define the calcium load, we 
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felt that a quantitative measure of PVL (Jet Width) is more appropriate than a semi-

quantitative grading of PVL.  

Fusion imaging that we used in this study is based upon the integration of the patient’s 

baseline aortic root anatomy from the pre-procedural CT with the frame morphology after 

valve deployment that was derived from the post-procedural R-angiography while respecting 

procedural details such as X-ray working view, orientation of aortic root, depth of 

implantation etc. It is similar to the work done by Ruile et al. who also demonstrated the 

feasibility of fusing imaging based upon pre- and post TAVI CT in 120 patients for the 

evaluation of valve position relative to the aortic annulus (40). 

 

Conclusion 

In patients referred for TAVI, aortic root calcium is predominantly located at the NCR and 

was independently associated with PVL. No other patient- and/or procedure-related factors 

were found. The site of PVL was, however, predominantly at the LCR. These findings indicate 

that in addition to calcium, specific anatomic features likely play a role in the occurrence of 

PVL after TAVI. 

 

References 

1. Leon MB, Smith CR, Mack M, Miller DC, Moses JW, Svensson LG et al. ; PARTNER Trial 
Investigators. Transcatheter aortic-valve implantation for aortic stenosis in patients who 
cannot undergo surgery. N Engl J Med. 2010;363(17):1597-607. 

2. Smith CR, Leon MB, Mack MJ, Miller DC, Moses JW, Svensson LG et al. ; PARTNER Trial 
Investigators. Transcatheter versus surgical aortic-valve replacement in high-risk patients. N 
Engl J Med. 2011;364(23):2187-98. 

3. Kodali SK, Williams MR, Smith CR, Svensson LG, Webb JG, Makkar RR et al. ; PARTNER Trial 
Investigators. Two-year outcomes after transcatheter or surgical aortic-valve replacement. N 
Engl J Med. 2012;366(18):1686-95. 

4. Leon MB, Smith CR, Mack MJ, Makkar RR, Svensson LG, Kodali SK et al. ; PARTNER 2 
Investigators. Transcatheter or Surgical Aortic-Valve Replacement in Intermediate-Risk 
Patients. N Engl J Med. 2016;374(17):1609-20. 

5. Reardon MJ, Van Mieghem NM, Popma JJ, Kleiman NS, Søndergaard L, Mumtaz M et al. 
; SURTAVI Investigators. Surgical or Transcatheter Aortic-Valve Replacement in Intermediate-
Risk Patients. N Engl J Med. 2017 Apr 6;376(14):1321-1331. 



412 

 

6. Popma JJ, Deeb GM, Yakubov SJ, Mumtaz M, Gada H, O'Hair D et al. ; Evolut Low Risk Trial 
Investigators. Transcatheter Aortic-Valve Replacement with a Self-Expanding Valve in Low-
Risk Patients. N Engl J Med. 2019 May 2;380(18):1706-1715. 

7. Mack MJ, Leon MB, Thourani VH, Makkar R, Kodali SK, Russo M et al. ; PARTNER 3 
Investigators. Transcatheter Aortic-Valve Replacement with a Balloon-Expandable Valve in 
Low-Risk Patients. N Engl J Med. 2019 May 2;380(18):1695-1705. 

8. Moat NE, Ludman P, de Belder MA, Bridgewater B, Cunningham AD, Young CP et al. Long-
term outcomes after transcatheter aortic valve implantation in high-risk patients with severe 
aortic stenosis: the U.K. TAVI (United Kingdom Transcatheter Aortic Valve Implantation) 
Registry. J Am Coll Cardiol. 2011 Nov 8;58(20):2130-8.  

9. Tamburino C, Capodanno D, Ramondo A, Petronio AS, Ettori F, Santoro G et al. Incidence and 
predictors of early and late mortality after transcatheter aortic valve implantation in 663 
patients with severe aortic stenosis. Circulation. 2011 Jan 25;123(3):299-308.  

10. Gilard M, Eltchaninoff H, Iung B, Donzeau-Gouge P, Chevreul K, Fajadet J et al. ; FRANCE 2 
Investigators. Registry of transcatheter aortic-valve implantation in high-risk patients. N Engl 
J Med. 2012 May 3;366(18):1705-15. 

11. Kodali SK, Williams MR, Smith CR, Svensson LG, Webb JG, Makkar RR et al. ; PARTNER Trial 
Investigators. Two-year outcomes after transcatheter or surgical aortic-valve replacement. N 
Engl J Med. 2012 May 3;366(18):1686-95. 

12. Padang R, Ali M, Greason KL, Scott CG, Indrabhinduwat M, Rihal CS et al. Comparative 
survival and role of STS score in aortic paravalvular leak after SAVR or TAVR: a retrospective 
study from the USA. BMJ Open. 2018 Dec 9;8(12):e022437. 

13. Abdel-Wahab M, Mehilli J, Frerker C, Neumann FJ, Kurz T, Tölg R et al. ; CHOICE investigators. 
Comparison of balloon-expandable vs self-expandable valves in patients undergoing 
transcatheter aortic valve replacement: the CHOICE randomized clinical trial. JAMA. 2014 Apr 
16;311(15):1503-14.  

14. Rodríguez-Olivares R, Rahhab Z, Faquir NE, Ren B, Geleijnse M, Bruining N et al. Differences 
in Frame Geometry Between Balloon-expandable and Self-expanding Transcatheter Heart 
Valves and Association With Aortic Regurgitation. Rev Esp Cardiol (Engl Ed). 2016 
Apr;69(4):392-400.  

15. Rodríguez-Olivares R, El Faquir N, Rahhab Z, Geeve P, Maugenest AM, van Weenen S et al. 
Does frame geometry play a role in aortic regurgitation after Medtronic CoreValve 
implantation? EuroIntervention. 2016 Jul 20;12(4):519-25.  

16. Di Martino LFM, Soliman OII, van Gils L, Vletter WB, Van Mieghem NM, Ren B et al. Relation 
between calcium burden, echocardiographic stent frame eccentricity and paravalvular 
leakage after corevalve transcatheter aortic valve implantation. Eur Heart J Cardiovasc 
Imaging. 2017 Jun 1;18(6):648-653. 

17. Rahhab Z, El Faquir N, Rodríguez-Olivares R, Ren C, van Mieghem N, Geleijnse ML et al. 
Determinants of aortic regurgitation after transcatheter aortic valve implantation. An 
observational study using multi-slice computed tomography-guided sizing. J Cardiovasc Surg 
(Torino). 2017 Aug;58(4):598-605.  

18. Abdelghani M, Mankerious N, Allali A, Landt M, Kaur J, Sulimov DS et al. Bioprosthetic Valve 
Performance After Transcatheter Aortic Valve Replacement With Self-Expanding 
Versus Balloon-Expandable Valves in Large Versus Small Aortic Valve Annuli: Insights From 
the CHOICE Trial and the CHOICE-Extend Registry. JACC Cardiovasc Interv. 2018 Dec 
24;11(24):2507-2518. 



413 

 

19. Rodríguez-Olivares R, El Faquir N, Rahhab Z, van Gils L, Ren B, Sakhi R et al. Impact of device-
host interaction on paravalvular aortic regurgitation with different transcatheter heart 
valves. Cardiovasc Revasc Med. 2019 Feb;20(2):126-132.  

20. Haensig M, Lehmkuhl L, Rastan AJ, Kempfert J, Mukherjee C, Gutberlet M et al. Aortic valve 
calcium scoring is a predictor of significant paravalvular aortic insufficiency in transapical-
aortic valve implantation. Eur J Cardiothorac Surg. 2012 Jun;41(6):1234-40; discussion 1240-
1. 

21. Achenbach S, Delgado V, Hausleiter J, Schoenhagen P, Min JK, Leipsic JA. SCCT expert 
consensus document on computed tomography imaging before transcatheter aortic valve 
implantation (TAVI)/transcatheter aortic valve replacement (TAVR). J Cardiovasc Comput 
Tomogr. 2012 Nov-Dec;6(6):366-80. 

22. Ewe SH, Ng AC, Schuijf JD, van der Kley F, Colli A, Palmen M et al. Location and severity of 
aortic valve calcium and implications for aortic regurgitation after transcatheter aortic valve 
implantation. Am J Cardiol. 2011 Nov 15;108(10):1470-7.  

23. Schultz C, Moelker A, Tzikas A, Piazza N, de Feyter P, van Geuns RJ et al. The use of MSCT for 
the evaluation of the aortic root before transcutaneous aortic valve implantation: the 
Rotterdam approach. EuroIntervention. 2010 Sep;6(4):505-11. 

24. de Vaan J, Verstraeten L, de Jaegere P, Schultz C. The 3mensio Valves™ multimodality 
workstation. EuroIntervention. 2012 Apr;7(12):1464-9. 

25. Hansson NC, Nørgaard BL, Barbanti M, Nielsen NE, Yang TH, Tamburino C et al. The impact of 
calcium volume and distribution in aortic root injury related to balloon-expandable 
transcatheter aortic valve replacement. J Cardiovasc Comput Tomogr. 2015 Sep-
Oct;9(5):382-92. 

26. Rodríguez-Olivares R, El Faquir N, Rahhab Z, Maugenest AM, Van Mieghem NM, Schultz C et 
al. Determinants of image quality of rotational angiography for on-line assessment of frame 
geometry after transcatheter aortic valve implantation. Int J Cardiovasc Imaging. 2016 
Jul;32(7):1021-9. 

27. Schultz CJ, Lauritsch G, Van Mieghem N, Rohkohl C, Serruys PW, van Geuns RJ et al. 
Rotational angiography with motion compensation: first-in-man use for the 3D evaluation of 
transcatheter valve prosthesis. EuroIntervention. 2015;11:442-9. 

28. Kappetein AP, Head SJ, Généreux P, Piazza N, van Mieghem NM, Blackstone EH et al. 
Updated standardized endpoint definitions for transcatheter aortic valve implantation: the 
Valve Academic Research Consortium-2 consensus document. J Am Coll Cardiol. 2012 Oct 
9;60(15):1438-54. 

29. Pibarot P, Hahn RT, Weissman NJ, Monaghan MJ. Assessment of paravalvular regurgitation 
following TAVR: a proposal of unifying grading scheme. JACC Cardiovasc Imaging. 2015 
Mar;8(3):340-60. 

30. McAlpine WA. Heart and coronary arteries: an anatomical atlas for clinical diagnosis, 
radiological investigation, and surgical treatment. New York, NY: Springer-Verlag, 1975; 160–
178.  

31. Saremi F, Sánchez-Quintana D, Mori S, Muresian H, Spicer DE, Hassani C et al. Fibrous 
Skeleton of the Heart: Anatomic Overview and Evaluation of Pathologic Conditions with CT 
and MR Imaging. Radiographics. 2017 Sep-Oct;37(5):1330-1351.  

32. Piazza N, de Jaegere P, Schultz C, Becker AE, Serruys PW, Anderson RH. Anatomy of the aortic 
valvar complex and its implications for transcatheter implantation of the aortic valve. Circ 
Cardiovasc Interv. 2008 Aug;1(1):74-81. 



