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Abstract

Objectives: In aortic valve replacement (AVR), the treatment strategy as well as the
model and size of the implanted prosthesis have a major impact on the postoperative
hemodynamics and thus on the clinical outcome. Preinterventional prediction of
the hemodynamics could support the treatment decision. Therefore, we performed
paired virtual treatment with transcatheter AVR (TAVI) and biological surgical
AVR (SAVR) and compared hemodynamic outcomes using numerical simulations.
Methods: 10 patients with severe aortic stenosis (AS) undergoing TAVI
were virtually treated with both biological SAVR and TAVI to compare post-
interventional hemodynamics using numerical simulations of peak-systolic flow.
Virtual treatment procedure was done using an in-house developed tool based on
position-based dynamics methodology, which was applied to the patient's anat-
omy including LVOT, aortic root and aorta. Geometries were automatically seg-
mented from dynamic CT-scans and patient-specific flow rates were calculated
by volumetric analysis of the left ventricle. Hemodynamics were assessed using
the STAR CCM+ software by solving the RANS equations.

Results: Virtual treatment with TAVI resulted in realistic hemodynamics com-
parable to echocardiographic measurements (median difference in transvalvu-
lar pressure gradient [TPG]: —0.33mm Hg). Virtual TAVI and SAVR showed
similar hemodynamic functions with a mean TPG with standard deviation of
8.45+4.60mmHg in TAVI and 6.66 +3.79 mm Hg in SAVR (p = 0.03) while max.
Wall shear stress being 12.6 +4.59 vs. 10.2+4.42Pa (p = 0.001).

Conclusions: Using the presented method for virtual treatment of AS, we were
able to reliably predict post-interventional hemodynamics. TAVI and SAVR show

similar hemodynamics in a pairwise comparison.
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1 | BACKGROUND

In developed countries, aortic stenosis (AS) is the third most
frequent cardiovascular disease, with only coronary artery
disease and systemic arterial hypertension being more com-
mon." While being low in the young population, prevalence
rises with age, resulting in 1 in 8 people being affected at the
age of 75 or older.”> AS can remain asymptomatic for years
and at this stage has a relatively low risk of sudden death
of approximately 1% per year.>* However, when symptoms
occur, the risk increases abruptly, resulting in three-quarters
of patients dying within 3years if untreated.” For symptom-
atic, hemodynamically severe AS, aortic valve replacement
(AVR) is the only effective treatment.

AVR can be performed using two techniques: Surgical
aortic valve replacement (SAVR) in which the aortic
valve (AV) is replaced by a mechanical or biological
valve prosthesis or transcatheter aortic valve implan-
tation (TAVI) in which a biological valve prosthesis
mounted on a stent is implanted via minimal invasive
catheter. The decision as to which procedure to use must
be weighed individually and depends on many factors,
such as surgical risk, the need for anticoagulation, or the
patient's age and personal preference. While SAVR has
been the standard procedure for symptomatic severe AS
for 50years, TAVI was established in the last 10years as
an alternative procedure for patients with high or pro-
hibitive operative risk. The reason for TAVI's limitation
in use mainly lies in the lack of data on its long-term
reliability. In recent years, however, a trend toward TAVI
has been observed. In the United States, about 30% of all
AVR are already performed via TAVI-technique, while
in Germany TAVI has overtaken SAVR as the definitive
treatment for AS (2 out of 3 treatments).*’ In terms of
hemodynamic function like transvalvular pressure gra-
dient (TPG) or paravalvular leakage ambiguous results
have been published, with some studies reporting SAVR
to be superior in terms of hemodynamics and others fa-
voring TAVLS !

For further studies in this field, an age-matched com-
parative study would be ideal from a statistical point of
view but does not seem to be reasonable from a clinical
point of view, as patient cohorts mostly differ due to the
differences in each procedure's inclusion criteria, lead-
ing to an unequal baseline regarding anatomy and phys-
iology."> Therefore, our goal was to pairwise compare
hemodynamics of patients, virtually treated with both
procedures—TAVI and SAVR. For this, the patient's anat-
omy was segmented from computed tomography (CT)
image data and virtual aortic valve replacement was per-
formed using an in-house developed tool. Finally, patient-
specific hemodynamics were calculated numerically and
compared for each valve in a paired analysis.

