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ABSTRACT

Transcatheter aortic valve replacement (TAVR) is a rapidly growing field enabling replacement of diseased aortic
valves without the need for open heart surgery. However, due to the nature of the procedure and nonremoval of
the diseased tissue, there are rates of complications ranging from tissue rupture and coronary obstruction to
paravalvular leak, valve thrombosis, and permanent pacemaker implantation. In recent years, computational
modeling has shown a great deal of promise in its capabilities to understand the biomechanical implications of
TAVR as well as help preoperatively predict risks inherent to device-patient-specific anatomy biomechanical
interaction. This includes intricate replication of stent and leaflet designs and tested and validated simulated
deployments with structural and fluid mechanical simulations. This review outlines current biomechanical un-
derstanding of device-related complications from TAVR and related predictive strategies using computational
modeling. An outlook on future modeling strategies highlighting reduced order modeling which could signifi-
cantly reduce the high time and cost that are required for computational prediction of TAVR outcomes is presented
in this review paper. A summary of current commercial/in-development software is presented in the final section.

3D, three-dimensional; AS, aortic stenosis; CAD, computer-aided design; CFD, computational fluid dynamics; CO,
coronary obstruction; CT, computed tomography; FE, finite element; FSI, fluid-structure interaction; IGA, iso-
geometric analysis; LC, left coronary; LCAh, left coronary artery height; MOR, model order reduction; MS, mem-
branous septum; NURBS, nonuniform rational B-splines; POD, proper orthogonal decomposition; PPI, permanent
pacemaker implantation; PPM, patient-prosthetic mismatch; PVL, paravalvular leak; RC, right coronary; SAVR,
surgical aortic valve replacement; SOVd, sinus of Valsalva diameter; SV, singular values; TAVR, transcatheter aortic
valve replacement; THV, transcatheter heart valve; UQ, uncertainty quantification; ViV, valve-in-valve; VTC, vir-
tual THV to coronary.

Introduction equivalence to the more traditional highly invasive surgical aortic valve
replacement (SAVR). Recent U.S. Food and Drug Administration

Transcatheter aortic valve replacement (TAVR) is a minimally inva- approval of low surgical risk patients enables treatment of most aortic
sive procedure designed to replace stenotic aortic valves and is currently valve diseased patients, setting the stage for TAVR to become the stan-
approved for patients at all levels of surgical risk. TAVR is rapidly dard of care. Recent clinical data comparing TAVR to SAVR in low-risk
increasing in its use due to randomized clinical trials showing patients showed a decrease in rehospitalization and mortality after 1
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year with TAVR; however, these differences were not seen after 2 years,
with a notably higher incidence of valve thrombosis in the TAVR arm.’
Thrombosis is just one of many adverse outcomes associated with TAVR,
with others including but not limited to aortic root rupture, permanent
pacemaker implantation (PPI), coronary obstruction (CO), and para-
valvular leak (PVL).%® Every heart center’s multidisciplinary heart team,
composed of cardiologists, surgeons, imaging specialists, nurses, co-
ordinators, etc., engages in rigorous planning and development of clinical
strategy for each patient using their collective experience and docu-
mented guidelines. At high-volume centers, severe adverse outcomes
occur at low rates but still do occur. Additionally, lower-volume centers
and less experienced operators are associated with higher patient mor-
tality.” There is clearly a need for a better understanding of the biome-
chanical basis of these complications followed up with a more robust
prediction and optimization method for even more rigorous planning.

Structural and fluid computational modeling is growing in accuracy
and ability to model a wide range of valvular diseased states and clinical
procedures. Previous studies range from basic native valve me-
chanics,®1° finite element (FE) simulation of transcatheter heart valve
(THV) deployment,“'13 computational fluid dynamics (CFD) and
fluid-structure interaction (FSI),'*'® and use of highly intricate biolog-
ical material models.!”>'® These studies have improved our insight into
the biomechanics and hemodynamics of various diseased states and
provided information on the optimal treatment procedures.

