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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.

Keywords Aortic regurgitation . Equivocal aortic root dimensions . Computer simulations . Conduction abnormalities . TAVI

Abbreviations
AR Aortic regurgitation
LCC Left coronary cusp
LVOT Left ventricular outflow tract
MSCT Multi-slice computed tomography

NCC Noncoronary cusp
NPV Negative predicted value
PPV Positive predicted value
RCC Right coronary cusp
TAVI Transcatheter aortic valve implantation
THV Transcatheter heart valve

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 [4, 5], annular rupture, or
coronary obstruction [6, 7]. Similarly, the final position of the
THV within the aortic root strongly influences procedural
outcome. Too low/high positioning is in many cases associat-
ed with paravalvular aortic regurgitation (AR) [8], while
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several studies demonstrated that low THV implantation in-
creases 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 indi-
cations, and device size selection strongly relies on individual
experience. Therefore, in patients with equivocal aortic root
dimensions, a patient-specific computational model that al-
lows virtual implantation of multiple device sizes at several
implantation depths could provide useful additional insights
facilitating decision-making.

Patient-specific computational modelling has previ-
ously 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 position-
ing on the THV leaflet performance in terms of coapta-
tion area and stress distribution [13, 14]. Bianchi et al.
[15] explored whether THV positioning influences de-
vice anchoring and therefore impacts the risk on device
migration. However, these studies were based on a sin-
gle patient-specific model and, as such, the specific re-
sults cannot be assumed to represent the entire popula-
tion. A more extensive study, based on 112 patients,
recently demonstrated that patient-specific computational
modelling and simulation can accurately predict the oc-
currence 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 atrioven-
tricular conduction pathway. Furthermore, few patient-
specific studies demonstrated that finite-element simula-
tions can accurately predict the paravalvular AR after
implantation of a self-expandable [17–19] or balloon-
expandable device [20]. However, its accuracy for me-
chanically expandable remains unclear.

The aim of this paper is twofold. First, we verified the
predictive power of computer simulations for post-TAVI com-
plications 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.

Materials 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 avail-
able. 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.

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 pre-
operative 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 back-
calculation 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 con-
stant 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 conduc-
tion system is located (Fig. 1b). Starting from this inferior
border of the membranous septum, the region of interest was
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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 retrospec-
tively 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 gen-
erated based on information provided by the device manufac-
turer. 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 detailed de-
vice leaflets have a negligible effect on the paravalvular AR
[19] as well as on the postdeployment deformation of the fame
[15, 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 im-
plantation at the noncoronary 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 co-
hort of patients with annular and LVOT dimensions (diame-
ters, 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 with-
in the selected region) were evaluated (Fig. 1b).

Prediction of Aortic Regurgitation Subsequently, AR follow-
ing 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 incom-
pressible fluid with constant density of 1060 kg/m3 and a
viscosity of 0.0035 Pa s. 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 (Fig. 1c). The imposed pressure is the average
of the postoperative diastolic transaortic pressure differ-
ence 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 co-
hort of 146 patients [24].

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 echo-
cardiography and angiography [25, 26]. The degree of AR
was dichotomized in ‘none or trace’ and ‘mild or more.’

Fig. 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 multi-
slice computed tomography
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Predicted Conduction Abnormalities In 52 patients (cohort B),
the contact pressure exerted on the region of the LVOTwhere
the atrioventricular conduction system is located was mea-
sured and compared in patients with and without new conduc-
tion abnormalities (left bundle branch block or high-degree
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 pa-
tients) 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 in-
vestigated in 12 patients with equivocal aortic annular mea-
surements (cohort C).

Statistical Analysis

Data are presented as mean ± standard deviation (SD) or me-
dian [Q1-Q3] and tested with Student’s t test or Mann–
Whitney U test, depending on the distribution. Effects of de-
vice size and position on predicted AR and conduction abnor-
malities 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 predic-
tive power of computer simulations for postoperative AR and
52 patients (cohort B) for postoperative conduction abnormal-
ities. 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.

Postoperative AR Angiography and/or echocardiography
showed postoperative AR in 19 patients. Mean Lotus implan-
tation 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’ com-
pared 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) (Fig. 2a).
Predicted AR of 13.5 ml/s was used as cut-off value to differ-
entiate 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.