Organs

2 | METHODS

2.1 | Cohort description
The dataset used in this study was obtained from a ret-
rospective study published earlier."® Briefly, these are
patients suffering from severe aortic valve stenosis who
underwent TAVI-procedure at the German Heart Center
Berlin between February and April 2019. The dataset con-
tains spatially and temporally highly resolved Computed
Tomography (CT) images and post-interventional meas-
urements of the trans-valvular blood velocity done via
Doppler echocardiography from 10 patients (9 female).
The patients' baseline characteristics are shown in Table 1.
The study was registered at ClinicalTrials.gov
(NCT04600739) and was approved by the internal review
board (EA2/174/19). Individual informed consent was
waived by the IRB due to the retrospective nature of this
study.

2.2 | Data preparation
For each case, the anatomy of the left ventricle, AV and
aorta during the end-systolic phase was reconstructed
from CT-data using an approach described earlier."*
The reconstructed geometry was smoothed and checked
for intersections, manifolds and holes using Meshmixer
(v. 11.0.544, Autodesk, California, USA). Further, the left
ventricle was cut at the level of the left ventricular outflow
tract and the AV leaflets were removed for virtual valve
replacement as described later.

To evaluate hemodynamics after virtual valve re-
placement, numerical simulations were performed using
patient-specific flow rates.

TABLE 1 Patient's baseline characteristics

Median [25th-75th

Parameter percentile]

Female sex, n (%) 9(90)

Age [years] 82 [79-87]

Body surface area [m?] 1.58 [1.48-1.77]

Heart rate [bpm] 71 [64-81]

Transvalvular v, [m/s] 4.1[3.5-4.6]

Echo-measured mean transvalvular 47 [31-50]
pressure gradient [mm Hg]

Catheter-measured peak systolic 57 [41-71]
pressure gradient [mm Hg|

Aortic valve insufficiency, n (%) 5(50)

Mitral valve insufficiency, n (%) 9 (90)

Left ventricular ejection fraction (%) 60 [60-67]
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For this, the volumetric change in the LV during the
systolic phase was calculated by segmenting the LV for
each phase and calculating the differences in volume be-
tween phases. The change in volume was then divided
by the time step between two subsequent phases and the
highest value representing peak systolic flow was chosen.
In case of a concomitant mitral valve insufficiency (MI),
regurgitation was considered by reducing aortic flow by
10%, 30% and 50% for mild, moderate, and severe MI.
The narrowest area of the virtual implanted protheses in
fully opened stage determined the geometric orifice area
(GOA).

For each geometry, a centerline was created using
ZIBAmira (v. 2015.28, Zuse Institute Berlin, Berlin,
Germany). The centerline was required for the placement
of the prothesis within the aortic root during virtual AVR
as well as for analysis of the hemodynamics (static pres-
sure and wall shear stress).

2.3 | Virtual aortic valve replacement

For virtual AVR, geometric representations of TAVI and
SAVR protheses were generated. For TAVI, models of the
real procedures were used while for SAVR the Carpentier-
Edwards Magna Ease prosthesis was used (see Figure 1).
Prosthesis size was determined by a cardiac surgeon after
analyzing the CT-data using 3mensio (Pie Medical Imaging
BV, Maastricht, the Netherlands) in the following way:
Annulus dimensions were assessed by marking the three
nadirs of the aortic valve and measuring the resulting area.
The area-derived diameter was used to estimate the prothe-
sis size. Additionally, anatomical features like calcifications
or ovality of the anulus were considered as well as surgical