TAVR computational modeling is widely reported for both self-
expandable and balloon-expandable THVs.!"!%2 Structural computa-
tional modeling has the ability to provide stress fields which have given
insight into mechanisms such as root rupture and PPL.?"»*> CFD and FSI
studies give further insight into mechanisms of PVL and thrombosis.****
As a clinician, it is extremely valuable to have knowledge of the outcomes
of computational studies involving TAVR to have a greater understanding
of its mechanisms from a biomechanics standpoint and to see the use-
fulness in modeling capabilities toward future discovery and guideline
implementation. This is especially true in specific patient morphologies
such as severe calcification, bicuspid aortic valve disease, a failed bio-
prosthesis, and low coronary ostia. It has been shown that a
well-developed computational model can provide physicians with a tool
to make accurate decisions on matters such as the optimum depth of
implantation.?® The goal of this review is to present the current knowl-
edge on adverse clinical outcomes following TAVR from a biomechanics
and hemodynamics modeling perspective, as well as to offer an outlook
on the current trends and how the field may benefit from computational
modeling in the future. This paper is organized with sections focused on
adverse outcomes in the order of root rupture, PPI, CO, leaflet throm-
bosis, patient prosthesis mismatch, and PVL. After this, we provide an
outlook on advanced computational models and software that can help
with preoperative planning using predictive modeling approaches.

Aortic Root Rupture

Aortic root rupture is a very rare and possibly fatal event following
TAVR that requires immediate surgical intervention. Clinical trials have
shown occurrence to be <1% with a higher incidence in heavily calcified
aortic valves, including bicuspid aortic valves, with incidence up to
4.5%.2%?7 The reported mortality rate due to root rupture is 48%.% The
mechanism for aortic root rupture is thought to be caused by calcium
protrusion into the native tissue as a result of being pushed radially by
the transcatheter stent.>?®?° This is known to only occur in
balloon-expandable THVs and when a balloon is expanded following a
self-expandable THV deployment, due to the balloon forcing the native
valve to conform to its cylindrical shape. Prevention strategies in patients
who have severe levels of calcium include choosing a smaller than
normal recommended THV size and underexpansion of the
balloon-expandable THV by decreasing the filling volume of the balloon
to reduce the radial displacement of the calcium into the native tissue.>
However, underexpansion can have adverse effects on pressure gradient
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and may cause PVL.%>%3! Another possibility to avoid annular rupture is
to send patients with heavy calcification in the landing zone to surgical
AVR. Better understanding and prediction methods are required to
optimize heavily calcified patient outcomes pertaining to aortic root
rupture.

To understand the mechanisms, very limited computational studies
have been performed analyzing aortic root rupture. Wang et al.?! analyzed
a single patient who had aortic root rupture postprocedurally and found
high stresses in the aortic sinus at the location of rupture. This is demon-
strated in Figure 1; it indicates a high stress region from the calcium de-
posits predicted by retrospective simulation of the new-generation SAPIEN
S3 balloon-expandable THV in a patient who had root rupture.

Initial analysis detecting areas of aortic root rupture seems promising
in its accuracy. However, measuring precise levels of stress and associating
them with aortic root rupture are challenging due to the unknown patient-
specific material stiffness and thickness. Moreover, stiffness and thickness
are highly variable among the patients, with the strongest predictor of
stiffness being age.>” Strain of the native tissue at physiological pressure
can be calculated based on the diameter change across the cardiac cycle,
and by using patient-specific physiological blood pressure, a general
stiffness metric can be calculated.>>>* However, this method cannot pre-
dict the stiffness change at strains experienced during TAVR, which are
higher than those seen in systole, and cannot predict the failure point of
the tissue. Precise tissue thickness is difficult to measure due to the artifact
blooming of the blood volume and low contrast between the tissue and the
surrounding environment. Collectively, hyperelastic tissue properties and
vessel thicknesses cannot be obtained from the computed tomography
(CT) images and require alternative predictive methods.

Permanent Pacemaker Implantation

Reported occurrence rates of PPI for balloon-expandable THVs and
self-expandable THVs are 20.7% and 25.5%, respectively.* The conduc-
tion system, located just below the membranous septum (MS) (Figure 2),
may be blocked from the interaction between the THV and the native
tissue.®

Measuring the MS length gives information on how much distance
separates the aortic valve annulus from the location of the His bundle. MS
length varies among patients with aortic stenosis (AS). Patients with
tricuspid AS have a longer MS length than those with bicuspid AS.%® The
risk of conduction abnormalities and PPI is higher when the MS length
below which the His bundle emerges is shorter. It has been shown by
Jilaihawi et al.®” that the self-expandable valve implantation depth
below the length of the MS leads to a low prevalence of conduction
disturbances and PPI. Knowing the MS length can assist in optimizing the
implant depth to lower the risk of conduction disturbance and PPI>® but
may not completely eliminate PPI occurrence.