Postoperative Conduction Abnormalities Sixty-nine percent
of the patients (36/52) experienced left bundle branch block
or total atrioventricular block post-TAVI.Measuredmaximum
contact pressure and contact pressure index in those patients
were about twice the value observed in patients without new
conduction abnormalities (Fig. 2b, c). Maximum contact pres-
sure in patients with and without new conduction abnormali-
ties 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 maxi-
mum contact pressure and 9% for contact pressure index,
which respectively resulted in an accuracy of 75% and 71%.
Obtained sensitivity, specificity, PPVand NPVare reported in
Table 1. Moreover, the accuracy of the prediction further in-
creases when combining the two contact pressure parameters
(Fig. 3).

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 and 25-mm Lotus;
LVOT − > 25-mmLotus). Twelve patients with equivocal aor-
tic root measurements were considered suitable for two differ-
ent device sizes (i.e. patients with annulus measurements sug-
gesting a 23-mm Lotus and with LVOT measurements a 25-
mm Lotus, or patients with annulus and LVOT measurements
suggesting both a 23-mm and a 25-mm Lotus). In three pa-
tients, 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) (Fig. 4). Figure 5 shows the observed general trend
of predicted contact pressure with respect to device size and
position with a representative case.

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) (Fig. 4).

Besides the general impact of device size and position on
predicted outcomes, personalized simulations showed that op-
timal device size and position differ from one patient to an-
other. In 25% of the cases, the smaller device showed to limit
the contact pressure on the atrioventricular conduction system
as well as postoperative AR (Fig. 6, left panel). However, in
some other cases (21%), the smaller device generated already
significant contact pressure on the region of the atrioventricu-
lar conduction system, and was also associated with higher
postoperative AR. Therefore, for those patients, the larger
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device would be the preferable choice to significantly reduce
the postoperative ARwhile inducing comparable contact pres-
sure on the atrioventricular conduction system (Fig. 6, right
panel).

Discussion

This study showed that patient-specific computational model-
ling and simulation can accurately predict postoperative AR
and conduction abnormalities in patients treated with a me-
chanically expandable Lotus valve. Second, we used compu-
tational modelling and 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 cut-
off 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 self-
expandable 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 atrioven-
tricular 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 conduc-
tion 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 be-
low the annular plane. The contact pressure index showed a
slightly higher accuracy of prediction for new conduction ab-
normalities after CoreValve implantation (77% vs 71%).
However, combining both maximum contact pressure and
contact pressure index enhances the prediction of new con-
duction abnormalities after Lotus valve implantation. When
both parameters are above the cut-off value, 24/26 patients
(92.3%) with new conduction abnormalities were correctly
identified (Fig. 3).

Besides the verification of the model accuracy, we evalu-
ated 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

Fig. 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. AR
aortic regurgitation

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

Accuracy 71 75 71

J. of Cardiovasc. Trans. Res.

Author's personal copy



Fig. 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)
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Fig. 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
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oversizing increase the contact pressure on the region of inter-
est (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. [19] observed that high implantation of a CoreValve
device exhibits much larger regurgitant jets than lower posi-
tioning. This observation corresponds with the finding of
Sherif et al. (2010) [8] who reported that a low implantation
depth (about 10 mm below the aortic annulus) of a CoreValve
device minimizes the AR degree. On the contrary, Bianchi
et al. [20] observed that high implantation of the CoreValve
(about 3 mm below the annular plane) favoured AR reduction
in one patient. In the same study, the authors also observed
that a Sapien valve implanted in high position increased re-
gurgitation 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 be-
tween 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. [20] observed that paravalvular AR
is highly dependent on the patient-specific anatomy and cal-
cification distribution more than depth of implantation.

Despite the general observation that a low implantation
depth and larger THVare associated with a higher maximum
contact pressure and contact pressure index, analysis of the
individual cases shows that this strongly depends on the
patient-specific anatomy (i.e. location and amount of calcifi-
cations, 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 atrio-
ventricular 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 to-
wards 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 maxi-
mum contact pressure it reduced the postoperative AR.