414 

 

33. Muresian H. The clinical anatomy of the mitral valve. Clin Anat. 2009 Jan;22(1):85-98. 

34. Parish LM, Jackson BM, Enomoto Y, Gorman RC, Gorman JH 3rd. The dynamic anterior mitral 
annulus. Ann Thorac Surg. 2004 Oct;78(4):1248-55.  

35. Timek TA, Green GR, Tibayan FA, Lai DT, Rodriguez F, Liang D et al. Aorto-mitral annular 
dynamics. Ann Thorac Surg. 2003 Dec;76(6):1944-50.  

36. Fujita B, Kütting M, Seiffert M, Scholtz S, Egron S, Prashovikj E et al. Calcium distribution 
patterns of the aortic valve as a risk factor for the need of permanent pacemaker 
implantation after transcatheter aortic valve implantation. Eur Heart J Cardiovasc Imaging. 
2016 Dec;17(12):1385-1393. 

37. Desai MY, Wu W, Masri A, Popovic ZB, Agarwal S, Smedira NG et al. Increased aorto-
mitral curtain thickness independently predicts mortality in patients with radiation-
associated cardiac disease undergoing cardiac surgery. Ann Thorac Surg. 2014 
Apr;97(4):1348-55. 

38. van der Boon RM, Nuis RJ, Van Mieghem NM, Jordaens L, Rodés-Cabau J, van Domburg RT et 
al. New conduction abnormalities after TAVI--frequency and causes. Nat Rev Cardiol. 2012 
May 1;9(8):454-63. 

39. Abdelghani M, Tateishi H, Spitzer E, Tijssen JG, de Winter RJ, Soliman OI et al. 
Echocardiographic and angiographic assessment of paravalvular regurgitation after TAVI: 
optimizing inter-technique reproducibility. Eur Heart J Cardiovasc Imaging. 2016 
Aug;17(8):852-60. 

40. Ruile P, Pache G, Minners J, Hein M, Neumann FJ, Breitbart P. Fusion imaging of pre- and 
post-procedural computed tomography angiography in transcatheter aortic valve 
implantation patients: evaluation of prosthesis position and its influence on new conduction 
disturbances. Eur Heart J Cardiovasc Imaging. 2019 Jul 1;20(7):781-788. 

 

 

 

 

 

 

 

 

 

 

 

 



415 

 

Supplementary material 

Supplemental table. Reproducibility of calcium scoring.  

  
Intra-observer 

ICC 
Inter-observer 

ICC 

Threshold HU  0.99 0.995 
   

Aortic root 0.945 0.976 

Non coronary region 0.964 0.982 

   Right coronary 
region 

0.918 0.957 

Left coronary region 0.959 0.972 

SAA  
  

0.964 0.972 

Non coronary region 0.968 0.982 

  Right coronary region 0.924 0.957 

Left coronary region 0.928 0.957 

LVOT  
  

0.938 0.968 

Non coronary region 0.953 0.929 

  Right coronary region 0.918 0.982 

Left coronary region 0.942 0.97 

ICC: Intraclass Correlation  Coefficient; HU: Hounsfield Unit ; 
SAA: Supra-annular area; LVOT: Left ventricular outflow 
tract; Aortic root: sum of SAA and LVOT. 

 

  

Supplemental figure. Echo Doppler PVL assessment.  
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Abstract 

Background  

The integration of computed tomography (CT)-derived left ventricular outflow tract area into 

the echocardiography-derived continuity equation results in the reclassification of a 

significant proportion of patients with severe aortic stenosis (AS) into moderate AS based on 

aortic valve area indexed to body surface area determined by fusion imaging (fusion AVAi). 

The aim of this study was to evaluate AS severity by a fusion imaging technique in patients 

with low-gradient AS and to compare the clinical impact of reclassified moderate AS versus 

severe AS. 

Methods  

We included 359 consecutive patients who underwent transcatheter aortic valve 

implantation for low-gradient, severe AS at two academic institutions and created a joint 

database. The primary endpoint was a composite of all-cause mortality and 

rehospitalisations for heart failure at 1 year.  

Results  

Overall, 35% of the population (n= 126) were reclassified to moderate AS [median fusion 

AVAi 0.70 (interquartile range, IQR 0.65–0.80) cm2/m2] and severe AS was retained as the 

classification in 65% [median fusion AVAi 0.49 (IQR 0.43–0.54) cm2/m2]. Lower body mass 

index, higher logistic EuroSCORE and larger aortic dimensions characterised patients 

reclassified to moderate AS. Overall, 57% of patients had a left ventricular ejection fraction 

(LVEF) <50%. Clinical outcome was similar in patients with reclassified moderate or severe 

AS. Among patients reclassified to moderate AS, non-cardiac mortality was higher in those 

with LVEF <50% than in those with LVEF≥50% (log-rank p=0.029).  

Conclusions  

The integration of CT and transthoracic echocardiography to obtain fusion AVAi led to the 

reclassification of one third of patients with low-gradient AS to moderate AS. Reclassification 

did not affect clinical outcome, although patients reclassified to moderate AS with a LVEF 

<50% had worse outcomes owing to excess non-cardiac mortality. 
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Introduction 

Accurate diagnosis of the severity of aortic valve stenosis (AS) is pivotal to the decision as to 

whether to proceed with valve replacement therapy and has important prognostic 

implications (1, 2). Isolated aortic valve replacement (AVR) or transcatheter aortic valve 

implantation (TAVI) is indicated in symptomatic severe AS but not in moderate AS according 

to current guidelines (1, 2). Transthoracic echocardiography (TTE) is the imaging modality of 

choice to characterise and quantify aortic valve disease (1). TTE provides a visual assessment 

of the aortic valve anatomy and relies on Doppler techniques to determine transvalvular 

velocities and calculate the aortic valve area (AVA) (1). The continuity equation to calculate 

the AVA uses the premise that the left ventricular outflow tract (LVOT) is circular. However, 

the LVOT and aortic annulus resemble more an ellipse (3, 4). In addition, the operator 

dependency of TTE analysis and suboptimal acoustic windows may result in important 

measurement inaccuracies that may mislead clinical judgement and treatment decisions. 

Multi-slice computed tomography (MSCT) is a three-dimensional imaging tool that offers an 

accurate appreciation of the elliptic morphology and dimensions of the LVOT and aortic 

annulus (5). 

Recently proposed fusion imaging techniques combine the LVOT dimensions determined by 

MSCT with Doppler measurements obtained via TTE in the continuity equation formula, 

which theoretically leads to more accurate AVA measurement. Fusion imaging may help to 

assess the AS severity in cases where there are discrepancies in TTE findings, especially in 

the context of low AVA in combination with a low gradient (mean gradient <40mmHg) (6). 

The aim of this study was to evaluate AS severity by a fusion imaging technique in patients 

with low-gradient AS and to compare the clinical impact of reclassified moderate AS versus 

severe AS after TAVI.  

 

Methods  

Patient population  

We included consecutive patients who underwent TAVI for low-gradient (mean gradient 

<40mmHg), severe AS as assessed by TTE at the Leiden University Medical Centre (LUMC) 

and the Thoraxcenter, Erasmus University Medical Centre, The Netherlands (EMC), between 
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April 2006 and September 2016. Patients without TTE and/or MSCT at baseline were 

excluded. A joint database was constructed including baseline demographics, procedural and 

clinical outcome data and selected imaging variables derived from TTE and MSCT. 

Incomplete clinical data were addressed by consulting referring physicians and patients 

whenever possible. Survival status was obtained from the Dutch Civil Registry. Written 

informed consent for the TAVI procedure and subsequent data analysis for research 

purposes was provided by every patient at the EMC. Both institutional review boards waived 

the need for patient written informed consent for retrospective analysis of clinically acquired 

data (EMC MEC no. 2019-0301). The study was conducted in accordance with the principles 

of the Declaration of Helsinki and did not fall under the scope of the Medical Research 

Involving Human Subjects Act according to the EMC Institutional Review Board. 

 

Transthoracic echocardiography 

All patients underwent TTE (at baseline and 1 year after TAVI) in accordance with a standard 

protocol. Two-dimensional TTE and Doppler data were acquired with commercially available 

systems, Philips iE33 (Philips Medical System, Best, The Netherlands) or Vivid-7 and E9 

ultrasound systems (General Electric, Horten, Norway). Images were stored offline and all 

analyses were performed in accordance with current guidelines using the Image Arena 

workstation (TomTec Imaging System, Unterschleissheim, Germany) or EchoPac (112.0.1, GE 

Medical Systems, Horten, Norway) (7). Mean aortic pressure gradient was obtained by 

tracing the continuous wave envelope (8). The AVA was estimated by the continuity 

equation and divided by body surface area (BSA) to obtain the indexed AVA (AVAi) (1, 8). The 

LVOT was defined 5mm below the aortic annulus (parasternal long-axis view) and its area 

was calculated based on the measured LVOT diameter, assuming circularity. The left 

ventricular ejection fraction (LVEF) was either visually assessed or calculated with the 

modified Simpson method (9). 

 

Multi-slice computed tomography  

Pre-procedural MSCT was performed in all patients with a dual source (Definition, FLASH or 

Force, Siemens Healthcare, Forchheim, Germany) or 64- and 320-detector row computed 
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tomography scannner (Aquilion 64; Toshiba Medical Systems, Otawara, Japan and Aquilion 

ONE; Toshiba Medical Systems, Tochigi-ken, Japan) with electrocardiographic triggering or 

gated acquisitions in systole. CT scan settings for image acquisition were reported previously 

(6, 10). All the reconstructions were stored on dedicated workstations for offline analysis 

(Vitrea 2, Vital Images, Plymouth, MN, USA and Intellispace, Philips, Best, The Netherlands). 

Aortic annulus and LVOT dimensions were analysed with 3Mensio software (Bilthoven, The 

Netherlands) and calcification was expressed using the score proposed by Rosenhek et al. 

and the Agatston calcium score (11, 12). The LVOT was defined at the smallest area between 

2 and 6 mm below the annular plane and measured by planimetry (13). 

 

Fusion imaging  

Fusion implied the use of MSCT and TTE data in the continuity equation in order to reclassify 

AS severity. LVOT area measured by MSCT was used to replace LVOT area measured by TTE 

as described previously (6). To calculate fusion AVAi the following formula was used (6):  

(   
𝑴𝑺𝑪𝑻 𝑳𝑽𝑶𝑻 𝒂𝒓𝒆𝒂 𝒙 𝑬𝒄𝒉𝒐 𝑽𝑻𝑰 𝑷𝑾 𝑳𝑽𝑶𝑻

𝑬𝒄𝒉𝒐 𝑽𝑻𝑰 𝑪𝑾 𝑨𝒐𝒓𝒕𝒊𝒄 𝒗𝒂𝒍𝒗𝒆
   )/ 𝒃𝒐𝒅𝒚 𝒔𝒖𝒓𝒇𝒂𝒄𝒆 𝒂𝒓𝒆𝒂 

where VTI= velocity time integral, PW= pulse wave Doppler and CW= continuous wave 

Doppler. Reclassification was based on fusion AVAi ≥0.6 cm2/m2 (moderate AS) and AVAi 

<0.6 cm2/m2 (severe AS). 

 

Statistical analysis  

Normal distribution of continuous data was assessed by the Kolmogorov-Smirnov test. 

