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We sought to assess the amount and distribution of force on the valve frame after transcatheter aortic valve
replacement (TAVR) via patient-specific computer simulation. Patients successfully treated with the self-
expanding Venus A-Valve and multislice computed tomography (MSCT) pre- and post-TAVR were retrospec-
tively included. Patient-specific finite element models of the aortic root and prosthesis were constructed. The
force (in Newton) on the valve frame was derived at every 3 mm from the inflow and at every 22.5° on each
level. Twenty patients of whom 10 had bicuspid aortic valve (BAV) were analyzed. The total force on the frame
was 74.9 N in median (interquartile range 24.0). The maximal force was observed at level 5 that corresponds
with the nadir of the bioprosthetic leaflets and was 9.9 (7.1) N in all patients, 10.3 (6.6) N in BAV and 9.7 (9.2) N
for patients with tricuspid aortic valve (TAV). The level of maximal force located higher from the native annulus
in BAV and TAV patients (8.8 [4.8] vs. 1.8 [7.4] mm). The area of the valve frame at the level of maximal force
decreased from 437.4 (239.7) mm? at the annulus to 377.6 (114.3) mm? in BAV, but increased from 397.5
(114.3) mm? at the annulus to 406.7 (108.9) mm? in TAV. The maximum force on the bioprosthetic valve frame
is located at the plane of the nadir of the bioprosthetic leaflets. It remains to be elucidated whether this may be

associated with bioprosthetic frame and leaflet integrity and/or function.

1. Introduction

At variance with surgical aortic valve replacement (SAVR), the
native aortic valve is not excised during transcatheter aortic valve
replacement (TAVR). During SAVR, fixation of the surgical valve con-
sists of suturing of a (most often) rigid frame into the aortic root while
during TAVR the bioprosthetic valve anchors within the aortic root due
to a complex and dynamic interaction between the valve and host.
Consequently, there is a continuous force between the valve frame and
the anatomy. The interaction between prosthesis and anatomy is at
multiple levels from the left ventricular outflow tract, aortic annulus,
aortic leaflets, sinotubular junction to the initial part of the ascending
aorta. The cusps have an average height of 15 mm measured on gross
samples (Jatene et al., 1999), thus accounting for a large proportion of
prosthesis-anatomy interaction and, hence, mutual force generation.

In practice, one may intentionally increase this force by oversizing

the prothesis in regard to the aortic annulus to minimize paravalvular
leak (PVL) and the risk of valve embolization (Blanke et al., 2014).
However, the empirical use of aortic annulus as the major reference for
sizing has been questioned (Xiong et al., 2018). Noncircular and under-
expansion of the valve frame is frequent (Zegdi et al., 2008). Excessive
force can also result in distortion of the bioprosthetic leaflets and
abnormal kinematics, leading to hypo-attenuated leaflet thickening
(Fuchs et al., 2017) and impaired durability of transcatheter aortic
valves (Bailey et al., 2017; Gunning et al., 2014). A detailed analysis of
the distribution of force within the valve frame is essential to further
understand where the potentially vulnerable regions are located and
what anatomical structures mainly exert forces to the device, but the
evidence is lacking.

An analysis from multislice computed tomography (MSCT) after
implantation of the cylinder-shape Lotus valve in patients with aortic
stenosis has demonstrated that the anatomy restricting the valve
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Fig. 1. Distribution of force on the longitudinal axis of valve frame. Panel (A) Design of the Venus A-Valve. Panel (B) Distribution of force within the valve frame
stratified by aortic valve morphology. Panel (C) Distribution of force within the valve frame stratified by calcification volume. Values presented in median and

interquartile range.

Table 1
Pre- and post-procedural MSCT measurements.

