
ORIGINAL RESEARCH

Patient-Specific Computer Simulation to Optimize Transcatheter Heart Valve Sizing 
and Positioning in Bicuspid Aortic Valve
Cameron Dowling, MBBS, PhD a, Robert Gooley, MBBS, PhDa, Liam McCormick, MBBS, MDa, Stephen J. Brecker, MDb, 
Sami Firoozi, MBBS (Hons)b, Vinayak N. Bapat, MBBS, MSc, Susheel K. Kodali, MDd, Omar K. Khalique, MDd, 
Jorn Brouwer, MD e, and Martin J. Swaans, MD, PhDe

aMonashHeart, Monash Health and Monash Cardiovascular Research Centre, Monash University, Melbourne, Australia; bCardiology Clinical 
Academic Group, St. George’s University of London and St. George’s University Hospitals NHS Foundation Trust, London, UK; cCenter for Valve and 
Structural Heart Disease, Minneapolis Heart Institute, Minneapolis, Minnesota, USA; dColumbia Structural Heart and Valve Center, Columbia 
University Medical Center, New York, New York, USA; eDepartment of Cardiology, St. Antonius Hospital, Nieuwegein, The Netherlands

ABSTRACT
Background: Outcomes of transcatheter aortic valve replacement (TAVR) in bicuspid aortic valve (BAV) might be improved 
through better transcatheter heart valve (THV) sizing and positioning. Patient-specific computer simulation may be used to 
identify an optimal THV size and implant depth that minimizes paravalvular regurgitation. We sought to examine whether the 
usage of optimal THV sizing and positioning would be associated with improved clinical outcomes.

Methods: A multi-center retrospective study was performed on patients who had undergone TAVR in BAV. Finite element models 
of the aortic root were created and then finite element analysis was performed using different THV sizes and implant depths. 
Computational fluid dynamics was undertaken. Patients were classified as having optimal THV sizing and positioning if the 
predicted paravalvular regurgitation of the computer simulation corresponding to the implanted THV size and implant depth was 
within 5 mL/sec of the best possible computer simulation, and non-optimal if not. Clinical outcomes were compared between the 
two patient groups.

Results: A total of 50 patients were included in the study. Paravalvular regurgitation severity was higher in patients where non- 
optimal THV sizing and positioning was used (P < 0.001). At 2 years, the Kaplan-Meier estimate of the rate of death from any cause 
was higher in the group where non-optimal THV sizing and positioning was used (34.5% vs. 9.1%; hazard ratio, 6.23; 95% 
confidence interval, 1.04 to 37.44; P = 0.02 by log-rank test).

Conclusion: Computer simulation suggests that the usage of optimal THV sizing and positioning might improve clinical outcomes 
of TAVR in BAV.

Abbreviations: AUC: area under the receiver operating characteristic curve; BAV: bicuspid aortic valve; BAVi: bicuspid aortic valve 
imaging; CI: confidence interval; CPI: contact pressure index; CT: computed tomography; TAVR: transcatheter aortic valve 
replacement; THV: transcatheter heart valve
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Introduction

Transcatheter aortic valve replacement (TAVR) has been 
demonstrated in multiple randomized controlled trials to be 
associated with a lower risk of death and disabling stroke, 
when compared to surgery, independent of baseline surgical 
risk.1 It is likely, therefore, that in time, TAVR will become 
the preferred treatment modality for the majority of patients 
with symptomatic severe tricuspid aortic valve stenosis, 
including those at low risk for surgery.

However, the majority of younger patients will have bicus-
pid aortic valve (BAV)2 and this patient group has been 
excluded from all randomized controlled trials comparing 
TAVR and surgery. Therefore, in the absence of randomized 
data directly comparing these two treatment modalities, 

careful patient selection by the Heart Team, based on clinical 
and perhaps more importantly, anatomical characteristics 
must remain paramount.

An emerging technology for assessing anatomical risk is 
patient-specific computer simulation. The technology has 
been retrospectively validated in both tricuspid3–5 and bicus-
pid aortic valves6,7 and prospective experience in both 
tricuspid8 and bicuspid aortic valves9 has recently been 
reported.