Values are expressed as mean ± SD or median (interquartile range, IQR) depending on 

distribution. Categorical data were presented as numbers and frequencies. Comparison of 

baseline characteristics was done by means of the Student t-test, Mann Whitney U test or 

chi-squared test. LVEF at baseline was compared with 1-year follow-up LVEF after TAVI using 

the paired t-test. The primary endpoint was a composite of all-cause mortality and 

rehospitalisations for heart failure (HF) at 1 year. Cardiac mortality, non-cardiac mortality 

and rehospitalisations due to HF were secondary endpoints. Kaplan-Meier curves were used 
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to assess the primary and secondary endpoints (30 days and 1 year) after TAVI. To further 

evaluate the impact of systolic LV function a separate analysis looked at differences in 

clinical endpoints between reclassified moderate and severe AS in patients with LVEF<50% 

and ≥50%. 

Statistical significance was assumed when the p-value was <0.05. Statistical analysis was 

done using SPSS 24.0 (IBM Corporation, New York, NY, USA). 

 

Results  

Baseline characteristics  

Overall cohort  

The overall cohort consisted of 359 patients with low-gradient, severe AS on TTE; 57% were 

men with a median body mass index (BMI) of 26 (24–29) kg/m2 and a median logistic 

EuroSCORE of 16 (10–24) (table 1). LVEF <50% at baseline was present in 57% of patients (n= 

204). Median AVA was 0.8 cm2 (IQR 0.7–0.9 cm2), median AVAi was 0.4 cm2/m2 (IQR 0.4–0.5 

cm2/m2), median mean gradient was 29 mmHg (IQR 24–35 mmHg) and median peak velocity 

was 3.5 m/s (IQR 3.2–3.9 m/s). 

 

Fusion reclassification  

When integrating the MSCT-derived LVOT area into the continuity equation, the median AVA 

was 1.02 cm2 (IQR 0.87–1.21 cm2) and median AVAi 0.54 cm2/m2 (IQR 0.47–0.65 cm2/m2) 

(table 2). Severe AS was retained as the classification in 65% of patients (n= 233) with a 

median fusion AVA of 0.92 cm2 (IQR 0.79–1.04 cm2) and fusion AVAi of 0.49 cm2/m2 (IQR 

0.43–0.54 cm2/m2) (table 2).  

Fusion-based reclassification to moderate AS occurred in 35% of patients (n= 126) with a 

median fusion AVA of 1.28 cm2 (IQR 1.16–1.46 cm2) and median fusion AVAi of 0.70 cm2/m2 

(IQR 0.65–0.80 cm2/m2) (table 2). Reclassification of AS severity was also confirmed by using 

a calcium score which showed a median score of 1833 (1184-2904) in patients reclassified to 

moderate AS versus 2282 (1516-3345) in severe AS (p= 0.002, table 2). Median Agatston 



423 

 

score in women who were reclassified to moderate AS was 1371 (747-2289) versus 1572 

(1047-2353) in women with severe AS (p= 0.18). Median Agatston score in men who were 

reclassified to moderate AS was 2382 (1519-3280) versus 2944 (2088-3935) in men with 

severe AS (p= 0.002). Patients reclassified to moderate AS had a lower BMI, more often a 

history of myocardial infarction, a higher logistic EuroSCORE and larger aortic annulus and 

LVOT dimensions on MSCT and TTE (table 2). LVEF was <50% in 65 patients (52%) of patients 

reclassified to moderate AS. 

Table 1. Baseline characteristics of the overall cohort. 

 
Overall cohort 

n=359 

Demographics  

  Age (years), median (IQR) 80 (75-84) 

  Male, n (%) 206 (57) 

  Height (cm), median (IQR) 168 (162-175) 

  Weight (kg), mean ± SD 76±14 

  Body mass index (kg/m2), median (IQR) 26 (24-29) 

  Body surface area (m2), median (IQR) 1.9 (1.7-2.0) 

Cardiac risk factors  

  Diabetes mellitus, n (%) 125 (35) 

  Hypertension, n (%) 271 (76) 

Medical history  

  Previous cerebrovascular accident or transient ischaemic attack, n (%) 75 (21) 

  Previous myocardial infarction, n (%) 107 (30) 

  Previous coronary artery bypass graft surgery, n (%) 110 (31) 

  Previous percutaneous coronary intervention, n (%) 157 (44) 

  Permanent pacemaker, n (%) 49 (14) 

  Peripheral vascular disease, n (%) 187 (52) 

  Chronic obstructive pulmonary disease, n (%) 104 (29) 

  Pulmonary hypertension, n (%) 60 (17) 

  Atrial fibrillation, n (%) 121 (34) 

  New York Heart Association class ≥III, n (%) 269 (75) 

Echocardiography  

  Left ventricular ejection fraction (%), mean ± SD 46±15 

  Peak velocity (m/s), median (IQR) 3.5 (3.2-3.9) 

  Peak gradient (mmHg), median (IQR) 49 (41-61) 

  Mean gradient (mmHg), median (IQR) 29 (24-35) 

  Aortic valve area (cm2), median (IQR) 0.8 (0.7-0.9) 

  Indexed aortic valve area (cm2/m2), median (IQR) 0.4 (0.4-0.5) 

  LVOT VTI, median (IQR) 18 (15-21) 

  Aortic valve VTI, mean ± SD 79±15 

  Stroke volume index, median (IQR) 32 (26-40) 

  Mitral regurgitation ≥ moderate, n (%) 84 (23) 
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  Aortic regurgitation ≥ moderate, n (%) 51 (14) 

Multi-sliced computed tomography  

  Annulus  

    Minimum diameter (mm), median (IQR) 22 (21-24) 

    Maximum diameter (mm), median (IQR) 27 (26-29) 

    Mean diameter (mm), median (IQR) 25 (23-26) 

    Area (mm2), median (IQR) 464 (413-525) 

    Perimeter (mm), median (IQR) 78 (74-84) 

    Aortic root calcification ≥ moderate, n (%) 259 (72) 

  Left ventricular outflow tract  

    Area (mm2), median (IQR) 448 (389-515) 

    LVOT calcification ≥ moderate, n (%) 46 (13) 

Risk score  
  Logistic EuroSCORE, median (IQR) 16 (10-24) 

Values are expressed as median (interquartile range, IQR), n (%) or mean ± SD; LVOT 
left ventricular outflow tract, VTI velocity time integral. 

 

 

Clinical outcome  

Overall cohort  

Overall, 21 (6%) and 60 (17%) patients died within 30 days and 1 year after TAVI. Most 

deaths were due to a cardiac cause. Ten (3%) and 32 (9%) patients needed a 

rehospitalisation for HF within 30 days and 1 year after TAVI. 

 

Reclassification of AS and outcome  

The number of events for the primary endpoint (composite of all-cause mortality and HF 

rehospitalisations) was similar between patients reclassified to moderate AS and patients 

with severe AS at 30 days and 1 year post-TAVI (log-rank p= 0.47 and 0.47, figure. 1a, b). 

There were no differences in cardiac or non-cardiac mortality or HF rehospitalisations during 

1 year (log-rank p= 0.75 and 0.23, log-rank p= 0.35 and 0.67, log-rank p= 0.66 and 0.95, 

respectively). The LVEF remained stable at 1 year in patients reclassified to moderate AS and 

patients with severe AS (table 3). Both cohorts showed similar improvements after TAVI in 

terms of New York Heart Association (NYHA) functional class (figure 2). 
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Table 2. Reclassification of aortic stenosis severity based on indexed fusion aortic valve area 
(AVAi) in the overall cohort (<0.60 cm2/m2: severe; AVAi ≥0.6 cm2/m2: moderate). 
     

 Overall 
cohort 

Patients 
reclassified to 

severe AS 

Patients 
reclassified to 
moderate AS 

p-value 

     

 n=359 n=233 n=126  

          

Fusion aortic valve area (cm2), median 
(IQR) 

1.02 (0.87-
1.21) 

0.92 (0.79-
1.04) 

1.28 (1.16-1.46) <0.001 

Indexed fusion aortic valve area 
(cm2/m2), median (IQR) 

0.54 (0.47-
0.65) 

0.49 (0.43-
0.54) 

0.70 (0.65-0.80) <0.001 

Demographics     

  Age (years), median (IQR) 80 (75-84) 81 (76-84) 80 (75-84) 0.81 

  Male, n (%) 206 (57) 133 (57) 73 (58) 0.88 

  Height (cm), median (IQR) 168 (162-175) 170 (163-176) 167 (160-174) 0.060 

  Weight (kg), mean ± SD 76±14 78±13 72±13 <0.001 

  Body mass index (kg/m2), median 
(IQR) 

26 (24-29) 27 (24-30) 25 (23-28) <0.001 

  Body surface area (m2), median (IQR) 1.9 (1.7-2.0) 1.9 (1.8-2.0) 1.8 (1.7-1.9) <0.001 

Cardiac risk factors     

  Diabetes mellitus, n (%) 125 (35) 89 (38) 36 (29) 0.068 

  Hypertension, n (%) 271 (76) 171 (73) 100 (79) 0.21 

Medical history     

  Previous cerebrovascular accident or 
transient ischaemic attack, n (%) 

75 (21) 52 (22) 23 (18) 0.37 

  Previous myocardial infarction, n (%) 107 (30) 57 (25) 50 (40) 0.003 

  Previous coronary artery bypass graft 
surgery, n (%) 

110 (31) 64 (28) 46 (37) 0.081 

  Previous percutaneous coronary 
intervention, n (%) 

157 (44) 100 (43) 57 (45) 0.67 

  Permanent pacemaker, n (%) 49 (14) 33 (14) 16 (13) 0.70 

  Peripheral vascular disease, n (%) 187 (52) 122 (52) 65 (52) 0.89 

  Chronic obstructive pulmonary 
disease, n (%) 

104 (29) 64 (28) 40 (32) 0.37 

  Pulmonary hypertension, n (%) 60 (17) 34 (15) 26 (21) 0.14 

  Atrial fibrillation, n (%) 121 (34) 76 (33) 45 (36) 0.55 

  New York Heart Association class ≥III, 
n (%) 

269 (75) 181 (78) 88 (70) 0.087 

Echocardiography     

  Left ventricular ejection fraction (%), 
mean ± SD 

46±15 46±15 47±16 0.39 

  Peak velocity (m/s), median (IQR) 3.5 (3.2-3.9) 3.7 (3.4-3.9) 3.3 (3.0-3.5) <0.001 

  Peak gradient (mmHg), median (IQR) 49 (41-61) 55 (46-61) 43 (35-51) <0.001 

  Mean gradient (mmHg), median (IQR) 29 (24-35) 32 (27-36) 25 (19-30) <0.001 

  Aortic valve area (cm2), median (IQR) 0.8 (0.7-0.9) 0.7 (0.6-0.8) 0.9 (0.8-1.0) <0.001 
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  Indexed aortic valve area, median 
(IQR) 