Fig. 5 Predicted AR and contact pressure-related parameters according to a different depth of implantation and device size. AR aortic regurgitation
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However, this was observed only in few patients, and there-
fore 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 con-
duction 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 atrioven-
tricular conduction system is typically located near the inferior

Fig. 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
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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 re-
gion of contact (Fig. 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 access to the coronary for future percutane-
ous 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 selec-
tion 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 of-
fer 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 re-
ported 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 deploy-
ment. 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 peri-
procedurally.

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 aor-
tic root dimensions and provide additional information related
to optimal THV size and position.

Funding Information G. Rocatello is supported by the European
Commission within the Horizon 2020 Framework through the Marie
Sklodowska-Curie Action-International Training Network (MSCA-ITN)
European Training Networks (project no. 642458).

Compliance with Ethical Standards

Conflict of Interest Matthieu De Beule and Peter Mortier are share-
holders of FEops. Ole De Backer has been consultant for Abbott and
Boston Scientific. Azeem Latib is a consultant and on the Advisory
Board of Medtronic and Abbott. All other coauthors declare that they
have no conflict of interest.

Ethical Approval For this retrospective study, formal consent is not re-
quired. This article does not contain any studies with animals performed
by any of the authors. Informed consent was obtained from all individual
participants included in the study.

Clinical Relevance In TAVI, choosing the appropriate size of the Lotus
device remains challenging. As Lotus sizing is based on anatomical aortic
root dimensions, often two valve sizes might be selected for the same
patient. Patient-specific computer simulations have shown to accurately
assess postoperative aortic regurgitation and the risk of new conduction
abnormalities. Therefore, it can offer insight on patients with equivocal
aortic root dimensions and provide additional information related to op-
timal device size and position.

Publisher’s Note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

References

1. Leon, M. B., Smith, C. R., Mack, M. J., Makkar, R. R., Svensson,
L. G., Kodali, S. K., et al. (2016). Transcatheter or surgical aortic-
valve replacement in intermediate-risk patients. New England

J. of Cardiovasc. Trans. Res.

Author's personal copy



Journal of Medicine, 374(17), 1609–1620. https://doi.org/10.1056/
NEJMoa1514616.

2. Siontis, G. C. M., Praz, F., Pilgrim, T., Mavridis, D., Verma, S.,
Salanti, G., et al. (2016). Transcatheter aortic valve implantation vs.
surgical aortic valve replacement for treatment of severe aortic ste-
nosis: a meta-analysis of randomized trials. European Heart
Journal, 37(47), 3503–3512. https://doi.org/10.1093/eurheartj/
ehw225.

3. Smith, C. R., Leon, M. B., Mack, M. J., Miller, D. C., Moses, J. W.,
Svensson, L. G., et al. (2011). Transcatheter versus surgical aortic-
valve replacement in high-risk patients. New England Journal of
Medicine, 364(23), 2187–2198. https://doi.org/10.1056/
NEJMoa1103510.

4. Almeida, J. G., Ferreira, S. M., Fonseca, P., Dias, T., Guerreiro, C.,
Barbosa, A. R., et al. (2017). Association between implantation
depth assessed by computed tomography and new-onset conduc-
tion disturbances after transcatheter aortic valve implantation.
Journal of Cardiovascular Computed Tomography, 11(5), 332–
337. https://doi.org/10.1016/j.jcct.2017.08.003.

5. Husser, O., Pellegrini, C., Kessler, T., Burgdorf, C., Thaller, H.,
Mayr, N. P., et al. (2016). Predictors of permanent pacemaker im-
plantations and new-onset conduction abnormalities with the
SAPIEN 3 balloon-expandable transcatheter heart valve. JACC.
Cardiovascular Interventions, 9(3), 244–254. https://doi.org/10.
1016/j.jcin.2015.09.036.

6. Blanke, P., Reinohl, J., Schlensak, C., Siepe, M., Pache, G.,
Euringer, W., et al. (2012). Prosthesis oversizing in balloon-
expandable transcatheter aortic valve implantation is associated
with contained rupture of the aortic root. Circulation.
Cardiovascular Interventions, 5(4), 540–548. https://doi.org/10.
1161/circinterventions.111.967349.