In this study we sought to investigate the role that patient- 
specific computer simulation might play in optimizing trans-
catheter heart valve (THV) sizing and positioning in BAV. 
Specifically, we hypothesized that clinical outcomes would be 
improved in patients where optimal THV sizing, as defined by 
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computer simulation, was used. Furthermore, we wished to 
use computer simulation to assess the differences in predicted 
paravalvular regurgitation between several different bicuspid 
sizing and positioning strategies.

Material and methods

A retrospective, multicentre study was performed on all bicus-
pid patients who underwent TAVR with the self-expanding 
Evolut R and Evolut PRO THVs (Medtronic, Minneapolis, 
Minnesota, USA) between August 2015 and November 2020. 
The study protocol was approved by a local research ethics 
committee and informed consent was deemed unnecessary.

Patient characteristics

Patient characteristics were obtained from the local electronic 
databases of the four participating study sites. National elec-
tronic records were reviewed in order to ascertain mortality 
status.

Cardiac computed tomography analysis

Cardiac computed tomography (CT) imaging was used to 
create aortic valve perpendicular plane and three- 
dimensional reconstructions with 3mensio Structural Heart 
version 9.1 (Pie Medical Imaging, Maastricht, Netherlands). 
Aortic valves were classified using the Sievers10 and TAVR- 
directed bicuspid aortic valve imaging (BAVi)11 systems. 
Aortic root dimensions,12 intercommissural distances13 and 
calcium volumes14,15 were recorded.

Computer simulation

Patient-specific computer simulation was performed using 
FEops HEARTguide technology (FEops NV, Ghent, Belgium) 
as has previously been described (Figure 1).6,16 Dedicated finite 
element models were developed for both Sievers Type 0 and 
Type 1 BAV. Computer simulation was performed with a THV 
based on perimeter-derived aortic annulus dimensions and 
further simulations were performed with a “downsized” THV. 
Computer simulation was performed at both a high (0 mm) and 
medium (4 mm) implant depth.

For each simulation, predicted paravalvular regurgitation 
in the left ventricular outflow tract was recorded.4 The sensi-
tivity, specificity, positive predictive value and negative pre-
dictive value of the computer simulations were assessed using 
the simulation that most closely matched the implanted THV 
size and implant depth.

Predicted paravalvular regurgitation was compared using 
five different sizing and positioning strategies. The first two 
strategies used an annular-based THV sizing strategy, based 
on perimeter-derived aortic annular dimensions. This THV 
sizing strategy was assessed with the THV positioned at both 
a high and medium implant depth. The next two strategies 
used a supra-annular-based THV sizing strategy, based on 
both perimeter-derived aortic annular measurements and the 
intercommissural distance at 4 mm with selective downsizing 
in a tapered aortic root configuration.13 This THV sizing 
strategy was again assessed with the THV positioned at both 
a high and medium implant depth. Finally, a patient-specific 
THV sizing and positioning strategy was performed, which 
was based on the best computer simulation.

Clinical outcomes were compared between patients where 
optimal patient-specific THV sizing was used and those where 
it was not. Optimal patient-specific THV sizing and positioning 

Figure 1. Patient-specific computer simulation. Pre-procedural cardiac computed tomography scans are used to create finite element models of the aortic root. The 
aortic wall, leaflets and calcium are modeled using different tissue characteristics. Finite element analysis is then performed with two different THV sizes, implanted 
at two different implant depths. Computational fluid dynamics analysis is undertaken to simulate paravalvular regurgitation for each of the four different THV sizing 
and positioning strategies. For this patient, the implantation of a 26 mm Evolut PRO THV, positioned at a medium implant depth, is associated with the lowest 
predicted paravalvular regurgitation.
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was defined as a THV size and implant depth where predicted 
paravalvular regurgitation was within 5 mL/sec of the computer 
simulation which was associated with lowest predicted paravalv-
ular regurgitation (Figure 2). Non-optimal patient-specific THV 
sizing and positioning was said to have occurred if the predicted 
paravalvular regurgitation was ≥5 mL/sec from the best possible 
computer simulation.