0.4 (0.4-0.5) 0.4 (0.3-0.4) 0.5 (0.5-0.6) <0.001 

  LVOT VTI, median (IQR) 18 (15-21) 17 (16-21) 19 (16-22) 0.002 

  Aortic valve VTI, mean ± SD 79±15 83±14 72±14 <0.001 

  Stroke volume index, median (IQR) 32 (26-40) 31 (26-38) 36 (28-43) <0.001 

  Mitral regurgitation grade ≥ II, n (%) 84 (23) 47 (20) 37 (29) 0.050 

  Aortic regurgitation grade ≥ II, n (%) 51 (14) 30 (13) 21 (17) 0.33 

Multi-slice computed tomography     

  Annulus     

    Minimum diameter (mm), median 
(IQR) 

22 (21-24) 22 (20-23) 23 (21-24) <0.001 

    Maximum diameter (mm), median 
(IQR) 

27 (26-29) 27 (25-29) 28 (26-30) 0.003 

    Mean diameter (mm), median (IQR) 25 (23-26) 25 (23-26) 25 (24-27) 0.001 

    Area (mm2), median (IQR) 464 (413-525) 454 (402-516) 483 (437-546) 0.002 

    Perimeter (mm), median (IQR) 78 (74-84) 77 (72-83) 80 (76-85) 0.001 

    Aortic root calcification ≥ moderate, 
n (%) 

259 (72) 166 (71) 93 (74) 0.61 

    Calcium score (Agatston),  
median (IQR) 

2121 (1320-
3140) 

2282 (1516-
3345)  

1833 (1184-
2904)  

0.002 

  Left ventricular outflow tract     

    Area (mm2), median (IQR) 448 (389-515) 432 (373-499) 467 (424-561) <0.001 

    LVOT calcification ≥ moderate, n (%) 46 (13) 34 (15) 12 (10) 0.17 

Risk score     
  Logistic EuroSCORE, median (IQR) 16 (10-24) 15 (10-22) 19 (11-27) 0.005 

Values are expressed as median (interquartile range, IQR), n (%) or mean ± SD 

AS aortic stenosis, LVOT left ventricular outflow tract, VTI velocity time integral 
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Figure 1. a. Kaplan-Meier curve of 

primary endpoint (composite of 

all-cause mortality and heart 

failure rehospitalisations) in the 

overall cohort with comparison 

between patients reclassifed to 

moderate and severe aortic 

stenosis 30 days after 

transcatheter aortic valve 

implantation. b. Kaplan-Meier 

curve of primary endpoint 

(composite of all-cause mortality 

and heart failure 

rehospitalisations) in the overall 

cohort with comparison between 

patients reclassified to moderate 

and severe aortic stenosis at 1 

year post-TAVI. c. Kaplan-Meier 

curve of non-cardiac mortality 1 

year post-TAVI in patients 

reclassifed to moderate aortic 

stenosis with comparison based 

on baseline left ventricular 

ejection fraction (LVEF). 

Table 3. Left ventricular ejection fraction over time (baseline vs 1 year post-TAVI). 

 

 
Baseline 

1 year post-
TAVI 

Difference,  
mean (95% CI) 

p-
value 

 

Left ventricular ejection fraction  46.40± 
15.13 

46.44±12.94 
0.040 (-

1.67;1.75) 
0.96 

 

in the overall cohort(%), mean ± SD   

Left ventricular ejection fraction  45.42± 
14.56 

46.42±12.59 1.00 (-1.14; 3.14) 0.36 
 

in severe AS (%), mean ± SD   

Left ventricular ejection fraction  
48.21± 
16.07 

46.47±13.66 1.74 (-4.62; 1.13) 0.23 

 

in reclassified moderate AS (%), mean ± 
SD  

 

AS: aortic stenosis, TAVI: transcatheter aortic valve implantation  
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Figure 2. New York Heart 

Association (NYHA) class 

comparison between 

patients reclassified to 

moderate aortic stenosis 

or retaining severe aortic 

stenosis over time after 

transcatheter aortic valve 

implantation. 

 

 

 

 

Interaction between reclassified moderate AS and LVEF 

Among patients reclassified to moderate AS, the number of events for the primary and 

secondary endpoints was similar in patients with LVEF <50% or ≥50%. Only non-cardiac 

death was more frequent in patients with LVEF<50% compared to LVEF≥50% 1 year post-

TAVI (log-rank p=0.029, figure 1c.). 

 

Discussion  

The main results of the present study can be summarised as follows: [1] 35% of patients who 

underwent TAVI for severe AS with a low mean gradient (<40mmHg) were reclassified to 

moderate AS based on fusion AVAi; [2] the primary composite endpoint of all-cause 

mortality and HF rehospitalisations post-TAVI was similar in patients reclassified to moderate 

AS and patients with severe AS; [3] patients reclassified to moderate AS showed similar 

improvements in NYHA class compared to those with severe AS; [4] in patients reclassified to 

moderate AS non-cardiac death was more frequent in patients with LVEF<50% than in those 

with LVEF≥50%. 
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In our study 35% of patients with low-gradient, severe AS were reclassified to moderate AS 

compared to 52% with normal-flow, low-gradient AS and 12% with low-flow, low-gradient AS 

in an earlier report (6). Fusion AVAi results in the reclassification of a substantial number of 

patients with low-gradient, severe AS to moderate AS, particularly in the presence of normal 

flow (6). Fusion imaging could be a valuable addition in the diagnostic work-up of patients 

with (low-gradient) AS, given the challenges in making an accurate diagnosis, although we 

could not correlate reclassification by this fusion technique to clinical outcome (14, 15). In 

line with previous studies, our data confirmed the value of a CT-derived aortic valve calcium 

score to distinguish between moderate and severe AS (median of 1833 vs 2282, p= 0.002, 

table 2; (16–18)).  

In our study, patients reclassified to moderate AS had a lower BMI and BSA. This finding is 

surprising since it could be assumed that obese patients may have more challenging acoustic 

windows that may lead to inaccurate measurements of the LVOT (19). On the other hand, it 

may be hypothesised that the practical challenges involved in obtaining satisfactory images 

in obese patients may require a more comprehensive study, performed by more 

experienced echocardiographers (operator selection bias). Nevertheless, a significantly 

lower BSA could further contribute to a larger AVAi. 

Clavel et al. compared AVA based on LVOT measured by Doppler echocardiography 

(AVAecho) with AVA based on LVOT measured by CT (AVACT) in 269 patients with AS (20). 

Correlation between the aortic mean gradient and AVA was better with AVAecho than with 

AVACT (r= –0.65 vs r= –0.61, respectively, p= 0.01). AVACT did not improve AS grading 

concordance or predict outcome. A similar survival outcome was observed under medical 

treatment with AVAecho and AVACT (cut-off values 1.0 cm2 and 1.2 cm2 respectively) (20). 

Our study corroborates these findings with no difference in clinical outcome in patients 

reclassified to moderate AS versus patients with severe AS. In addition, symptoms improved 

similarly in patients reclassified to moderate AS and in patients with severe AS. Whether a 

conservative (watchful waiting) approach in patients who were reclassified to moderate AS 

would have been equally safe cannot be inferred from our study. A propensity-matched 

analysis by Fougères et al. revealed similar long-term survival between patients with LV 

dysfunction and pseudosevere (and thus moderate) AS treated conservatively versus HF 

patients with no AS (21). 
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Furthermore, our study demonstrated that TAVI in patients with LVEF<50% reclassified to 

moderate AS resulted in a similar clinical outcome at 1 year as in patients with severe AS and 

LVEF<50%. A recent multi-centre study of 305 patients with moderate AS and LV dysfunction 

(LVEF<50%)  reported a 24% event rate of a composite of death, AVR or HF hospitalisation 

(22), which is comparable with the 29% rate of all-cause death and HF rehospitalisations in 

patients reclassified to moderate AS and LVEF<50% in this study. The randomised 

Transcatheter Aortic Valve Replacement to UNload the Left Ventricle in Patients With 

ADvanced Heart Failure (TAVR UNLOAD) trial (NCT02661451) is currently recruiting HF 

patients with moderate AS to evaluate the effect of TAVI on top of optimised HF treatment 

and should shed further light on how to approach patients with this phenotype (23).  

It is noteworthy that, in patients who were reclassified to moderate AS, LVEF<50% was 

associated with more non-cardiac deaths. Uncounted (non-cardiac) co-morbidities may 

partially explain the non-cardiac deaths. This observation may help to drive patient selection 

and suggests that, especially in patients with depressed LV function, the presence of non-

cardiac co-morbidities may determine outcome rather than the moderate AS. Whether 

these patients would better not undergoing TAVI requires further study. 

 

Limitations  

Our findings need to be interpreted in light of the retrospective study design and the modest 

sample size. Also, in the majority of cases, TAVI was performed with outdated transcatheter 

valve designs that may have affected early and later outcome. Indeed the introduction of 

sealing fabric and repositioning/retrievable features may improve transcatheter valve 

positioning, haemodynamic valve performance and mitigate paravalvular leakage. Intrinsic 

differences in echocardiography and CT imaging techniques precluded measurements at the 

exact same location in the LVOT. By consensus we made LVOT measurements by 

echocardiography 5 mm below the aortic annulus, whereas with CT we looked for the 

smallest area between 2 and 6 mm below the annular plane. This may have affected the 

reclassification results but seems inherent to the fusion concept. Also, we opted to measure 

the LVOT by echocardiography 5 mm below the annulus but recent insights may suggest that 

LVOT measurement precisely at the annular level may be more accurate because of the 
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more circular configuration at this level (24). The two centres analysed and provided their 

own data with no independent core laboratory assessment. The use of dobutamine stress 

echocardiography in our study was limited, and this may have resulted in misclassification of 

patients by TTE especially in the presence of LV dysfunction (pseudo-severe AS).  

 

Conclusion  

The integration of CT and TTE to obtain the fusion AVAi resulted in the reclassification of 

approximately one third of patients with low-gradient AS to moderate AS. Reclassification 

did not affect clinical outcome, although patients reclassified to moderate AS with LVEF<50% 

had a worse outcome than patients with LVEF≥50%. 
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It were the pioneers who threw caution to the wind by inventing a percutaneous system to 

abolish aortic stenosis in patients who were not deemed for surgery (1, 2). Over the years, 

transcatheter aortic valve implantation (TAVI) has distinguished itself as an established 

treatment in all risk categories (3-8). Improved patient selection, technology and operator 

experience have lifted treatment success to an impressive level (1-8). It is hypothesized that 

other factors will play a dominant role in further improvement of outcome such as the 

interaction between device and host. This interaction is unique in each case and should 

therefore be approached in a personalized fashion. Currently, a wide range of valve types 

and -sizes is available on the market which provides possibilities and challenges at the same 

time. Chapter 1 describes a patient-specific computer simulation model based upon the 

integration of the physical and (bio)mechanical properties of the patient-specific anatomy 

and the prosthesis valve in order to understand the interaction and predict outcome. 

Prosthesis geometry is developed by manufacturers with attention, caution, time- and 

financial investment followed by identical multiplication of the product(s). However the 

aortic root anatomy and calcium distribution differs in each patient which leads to different 

device host interactions. For instance, it has been shown that incomplete apposition and 

nonuniform expansion of the frame may occur after implantation of the Medtronic 

CoreValve System (MCS) (9). There have been attempts to understand the precise 

interaction by using finite element computer modelling which virtually deploy a device into a 

patient-specific aortic root model however with limited validation studies (10-16). 