Computational modeling of the THV deployment can assist in risk
assessment by providing information on the contact forces on the native
tissue as well as allowing for more precise device optimization with
respect to deployment depth and THYV sizing. The percent of the tissue
area below the MS in contact with the THV stent, and the maximum
contact pressure in this region, have been linearly correlated to PPI
occurrence in a cohort of 112 patients who received a self-expandable
THV.?° The precise mechanism of conduction disturbance following
TAVR from a biomechanical perspective remains unclear. Precise
thresholds of contact forces that are required to cause different degrees of
conduction disturbance as well as the accuracy of other parameters
measured in computational analysis remain unknown. Additionally, not
all patients develop conduction disturbance directly following TAVR,
suggesting multiple mechanisms may exist that have different time de-
pendencies. Retrospective computational modeling has also not been
performed for balloon-expandable THVs, where the balloon contact
could also be playing a role in conduction disturbance. The location of
the His bundle is also difficult to determine, where a high level of
contrast in the right side of the heart is required to identify the inferior
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Figure 1. SAPIEN S3 transcatheter heart valve deployment in a patient who experienced aortic root rupture with detection of high stress in the region

where the rupture occurred.

border of the MS, which only gives an area range of where the His bundle
can be located, not the precise location. In conclusion, simple anatomical
measurements can be taken to assist in deployment depth optimization to
reduce PPI risk; however, conduction disturbance mechanisms across all
THV types are still vague, where further computational analysis on larger
patient cohorts can assist in bettering prediction algorithms.

Coronary Obstruction

CO is a procedural complication of TAVR that has been observed in
0.7% of all TAVR cases.”’ Anatomical predictors of CO include low
coronary height, small sinus of Valsalva, female sex, and presence of
previous surgical aortic bioprosthesis. According to Ribeiro et al.,*? even
though reported cases of post-TAVR symptomatic CO were rare,

Right coronary
cusp

Conduction
system

Membranous
septum

Figure 2. Conduction system location just below the membranous septum.
Reprinted with permission from Massing GK, James TN. Anatomical configu-
ration of the His bundle and bundle branches in the human heart. Circulation.
1976;53(4):609-621.>°  (https://www.ahajournals.org/doi/10.1161/01.CIR
.53.4.609; The American Heart Association.)

life-threatening complications in balloon-expandable valve recipients,
women, and patients with previous surgical bioprosthesis were more
frequent. Acute and late mortality is reported to be high even after suc-
cessful treatment in patients with a lower coronary ostium and shallow
sinus of Valsalva.

Risk of CO is higher in patients with prior SAVR undergoing valve-in-
valve (ViV) TAVR, with the incidence reported up to 6% compared to
TAVI for native aortic valve disease.*! Patients are often excluded from
TAVR based on the guidelines of coronary height and sinus of Valsalva
diameters derived from CT imaging, and hence, the number of patients at
risk of CO with TAVR is probably underrepresented. In the event of CO,
the failed aortic valve leaflets are displaced and obstruct one or both
coronary arteries, resulting in immediate need for percutaneous coronary
intervention or emergency coronary artery bypass grafting to resolve the
occlusion. CO can present itself in a matter of a few hours or can be
delayed*? by weeks after the procedure. It is typically identified using
coronary angiography after TAVR.®

Despite occurring in <1% of TAVR procedures, ostial CO is associated
with high mortality rates of up to 50% within 30 days, leading to
increased efforts to anticipate and prevent this life-threatening compli-
cation.*®*! To estimate the risk of CO after TAVR, the left coronary artery
height (LCAh) and sinus of Valsalva diameter (SOVd) are measured from
preprocedural CT imaging. Thresholds of LCAh <12 mm and/or SOVd
<30 mm were defined based on anatomical measurements of 44 out of
6688 patients who had CO after TAVR.? In the study by Ribeiro et al.,
86% of the patients who had CO after TAVR had an LCAh of <12 mm,
compared to 26.4% in the group with no CO (p < 0.001). The SOVd was
<30 mm in 71.4% of the patients who had CO compared with 33% of the
patients in the control group (p < 0.001). As many as one-third of the
patients who underwent successful TAVR might have been excluded had
these guidelines been applied previously. Patients who are deemed high
surgical risk and present high risk of CO based on LCAh and SOVd after
TAVR can still undergo TAVR safely with the help of techniques such as
coronary protection or BASILICA.*>** However, current guidelines do
not allow for quantitative estimation of the degree of obstruction, and
therefore, the need for such protective measures is often uncertain.