Procedural characteristics

TAVR procedural reports were reviewed, and characteristics 
recorded. TAVR procedural angiography was reviewed and 
implant depth defined as the distance from the base of the 
non-coronary cusp to the prosthesis inflow.17 Measurements 
were made using RadiAnt DICOM viewer version 2020.2 
(Medixant, Poznan, Poland).

Echocardiographic assessment

Pre-procedural transthoracic echocardiograms were reviewed 
locally to assess left ventricular function, aortic valvular gra-
dients and baseline aortic regurgitation severity. Post- 
procedure transthoracic echocardiograms were reviewed 
locally and paravalvular regurgitation severity assessed using 
a 5-class grading system.18

Statistical analysis

Statistical analysis was performed using SPSS version 26.0 
(IBM Corporation, Armonk, New York, USA). Continuous 
variables are presented as mean ± standard deviation and 
categorical variables as frequencies (percentage). The means 
of groups were compared with a two-tailed Student’s t-test or 
analysis of variance where appropriate. Categorical variables 

were compared with a Fisher’s exact test or Chi-square test 
where appropriate. Discriminatory power was tested using the 
area under the receiver operating characteristic curve (AUC). 
Time-to-event analysis was performed with the use of Kaplan- 
Meier estimates and Cox regression and were compared with 
the use of the log-rank test.

Results

Baseline characteristics

A total of 50 patients were included in the study. The number 
of patients from each study site ranged from 2 to 27 patients. 
Baseline characteristics demonstrated an elderly population 
(mean age 78.0 ± 8.4 years) at increased risk for surgery 
(EuroScore II 5.5 ± 5.1%) (Table 1).

Cardiac CT characteristics

Cardiac CT imaging demonstrated a wide variety of leaflet 
configurations, raphe locations and calcium distribution and 
there was strong visual agreement with the finite element 
computer models (Figure 3). The majority of patients had 
Sievers Type 1 BAV (86.0%) and a high proportion of patients 
had tricommissural valves (48.0%) when assessed using the 
TAVR-directed BAVi morphological classification system 
(Table 2). There was significant aortic calcium burden.

Computer simulation

The computer simulations demonstrated a discriminatory 
power to predict the development of ≥ moderate paravalvular 
regurgitation (AUC, 0.87; 95% CI, 0.76 to 0.97; P = 0.001) 
(Figure 4). Using a previously defined cutoff of 13.5 mL/sec,6 

Figure 2. Patient-specific transcatheter heart valve sizing and positioning. (a-b) A patient with a Sievers Type 1 bicuspid aortic valve (c) underwent TAVR with 
a 29 mm Evolut PRO THV, (d) developing mild-to-moderate paravalvular regurgitation. (e) An example of the finite element model of the aortic root. (f) The 
computational fluid dynamics output of the computer simulation most closely matching the THV size and implant depth suggests that the patient will develop 
paravalvular regurgitation (predicated paravalvular regurgitation 11.4 mL/sec). Additional simulations suggest that implanting either a (g) 29 mm Evolut PRO 
(predicated paravalvular regurgitation 1.7 mL/sec) or a (h) 34 mm Evolut R THV (predicated paravalvular regurgitation 4.4 mL/sec) at a high implant depth might 
have reduced paravalvular regurgitation.
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a total of 16 patients were predicted to develop ≥ moderate 
paravalvular regurgitation, representing a sensitivity of 88%, 
specificity of 79%, positive predictive value of 44%, negative 
predictive value of 97% and a diagnostic accuracy of 80%. 
Predicted paravalvular regurgitation was higher in patients 
who developed ≥ moderate paravalvular regurgitation, when 
compared to patients who did not develop ≥ moderate para-
valvular regurgitation (26.7 ± 19.1 mL/sec vs. 7.8 ± 10.6 mL/ 
sec; P < 0.001).

Optimal patient-specific THV sizing and positioning, as 
defined by computer simulation, was used in 39 patients 
(78.0%). In six (15.4%) of these patients, the CFD simulations 
predicted the development of ≥ moderate paravalvular 
regurgitation.