All (n = Bicuspid aortic Tricuspid aortic
20) valve (n = 10) valve (n = 10)
Native anatomy
Annulus Dinin, mm 20.6 22.9 (4.5) 18.7 (4.1)
(5.5)
Dmax, mMm 26.5 26.7 (6.2) 26.2 (4.1)
(5.1)
Perimeter, mm 73.4 76.6 (19.3) 72.7 (10.5)
(14.5)
Area, mm? 407.2 450.9 (239.7) 397.5 (114.3)
(183.0)
Eccentricity index 1.3(0.2) 1.2 (0.2) 1.4 (0.1)
Calcium volume, 531.5 804.5 (597.3) 361.0 (492.5)
mm® (695.0)
Procedure
Perimeter 15.0 12.8 (12.1) 19.3 (9.6)
oversizing, % (8.2)
Pre-dilatation, n 17 (85%) 10 (100%) 7 (70%)
(%)
Post-dilatation, n 11 (55%) 7 (70%) 4 (40%)
(%)
Depth of 8.1 (4.6) 7.6 (5.1) 8.1 (7.5)
implantation, mm
Frame geometry
Inflow Eccentricity index 1.1 (0.2) 1.1 (0.3) 1.1 (0.1)
Expansion, % 77.0 69.5 (34.3) 88.5 (21.7)
(30.1)
Nadir Eccentricity index 1.2 (0.2) 1.2 (0.2) 1.1 (0.1)
Expansion, % 81.0 77.7 (18.7) 87.5 (19.7)
(20.3)

(represented by the most significant waist on the valve) was at around 6
mm above the annulus (Xiong et al., 2019). Alternatively, biomechan-
ical interaction can be analyzed from in to vitro experiment (Mummert
et al., 2013). These approaches, however, are limited since they do not
incorporate neither the anatomy nor the physical properties of the pa-
tient’s anatomy. Yet, this has become possible with patient-specific
computer simulation in which the baseline anatomy is derived from
the patient’s baseline MSCT and during which the detailed anatomic/
geometric and mechanical properties of both the device and host are
incorporated in the simulation algorithm (Schultz et al., 2016; de Jae-
gere et al., 2016; Rocatello et al., 2018; Dowling et al., 2019; de Jaegere
et al.,, 2016). We sought to analyze the forces within the transcatheter
aortic valves through patient-specific computer simulation in this
exploratory study.

2. Material and methods
2.1. Patient population

This is a retrospective, single-center study including 20 patients with
aortic stenosis (10 with bicuspid aortic valve [BAV]), who have suc-
cessfully received TAVR and have MSCT pre- and post-TAVR during the
index hospitalization. The first-generation self-expanding Venus A-
Valve (Venus MedTech Inc., Hangzhou, China, Fig. 1A) was used
(Jilaihawi et al., 2015), which catered to the valve design to provide a
stronger radial force. BAV was classified by the TAVR operators on
MSCT according to the Sievers system (Sievers and Schmidtke, 2007), as
well as a TAVR-directed system (Jilaihawi et al., 2016). Pre-procedural
assessment of the aortic root from MSCT was performed with FluoroCT
3.0 (Circle Cardiovascular Imaging Inc., Calgary, Canada). The indica-
tion for TAVR was discussed by our multidisciplinary Heart Team. The
nadir of bioprosthetic leaflets of Venus A-Valve is at 12.9 mm, 13.6 mm,
16.2 mm and 16.0 mm above the inflow for its 23 mm (total height of
45.9 mm), 26 mm (total height of 49.9 mm), 29 mm (total height of 51.3
mm) and 32 mm (total height of 50.8 mm) valve, respectively. The se-
lection of prosthesis size was based on annular-sizing combined with
assessing supra-annular structures and balloon-sizing (Xiong et al.,
2018; Xu et al., 2020), left to operator’s discretion. The transfemoral
approach was the default access. Procedural details of TAVR have been
reported (Liao et al., 2018). All patients provided consent for anony-
mized data acquisition and analysis. The study protocol was approved
by our local institutional ethical committee.