To estimate CO risk for TAVR in failed bioprosthetic valves (ViV), a
virtual THV to coronary (VTC) index has been defined using CT imaging.*®
The TAV device is replaced with an idealized cylinder that is drawn from
the geometric center of the surgical prosthetic valve. The distance between
the cylinder edge and coronary ostia is measured using CT imaging soft-
ware. A low value of the VTC index suggests that there is a high risk for CO
occurrence, with a VTC index <4 mm best predicting CO.*! A more con-
servative threshold (VTC index <3 mm) was reported in an earlier publi-
cation.*® However, similar to LCAh and SOVd, the VTC index does not
account for the device interaction and anatomical risk factors such as small
sinotubular junction diameters that could lead to sinus sequestration with
ViV TAVR, potentially affecting the selectivity of the index.*!**°
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Figure 3. Results of the simulation to obtain DLC and sensitivity/specificity curves for model. Reprinted from Heitkemper et al.*®

Computational Predictive Models

The role of computational modeling in predicting adverse outcomes
such as annular rupture, conduction abnormalities, and PVL has been well
demonstrated in the literature.'>?"*” However, predictive computational
models on CO have not been described until recently. Computational
models account for certain anatomic factors such as calcific lesion
size/location, leaflet length, sinus width at coronary ostium, etc. that are
not considered in current clinical guidelines. Heitkemper et al.*® have
published a journal article on computational modeling for CO based on
computational modeling of TAVR with FE methods (Figure 3). The
objective of the computational model is to predict the closest distance
between the coronary ostia and corresponding leaflet cusp after deploy-
ment of a TAV device. The model simulates the expansion of an idealized
stent (cylinder) to the diameter of a TAV inside a patient-specific geometry
that includes the calcification deposits on the leaflets. The closest distance
between the native aortic valve leaflet and the tip of the coronary artery is
then measured, and the ratio of this distance to the diameter of the cor-
responding coronary artery is considered a representative measure of the
fraction of obstruction. Based on the sensitivity/specificity plots obtained
from 28 cases retrospectively, a distance from leaflet cusp to coronary
ostium (DLC) normalized with coronary artery diameter (DLC/d) param-
eter value of 0.7 was determined to be the cutoff for risk of CO. The
(three-dimensional [3D]) computational model was 38% more effective
(based on sensitivity and specificity analyses) at predicting CO than cor-
onary artery height and 58% more effective than SOVd.

In another preliminary computational study by Sivakumar et al.
(Figure 4),%° preprocedural CT images of 17 patients undergoing ViV
TAVR were collected from Piedmont Heart Institute, Atlanta, GA.
Patient-specific geometries of the aortic root, bioprosthetic valve stent,
and leaflets were reconstructed using segmentation. Computational
TAVR modeling was simulated with both self-expandable Medtronic
Evolut and balloon-expandable Edwards SAPIEN transcatheter aortic
valves to compare the risk of CO between the 2 valve types. Additionally,
virtual THV to coronary (VTC) distance was obtained for all cases for
comparison. The mean left coronary (LC) and right coronary (RC) heights
were 6.9 + 3.05 mm and 9.17 + 4.23 mm, respectively. The mean VTC
LCA was 5.02 + 2.39 mm and VTC RCA was 3.48 + 1.58 mm. The mean
DLC/d ratio for SAPIEN ViV (n = 12) was 0.61 + 0.53 and 0.88 + 0.53 for
the LC and RC, respectively. The DLC/d for Evolut ViV (n = 10) was 0.77
+ 0.39 and 1.2 £ 0.63 for the LC and RC, respectively. In this study, the
VTC cutoff of 4 mm overpredicted CO in 23.5% of cases and under-
predicted the risk of CO in 35.3% of cases compared to DLC/d. A larger

cohort of ViV TAVR cases may be necessary to compare the accuracy of
the 2 models.

Leaflet Thrombosis

The reported incidence rate for leaflet thrombosis in TAVR patients
ranges from 4% to 40% in different studies.>>*>” However, most of the
patients were asymptomatic or subclinical,*®°® with less than 3% of the
overall patients®®? showing symptoms such as dyspnea or heart failure.
Most of the subclinical valve thromboses in TAVR are detected by post-
procedural multidetector CT scans or tomography angiography,®*°® which
appears as a thin layer of thrombus on the aortic side of the prosthetic
leaflet. This type of thrombosis is usually called hypoattenuating aortic
leaflet thickening and is often associated with reduced leaflet motion and
increased pressure gradient.>°%%” Valve thrombosis is usually treatable by
anticoagulant or antiplatelet therapies.®®®%37! Studies have identified
risk factors associated with leaflet thrombosis, including male sex,2
bicuspid valve,®® moderate-to-severe PVL,>>’? low-flow, low-gradient
AS,%® patient-prosthesis mismatch,°%°>”3 large Valsalva/TAVR prosthe-
ses, >’ absence of prescribed anticoagulation,>*®’? damage to leaflets
during TAVR,* self-expandable intra-annular valve,>*®* and ViV proced-
ures.”>%® Despite its prevalence, asymptomatic or subclinical leaflet
thrombosis seems not to change the medium-term outcome, as indicated
by multiple studies.>*>’%74 Other studies have suggested that subclinical
leaflet thrombosis is more likely associated with stroke, transient ischemic
attacks, and valve degeneration.>*”* Due to the lack of long-term data, it is
not clear whether it will affect the outcome of TAVR in the long run. Leaflet
thrombosis has remained a great concern for the success of TAVR.