Computer Simulation Assessment of THV Sizing and 
Positioning Strategies

An annular and supra-annular THV sizing strategy yielded 
the same THV size in 44 patients (88.0%). The predicted 
paravalvular regurgitation for an annular THV sizing algo-
rithm was 10.3 ± 10.6 mL/sec when positioned at a high 
implant depth and 10.0 ± 12.1 mL/sec when positioned at 
a medium implant depth. The predicted paravalvular 

regurgitation for the supra-annular THV sizing algorithm 
was 10.4 ± 10.6 mL/sec when positioned at a high implant 
depth and 10.1 ± 12.1 mL/sec when positioned at a medium 
implant depth. All four of these THV sizing and positioning 
strategies had similar predicted paravalvular regurgitation 
(P = 0.64) (Figure 5).

Patient-specific THV sizing and positioning was associated 
with lower predicted paravalvular regurgitation (7.0 ± 7.2 mL/ 
sec) when compared to all four of the standardized THV 
sizing and positioning strategies (adjusted P < 0.001 for all 
comparisons).

For the six patients (12.0%) who had a tapered aortic root 
configuration, there was no difference in predicted paravalv-
ular regurgitation between all four of the standardized THV 
sizing and positioning strategies (P = 0.13).

Procedural characteristics

TAVR procedures were mostly performed under local 
anesthesia and sedation (Table 3). There was a high usage of 
pre-dilatation (86.0%).

The mean THV implantation depth was 4.8 ± 3.0 mm, as 
measured at the non-coronary cusp. There was no difference 
in the THV implantation depth between patients in whom 
optimal and non-optimal THV and positioning was used 
(5.0 ± 3.4 mm vs. 4.8 ± 2.9 mm; P = 0.86).

THV migration was observed in 18.0%. Three patients 
(6.0%) required a second THV. In two patients of these 
there was aortic embolization of the THV on post-dilatation. 
The third patient had recurrent aortic and ventricular migra-
tion of the THV prior to release. The THV was removed and 
a smaller THV successfully implanted.

Echocardiographic outcomes

Echocardiographic outcomes are presented in Table 4. 
Moderate paravalvular regurgitation was developed in 16.0% 
of cases. Paravalvular regurgitation severity was higher in 
patients where non-optimal patient-specific THV sizing and 
positioning was used, when compared to those where non- 
optimal THV sizing and position was utilized (P < 0.001) 
(Figure 6). The incidence of ≥ moderate paravalvular regur-
gitation was higher in patients where non-optimal THV sizing 
and positioning was used (45.5% vs. 7.7%; P = 0.009).

Long-term outcomes

Median follow-up was 13.6 months (interquartile range, 3.7 to 
23.6 months). NYHA functional class information was avail-
able for 44 patients. At 30 days, NYHA functional class was 
similar amongst patients where optimal and non-optimal 
THV sizing and positioning was used (P = 0.92) (Figure 6).

At 2 years, non-optimal THV sizing and position was 
associated with a higher risk of death from any cause, when 
compared to optimal THV sizing and positioning (34.5% vs. 
9.1%; hazard ratio, 6.23; 95% confidence interval, 1.04 to 
37.44; P = 0.02 by log-rank test) (Figure 6).

Table 1. Baseline patient characteristics.

Characteristic n = 50

Age (yrs) 78.0 ± 8.4

Male 30 (60.0)

Body surface area (m2) 1.78 ± 0.25

NYHA class III/IV 41 (82.0)

EuroSCORE II (%) 5.5 ± 5.1

Medical condition

Diabetes mellitus 13 (26.0)

Creatinine clearance (ml/min/1.73 m2) 58.4 ± 22.1

Chronic lung disease 12 (24.0)

Prior stroke or TIA 10 (20.0)

Peripheral vascular disease 4 (8.0)

Permanent pacemaker 8 (16.0)

Cardiac risk factors

Prior CABG 5 (10.0)

Prior PCI 13 (26.0)

Prior balloon aortic valvuloplasty 2 (4.0)

Prior myocardial infarction 7 (14.0)