2.2. Computer simulation

All MSCT scans were performed with a second-generation dual-
source CT system (SIEMENS SOMATOM Definition Flash; SIEMENS
Healthcare, Erlangen, Germany) prior to and following TAVR (Guo
et al., 2013). Prior to computer simulation, candidate MSCT scans were
reviewed to exclude those with significant artifacts or blooming effect
that deemed suboptimal for segmentation. Patient-specific computer
simulation was performed using FEops HEARTguide technology (FEops
NV, Ghent, Belgium), which has been described previously (de Jaegere
et al., 2016; Rocatello et al., 2018). All simulations in this current study
were conducted with the CE marked version under standard settings
(Rocatello et al., 2018). This technique has been shown to be able to
predict device-anatomy interaction in detail for both tricuspid and
bicuspid aortic stenosis (de Jaegere et al., 2019).

Patient-specific finite element models of the aortic root were con-
structed from pre-procedural MSCT imaging. The aortic wall, leaflets,
and calcium were modeled with differing mechanical properties (Dow-
ling et al., 2019). Calcification was measured at the default threshold of
850 Hounsfield units. For each patient, the position and depth of im-
plantation of the device have been derived from the post-procedural
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Fig. 2. Representative maps of force within the transcatheter aortic valves in bicuspid and tricuspid aortic valve. Panel (A) 26 mm and 29 mm Venus A-Valve in
patients with BAV. Panel (B) 26 mm and 29 mm Venus A-Valve in patients with tricuspid aortic valve.

MSCT, guaranteeing a reliable representation of the actual implant.
From the Finite Element Analysis simulation’s result, the force values
were extracted from the deformed configuration of the valve frame
(final step) along the radial direction, representing the force exerted by
the device that interacts with the different anatomical structures, being
aortic tissue, healthy valve tissue or calcified tissue. Rotational align-
ment was not included in the modelling process. The frame was divided
every 3 mm along with its longitudinal axis, and every 22.5° along the
circumferential direction, leading to 288 sectors, wherein the nodal
forces were summed, obtaining the values used in the present analysis.

Angulation exists between the long axis of valve frame and aortic
root. When comparing the native structures of the level of maximal force
and the native annulus, we resliced the frame at the same height but
parallel to the annulus for simplification. The modification is more
relevant to clinical practice since we assess the intra-leaflet structures
following the long axis of the aortic root. At the level of maximal force, a
further qualitative analysis was done to delineate possible anatomical

features that exerted significant force to the frame, as well as the
calculation of dimensional changes from the annulus to the ‘supra-
annulus’ (i.e. the shape and size of the valve frame at the level of
maximal force).

2.3. Frame geometry

Frame geometry on post-procedural MSCT was assessed at the frame
inflow and at the nadir of bioprosthetic leaflet. Eccentricity index was
calculated as the ratio of maximum and minimum diameter (Tchetche
et al., 2019). Frame expansion was determined as actual area/nominal
area x 100% (Kazuno et al., 2016).

2.4. Statistical analysis

Continuous variables are presented as median (interquartile range,
IQR). Categorical variables are presented as frequencies and
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Fig. 3. Distribution of force on the short axis of valve frame from level 4 to 6.
Values presented in median and interquartile range.

percentages. Given the nature and objective of study (assessment of
force within valve in a small sample of patients, in which data will be
shown for all and two small subgroups), no formal statistical analyses
have been performed.
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3. Results
3.1. Baseline, procedural details and MSCT measurements

The median age was 72.5 (IQR: 9.0) years and 9 were females. Of the
10 patients with BAV, three were classified as Type 1 and the other 7 as
Type O (i.e. 1 bicommissural raphe-type with coronary cusp fusion, 2
tricommissural type and 7 bicommissural non raphe-type). The Pre- and
post-procedural MSCT measurements are summarized in Table 1. Pa-
tients with BAV had a larger annulus with a larger amount of calcifi-
cation than tricuspid aortic valve (TAV) patients but with similar
annular eccentricity. Depth of implantation was similar but despite a
higher frequency of pre- and post-dilatation, the frame was less
expanded in BAV than TAV patients at the inflow and nadir but with
similar eccentricity of the frame. The transaortic gradient decreased
from 57 (IQR: 27) mmHg to 12 (IQR: 8) mmHg. No patient had more
than mild PVL but 3 patients underwent permanent pacemaker im-
plantation before discharge.