Thrombosis on bioprosthetic valves has also been observed in
SAVR,75’76 but with a lower incidence rate (<4%°°) than the rate for the
TAVR thrombosis, suggesting that the TAVR thrombosis is primarily
associated with its unique design and implantation method. Since the
native leaflets are not removed during TAVR, a small region between
the prosthetic and the native leaflets called the neosinus forms after the
procedure. It was hypothesized that the flow stasis in this neosinus was
the primary cause for thrombosis.>® Vahidkhah et al.”” used the one-way
FSI model to show that the blood residence time was significantly longer
for leaflets of a TAV than that for those with SAV. Also, they indicated
that a supra-annular valve reduced flow stasis in TAVs.”® In vitro ex-
periments performed by Midha et al.”® supported this theory. They found
that when a supra-annular valve was deployed in the intra-annular po-
sition, it resulted in a sevenfold increase in the stagnation region. In vitro
experiments also have shown that the neosinus washout time for a
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supra-annularly deployed valve was significantly lower than that for the
same valve deployed intra-annularly. Those results were consistent with
clinical observations that the intra-annular valves are more prone to
thrombosis.>»®*> Based on this theory, a series of experimental and
computational research has been carried out to study the risk factors and
to find ways to minimize the thrombosis risk. The reported results on
investigating the impact of underexpansion on the possibility of throm-
bosis after TAVR do not agree;*®! thus, further analysis of the impact of
underexpansion is a necessity.

In a study by Madukauwa-David et al.,®? it was shown that the coronary
flow increased the neosinus washout, leaving the noncoronary leaflet more
prone to thrombosis. A CFD study by Plitman Mayo et al.>> was performed
to estimate post-TAVR thrombosis potential in ViV cases and demonstrated
that the intra-annularly deployed Sapien valves had a higher risk of
thrombosis. Advanced predictive patient-specific modeling using sophisti-
cated software was developed to reduce the risk of thrombosis in clinical
practices. Wei et al.®* provided a workflow to assess the risk of post-TAVR
thrombosis. Bianchi et al. developed a patient-specific model of TAVR and
post-TAVR CFD for patients with self- or balloon-expandable valves.'>%
Gryzbon et al.>* have shown computationally that the patient-specific
anatomical and hemodynamic characteristics impacted the volume of
thrombosis. They reported that the percentage of stasis volume is a linear
function of thrombus volume.?* Hatoum et al. developed a semi-empirical,
mathematical dimensionless parameter called normalized circulation (a
function of patient-specific anatomical and hemodynamic characteristics)
that can be applied to predict the post-TAVR thrombus formation.®®%”

Patient-Prosthesis Mismatch

Patient-prosthesis mismatch (PPM) occurs when the effective orifice
area (EOA) of an implanted prosthetic aortic valve is much smaller than
the native aortic annulus size.®® °! In PPM, the prosthetic valve is enforced
to have a high transprosthetic gradient to maintain sufficient stroke vol-
ume.®”°? Severe cases of PPM (indexed EOA <0.65 cmz/mz, based on
observational clinical studies) were thought to have an impact on
increased risk of structural valve degeneration and overall mortality.5%
Several studies reported that PPM prevalence is lower following TAVR vs.
SAVR.’*” Comparing the 2 types of TAVs, self expandable (SE) valves
show lower PPM (larger EOA) than balloon expandable valves; Okuno

et al.”® reported that PPM mainly differed in patients with larger body

surface area, i.e., body surface area >1.83 m? comparing SE and balloon
expandable valves. Abbas’® explained that this difference is because of the
discrepancy between echocardiography and invasive gradients due to the
pressure recovery concept and limitation of the Bernoulli equation.'®
They added that echocardiography overestimates the aortic jet velocity
and consequently peak gradient which leads to low EOA and severe
PPM.”*1%0 SE valves might also be associated with a higher PVL,'91-103

In a meta-analysis study by Dayan et al.,”® PPM predictors were re-
ported as female sex, hypertension, older age, diabetes, and renal failure.
They also reported lower mortality associated with PPM in patients with
a higher body mass index. The prediction/prevention of PPM is of utmost
importance since the only operative intervention after PPM incidence is
repeating the surgery (or ViV TAVR procedure).