Prior atrial fibrillation or atrial flutter 15 (30.0)

Echocardiographic characteristics

Peak aortic valve velocity (m/s) 4.24 ± 0.87

Mean aortic valve gradient (mm Hg) 47.1 ± 18.5

Aortic valve area (cm2) 0.72 ± 0.20

Aortic regurgitation

None 27 (54.0)

Mild 21 (42.0)

Moderate 2 (4.0)

Severe 0 (0.0)

Left ventricular ejection fraction (%) 50.4 ± 15.6

CABG denotes coronary artery bypass grafting, COPD chronic obstructive pul-
monary disease, NYHA New York Heart Association, PCI percutaneous coronary 
intervention, and TIA transient ischemic attack. 
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Discussion

As TAVR continues to expand into younger, lower-risk 
patient cohorts, achieving excellent clinical outcomes in 
BAV is important. One potential strategy for improving out-
comes of TAVR in BAV is through better THV sizing. 
Furthermore, outcomes of TAVR in BAV might also be 
enhanced through the usage of an optimal THV implantation 
depth.19

In this study we used pre-operative cardiac CT imaging to 
create patient-specific models of the aortic root that simulate 
important anatomical characteristics, including the aortic wall 
anatomy, aortic leaflet morphology and calcium distribution. 
Multiple computer simulations were then performed to iden-
tify a THV size and implant depth that minimized predicted 
paravalvular regurgitation.

We demonstrated, in a retrospective and observation man-
ner, that patients where optimal THV sizing and positioning 
was used had improved clinical outcomes, when compared to 
patients where non-optimal THV sizing was employed. These 
clinical outcomes included reduced paravalvular regurgitation 
severity, reduced incidence of ≥ moderate paravalvular regur-
gitation and improved long-term survival. These findings 
suggest that the usage of patient-specific computer simulation 

to optimize THV sizing and positioning might improve clin-
ical outcomes of TAVR in BAV.

Optimal THV sizing in BAV has yet to be established. 
Strategies include the usage of annular and supra- 
annular13,20 sizing metrics. Furthermore, calcium volume, 
raphe length and raphe plane may also play an important 
role in BAV sizing.21–23 Evidence to date suggests that clinical 
outcomes are similar between annular and supra-annular siz-
ing strategies.24–26

In this study, we used computer simulation to evaluate 
predicted paravalvular regurgitation using a variety of THV 
sizing and positioning strategies. We demonstrated similar 
predicted paravalvular regurgitation between annular and 
supra-annular THV sizing strategies. Predicted paravalvular 
regurgitation was also similarly positioning the THV at a high 
and medium implant depth. We identified that patient- 
specific THV sizing and positioning were associated with 
reduced predicted paravalvular regurgitation when compared 
to all of these different THV sizing and positioning strategies, 
which supports our findings that optimal patient-specific 
THV sizing and positioning was associated with improved 
clinical outcomes.

In this study, the incidence of ≥ moderate paravalvular 
regurgitation was high (16.0%), but nonetheless, consistent 

Figure 3. Aortic root cardiac CT imaging and computer models. There was strong visual agreement between the axial cardiac CT imaging, cardiac CT reconstructions 
and the finite element computer models of the aortic root.
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with registry data of self-expanding THVs in bicuspid 
anatomy.27 Furthermore, moderate paravalvular regurgita-
tion developed in several patients (7.7%) where optimal 
THV sizing and positioning was used. Computer simula-
tion may be used to identify BAV patients whose aortic 
root anatomy may not be favorable for TAVR, even when 
optimal THV sizing and positioning is utilized. These 
patients might be considered for treatment with surgery, 
especially if young and at low risk for surgery (Figure 7). 
This strategy of careful patient selection by the Heart 
Team, based on clinical and anatomical characteristics, 

has been recently demonstrated to be associated with 
favorable clinical outcomes in all patients.9

We undertook computer simulations targeting a high and 
medium THV implantation depth. THV migration was fre-
quently observed in this study and in addition, a number of 
patients required a second THV prosthesis. Both BAV and 
self-expanding THVs are independent predictors for THV 
migration and embolization.28 Furthermore, micro- 
dislodgement is common in self-expanding THVs.29 The 
computer simulations are unable to predict these important 
procedural complications as the finite element analysis is not 
performed in a pressurized state. In addition, coaxial THV 
alignment may be challenging in bicuspid patients with an 
extremely horizontal aorta.30 For these reasons, there may be 
some patients where it may not be feasible for operators to 
achieve a target implantation depth.