3.2. Distribution of force within Venus valve frame

The total force on the frame in all patients was 74.9 (IQR: 24.0) N,
68.5 (IQR: 27.5) N in BAV and 74.9 (IQR: 20.7) N in TAV respectively. A
representative map of force in BAV and TAV patients is shown in Fig. 2.
The distribution of force within the valve frame on its longitudinal axis is
shown in Fig. 1B and 1C. In all patients, the maximal force (F-max) was
located at level 5 corresponding with the nadir of the bioprosthetic
leaflets (9.9 [IQR: 7.1]1 N, 10.3 [IQR: 6.6] N in BAV and 9.7 [IQR: 9.2] N
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Fig. 4. Scatter plot illustrating relationship between the total force (level 4-6) and frame geometry at the level 5 (i.e. nadir of bioprosthetic leaflets). Panel (A)
Scatter plot between the sum of force from level 4 to 6 and frame expansion at the level of nadir. Panel (B) Scatter plot between the sum of force from level 4 to 6 and

frame eccentricity at the level of nadir.
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Fig. 5. Cross-sectional view illustrating the displacement of the native structures of the aortic root at the level of maximal force on valve frame. Calcium in grey and
leaflet tissue in pink. The yellow dot represents the location of maximal force. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)
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in TAV). A second peak of force was located at the outflow area of the
valve. The distance of the level of F-max and annulus was greater in BAV
than TAV patients (8.8 [IQR: 4.8] vs. 1.8 [IQR: 7.4] mm, Fig. 1B) but
BAV patients had a somewhat higher depth of implantation (Table 1).
Patients with greater calcium volume (i.e. > 530 mrn3, n = 9) had
numerically larger force at level 5 than patients with smaller calcifica-
tion volume (12.8 [IQR: 7.4] vs. 9.8 [IQR: 4.5] N, Fig. 1C). Fig. 3 shows
that the distribution of force (level 4-6) along the cross section of the
valve frame at the prespecified 22.5° increment is inhomogeneous. The
relation between total force from level 4 to 6 and frame geometry
(expansion and eccentricity) at nadir of bioprosthetic leaflets is illus-
trated in Fig. 4.

3.3. Displacement of native structures

Displacement of native aortic root structures at the level of maximal
force on the valve frame is illustrated in Fig. 5. The point of maximal
force on the level (i.e. the yellow dot) located either at a calcium deposit,
commissure or aortic wall. The valve frame in patients with TAV pushed
the native anatomy all the way to aortic wall more often than in patients
with BAV. The difference in dimension of the valve frame from annulus
to the level of F- max (i.e. the dimension at annulus minus the dimension
at F-max) was more pronounced in BAV than TAV patients (perimeter:
5.7 [IQR: 6.2] mm vs. —0.4 [IQR: 3.7] mm; area: 73.8 [IQR: 97.1] mm?
vs. —17.7 [IQR: 33.8] mmz), forming a tapered shape between the two
planes in BAV but tubular in TAV patients.

4. Discussion

The main findings of this study, using patient-specific computer
simulation to assess the force within the Venus valve after TAVR, are
that most of the force within the bioprosthesis is seen at the level cor-
responding with the nadir of bioprosthetic leaflets and is unequally
distributed along the cross-sectional axis. Calcium volume did not alter
the pattern of force distribution on the longitudinal axis of the frame, but
more calcium translated to larger force. A more pronounced tapering of
the valve frame was observed from annulus to the area of F-max and,
hence, a lesser degree of expansion in patients with BAV (higher calcium
load) despite more frequent pre- and post-dilatation and a higher degree
of oversizing than in patients with TAV. These findings stem from a
small single-center observational study that precludes firm conclusions
and in particular a valid comparison between patients with BAV and
TAV. Clinical consequences of the findings are left to be further studied.