Device host interaction and complications 

The present computer simulation model is examined in chapter 2 by comparing findings 

derived from the model (predicted) with those from multislice computed tomography 

(MSCT) performed after TAVI (observed). A strong correlation was found between the 

observed and predicted measurements for all dimensions except for the minimum and 

maximum diameters at the nadirs and coaptation levels in the MCS valve. Most 

complications after TAVI occur at the inflow site such as the rare event of coronary 

obstruction with an incidence between 0% and 4.1% (17-19). Measured distances from 

coronary ostium to calcium nodule showed a high correlation between MSCT and the 

simulation model. However assessing the risk of coronary obstruction by using a certain 

threshold (e.g., 10 mm) for the distance between the aortic annulus and coronary ostium is 
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limited by a low sensitivity which suggests that other factors might be involved (e.g. size and 

location of calcium nodules on the leaflets or size of the sinuses of Valsalva) (17). Earlier 

research showed that TAVI in a prior implanted stentless or stented bioprosthesis with 

externally mounted leaflets is associated with a higher risk of post procedural coronary 

obstruction (20). Recent studies showed that delayed coronary obstruction may occur as 

well either based on mechanical complications or bioprosthesis leaflet thickening (19, 21-

23). Further research is needed to identify the role of patient-specific computer simulation in 

post procedural coronary obstruction. 

Paravalvular leakage (PVL) is seen more often after TAVI than after surgical aortic valve 

replacement (SAVR) and may result in impaired survival (7, 8, 24-26). PVL was predicted by 

the simulation model based on blood flow and frame deformation followed by validation in a 

retrospective study as described in chapter 3. Predicted PVL was compared with observed 

PVL determined by contrast angiography and transthoracic echocardiography (TTE). 

Receiver-operating characteristic curve analysis revealed that 16.25 ml/s is the cutoff value 

that best differentiates patients with none-to-mild and moderate-to-severe PVL with a 

sensitivity and specificity above 0.70. In addition, it was shown that the model is able to 

predict PVL in different scenarios in which the simulated valve size and/or implantation 

depth was adjusted. Understanding these interactions may contribute in determining 

procedural strategy to improve outcome. A near holistic approach of the device host 

interaction may be reached by including different valve types in the simulation model since 

there is an association between valve type and PVL (27). In addition, chapter 4 described the 

effect of alignment and nonalignment between the bioprosthetic leaflets and native aortic 

valve leaflets by means of simulation. A higher amount of PVL was predicted in case of 

nonalignment and simulation showed that leakage paths were often observed near the 

native valve commissures especially in the presence of severe calcification. However, the 

absolute difference of predicted PVL in case of alignment/nonalignment between the 

bioprosthetic and native valve commissures was small. Currently it’s not possible to decide 

on valve orientation during implantation except for the investigational JenaValve. It remains 

to be proven in clinical practice whether the control of valve orientation contributes to the 

elimination of PVL. 
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Conduction abnormalities defined as a (new) left bundle brunch block (LBBB) or high degree 

atrio-ventricular block (AVB) occur after TAVI despite improved technology and may lead to 

new permanent pacemaker implantation (PPI) potentially followed by higher morbidity and 

mortality (28-30). The simulation model is used in chapter 5 to examine the relation 

between mechanical pressure exerted by the frame at the site of the atrioventricular 

conduction tissue and conduction abnormalities after TAVI. This is in accordance with the 

concept proposed by Jilaihawi et al. in which CT-derived distance from the membranous 

septum to the aortic annulus was used to examine the risk of PPI (31). We defined the 

atrioventricular conduction tissue by the inferior border of the membranous septum (IBMS) 

as this represents an anatomic surrogate for the surfacing of the His bundle and the 

transition to the left bundle branch (31, 32). Contact pressure was extracted from the 

computer model after all procedural steps were simulated as executed during TAVI including 

the depth of implantation. It appeared that the maximum contact pressure and contact 

pressure index were the only independent predictors of conduction abnormalities. Depth of 

implantation and area of contact pressure are intrinsically related to one another and this 

study showed that contact pressure seems more important than depth of implantation by 

itself. The model was also capable of clarifying device host interaction when there was no 

contact between the valve frame and region of interest due to a large calcium nodule 

precluding apposition of the frame, an anatomic low position of the IBMS and a large left 

ventricular outflow tract (LVOT) resulting in malapposition of the frame. Although a high 

implantation is nowadays recommended to avoid conduction abnormalities, this study 

showed that the optimal implantation depth is patient specific given the anatomic 

variability. A further quantitative analysis of the location of maximum contact pressure 

within the region of interest during the entire cardiac cycle may offer new insights. One of 

the determinants which is associated with the occurrence of conduction abnormalities is 

valve type (27). The simulation model is applied as a tool in patients who underwent TAVI 

with the mechanically expandable Lotus valve in chapter 6 to validate prediction of outcome 

by the simulation model and the impact of valve size and position on outcome. Earlier 

research in different valve types showed that valve size and position have a role in the 

occurrence of annular rupture, valve migration, coronary obstruction, PVL or new 

conduction abnormalities (33-38). It was hypothesized that the computer model would have 

an additional value in Lotus valve selection since it’s sizing matrix based on the aortic 
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annulus and LVOT may offer two valve sizes for one patient. We found that the model was 

able to predict PVL and conduction abnormalities after Lotus valve implantation accurately. 

Defined cut-off values were 13.5 ml/s for PVL, 0.36 MPa for maximum contact pressure and 

9% for contact pressure index. A sub-analysis in twelve patients with equivocal aortic root 

measurements suitable for two different Lotus device sizes revealed an increase of 

maximum contact pressure and contact pressure index when a larger device size was 

implanted or in case of a deeper implantation depth (p < 0.001). It was also shown that valve 

size has a greater impact on PVL compared to the depth of implantation. Earlier studies 

showed similar results however personalized simulation showed that the definition of 

optimal device size and position differs for each patient (due to e.g. location and amount of 

calcifications; location of the atrioventricular conduction system) (27, 39-42). The computer 

model is hypothesized to provide an additional value especially in niche populations with 

remaining challenges. Several studies showed that TAVI in bicuspid aortic valves is more 

complex compared to TAVI in tricuspid aortic valves and is associated with a higher incidence 

of PVL and PPI compared to surgery (43-52). The computer simulation model was validated 

in bicuspid aortic valves as described in chapter 7. Prediction of geometry and outcome by 

the model was compared with observed findings in 37 patients. The depth of implantation 

used during simulation was matched with the post procedural CT scan. There was no 

difference between the predicted and observed frame dimensions. No correlation was found 

between the predicted and observed aortic annulus eccentricity index which is consistent 

with previous findings stating that maximal valve frame constraint occurs at the supra-

annular region in bicuspid aortic valves (53, 54). On the other hand, preliminary results from 

another study showed that sizing based on the annulus versus sizing based on the supra 

annular region doesn’t show significant difference in echocardiographic and clinical outcome 

(55-57). With regard to clinical outcome, the computer model was able to predict PVL and 

conduction disturbance (by contact pressure index) with a cut-off value of respectively 13.6 

ml/s and 0.14. Additional simulations in patients with PVL or conduction disturbances, 

without the use of post procedural CT, showed that optimal patient specific valve sizing and 

positioning reduced predicted PVL and contact pressure index compared to when using the 

implanted valve size and depth of implantation. In addition, the discriminatory power of the 

model was maintained for PVL but not for the prediction of post procedural conduction 
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disturbances. The true additional value of the model in bicuspid aortic valves is subject of 

ongoing prospective research in clinical practice. 

Clinical application of the model  

In a larger cohort consisting of a general TAVI population, a retrospective assessment was 

performed in chapter 8 including 141 patients in which valve size selection in the clinical 

setting was compared with valve size selection for the purpose of computer simulation both 

based on baseline CT. In case of an aortic annulus dimension that was within the grey zone, 

two sizes were selected for simulation. True concordance was found in 33% of the patients, 

true discordance in 11% and ambiguity in 56%. In case of discordance or ambiguity a smaller 

valve was selected for simulation in 39% of the patients and a larger in 28%. The differences 

in valve size selection in this study may partially be explained by a margin of 2% which was 

applied to the manufacturers sizing matrix for the purpose of computer simulation. On top 

of that, it seems that sizing based on pre procedural CT is more complex and variable than 

assumed possibly due to a different level of experience between evaluators (58, 59). This 

indicates that there is a role for automated valve size selection for example by a machine 

based on a deep learning method. It has been shown that such a model is able to select a 

device size appropriately within a fraction of a second (60). This reproducible method might 

provide support in the near future (61, 62). As for outcome, computer simulation showed a 

higher degree of predicted PVL and a higher prevalence of moderate or more PVL which 

exceeded observed PVL regardless of (dis)agreement between selected valve sizes. Last 

mentioned might be due to underestimation of PVL by TTE since no MRI was used in clinical 

practice (63). The predicted maximum contact pressure and contact pressure index were 

lower in case of discordant valve size selection as majority consisted of a smaller valve size 

compared to clinical practice. At the same time, there was no difference between predicted 

and observed conduction abnormalities regardless of (dis)agreement between selected 

valve sizes. It is hypothesized that this is due to a plateau phase which is a feature of the 

nitinol frame’s hysteresis loop which is supported by the finding of a similar maximum 

contact pressure and contact pressure index when using the same or different valve size for 

simulation (64). The first prospective study is performed in chapter 9 to assess the added 

value and predictive power of the computer model in clinical practice. A total of 80 patients 

was included with severe native aortic stenosis who were scheduled for TAVI with an Evolut 
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R valve. Computer simulation was applied alternately in subsets of 5 patients resulting in two 

groups: a simulation (n = 42) and no-simulation group (n = 38). The valve size and target 

depth of implantation selected by the operator based on MSCT (decision 1) was compared 

with the valve size and target depth of implantation selected by the operator for TAVI after 

he or she was informed of the simulation results (decision 2). Decision 1 and 2 were similar 

in majority of patients but simulation did affect the selection of the target depth of 

implantation and the execution of TAVI to achieve the desired target depth of implantation 

in respectively 7/42 and 16/42 patients. In this observational study, no differences were 

observed in clinical outcome between patients in the simulation and no-simulation group. 

Predicted PVL showed a trend in patients in whom PVL was observed and it was confirmed 

that predicted contact pressure index was associated with conduction abnormalities. The 

next step is a randomized controlled trial to examine the true additional value especially 

with regard to procedural adjustments based on simulation and corresponding outcome. 

Advanced imaging in TAVI 

The second part of this thesis focused on advanced imaging in TAVI. The interventional 

cardiologist depends on multimodality imaging techniques to visualize each patient’s 

anatomy as TAVI is a minimal invasive intervention without direct view of concerning 

anatomy. The aortic root contains various complex structures including the aortic valve (65). 

In order to be able to perform interventions systematically in this area, surgeons described 

virtual anatomic rings in the aortic root including the aortic annulus which is defined by a 

virtual ring drawn through the lowest point of each cusp within the aortic valve (65-67). 