In this study, we chose to compare clinical outcomes 
between patients where optimal and non-optimal THV sizing 

Table 2. Cardiac CT Characteristics.

Characteristic n = 50

Aortic valve morphology

Sievers classification

Sievers Type 0 7 (14.0)

Lateral 5 (10.0)

Antero-posterior 2 (4.0)

Sievers Type 1 43 (86.0)

Left-right raphe 34 (68.0)

Right-non raphe 8 (16.0)

Non-left raphe 1 (2.0)

TAVR-directed BAVi morphological classification

Tricommissural 24 (48.0)

Coronary cusp fusion 20 (40.0)

Mixed cusp fusion 4 (8.0)

Bicommissural raphe type 19 (38.0)

Coronary cusp fusion 14 (28.0)

Mixed cusp fusion 5 (10.0)

Bicommissural non-raphe type 7 (14.0)

Coronary cusp fusion 2 (4.0)

Mixed cusp fusion 5 (10.0)

Left ventricular outflow tract diameter* 25.5 ± 3.3

Aortic annulus diameter* 25.6 ± 2.9

Sinus of Valsalva diameter* 35.2 ± 3.5

Sinotubular junction diameter* 31.0 ± 3.7

Ascending aorta diameter* 35.3 ± 4.1

Aortic leaflet calcium volume† (mm3) 535.5 ± 443.3

Left ventricular outflow tract calcium† 19 (38.0)

Aortic valve calcium volume‡ (mm3) 1087.7 ± 965.5

* Perimeter-derived values 
† 850 Hounsfield unit threshold 
‡ Luminal attenuation + 100 Hounsfield unit threshold 
BAVi denotes bicuspid aortic valve imaging 

Figure 4. Receiver operating characteristics curve for the ability of the computer 
simulations to predict ≥ moderate paravalvular regurgitation. The computer 
simulations demonstrated a discriminatory power to predict the development 
of ≥ moderate paravalvular regurgitation.
PVR denotes paravalvular regurgitation. 

Figure 5. Computer assessment of THV sizing and positioning strategies. All four of the standardized THV sizing and positioning strategies are associated with a 
similar paravalvular regurgitation. Patient-specific THV sizing and positioning is associated with lower predicted paravalvular regurgitation when compared to all four 
of the standardized THV sizing and positioning algorithms.
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Table 4. Echocardiographic Outcomes.

Outcome n = 50

Peak velocity (m/s) 2.04 ± 0.55

Mean gradient (mm Hg) 9.4 ± 6.3

Effective orifice area (cm2) 1.90 ± 0.44

Paravalvular regurgitation severity

None 8 (16.0)

Trace 17 (34.0)

Mild 13 (26.0)

Mild-to-moderate 4 (8.0)

Moderate 8 (16.0)

Moderate-to-severe 0 (0.0)

Severe 0 (0.0)

Figure 6. Clinical outcomes. (a) Comparisons of post-procedural paravalvular regurgitation severity. Post-procedural paravalvular regurgitation severity was higher in 
patients where non-optimal transcatheter heart valve sizing and positioning was used, when compared to patients where optimal sizing and positioning was 
employed. (b) New York Heart Association Functional Class. At 30-days, NYHA Functional Class was similar between the two patient groups. (c) Time-to-Event Curves 
for Death from Any Cause. The risk of death was higher in patients where non-optimal THV sizing and positioning was used.
NYHA denotes New York Heart Association, and THV transcatheter heart valve. 

Table 3. Procedural Characteristics.