7. Debry, N., Sudre, A., Elquodeimat, I., Delhaye, C., Schurtz, G.,
Bical, A., et al. (2016). Prognostic value of the ratio between pros-
thesis area and indexed annulus area measured by MultiSlice-CT
for transcatheter aortic valve implantation procedures. Journal of
Geriatric Cardiology, 13(6), 483–488. https://doi.org/10.11909/j.
issn.1671-5411.2016.06.004.

8. Sherif, M. A., Abdel-Wahab, M., Stöcker, B., Geist, V., Richardt,
D., Tölg, R., et al. (2010). Anatomic and procedural predictors of
paravalvular aortic regurgitation after implantation of theMedtronic
CoreValve bioprosthesis. Journal of the American College of
Cardiology, 56(20), 1623–1629. https://doi.org/10.1016/j.jacc.
2010.06.035.

9. van der Boon, R. M., Houthuizen, P., Urena, M., Poels, T. T., van
Mieghem, N. M., Brueren, G. R., et al. (2015). Trends in the oc-
currence of new conduction abnormalities after transcatheter aortic
valve implantation. Catheterization and Cardiovascular
Interventions, 85(5), E144–E152. https://doi.org/10.1002/ccd.
25765.

10. Cerillo, A. G., Mariani, M., Berti, S., & Glauber, M. (2012). Sizing
the aortic annulus. Annals of Cardiothoracic Surgery, 1(2), 245–
256. https://doi.org/10.3978/j.issn.2225-319X.2012.06.13.

11. Capelli, C., Bosi, G. M., Cerri, E., Nordmeyer, J., Odenwald, T.,
Bonhoeffer, P., et al. (2012). Patient-specific simulations of trans-
catheter aortic valve stent implantation. Medical & Biological
Engineering & Computing, 50(2), 183–192. https://doi.org/10.
1007/s11517-012-0864-1.

12. McGee, O. M., Gunning, P. S., McNamara, A., & McNamara, L.
M. (2018). The impact of implantation depth of the Lotus valve on
mechanical stress in close proximity to the bundle of His.
Biomechanics and Modeling in Mechanobiology. https://doi.org/
10.1007/s10237-018-1069-9.

13. Auricchio, F., Conti, M., Morganti, S., & Reali, A. (2014).
Simulation of transcatheter aortic valve implantation: a patient-
specific finite element approach. Computer Methods in

Biomechanics and Biomedical Engineering, 17(12), 1347–1357.
https://doi.org/10.1080/10255842.2012.746676.

14. Morganti, S., Brambilla, N., Petronio, A. S., Reali, A., Bedogni, F.,
&Auricchio, F. (2016). Prediction of patient-specific post-operative
outcomes of TAVI procedure: the impact of the positioning strategy
on valve performance. Journal of Biomechanics, 49(12), 2513–
2519. https://doi.org/10.1016/j.jbiomech.2015.10.048.

15. Bianchi, M., Marom, G., Ghosh, R. P., Fernandez, H. A., Taylor, J.
R., Jr., Slepian, M. J., et al. (2016). Effect of balloon-expandable
transcatheter aortic valve replacement positioning: a patient-
specific numerical model. Artificial Organs, 40(12), E292–e304.
https://doi.org/10.1111/aor.12806.

16. Rocatello, G., El Faquir, N., De Santis, G., Iannaccone, F.,
Bosmans, J., De Backer, O., et al. (2018). Patient-specific computer
simulation to elucidate the role of contact pressure in the develop-
ment of new conduction abnormalities after catheter-based implan-
tation of a self-expanding aortic valve.Circulation. Cardiovascular
Interventions, 11(2), e005344. https://doi.org/10.1161/
circinterventions.117.005344.

17. Bosmans, B., Famaey, N., Verhoelst, E., Bosmans, J., & Vander
Sloten, J. (2016). Avalidated methodology for patient specific com-
putational modeling of self-expandable transcatheter aortic valve
implantation. Journal of Biomechanics, 49(13), 2824–2830.
https://doi.org/10.1016/j.jbiomech.2016.06.024.