specifics like the supra-annular placement of the prosthesis.
For the reconstruction of the prostheses, a micro-scan of the
SAPIEN 3 prothesis size 23 and 29 in open position was done
using a multi-slice spiral CT scanner (Somatom Definition
Flash, Siemens Healthineers, Erlangen, Germany). The
spatial resolution used for reconstruction was 0.252mm
X 0.252 mm in-plane resolution and 0.75 mm slice thickness.
The valve's geometry was reconstructed from the CT-data
using ZIBAmira. Since only one SAPIEN 3 prosthesis was
available as a model for reconstruction, the other prostheses
and sizes used in the intervention were estimated by scaling
the SAPIEN's geometry according to the dimensions given
by the manufacturers. Representations of the Carpentier-
Edwards Magna Ease (Figure 1) were generated as de-
scribed in Hellmeier et al." For virtual AVR-procedure, two
free edge loops were added to the annular base of the valve,
projecting above and below the valve as cylinder-shaped
extensions, enabling a merging to the aorta's geometry and
achieving the correct mesh topology.

To generate geometries for the flow simulation we used
the approach presented by Walczak et al.’® As input, tri-
angle meshes of the aorta and the valve model, as well
as the aorta’s centerline, were required. The valve model
was placed along the centerline and transformed from its
local coordinate system to the local TNB frame (tangent,
normal, binormal) of the centerline to achieve an initial
orientation in world coordinates. Movements in the plane
originating at the centerline position, spanned by normal
and binormal were available as well as rotations around
the TNB axis to place the valve prosthesis model in the
aortic root.

After placement of the valve, merging was achieved as
follows (Figure 2): Rays originating from the valve's edge
vertices were cast radially outwards till intersecting with

Case-ID 1 2 3 4 5 6 7 8 9 10
TAVI Evolut Evolut SAPIEN 3 Evolut SAPIEN 3 Evolut Evolut Evolut Evolut | ALLEGRA
PRO 26 PRO 26 23 PRO 29 26 PRO 26 R 26 PRO 26 PRO 26 23
SAVR* 21 mm 23 mm 21 mm 23 mm 25 mm 19 mm 21 mm 23 mm 21 mm 19 mm

* Carpentier-Edwards Magna Ease was used for all cases

FIGURE 1 Models and sizes of AVR used in this study. From left to right: Edwards Sapien S3 (Edwards Lifesciences, California, U.S),
Medtronic CoreValve Evolut PRO / R (Medtronic plc, Dublin, Ireland), new valve technology Allegra (NVT AG, Morges, Switzerland),
Carpentier-Edwards magna ease (Edwards Lifesciences, California, USA).
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the aortic mesh. For 1-to-1 mapping of the edge loop's ver-
tices and their projections on the aorta, the paths between
vertices were post-processed using edge flipping and edge
contraction and elements on a path between two projected
points were removed. Afterwards, mesh elements between
both projected edge loops were removed, bisecting the aortic
mesh into a part anterior and a part posterior to the valve's
loop. To merge the vertices of the edge loops and the pro-
jections, the aorta was modeled as a soft body with elastic
properties, whereas the rays cast were modeled as contract-
ing springs with a rest length of zero. In addition, a pressure
force was applied to deform the aortic mesh in a user-defined
region. Once the projected vertices were converged to their
target position of the valve edge loop vertices, deformation
stopped, and both meshes were merged into one. The result-
ing mesh is topologically consistent and exhibits a smooth
transition from the ring-shaped base of the valve to the aorta.
In the following, virtually implanted TAVI cases will be ab-
breviated as TAVI,;; and SAVR as SAVR ;,, respectively.

2.4 | Numerical simulation

Numerical calculations of patient-specific hemodynam-
ics were performed using Simcenter STAR-CCM+ (v.
15.02.007, Siemens PLM Software Inc., Texas, USA),
which uses a finite volume discretization to solve the
Navier-Stokes equations. Polyhedral volume meshes
were created using the integrated meshing algorithm as
described earlier'*: For all cases a base size of 0.4mm was
set, as found to be sufficient in the mesh-independence
study (Figure S1). The boundary regions of the aorta wall
and the prosthesis were refined using a prism layer con-
sisting of 7 cells (initial thickness: 0.13 mm, 20% increase
for each layer) to correctly calculate near-wall flow and
wall-shear stress. The resulting meshes had a cell count of
3 to 5 Mio cells and was of good quality according to the
mesh-quality metrics: cell quality, cell aspect ratio, skew-
ness angle and volume change (Table S1).