Paravalvular Leak

PVL is a leak due to the gap between the implanted valve and sur-
rounding tissue structure. Despite enhancements in TAVR techniques,
PVL is still a common postprocedural complication with variable re-
ported incidence rates. This variability may be related to the varying
imaging modalities used in different centers, evaluation timing, the
grading system, and variability in prosthesis type.'>* According to Valve
Academic Research Consortium-2,'°>'% PVLs are graded as no leaks,
mild, moderate, and severe. More supporting evidence is required to
validate these criteria and to develop robust quantitative methods for
PVL localization, quantification, and severity assessment that cannot be
achieved from the imaging modalities alone.'®” Computational modeling
of TAVR has enhanced our understanding of PVL from both structural
and hemodynamics standpoints. Using finite element analysis (FEA),
CFD, and FSI analyses, PVL can be assessed under various scenarios
including stent shapes, stent designs, stent orientation, valve positioning,
and valve sizing. In computational modeling of TAVR, PVL is determined
as the gap between the stent and native tissue or skirt in FEA and the PVL
jet flow is calculated at the gap region in CFD and FSI analyses. Figure 5 is
a demonstration of TAVR deployment results using FEA in a patient with
a balloon-expandable valve validated by post-CT clinical images high-
lighting the gap region. CFD hemodynamic analysis detected PVL at a
native commissure.'%®
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Figure 5. FEA simulated deployment of a balloon-expandable THV in a good agreement with the postoperation CT stent geometry (left). CFD hemodynamics
analysis enabled PVL detection and quantification at a native commissure point due to incomplete sealing of the device. Reprinted by permission from Springer Nature,
Current Cardiology Reports: Yeats, B.B., Yadav, P.K., Dasi, L.P. et al. Treatment of Bicuspid Aortic Valve Stenosis with TAVR: Filling Knowledge Gaps Towards Reducing

Complications. Curr Cardiol Rep. 2022; 33-41, © 2022.'%¢

Abbreviations: CFD, computational fluid dynamics; CT, computed tomography; FEA, finite element analysis; PVL, paravalvular leak; THV, transcatheter heart valve.

The patient-specific FEA modeling approach employed by most of
these studies includes the following: 1) generating the computer-aided
design (CAD) model of the stent frame, with or without including the
prosthetic leaflets and skirt, from the micro CT data or standalone
design, 2) reconstructing 3D geometry of the aortic root, native leaf-
lets, and calcium deposits, 3) assigning material properties to the
reconstructed parts, 4) crimping the stent, and 5) stent deployment or
release by volume or pressure inflation of the balloon (for balloon-
expandable stents) and radial expansion of the stent (for self-
expandable stents). There is an intermediate step of prepressurizing
the root due to the blood diastolic pressure that sometimes is missing
from the TAVR computational studies due to the simulation
complexities, 24785109

Nappi et al.!%° used FEA to simulate SAPIEN and CoreValve deploy-
ment in 2 patients who had device failure and compared the FEA findings
with the results from 2 patients with no postprocedural complication.
They indicated that the CoreValve in the rehospitalized patient led to
elliptical deformation that was greatest distally where a large amount of
calcium was persisting. The values of the paravalvular and contact area
were reported to be larger in rehospitalized patients for both valve types.
In a combined FEA-CFD analysis by Mao et al.,*” a CoreValve deployment
was modeled with 3 orientations, 3 deployment heights, 2 skirt shapes,
and 3 stent thicknesses. Their results showed that the PVL can differ up to
40% between the orientated models due to the scallop shape of the stent.
They also reported a 70% change in the leaking volume between
different deployment heights and found that the lower deployment may
help reduce PVL. Bianchi et al.'? performed FEA-FSI analyses in SAPIEN
and CoreValve cases for 2 different positions as well as 2 valve sizes. The
aortic and midway valve positions were used for the SAPIEN, and the
aortic, midway, and ventricular positions were used for the CoreValve.
The valve sizing was based on nominal and overexpansion of the stents.
Their FEA findings showed that the SAPIEN with nominal expansion
showed a higher potential for PVL having the lower contact area as well
as the larger amounts of calcium than the other cases. FSI analysis also
showed that SAPIEN had the largest PVL compared to the other cases.
While both aortic and ventricular positioning resulted in an increase in
PVL for both SAPIEN models, aortic positioning for the CoreValve
resulted in PVL reduction. Luraghi et al.'® studied 2 cases with clinical
prognosis of mild and moderate PVL using FEA-FSI analyses. They
designed a CAD model similar to the CoreValve, including the stent
frame, bioprosthetic leaflets, and the skirt, and compared the results with
the postprocedural CT data. They reported a good agreement between
the computational data and Doppler measurements for the maximum
velocity values at peak systole. Calculating velocity contour maps in
several cross-sectional planes along the length of the aorta, they reported
1 minor PVLs for one case and one major PVL for the other case with the
regurgitant volumes of 26.88 ml and 43.73 ml. In another study by