Characteristic n = 50

General anesthesia 19 (38.0)

Pre-dilatation 43 (86.0)

Transcatheter heart valve

Evolut R 22 (44.0)

Evolut PRO 28 (56.0)

THV implantation depth 4.8 ± 3.0

Post-dilatation 23 (46.0)

THV migration 9 (18.0)

THV embolization 2 (4.0)

More than one THV inserted 3 (6.0)

Aortic annular rupture 1 (2.0)

THV denotes transcatheter heart valve. 
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and positioning was employed and used a cutoff of 5 mL/sec 
from the computer simulation with the lowest predicated 
paravalvular regurgitation. We chose this threshold as it was 
felt that small differences in predicted paravalvular regurgita-
tion (<5 mL/sec) would be unlikely to alter operator decision- 
making processes. This is consistent with results from the 
TAVIguide study, where in only 12% of cases the implanta-
tion depth altered to minimize predicted paravalvular 
regurgitation.8

Ideally, all BAV patients would receive patient-specific com-
puter simulation. However, due to time and financial con-
straints, this technology might be selectively used for patients 
with adverse anatomical features such as a calcified raphe or 
excess leaflet calcification.31 Furthermore, this technology may 
selectively be used for patients with a tapered aortic root config-
uration, where ambiguity in THV sizing may arise.

Our study only evaluated paravalvular regurgitation and 
would be strengthened through the evaluation of conduction 
disturbance, as the incidence of permanent pacemaker 
implantation is higher in patients with BAV, when compared 
to patients with tricuspid aortic valve,32 and the usage of 
patient-specific techniques has recently been demonstrated 
to reduce the incidence of this complication.17,33

Valve hemodynamics are an important consideration in 
BAV patients, as THV gradients are higher in patients in 
BAV, when compared to patients with tricuspid aortic 
valve.34 Furthermore, hemodynamic profiles are less favorable 
for TAVR in Sievers Type 0 BAV, when compared to TAVR 
in Sievers Type 1 BAV.35 The role of computer simulation in 
predicting THV hemodynamic profiles should be examined in 
future studies.

Finally, aortic root injury is more common in patients with 
BAV when compared to patients with tricuspid aortic valve,32 

and in this study, aortic annular rupture developed in one 

patient. The computer simulations are currently unable to 
model this important procedural complication.

Limitations

This was a small, retrospective and observational study, and 
our findings should be considered hypothesis generating. 
Further prospective investigation in a large cohort is 
required to definitively evaluate the role of this technology 
within the BAV cohort. Whilst the computer simulations 
model pre-dilatation, post-dilatation is not accounted for 
within the finite element analysis process, and this may, in 
part, explain the modest positive predictive value (44%) of 
the computer simulations, and could potentially limit the 
clinical utility of this technology. In this study 44% of 
patients received second-generation Evolut R devices. 
Additional validation is required with current-generation 
Evolut PRO self-expanding THVs, which have been demon-
strated to be associated with favorable clinical outcomes.26,36 

Furthermore, validation is also required with balloon- 
expandable and mechanically expanding THVs. In addition, 
in this study, some unmeasured patient selection bias may 
have occurred, because operators may have chosen to pre-
dominantly use balloon-expandable devices for the treatment 
of bicuspid patients, as these devices have been associated 
with a lower incidence of ≥ moderate paravalvular regurgita-
tion in bicuspid anatomy.27 Our study assessed paravalvular 
regurgitation severity locally and would be strengthened 
through the addition of a centralized echocardiographic 
core laboratory. THV implantation depth was assessed 
using procedural angiography, which could potentially intro-
duce parallax errors,37 and our study would be improved 
through the usage of systematic post-procedural CT imaging.

Figure 7. Computer simulations on a patient with potentially unfavorable aortic root anatomy for TAVR with a self-expanding THV. Finite element analysis has been 
performed with a 29 mm Evolut PRO (a, b) and a 34 mm Evolut R (c,d) THV, positioned at both a medium (a,c) and high (b,d) implantation depth. All computational 
fluid dynamics simulations predict the development of ≥ moderate paravalvular regurgitation.
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Conclusion

Computer simulation suggests that the usage of optimal THV 
sizing and positioning might improve clinical outcomes of 
TAVR in BAV.
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