FIGURE 2 Virtual aortic valve
replacement. Positioning of the valve
model within the aortic root (left).
Merging process of valve and aorta
(middle). Final geometry used for
numerical simulation (right).
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At the inlet, the patient-specific peak-systolic mass
flow rate based on CT-data was applied. Vessel walls were
defined as rigid with a no-slip condition. The end of the
descending aorta was defined as a flow split outlet bound-
ary. An implicit steady-state solver was used. Density of
blood was set to p = 1050kg/m’. Dynamic viscosity was
modeled using the generalized Carreau-Yasuda model
with parameters for blood proposed by Abraham et al."’
The threshold kinematic viscosity of the viscosity model
was set to # = 0.0035Pa s. Turbulence was modeled using
the shear-stress transport (SST) k-omega solver.

To evaluate the hemodynamic function, we analyzed
the numerically calculated max. TPG and max. Wall shear
stress (WSS) at peak-systolic flow. For TPG, cross-sectional
averaged pressure was measured upstream of the valve
within the smallest diameter in the region between LVOT
and AV as well as in the ascending aorta, at the position
where the pressure recovery was maximal due to the de-
celeration of blood. Max. TPG was calculated as the differ-
ence of both values. For analysis of the wall shear stress
both the maximum value of the surface averaged WSS and
its position were examined.

2.5 | Statistics
Differences between the prosthesis geometric valve area,
max. TPG, and max. WSS were tested for significance.
Here, the differences were tested for normal distribution
using the Shapiro-Wilk test. Normally distributed data
was represented as mean with standard deviation, oth-
erwise as median and interquartile range [IQR]. In case
of normal distribution, a paired-samples t-test was used.
Otherwise, differences were tested using a Wilcoxon
signed-rank test. All tests were done using SPSS Statistics
(v. 25, IBM, Armonk, New York, USA).

Measurement of the GOA revealed a significantly smaller
orifice area in TAVI;, than in SAVR;, (median and inter-
quartile range (IQR) of 1.85 [0.21] cm® vs. 2.25 [0.57]cm?,
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p = 0.005). This contrasts with findings of Pibarot et al stat-
ing that in patients with comparable anulus diameter, the
orifice area of TAVI and SAVR does not differ.® Since selec-
tion of SAVR size based on MDCT usually results in an over-
sizing of at least one size,'>'® we decided to virtually implant
each patient with a SAVR prosthesis one size smaller than
the one originally selected, except for cases 7 and 15, since
the narrowest prosthesis was already selected here.

3 | RESULTS

Using the method described above, we were able to merge
prosthesis and aorta representation successfully and per-
form numerical calculations. The median of GOA was 1.85
[0.21] cm*in TAVI,;, and 1.87 [0.38] cm” in SAVR,;,, while
being comparable (p = 0.501). Mean and standard devia-
tion of patient-specific flow rate was 251.5+74.35ml/s.
To verify simulations, we compared post-interventional
TPG in TAVI,, with clinical echocardiographic TPG,,,,
measured within 3days after intervention. As shown in
Figure 3 simulated TAVI,;,, showed good agreement with

Bland-Altman Plot for TAVI;, TPG
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FIGURE 3 Differences in TPG between TAVI,;, and real TAVI

TABLE 2 Post-procedural hemodynamics in TAVI;, and SAVR;

Echocardiographic TAVI,;,;: TPG,

Case ID TPG,, .., mmHg mm Hg
1 31 4.09

2 11 7.39

3 - 7.2

4 6 6.91

5 12 12.5

6 18 9.67

7 9.5 1.66

8 10.1 9.77

9 17.8 18.38
10 7.2 6.94

Abbreviations: TPG, transvalvular pressure gradient; WSS, wall shear stress.

real TAVI regarding TPG. The median difference between
echocardiographic measured TPG and simulated TPG was
0.33mmHg. Only in one case a difference higher than
10mm Hg between TAVI,,, and real TAVI was observed.
Patient 3 died shortly after the intervention before hemody-
namics were evaluated. Overall virtual treatment resulted in
a significantly reduced TPG compared to pre-interventional
measurements (paired ¢-test: p = 0.001). Echocardiographic
TPG,,.x decreased from 67.1+2420mmHg to
8.45+4.60mm Hg in simulated TAVI,;,. TPG was compa-
rable to TAVI in SAVR;,; with a TPG of 6.66+3.79mm Hg
(p = 0.03), as can be seen in Table 2.