Luraghi et al.,'!? they examined the effect of calcification patterns on the
TAV performance. They created an averaged aortic geometry from 1
patient-specific reconstructed models and generated “coaptation pattern
or arch shaped” and “radial or circular pattern” of the calcium deposits on
the leaflets. They showed that the radial pattern had a moderate PVL
(25-26 mL) and coaptation pattern had a mild PVL (35-40 mL) according
to Valve Academic Research Consortium-2.'%> Ghosh et al.®> examined
aortic, midway, and ventricular valve positioning similar to Bianchi
et al.,'? for an Evolut R valve. Additionally, they included the beating of
the heart to analyze the valve anchorage. They reported PVL degrees of
34.59 ml and 41.61 ml for the midway and ventricular positioning,
respectively. Considering PVL and other structural and hemodynamics
factors, e.g., geometric orifice area, von Mises stresses, and thrombogenic
potential, they concluded that anterior fibrous trigon ventricular posi-
tioning resulted in the optimal valve performance in that particular patient
anatomy.

In summary, in-vitro and in-silico biomechanical studies provide detailed
information on the anatomical features as well as their changes due to the
device deployment, to detect the PVL site and to evaluate functional
characteristics including biomechanical stress concentration and PVL
severity. The methods developed, once validated on a large cohort, can be
used to predict PVL and its association with other postprocedural compli-
cations and to assist in clinical, procedural, and surgical decision-making.

Outlook on Predictive Computational Models and Model-Order-
Reduction Techniques

Computational models substantiate the third paradigm of investiga-
tion, the in silico one, after the traditional in-vitro and in-vivo models (see
e.g. the study by Formaggia et al. and Auricchio et al.''»!!?), New
techniques in computational mechanics, together with new computa-
tional infrastructures and imaging/data retrieval devices for
patient-specific modeling, give new perspectives on the role of modeling
from the initial proof-of-concept stage to the support of clinical trials
(computer-aided clinical trials or in-silico clinical trials; see e.g. the study
by Pappalardo et al.''®), the design of therapy optimization,''* and the
assessment of sensitivity and impact of uncertain knowledge on the final
result uncertainty quantification (UQ).HS'117 The need for fast and reli-
able numerical results pinpointed above motivated new computational
techniques and modeling paradigms. Also, the modeling approaches
introduced so far are not directly linked to clinical outcomes.

Traditional numerical techniques for solving the partial differential
equation underlying mechanical models rely mainly on introducing a
representation of the approximate solution as a linear combination of
functions involving a finite number of coefficients. For instance, we can
approximate the displacement of a structure under static conditions by a
linear combination in the form
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u(x,y,2)= Y _uidy(x.y,2) m

where the coefficient u; is computed by solving an algebraic system,
while the basis function ¢;(x,y, z) can be selected in different ways. For
instance, in the FE method, after a reticulation of the region of interest,
these functions are piecewise polynomials on the mesh elements.
Piecewise polynomials are easy to define, differentiate, and integrate.
The basis functions are also generally nonzero only on a small number or
patch of elements, leading to the solution of linear (or linearized) systems
with a small number of nonzero entries, which implies a critical save of
computational and storage resources. However, piecewise polynomials
are a “general purpose” basis function set that can be virtually used for
any differential problem. Consequently, in Eq (1), all the information
about the problem to solve is in the coefficient 1;. The number N of co-
efficients required to have accurate solutions can be, therefore, quite
large.