18. de Jaegere, P., De Santis, G., Rodriguez-Olivares, R., Bosmans, J.,
Bruining, N., Dezutter, T., et al. (2016). Patient-specific computer
modeling to predict aortic regurgitation after transcatheter aortic
valve replacement. JACC: Cardiovascular Interventions, 9(5),
508–512. https://doi.org/10.1016/j.jcin.2016.01.003.

19. Mao, W., Wang, Q., Kodali, S., & Sun, W. (2018). Numerical para-
metric study of paravalvular leak following a transcatheter aortic
valve deployment into a patient-specific aortic root. Journal of
Biomechanical Engineering, 140(10). https://doi.org/10.1115/1.
4040457.

20. Bianchi, M., Marom, G., Ghosh, R. P., Rotman, O. M., Parikh, P.,
Gruberg, L., et al. (2018). Patient-specific simulation of transcath-
eter aortic valve replacement: impact of deployment options on
paravalvular leakage. Biomechanics and Modeling in
Mechanobiology. https://doi.org/10.1007/s10237-018-1094-8.

21. Schultz, C. J., Rodriguez-Olivares, R., Bosmans, J., Lefèvre, T., De
Santis, G., Bruining, N., et al. (2016). Patient-specific image-based
computer simulation for the prediction of valve morphology and
calcium displacement after TAVI with the Medtronic CoreValve
and the Edwards SAPIEN valve. EuroIntervention, 11(9), 1044–
1052. https://doi.org/10.4244/EIJV11I9A212.

22. Bailey, J., Curzen, N., & Bressloff, N. W. (2016). Assessing the
impact of including leaflets in the simulation of TAVI deployment
into a patient-specific aortic root. Computer Methods in
Biomechanics and Biomedical Engineering, 19(7), 733–744.
https://doi.org/10.1080/10255842.2015.1058928.

23. Finotello, A., Morganti, S., & Auricchio, F. (2017). Finite element
analysis of TAVI: impact of native aortic root computational model-
ing strategies on simulation outcomes. Medical Engineering &
Physics, 47, 2–12. https://doi.org/10.1016/j.medengphy.2017.06.
045.

24. Sinning, J. M., Stundl, A., Pingel, S., Weber, M., Sedaghat, A.,
Hammerstingl, C., et al. (2016). Pre-procedural hemodynamic sta-
tus improves the discriminatory value of the aortic regurgitation
index in patients undergoing transcatheter aortic valve replacement.
JACC. Cardiovascular Interventions, 9(7), 700–711. https://doi.
org/10.1016/j.jcin.2015.12.271.

25. Sellers, R. D., Levy, M. J., Amplatz, K., & Lillehei, C. W. (1964).
Left retrograde cardioangiography in acquired cardiac disease: tech-
nic, indications and interpretations in 700 cases. The American
Journal of Cardiology, 14, 437–447.

J. of Cardiovasc. Trans. Res.

Author's personal copy

https://doi.org/10.1056/NEJMoa1514616
https://doi.org/10.1056/NEJMoa1514616
https://doi.org/10.1093/eurheartj/ehw225
https://doi.org/10.1093/eurheartj/ehw225
https://doi.org/10.1056/NEJMoa1103510
https://doi.org/10.1056/NEJMoa1103510
https://doi.org/10.1016/j.jcct.2017.08.003
https://doi.org/10.1016/j.jcin.2015.09.036
https://doi.org/10.1016/j.jcin.2015.09.036
https://doi.org/10.1161/circinterventions.111.967349
https://doi.org/10.1161/circinterventions.111.967349
https://doi.org/10.11909/j.issn.1671-5411.2016.06.004.
https://doi.org/10.11909/j.issn.1671-5411.2016.06.004.
https://doi.org/10.1016/j.jacc.2010.06.035
https://doi.org/10.1016/j.jacc.2010.06.035
https://doi.org/10.1002/ccd.25765
https://doi.org/10.1002/ccd.25765
https://doi.org/10.3978/j.issn.2225-319X.2012.06.13.
https://doi.org/10.1007/s11517-012-0864-1
https://doi.org/10.1007/s11517-012-0864-1
https://doi.org/10.1007/s10237-018-1069-9
https://doi.org/10.1007/s10237-018-1069-9
https://doi.org/10.1080/10255842.2012.746676
https://doi.org/10.1016/j.jbiomech.2015.10.048
https://doi.org/10.1111/aor.12806
https://doi.org/10.1161/circinterventions.117.005344.
https://doi.org/10.1161/circinterventions.117.005344.
https://doi.org/10.1016/j.jbiomech.2016.06.024
https://doi.org/10.1016/j.jcin.2016.01.003
https://doi.org/10.1115/1.4040457
https://doi.org/10.1115/1.4040457
https://doi.org/10.1007/s10237-018-1094-8
https://doi.org/10.4244/EIJV11I9A212
https://doi.org/10.1080/10255842.2015.1058928
https://doi.org/10.1016/j.medengphy.2017.06.045
https://doi.org/10.1016/j.medengphy.2017.06.045
https://doi.org/10.1016/j.jcin.2015.12.271
https://doi.org/10.1016/j.jcin.2015.12.271