Proper visualization of this virtual ring by techniques outside the body requires high 

standards. It has been shown that accurate C-arm positioning is key in the catheterization 

lab to prevent complications such as valve malpositioning and PVL (68). The optimal 

angiographic projection (OAP) is defined in chapter 10 as the C-arm angulation in which the 

three aortic sinuses are depicted on one single line with a similar size in the sequence of 

posterior, right and left sinus (69, 70). MSCT is the golden standard imaging modality 

performed before TAVI in the context of procedure planning and is able to calculate a 

correct OAP (58, 71, 72). Yet, CT requires an amount of contrast which may be a step too far 

in patients with (severe) kidney disease and there may be discrepancies between the angles 

measured during CT and during TAVI due to change of the patient’s position. Therefore it is 
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hypothesized in chapter 10 that angiography on the spot consisting of two angiograms with 

at least 30 degrees difference may provide an OAP by means of a software without the need 

of pre procedural CT. A 3D reconstruction is made by the software based on segmentation of 

the aortic root and selection of the right coronary cusp at both angiograms composing a 

curve with all possible projections. This curve consists of projections that show the aortic 

root perpendicular to the annulus including one OAP projection. Comparison between the 

OAP defined by MSCT and by the software showed a median (IQR) difference of 12.4 (7.5-

20.1) degrees in a retrospective cohort and 18.9 (10.8-28.5) degrees in a prospective cohort. 

The observers deemed 90% of the OAP derived by either MSCT or the software as 

acceptable to perfect. The OAP which was eventually used in clinical practice was equally 

distributed between those based on MSCT and on the software which indicates that there is 

a wide range of acceptable projections near the OAP instead of one single projection. CT 

provides additional information regarding anatomic dimensions and access possibilities 

however obtaining an OAP by means of the software may help in patients with a contra 

indication for CT such as severe kidney disease (58, 73). The software based on angiography 

was developed further in chapter 11 to provide a quantitative assessment of PVL after 

implantation. Current assessment of PVL by TTE has its limitations and no standardized 

reproducible assessment of PVL by angiography is available (74). Sellers et al. described in 

1964 a method to visually assess PVL on angiography which is subject to differences in 

interpretation (75). Requirements for angiography listed by Sellers et al. were refined in 

chapter 11 such as preventing any form of motion and visualization of the echocardiography 

probe. The software was then applied in angiograms (which met the quality criteria) and 

produced five time-density curves of following regions: the reference area (aortic root), the 

left ventricular base, -mid, - apex and overall. A color weighted contrast time-density map 

was generated to facilitate a visual impression of PVL severity based on the relative area 

under the curve (RAUC) after which the quantitative regurgitation analysis (qRA) index was 

calculated. Eventually, a moderate level of reproducibility was seen for the Seller’s method 

and a high correlation was found between observers with regard to the qRA method. 

Comparison between Sellers and qRA showed correlations with several qRA measures 

including the RAUC. Key to achieve these outcomes are proper angiograms according to the 

requirements described in chapter 11. The importance of angiography was emphasized by 

the study of Tateishi et al. in which the video densitometry (VD) software was applied in a 
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registry (76). It was shown that 29.7% of the angiograms were feasible for the software 

whereas it concerned 64.8% when the quality criteria were narrowed to visibility of the LVOT 

(LVOT-AR) instead of the entire left ventricle. Improved image acquisition by means of pre 

procedural CT enhanced the feasibility of VD assessment even further in another cohort to 

100% (77). Comparison between VD based on angiography and echocardiographic 

assessment of PVL showed a strong correlation between both techniques which implicates 

that VD may be used as an alternative method to assess PVL (78,79). One of the limitations 

of VD is that it’s not possible to differentiate between PVL and valvular aortic regurgitation 

(AR) based on angiography which may influence treatment strategy. Further refinement of 

this technique might be reached by incorporating MRI (63).  

Prosthesis dysfunction 

Different patient-, procedure- and operator related variables have been associated with the 

occurrence of PVL (80-82). Chapter 12 describes a study focused on determinants of PVL in 

patients who were treated with the MCS or Edwards Sapien Valve (ESV) using MSCT guided 

sizing. The study population consisted of 313 patients in which post implantation PVL was 

assessed by means of the Sellers classification and by echo-Doppler. Main differences 

between patients with Sellers grade 0-1 and those with Sellers grade 2-4 were more AR 

grade ≥2 at baseline and a higher frequency of MCS implantation in the latter group. These 

findings were confirmed by a propensity score adjusted multivariable analysis. No difference 

in sizing was observed between both groups. The MCS is a self-expanding valve with a nitinol 

frame frequently resulting in asymmetrical expansion in contrary to the ESV which is a 

balloon expandable valve mostly resulting in circular valve expansion (9, 82-85). Another 

valve prosthesis which has been used worldwide from 2014 up to 2020 is the mechanically 

expandable Lotus valve which is fully repositionable and retrievable (86). Currently this valve 

is not available on the market due to difficulties of the delivery system (87). A comparison 

between the ESV 3 and Lotus is made in chapter 13 with regard to valve performance by 

means of independent core laboratory TTE analysis. The ESV 3 is an updated version of the 

ESV with the addition of a sealing skirt to prevent PVL (86, 88). It was shown in chapter 13 

that aortic dimensions at baseline were slightly larger in patients who received the ESV 3 and 

the same accounts for the pre dilatation balloon size, valve sizing and cover index. The Lotus 

valve was associated with less PVL compared to the ESV 3 despite a lower cover index in 
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patients treated with Lotus which is in line with other studies (89). This might be attributed 

to the sealing effect of the cuff that belongs to the Lotus valve in combination with a denser 

configuration of the valve frame. Further, chapter 13 described the additional value of the 

PARS radial score which was used to assess PVL by TTE. It seemed helpful when AR was not 

seen in the parasternal short-axis (SAX) view due to the jet’s shape (74). Proper assessment 

of AR is essential as it may be a sign of valve dysfunction after TAVI (90). Long-term valve 

performance after TAVI is imperative and subject of current research especially since the 

growing implantation of TAVI in low risk patients. Several studies showed low rates of 

prosthetic valve degeneration assessed by echocardiography according to different 

definitions after a period of 5 to 10 years (91-102). The stent frame integrity and durability 

of the MCS at least 4 years after TAVI is examined in chapter 14. Valve degeneration based 

on PVL occurred in 2 patients (out of 20) while PVL improved in 8 patients over a median 

time period of 5 years. Last mentioned may be explained by the extending circularity and 

expansion of the frame as shown in this study and as suggested earlier (94). No stent frame 

fractures were observed by MSCT 5 to 6 months after TAVI. Hypo attenuated leaflet 

thickening (HALT) is a post procedural finding which may occur over time and cause leaflet 

thrombosis and/or affect leaflet motion with unclear clinical consequences (103-113). In this 

study, HALT was found in 10 patients and was not followed by a clinical complication. De 

Backer et al. did examine the effect of anticoagulation on the incidence of HALT after TAVI 

(114). Approximately 200 patients were randomized to a rivaroxaban based antithrombotic 

strategy group and an antiplatelet based strategy group. It was shown by four-dimensional 

CT that rivaroxaban was more effective in preventing subclinical leaflet motion abnormalities 

whereas it led to a higher risk of death, thromboembolic complications and bleeding 

compared to the antiplatelet based strategy group in the main GALILEO trial (115). 

Eventually further research is needed to understand HALT etiology, clinical consequences 

and treatment options. 

R-angio and fusion imaging 

Rotational angiography (R-angio) is an underexposed imaging technique in the context of 

TAVI which uses X-rays in the catheterization laboratory to provide CT like images without 

the need of patient transport, a CT scanner or CT expertise. Earlier research showed that this 

technique may be used before valve implantation to assess the aortic root anatomy (116, 
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117). One of its limitations is the exposure to extra radiation for the patients and hospital 

staff while on the other hand no contrast is required for frame analysis. Its on-line use during 

TAVI has been examined in this thesis (chapter 15-17 and 19) to explore the technique and 

understand frame geometry in relation to immediate TAVI results. A software for motion 

compensation was used for image acquisition and processing (118). Determinants of image 

quality were examined in 179 patients with available R-angio directly after TAVI (chapter 15). 

Good image quality was achieved in majority of patients (72%) and multivariable analysis 

showed that the Lotus valve, presence of an artefact in the field of examination and BMI 

were independent predictors of poor image quality. As mentioned before, the Lotus valve 

frame has a dens configuration which may explain its contribution to the image quality. In 

addition, the presence of an artefact may be eliminated by the operator as much as possible 

by removing objects out of the concerning window such as a transoesophageal echo probe 

or pigtail catheter. With regard to the BMI, Schultz et al. showed in an earlier study that a 

BMI ≥ 29 kg/m2 is associated with poor image quality unless rapid pacing was used which is 

clinically undesirable (117). Since R-angio with motion compensation provided good image 

quality in the majority of patients, it was used in chapter 16 to evaluate frame geometry of 

different valves. A comparison between the MCS and ESV valve was made since it has been 

shown that PVL is more frequent after MCS implantation (27, 119, 120). It seemed that 

patients in the MCS group received more often a larger valve and smaller balloons for pre- 

and/or post dilatation relative to the annulus compared to the ESV group. The MCS frame 

turned out less expanded at the inflow level and was more eccentric than the ESV at all 

levels even when corrected for the native eccentricity. These findings may be explained by 

earlier studies which showed that the MCS has a lower hoop force while the ESV has a 

stronger hoop force and enables circular expansion in most of the cases (9, 64, 121, 122). No 

conclusions could be drawn in relation to post procedural PVL from this study due to the 

sample size and statistically similar occurrence of PVL in both groups. Chapter 17 included 

patients who underwent TAVI with the MCS and described a comparison of the frame 

geometry by R-angio between patients who had moderate or more PVL vs. patients with 

none or less than moderate PVL after TAVI. No difference in frame expansion or eccentricity 

was observed between both groups except for a more elliptical frame at the level of the 

nadir in patients with moderate or more PVL when related to the eccentricity of the native 

annulus which was one of the independent predictors of PVL as shown by multivariable 
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analysis. Tzamtzis et al. demonstrated by means of a model that the radial force of the MCS 

frame drops as soon as the surrounding diameter (patient’s anatomy) increases which 

theoretically may explain malapposition and PVL (64). Especially in the presence of 

calcification, one might need extra radial force to prevent malapposition and PVL as shown 

earlier (121, 123, 124). In addition, several studies (including chapter 17) showed that the 

Agatston score is one of the independent determinants of PVL after TAVI (81, 121). The 

relationship between eccentricity, calcification and PVL were examined more specific in 

chapter 18 and 19. The self expandable (SEV), balloon expandable (BEV) and mechanically 

expandable (MEV) valves were compared in chapter 18 after dividing the population in four 

different groups based on eccentricity and calcification phenotype defined by CT. No 

difference was observed with regard to PVL between the valve types in patients with mildly 

calcified roots however the incidence of PVL was significantly higher after SEV implantation 

in patients with heavily calcified roots irrespective of assessment technique (TTE and 

angiography). An earlier study showed no relation between aortic annulus eccentricity and 

PVL in general however it appeared that elliptic aortic roots were associated with more PVL 

in case of SEV implantation (81). This might be explained by the earlier mentioned lower 

hoop force of the SEV during implantation in combination with the presence of calcification 

and thus geometry of the aortic root. These findings support a patient tailored approach in 

clinical practice. A patient specific contrast attenuation coefficient was used in chapter 19 to 

further elucidate the role of calcium and its precise distribution within the aortic root in 

relation to PVL. Hansson et al. introduced this method since attenuation of incoming X-rays 

is a patient-dependent phenomenon (125). It was shown that calcium is predominantly 

located at the non-coronary cusp region (NCR) in all patients which is in line with earlier 

research and that there was a significantly larger amount of calcium in patients with PVL 