Simulated max. WSS was 12.58+4.59Pa vs.
10.22+4.42Pa for TAVI,, and SAVR,;,, (paired t-test:
p = 0.001). The distance of the position of highest WSS to
the anulus plane did not differ substantially between the
procedures being between 51 mm and 74 mm posterior to
the valve. As shown in Figure 4, the jet passing through
the aortic valve was mostly slightly narrower in TAVI,;,
and in average had a higher velocity compared to SAVR ;.
In some SAVR,;, cases vortices can be observed anterior
to the valve, indicating a suboptimal transition from aorta
to prosthesis.

4 | DISCUSSION

Using the described approach for virtual treatment of AVR-
patients, we were able to simulate post-interventional
hemodynamics and compare the hemodynamic functions
of TAVI and SAVR in a pairwise manner. The virtual treat-
ment led to promising results, significantly reducing TPG
compared to pre-interventional data. Post-interventional
TPG agreed well between TAVI,;, and real TAVI with
the difference between both procedures being less than
10mm Hg in all cases, except for case 1. In this patient, a

SAVR,;,; TPG, TAVI,;, max. WSS, SAVR,; max.

mm Hg pa WSS, pa
3.93 8.63 7.50
4.30 10.94 7.0
7.83 14.77 9.61
5.32 10.55 9.34
6.75 15.57 11.93
8.76 14.39 12.78
1.45 4.28 3.57
5.22 12.57 8.61

15.53 21.6 20.12
7.52 12.46 11.74
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FIGURE 4 Patient-specific
hemodynamics visualized using
streamlines. Cases virtually treated

with TAVI (right) show slightly higher
velocities than cases virtually treated with
SAVR (left).

relatively high postinterventional TPG of 31 mm Hg was
observed, suggesting errors during the echocardiographic
procedure or challenges during the intervention which
were not reflected in the virtual treatment and therefore
possibly explaining the high differences in TPG.
Unfortunately, no post-interventional measurements
on the TAVI's EOA were available. Therefore, an addi-
tional verification of TAVI,, based on the orifice area
was not possible. However, there are several studies that
have focused on TAVI's performance including EOA.
Hahn et al e.g., evaluated hemodynamics of different
TAVI models based on data from thousands of patients."

Gl W LEY

Compared to this data the orifice area from our study
is exclusively higher in all models (1.45+0.26cm? vs.
1.97cm? and 1.74+0.35cm? vs. 2.45cm? for the Sapien
and 1.69+0.40cm® vs. 1.85cm? and 1.97+0.54cm” vs.
2.34cm?” for the Evolut Pro). However, it is important to
note that Hahn et al referred to the effective orifice area
which is known to be significantly larger than the geomet-
ric orifice area, used in our study.19’20 Nevertheless, risk re-
mains that the forced, complete opening of the prosthesis
during virtual treatment was not done to this extent in the
real procedure and TAVI,,, therefore displays an idealized
hemodynamics.
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Hemodynamics highly affect the treatment outcome
of AVR-patients and are used as a marker for the inter-
vention's success.”** In addition to paravalvular leak,
TPG is the main parameter to judge the success of the
procedure and to estimate the patient's outcome.*"*
Further, high WSS is known to promote the formation
of aortic dilatation and aneurysms.* It is recommended
to perform echocardiography before discharge or within
30days after valve implantation as well as 1year after
valve implantation to evaluate for hemodynamic func-
tion.*® Knowledge of prothesis-depending post-treatment
hemodynamics could support treatment decisions by
providing information about valve function before sur-
gery, potentially preventing reinvention. There are sev-
eral studies showing that hemodynamics differs between
patients receiving SAVR and patients receiving TAVL.**!!
A direct comparison of the hemodynamic function of
the prostheses, however, appears to be of limited value,
since patient cohorts differ based on (previous) clinical
guidelines that recommend TAVI only for high-risk pa-
tients who are older and more fragile by nature. These pa-
tients tend to have a lower cardiac outcome and therefore
a lower trans-valvular velocity and lower TPG. But there
is a trend toward the use of TAVI in younger and health-
ier patients as more results about long-term reliability of
TAVI are gained and guidelines are adjusted. For example,
the recently published PARTNER 3 Trial demonstrated
equivalence of TAVI over SAVR in patients at low and in-
termediate surgical risk regarding serious adverse events
within 2years after intervention, suggesting the suitabil-
ity of TAVI also for this cohort.?® Therefore, an increased
overlap of patient populations is to be expected, which
motivated our study. Our findings show, that SAVR re-
sults in comparable values for TPG and max. WSS when
directly compared against TAVI. Unfortunately, no data
about echocardiography measured EOA was available for
the patients. Therefore, no further validation based on
the orifice area was possible.