26. van Gils, L., Wohrle, J., Hildick-Smith, D., Bleiziffer, S.,
Blackman, D. J., Abdel-Wahab, M., et al. (2018). Importance of
contrast aortography with lotus transcatheter aortic valve replace-
ment: a post hoc analysis from the RESPOND Post-Market Study.
JACC. Cardiovascular Interventions, 11(2), 119–128. https://doi.
org/10.1016/j.jcin.2017.10.016.

27. Youden, W. J. (1950). Index for rating diagnostic tests. Cancer,
3(1), 32–35.

28. Blackman, D. J., Meredith, I. T., Dumonteil, N., Tchetche, D.,
Hildick-Smith, D., Spence, M. S., et al. (2017). Predictors of
paravalvular regurgitation after implantation of the fully
repositionable and retrievable lotus transcatheter aortic valve (from
the REPRISE II trial extended cohort). The American Journal of
Cardiology, 120(2), 292–299. https://doi.org/10.1016/j.amjcard.
2017.04.026.

29. Fujita, B., Kutting, M., Seiffert, M., Scholtz, S., Egron, S.,
Prashovikj, E., et al. (2016). Calcium distribution patterns of the
aortic valve as a risk factor for the need of permanent pacemaker
implantation after transcatheter aortic valve implantation.
European Heart Journal Cardiovascular Imaging, 17(12), 1385–
1393. https://doi.org/10.1093/ehjci/jev343.

30. Kawashima, T., & Sasaki, H. (2011). Gross anatomy of the human
cardiac conduction system with comparative morphological and
developmental implications for human application. Annals of
Anatomy, 193(1), 1–12. https://doi.org/10.1016/j.aanat.2010.11.
002.

31. Kawashima, T., & Sato, F. (2014). Visualizing anatomical evi-
dences on atrioventricular conduction system for TAVI.
International Journal of Cardiology, 174(1), 1–6. https://doi.org/
10.1016/j.ijcard.2014.04.003.

32. Russ, C., Hopf, R., Hirsch, S., Sundermann, S., Falk, V., Szekely,
G., et al. (2013). Simulation of transcatheter aortic valve implanta-
tion under consideration of leaflet calcification. Conference
Proceedings: Annual International Conference of the IEEE
Engineering in Medicine and Biology Society, 2013, 711–714.
https://doi.org/10.1109/embc.2013.6609599.

J. of Cardiovasc. Trans. Res.

Author's personal copy

https://doi.org/10.1016/j.jcin.2017.10.016
https://doi.org/10.1016/j.jcin.2017.10.016
https://doi.org/10.1016/j.amjcard.2017.04.026
https://doi.org/10.1016/j.amjcard.2017.04.026
https://doi.org/10.1093/ehjci/jev343
https://doi.org/10.1016/j.aanat.2010.11.002
https://doi.org/10.1016/j.aanat.2010.11.002
https://doi.org/10.1016/j.ijcard.2014.04.003
https://doi.org/10.1016/j.ijcard.2014.04.003
https://doi.org/10.1109/embc.2013.6609599

	The...
	Abstract
	Introduction
	Materials and Methods
	Population
	Computer Modelling
	Data Analysis
	Statistical Analysis

	Results
	Discussion
	Study Limitations
	Conclusions
	References