(125, 126). However core laboratory assessment of PVL by TTE revealed that PVL occurred 

most often at the left-coronary cusp region (LCR). One may hypothesize that this finding is 

related to the course of calcification which runs from the NCR at annulus level to the LCR at 

LVOT level according to the aortic-mitral curtain. In addition, frame expansion assessed by 

post-procedural R-angio and the baseline anatomy assessed by CT were fused in order to 

evaluate frame expansion. There was no difference in frame expansion between patients 

with or without PVL. However, this study was limited by a small patient population. In the 

final chapter of this thesis, CT and TTE data were fused to evaluate aortic stenosis severity 
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and clinical outcome in patients with low-gradient aortic stenosis since it has been shown 

that the annulus and LVOT are rather oval than circular while the continuity equation 

assumes a circular LVOT (127-129). The replacement of LVOT area measured by CT instead of 

TTE in the continuity equation was hypothesized to result in a more accurate aortic valve 

area measurement as shown before (130). Severe aortic stenosis was retained in 65% of the 

patients and 35% was reclassified to moderate aortic stenosis. Reclassification of aortic 

stenosis severity was confirmed by using a CT-derived calcium score as well in line with 

previous studies and as incorporated in the latest version of the ESC guidelines on valvular 

heart disease (58, 131-134). Clinical outcome was similar between both groups 

corresponding to earlier findings of Clavel et al, although patients reclassified to moderate 

aortic stenosis with a left ventricular ejection fraction below 50% had a higher frequency of 

non cardiac mortality (135). Currently a randomized controlled trial is running in heart failure 

patients with moderate aortic stenosis to evaluate the effect of TAVI on top of optimized 

heart failure treatment and should provide more clinical insights in this patient category 

(NCT02661451) (136).  

In conclusion, the importance of imaging modalities increases due to the growing number of 

minimal invasive interventions and may enable further improvement of outcome. This thesis 

is merely a small part of knowledge by which we aimed to contribute within this field. 

Further studies are pending to better understand and prove the clinical applicability of 

patient-specific computer simulation and advanced imaging especially since the expansion of 

TAVI indications to lower risk patients. 
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Aortaklepstenose is een levens bedreigende aandoening die vaker voorkomt naarmate de 

leeftijd vordert. Open hart klep chirurgie was de enige behandeling totdat professor Alain 

Cribier in 2002 een nieuwe methode introduceerde waarbij er een biologische aortaklep 

prothese via de lies werd ingebracht om uiteindelijk geïmplanteerd te worden in het hart. 

Initieel werd deze nieuwe behandeling, genaamd percutane aortaklep implantatie of 

transcatheter aortic valve implantation (TAVI), slechts gereserveerd voor patiënten die niet 

geschikt waren voor chirurgie. Echter, in de loop der jaren zijn de resultaten van TAVI 

dermate positief gebleken dat de indicaties voor deze behandeling zijn uitgebreid tot en met 

patiënten met een laag operatie risico. Net zoals nagenoeg iedere behandeling gaat TAVI 

gepaard met het risico op complicaties tijdens en na de behandeling. De balans tussen 

risico’s en baten is essentieel in klinische besluitvorming. Het doel van dit proefschrift was 

om te onderzoeken hoe patiënt-specifieke computer simulatie (hoofdstuk 1-9) en 

geavanceerde beeldvormingstechnieken (hoofdstuk 10-20) een bijdrage leveren in de 

beslissingen omtrent TAVI en het verbeteren van uitkomsten na TAVI. 

De uitkomsten na TAVI zijn gaandeweg verbeterd dankzij verschillende factoren waaronder 

een geoptimaliseerde patiënten selectie, verbeterde technologie en ervaring van de 

operateur. Om de uitkomsten verder te optimaliseren is in dit proefschrift de hypothese 

gesteld dat de interactie tussen de biologische aortaklep prothese en het omringende 

weefsel van de patiënt een dominante rol zal gaan spelen. Hoofdstuk 1 beschrijft een 

patiënt-specifieke computer simulatie model die gebaseerd is op de integratie van de 

fysische en (bio) mechanische eigenschappen van het omringende weefsel op basis van CT 

en de biologische aortaklep prothese. Het doel van dit model was om de unieke interactie 

tussen iedere patiënt en de biologische aortaklep prothese beter te begrijpen om daarmee 

de uitkomsten na TAVI te kunnen voorspellen. In hoofdstuk 2 werd onderzocht in hoeverre 

de voorspelde dimensies van de bioprothese na implantatie door het computer simulatie 

model overeenkwamen met de werkelijkheid zoals gemeten door middel van een CT scan na 

TAVI. Er bleek sprake te zijn van een sterke correlatie tussen de verschillende technieken 

behoudens de minimale en maximale diameter ter hoogte van de instroom zijde. Tevens 

bleek het model in staat om de afstand tussen calcium en kransslagaderen goed te kunnen 

voorspellen. Er is echter meer onderzoek nodig om de daadwerkelijke rol van computer 

simulatie te definiëren in het voorspellen van een afgesloten kransslagader na TAVI. 
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Eén van de meest voorkomende complicaties na TAVI is het ontstaan van lekkage langs de 

bioprothese, genaamd paravalvulaire lekkage (PVL). Eerder onderzoek heeft aangetoond dat 

PVL invloed kan hebben op de duur van overleving na TAVI. Hoofdstuk 3 illustreert de 

potentie van het computer simulatie model om PVL na TAVI te voorspellen in vergelijking 

met daadwerkelijk gemeten PVL door middel van angiografie en echocardiografie. Het 

model was in staat om PVL accuraat te voorspellen in verschillende scenario’s en er werd 

een grenswaarde vastgesteld op 16.25 ml/s die onderscheid kon maken tussen minder dan 

mild en meer dan mild PVL. In hoofdstuk 4 werd onderzocht wat er gebeurde volgens het 

model indien de klepbladen van de bioprothese op dezelfde positie werden geïmplanteerd 

als de eigen klepbladen. In het geval de klepbladen van de bioprothese juist niet op dezelfde 

positie werden geïmplanteerd was er sprake van een iets grotere hoeveelheid PVL. Gezien 

het momenteel (nog) niet mogelijk is om de positie van de klepbladen tijdens implantatie te 

controleren, dient de klinische waarde hiervan in de toekomst nader uitgezocht te worden. 

TAVI is geassocieerd met het ontstaan van geleidingsstoornissen tijdens en na de procedure 

die kunnen leiden tot de implantatie van een pacemaker. Hoofdstuk 5 is een uiteenzetting 

van de mechanische kracht die wordt uitgeoefend tijdens implantatie op het omringende 

weefsel in relatie tot het ontstaan van geleidingsstoornissen. De maximale contact druk en 

contact druk index kwamen naar voren als onafhankelijke voorspellers voor het ontstaan van 

geleidingsstoornissen. De diepte van implantatie was geen onafhankelijke voorspeller terwijl 

bioprothese fabrikanten adviseren om de klep hoog te implanteren ter voorkoming van 

geleidingsstoornissen. Dit onderzoek toonde aan dat de optimale diepte van implantatie 

voor iedere patiënt anders is gezien de anatomische variabiliteit van onder andere het 

geleidingsweefsel. 

Het computer simulatie model werd gebruikt in hoofdstuk 6 om een gepaste klepmaat van 

de Lotus bioprothese te selecteren gezien de bijbehorende selectie methode twee 

verschillende maten kan adviseren voor één patiënt. Het model bleek in staat om PVL en 

geleidingsstoornissen accuraat te voorspellen na Lotus klep implantatie en toonde aan dat 

de maximale contact druk en index met name stijgen bij de implantatie van een grotere klep. 

Tevens werd aangetoond dat klepmaat meer invloed heeft op PVL in vergelijking met de 

diepte van implantatie. In hoofdstuk 7 werd het computer simulatie model toegepast bij 

patiënten met een bicuspide (tweeslippige) aortaklep gezien TAVI in deze patiënten 
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populatie gepaard gaat met een hogere frequentie van complicaties. De dimensies van de 

bioprothese na implantatie werden correct voorspeld door het model behoudens de 

excentriciteit. PVL en het ontstaan van geleidingsstoornissen (d.m.v. contact druk index) 

werd accuraat voorspeld met een grenswaarde van respectievelijk 13.6 ml/s en 0.14. 

Hoofdstuk 8 beschrijft een retrospectief onderzoek waarbij de geselecteerde klepmaat o.b.v. 

CT voor het model en voor TAVI met elkaar werden vergeleken. Er was sprake van 

concordantie in 33% van de patiënten, discordantie in 11% en er werden twee geschikte 

klepmaten geselecteerd in 56%. Het verschil in selectie van klepmaat is deels vanwege een 

2% marge die werd gehanteerd bovenop de standaard selectie methode en mogelijk 

vanwege een verschil in ervaring tussen de beoordelaars. Dit biedt ruimte voor 

geautomatiseerde klepmaat selectie in de nabije toekomst. Het model voorspelde 

geleidingsstoornissen correct en overschatte PVL. De eerste prospectieve studie werd 

uitgevoerd in hoofdstuk 9 om de toegevoegde waarde van het model te onderzoeken in de 

dagelijkse klinische praktijk. De geplande klepmaat en diepte van implantatie zoals gekozen 

door de operateur o.b.v. CT werd vergeleken met de geplande klepmaat en diepte van 

implantatie na het bekijken van de simulatie resultaten. In het merendeel van de gevallen 

was er geen verschil tussen de geselecteerde klepmaat vóór en na het bekend worden van 

de simulatie resultaten. Het model bleek wel invloed te hebben op de geplande diepte van 

implantatie en de daartoe uitgevoerde manoeuvres tijdens TAVI. Tevens werden de klinische 

uitkomsten vergeleken tussen patiënten met en zonder simulatie waarbij er geen verschil 

werd geobserveerd. Dit prospectieve onderzoek bevestigde dat contact druk index 

geassocieerd is met geleidingsstoornissen. De volgende stap in de klinische toepassing van 

patiënt-specifieke computer simulatie is een gerandomiseerd onderzoek. 