A known challenge associated with AVR is patient-
prothesis-mismatch (PPM), meaning that the replaced
valve is too small for the patient. Classification of PPM is
based on the indexed effective orifice area, which is de-
fined as the effective orifice area of the prosthesis nor-
malized to the body surface. A meta-analysis of 34 studies
showed that PPM was present in 44% of all patients who
underwent AVR, of which 9.8% were severe, making it
a widespread issue.”’ PPM is associated with structural
valve degeneration and an increase in all-cause and
cardiac-related mortality.””-*® If a potential risk for PPM
is identified during AVR planning, it can be prevented ac-
cording to Pibarot by (1) choosing a newer generation of
prosthetic with improved hemodynamic; (2) enlarging the
aortic root or annulus to allow a larger prosthetic valve to

fit; or (3) performing TAVI rather than SAVR as PPM is
more common in surgical AVR.” Our results are partly
in contrast to this recommendation since choosing TAVI
over biological SAVR would not improve hemodynam-
ics. Further studies need to be done on a larger number
of patients with a comparable baseline between TAVI and
SAVR patients. However, there are scenarios where our
results may already help in the decision-making process.
For example, in patients at risk of PPM in whom a normal
TAVI procedure is not feasible, e.g., because of severe ath-
erosclerosis, our results could favor SAVR in combination
with a root dilation over transapical TAVI.

4.1 | Limitations

In this study, we analyzed a small cohort of 10 patients, 9
of whom were women. With a median age of 82 years and
median weight of 54.5 kilograms patients were rather old
and frail not representing the whole range of AS patients.
Therefore, it stays uncertain whether these preliminary
results can be generalized to all patients suffering from
AS. The geometric representations of the patient's aorta
and LVOT were done semi-automatically leaving the risk
of not being accurate enough. However, since the same
geometries were used for TAVL,;,, and SAVR;,,, the result-
ing error should be negligible.

Paravalvular leak (PVL), which is known to be more
frequent in TAVI than in SAVR and is associated with poor
outcome? was not analyzed in this study, since PVL does
not affect the investigated parameters. However, consider-
ing the function of a prothesis, PVL is rightfully important
and should be further investigated in future.

Pre-interventional sizing of SAVR remains chal-
lenging since there are several aspects that can only be
assessed during treatment, like, e.g., decalcification.
Basman et al, however, were able to correctly predict the
SAVR size in AS patients in 94% of cases using preop-
erative MSCT only.”® Whether the results of this small
study are generally valid should be verified in a larger
study.

5 | CONCLUSION

The study showed good results for virtual AVR with com-
parable values for TAVI and SAVR in terms of TPG and
max. WSS. Whether these results can be generalized to all
patients suffering from AS remains uncertain for now. It
is planned to conduct a larger, prospective study with a
more heterogeneous cohort in which virtual SAVR will be
validated against real SAVR and EOA will be used as an
additional validation parameter.
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