Although the mutual force exerted by the valve on host tissue and
vice versa has never been studied in patient-specific anatomy, this force
is pivotal for proper anchoring of the prosthesis. Also, it is customary in
clinical practice to select a valve that is a bit larger than the native
annulus (i.e. oversizing) to ensure anchoring and to minimize PVL.
Consequently, the force on both the valve and tissue may unintention-
ally increase that in turn may affect frame and leaflet integrity, repre-
sented by frame under-expansion or ellipticity (Tchetche et al., 2019),
and also may be associated with clinical complications such as structural
valve deterioration due to the link between under-expansion and hypo-
attenuated leaflet thickening (Fuchs et al., 2017). The understanding of
the force distribution may serve to propose more refined sizing strate-
gies and, hence, less mechanical stress on prosthesis and host, thereby
improving durability and safety of TAVR (Xuan et al., 2020). The data of
this analysis demonstrate the mechanical interaction between the valve
frame and the base of the aortic root that includes the native leaflet.
Since these leaflets are not excised during TAVR, they also contribute to
the force generation within the valve frame. To what extent the annulus
itself and other structures of the aortic root such as the native leaflets
contribute to the force generation is unknown. Conceptually, this will
vary from patient to patient depending to dimensions, morphology and
calcium load of annulus and leaflets.

This is in line with proposals to include supra-annular structures of
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the aortic root in addition to the dimensions of the annulus itself for
sizing in patients with BAV (Iannopollo et al., 2020; Iannopollo et al.,
2019; Petronio et al., 2020; Xiong et al., 2018). Acknowledging the
small-scale observational nature of this study, we found that the valve
frame mobilized the supra-annular structures to a lesser extent in BAV
than in TAV patients. Also, the decrease in dimension of the bio-
prosthetic valve frame from inflow to level of F-max was more pro-
nounced, resulting in a lesser degree of expansion in BAV patients. It
supports a tailored sizing strategy in BAV morphology (Tarantini and
Fabris, 2021). Conceptually, this may also hold for TAV patients with
significant leaflet calcification. While in a preliminary state, patient-
specific computer simulation also showed promise to guide sizing in
both morphologies (Dowling et al., 2021; Dowling et al., 2020; El Faquir
et al., 2020).

The understanding of the force distribution within the valve frame
may be of particular value for self-expanding bioprostheses such as the
Medtronic Evolut platforms and the Venus valve used in this study. Their
design is such that the inflow portion containing the skirt to prevent PVL
is anchored in the base of the aortic root while the bioprosthetic leaflets
are in a supra-annular position in relation to the patient’s annulus. For
instance, the Evolut PRO valve has a skirt with a height of 13 mm and
requires a certain depth of implantation (in general at least 2-4 mm
below the patient’s annulus) to ensure coronary patency (Yudi et al.,
2018). Based upon the findings in this study that the level of F-max
exerted on the frame is at 6-8 mm above the annulus and given an ideal
position of the nadir of bioprosthetic leaflets at 6 mm above the annulus,
the depth of implantation should not exceed 5-7 mm. The findings, thus,
support the current practice that considers depth of implantation of 4-6
mm as optimal for self-expanding valves.

The main limitations of this study are its small-scale single center
nature and the retrospective selection of patients. It was underpowered
to perform formal statistical tests. A larger sample with a more
comprehensive data set would allow the analysis of the determinants of
force including aortic valve morphology plus the effects of force on long-
term valve and leaflet integrity/function. The retrospective nature af-
fects generalizability and external validity. Also, the data pertain to the
self-expanding Venus A-Valve. The applicability to other devices must
be confirmed.

5. Conclusions

Patient-specific finite element analysis helps to visualize and delin-
eate prosthesis-anatomy interactions after TAVR, thereby providing in-
sights into improving TAVR planning and subsequently long-term
outcome. Most of the force exerted by the anatomy was located at the
level of the nadir of the bioprosthetic leaflets, higher than the native
annulus. In patients with BAV, this was associated with a more pro-
nounced tapering in space from the annulus and less expansion of the
frame than TAV morphology.
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