Het gebruik van beeldvorming is essentieel bij TAVI gezien de behandeling een minimaal 

invasief karakter heeft. De interventiecardioloog heeft geen direct zicht op de anatomie in 

tegenstelling tot de chirurg bij een open hart klep operatie. De aorta wortel bestaat uit 

meerdere complexe structuren waaronder de aortaklep. Voor een systematische benadering 

van de aortaklep hebben chirurgen een virtuele ring bedacht die verloopt door het laagste 

punt van de aortaklepbladen genaamd de annulus. Eerder onderzoek heeft aangetoond dat 

correcte visualisatie van de annulus gedurende TAVI van belang is om complicaties te 

voorkomen. In hoofdstuk 10 werd een software geëvalueerd die de optimale C-arm positie 
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bepaalde op basis van twee angiogrammen om de annulus optimaal in beeld te brengen. In 

de studie werd een vergelijking gemaakt tussen de optimale projectie(s) zoals die bepaald 

werd door middel van de software en door middel van de standaard methode (CT). 90% van 

de projecties werd beoordeeld als acceptabel of perfect. De optimale projecties die 

uiteindelijk gebruikt zijn werden even vaak gebaseerd op de software en op CT. Dit 

onderzoek liet zien dat het gebruik van de software een mogelijkheid is voor patiënten met 

een contra indicatie voor CT zoals bijv. een slechte nierfunctie. CT heeft wel de voorkeur 

vanwege de additionele anatomische informatie die het oplevert. De software werd verder 

ontwikkeld in hoofdstuk 11 ten behoeve van een kwantitatieve beoordeling van PVL door 

middel van angiografie in plaats van echocardiografie. Er werden kwaliteitscriteria opgesteld 

waaraan de angiografie moest voldoen waarna de software contrast-tijd densiteit curves 

berekende. Het oppervlak onder deze curves leverde de “quantitative regurgitation analysis 

index” (qRA) op die de hoeveelheid PVL representeerde. qRA toonde correlaties met de 

standaard angiografie methode (Sellers) en bleek reproduceerbaar gezien een sterke 

correlatie tussen beoordelaars. Eén van de beperkingen van angiografie is dat het niet 

mogelijk is om onderscheid te maken tussen PVL en valvulaire lekkage. De incorporatie van 

MRI zou mogelijk kunnen bijdragen aan verdere ontwikkeling van deze techniek. 

Het is bekend dat verschillende factoren het ontstaan van PVL beïnvloeden. Hoofdstuk 12 

rapporteert een onderzoek naar de determinanten van PVL na TAVI met de Medtronic 

Corevalve klep (MCS) of Edwards Sapien klep (ESV). Uit de analyses kwam naar voren dat 

PVL vaker voorkwam na implantatie van de MCS. Een mogelijke verklaring daarvoor is dat de 

MCS vaker resulteert in asymmetrische expansie vanwege het zelf ontplooiende 

mechanisme. In hoofdstuk 13 werd een nieuwere versie van de ESV (ESV 3) vergeleken met 

de Lotus klep die momenteel niet meer op de markt is vanwege problemen met het klep 

systeem. Onafhankelijke analyse door middel van echocardiografie toonde minder frequent 

PVL na Lotus klep implantatie. Een mogelijke verklaring hiervoor is de hogere dichtheid van 

de Lotus klep. Tevens werd de toegevoegde waarde van de PARS radial score op 

echocardiografie aangetoond. Deze score was met name relevant in het geval PVL niet 

zichtbaar was op de standaard echocardiografie weergave (parasternale korte as). Een 

zorgvuldige beoordeling van PVL is noodzakelijk gezien het een teken van klep disfunctie kan 

zijn. De lange termijn structurele integriteit en duurzaamheid van de MCS was het 
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onderwerp van de studie in hoofdstuk 14. Klepdegeneratie over een mediane periode van 5 

jaar op basis van PVL vond plaats in 2 patiënten uit 20. Aan de andere kant werd PVL minder 

in 8 patiënten. We hebben in deze studie aangetoond dat de circulariteit en expansie van de 

klep toeneemt na TAVI met de MCS. CT na een mediane periode van 5 maanden toonde 

geen breuken in de stent. Een ander geobserveerd fenomeen na TAVI is verdikking van de 

klepbladen van de bioprothese genaamd hypo attenuated leaflet thickening (HALT). De 

pathofysiologie en klinische consequenties hiervan zijn nog onduidelijk en worden 

momenteel onderzocht. 

Rotatie angiografie (R-angio) is een techniek die röntgenstraling gebruikt ten behoeve van 

beeldvorming. Het voordeel van deze techniek ten opzichte van CT is dat het ter plekke 

beschikbaar is in de interventie kamer. Een nadeel is dat de patiënt en het personeel worden 

blootgesteld aan extra röntgenstraling gedurende de TAVI procedure. In de klinische praktijk 

is deze techniek onderbelicht. In hoofdstuk 15 is getoetst wat de factoren zijn die de 

beeldkwaliteit van R-angio na TAVI beïnvloeden. In het merendeel van de gevallen (72%) was 

er sprake van een goede beeldkwaliteit. De aanwezigheid van de Lotus klep, een artefact en 

de BMI waren onafhankelijke voorspellers voor een slechte beeldkwaliteit. Hoofdstuk 16 

toont de evaluatie van verschillende klep types door middel van R-angio. Het belangrijkste 

verschil was dat de MCS minder geëxpandeerd en meer excentrisch was dan de ESV. Dit is 

waarschijnlijk te wijten aan de lage kracht waarmee de MCS zich uitzet in vergelijking met de 

ESV. De relatie tussen de geometrie van de bioprothese en het ontstaan van PVL werd 

beschreven in hoofdstuk 17 door gebruik te maken van R-angio. De stent bleek meer 

elliptisch in verhouding tot de annulus bij patiënten met matig of meer PVL. Hiernaast kwam 

uit de analyses dat de hoeveelheid calcificatie ook een voorspeller is voor PVL na TAVI. 

Hoofdstuk 18 ging verder in op de relatie tussen excentriciteit, calcificatie en PVL. In het 

geval van milde calcificatie was er geen verschil in de frequentie van PVL bij verschillende 

klepsystemen. In het geval van ernstige calcificatie bleek PVL vaker voor te komen bij 

klepsystemen met een zelf ontplooiende implantatie mechanisme. In hoofdstuk 19 werd er 

verder ingegaan op de distributie van calcificatie in relatie tot PVL door middel van een 

patiënt-specifieke contrast densiteit coëfficiënt. De meeste kalk bleek gelokaliseerd te zijn 

ter plekke van het non-coronaire klepblad ondanks dat PVL zich het meest frequent in de 

regio van het linker-coronaire klepblad bevond. Expansie van de bioprothese werd 
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onderzocht door een fusie van de CT beelden vóór TAVI en R-angio na TAVI. In deze kleine 

studie populatie was er geen verschil in expansie tussen patiënten met en zonder PVL. 

Het laatste hoofdstuk van dit proefschrift is een uiteenzetting van de fusie tussen CT en 

echocardiografie vóór TAVI om de ernst van aortaklepstenose te herclassificeren. Deze fusie 

is verricht gezien de linker ventrikel outflow tract ovaal van vorm is in tegenstelling tot de 

assumptie van circulariteit in de continuïteitsvergelijking. In 65% van de patiënten bleef er 

sprake van een ernstige aortaklepstenose en 35% werd geherclassificeerd naar een matige 

aortaklepstenose. De klinische uitkomsten na TAVI tussen beide groepen waren 

vergelijkbaar behoudens een hogere frequentie van niet cardiale mortaliteit in de matige 

aortaklepstenose groep bij een linkerventrikel ejectie fractie onder de 50%. Momenteel 

loopt er een gerandomiseerd onderzoek naar het behandeleffect van TAVI in patiënten met 

een matige aortaklepstenose en hartfalen. 

Ten slotte neemt het belang van beeldvorming toe naarmate minimaal invasieve 

interventies een prominentere rol krijgen binnen de geneeskunde. Dit proefschrift is slechts 

een klein gedeelte van kennis binnen dit veld. Verder onderzoek wordt momenteel 

uitgevoerd naar onder andere de klinische toepasbaarheid van patiënt-specifieke computer 

simulatie en geavanceerde beeldvorming. 

 

 

 

 

 

 

 

 

 

 



470 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



471 

 

 

 

 

 

 

 

PhD Portfolio 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



472 

 

Courses 

Good Clinical Practice  2016 0.30 

Erasmus MC - ESP09 Regression Analysis  2016 1.40 

Online course data management  2016 0.30 

Cath conference "Introductie regionaal 
cathlabsysteem"  

2016 0.30 

Cath conferende "de rol van FFR post stenting" 2016 0.30 

Cath conference "Outcome improvement in modern 
generation DES: lessons learned from P-SEARCH event 
adjudication" 

2016 0.30 

Cath conference "Hemodynamics part I:understanding 
the pressure-volume loop" 

2016 0.30 

Rankin Scale mRS 2016 0.30 

Serious Adverse Event Reporting 2016 0.30 

Treatment of Coronary Atherosclerosis Lesions with 
Bioresorbable Vascular Scaffolds 

2016 0.30 

Cath conference "Thoraxchirurgie anno 2017, nieuwe 
inzichten" 

2017 0.30 

Business English Course at Advanced Level C1 2017 1.00 

COEUR COURSE Imaging and Symposium 2017 0.50 

COEUR Course Congenital Heart Disease 2017 0.50 

Erasmus MC - EWP24 Survival Analysis for Clinicians 2017 1.40 

COEUR Course Intensive Care Research Part I 

Erasmus MC – CC02A Biostatistical Methods I: Basic 
Principles Part A 

2017 

2017 

0.50 

2.00 

 

Cath conference "FFR and CFR: similarities, differences, 
and when to prefer each" 

2017 0.30 

COEUR Course Cardiovascular Imaging and Diagnostics 
Part II: Clinical non-invasive Cardiac Imaging 

2017 0.50 

Cath conference "PCSK 9 inhibitors" 2017 0.30 

Erasmus MC – BROK 2017 1.50 

COEUR Course Intensive Care Research Part II 2017 0.50 

Cath conference "De Thoraxcentrum CTO experience" 2017 0.30 

Cath conference "Update congenitale interventies"  2017 0.30 

Cath conference "Role of early angiography in survivors 
of OHCA" 

2017 0.30 

Research activities  Year Workload 
(ECTS) 
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Online course "10 tips for writing a truly terrible journal 
article"  

2017 0.30 

COEUR Course Pathofysiology of IHD 2018 0.50 

TEACH Course 2018 0.30 

Conferences and symposia 
  

London Valves course and oral presentation 2016 1.50 

TCT course and two poster presentations 2016 2.10 

NVVC najaarscongres and oral presentation 2016 0.90 

Symposium New innovations in Cardiology 2016 0.30 

Symposium Discoveries in Atrial Fibrillation 
Pathofysiology: Implications for AF Therapy 

2017 0.40 

MiamiValves conference and poster presentation 2017 1.20 

JIM conference and poster presentation 2017 1.20 

CRT conference and oral presentation 2017 1.80 

NVVC voorjaarscongres and oral presentation 

Rewarded by the price for best oral presentation: sessie 
4: interventie cardiologie deel 2. 

2017 0.90 

EuroPCR conference and e-poster 2017 1.50 

ESC conference and oral presentation 2017 1.80 

LondonValves conference 2017 0.90 

TCT conference and poster presentation 2017 1.80 

28th International Conference on Cardiology and 
Healthcare and oral presentation 

2018 1.50 

Artery Research poster 2018 0.30 

LondonValves e-Poster 2020 0.30 

Teaching activities 

Mentor of Master research 2016 0.70 

Mentor of Junior Medschool 2016 0.70 

Journal Club 2017 0.30 

Teaching cathlab nurses  2017 0.60 

Journal Club 2017 0.30 

Teaching med students "TAVI" 2017 0.60 

Teaching cathlab nurses 2017 0.60 

Supervising writing a systematic review of 2nd year 
medical students 

2018 0.60 

 
Total EC  

 ------ + 
38.80 
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