In CAD, the mathematical representation of components of a me-
chanical part, such as a prosthesis, is not generally done by generic
piecewise polynomials like in FEs for their low regularity. In CAD, one of
the main ingredients for the mathematical representation of objects is
given by splines, particularly nonuniform rational B-splines (NURBS).
These curves guarantee an excellent trade-off between regularity and ease
of representation, causing them to be extremely popular in computer
graphics and CAD. Isogeometric analysis (IGA) is a numerical technique
introduced by Hughes et al.,''® where NURBS are used to represent not
only the domain of interest but also the solution of Eq (1) of the associated
differential problem: the basis function ¢ is represented by NURBS. This
approach automatically eliminates all the geometrical errors of the FE
representation of the domain, with a significant computational advantage.
In particular, IGA has been extensively used in the patient-specific
computational modeling of aortic valve closure and TAVR deploy-
ment.''>'?° For instance, Morganti et al.''° compared IGA with FEs for
simulating aortic valve closure in a single patient and found that IGA
resulted in valve coaptation profiles that resembled natural physiological
conditions at a significantly reduced number of mesh nodes compared to
typical FE analysis, thus leading to significantly reduced computational
costs. Wu et al.'?° employed IGA in a computational FSI framework to form
a technique known as immersogeometric analysis to analyze the radial
outward force and friction force during TAVR deployment. Here, IGA was
used to fully capture the complex geometry and discretize both the fluid
and structural domains involved in the FSI problem, thus avoiding the
difficulties seen at the fluid-solid interface with typical FE meshes.

IGA is an example of customization of Eq (1) to specific problems
where using a more regular basis can introduce significant computational
advantages. Other specific customizations based on a data-driven para-
digm may be considered as well. These approaches belong to the general
idea of “model order reduction” (MOR), where the number N degrees of
freedom can be drastically reduced to make real-time computation a
realistic target. Classical approaches of MOR rely on the sequence of 2
stages, off-line and online. The general purpose is to perform the heavy
computations during the off-line, promptly leveraged in the online phase
with a rapid solution. In short, we resort to a highly customized basis
function set ¢;(x,y, z) obtained during the off-line phase, which contains
much information about the problem to solve. In this way, the number N
in Eq (1) significantly reduces to an order of hundreds or less. To
exemplify the methodology (see, e.g. the study by Hesthaven et al. and
Quarteroni et al.'?"»'?%), let us assume to work on a parametrized prob-
lem, such as a linearly elastic material parametrized by the Young
modulus or the applied boundary conditions. After a traditional dis-
cretization (e.g., by FEs), several solutions can be computed in the
off-line stage for different values of the parameters. These solutions
(snapshots) form a database or library.

The selection of the values of the parameters to use for the snapshots
can follow from a uniform sampling of the parameters’ space or more
sophisticated strategies. In fact, it may follow more rigorous criteria
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(certified reduced basis method) such that the snapshots maximize the
representativity of all the possible physical solutions in the parameter
space. This “certified” approach requires certified estimates of the
representativity of each snapshot in the parameter space that are not
always available in practice. For this reason, we stick to the uniform
sampling approach.

In the online stage, we rapidly compute the solution for generic values
of the parameters by using the snapshot database. For linear problems
featuring a linear dependence of the solution on the parameters, the
superposition of effects promptly reconstructs the solution by a linear
combination of snapshots. However, generally, the dependence of the
solution on the parameters is not linear, and the superposition of effects
cannot be advocated. Yet, we look for a solution in the space spanned by
the snapshots. The coefficients of this linear combination can be obtained
by projecting the full-order problem (e.g., the FE one) to the space
spanned by the snapshots. This approach, in general, can still be inef-
fective, as the number of snapshots to adequately cover the parameter
space can be pretty large. On the other hand, the level of information
carried by the snapshots features a high redundancy, as each snapshot is
solving the same problem, just with a different value of the parameters.
To filter out this redundancy, we resort to a fundamental tool of linear
algebra called singular value decomposition. This technique allows for
identifying the principal components of the database in terms of singular
values (SV) of the snapshot matrix (possibly reset by subtracting the
snapshot average). In general, we order the SV in decreasing order. Rapid
decay of the SV indicates a high level of redundancy. The model reduc-
tion is then attained by taking only the SV beyond a desired threshold.
These indicate the relevant parts of the snapshot library, and the asso-
ciated left eigenvectors form the basis function ¢; to represent the
reduced-order model solution. The original problem is then projected on
the space spanned by these eigenvectors. A fast decay of the SV implies a
small number N to just hundreds of coefficients (vs. the thousands or
more of the full-order model), with an evident computational advantage.

This approach goes under the name of proper orthogonal decompo-
sition (POD), and it is one of the most popular MOR methods. Table 1 and
Figure 6 demonstrate the implementation of POD for rapidly simulating
the structural deformation of a Medtronic Corevalve.

A significant decrease in computational costs is seen after imple-
menting the model reduction (Table 1), all while retaining the accuracy
seen in the full order model solution (Figure 6). For nonlinear problems,
the projection on the span of the eigenvectors requires special techniques
that go under the name of the empirical interpolation method.'?! Effi-
cient open-source libraries performing MOR with POD and certified
reduced basis fluid and structural mechanics problems can be found at
https://www.rbnicsproject.org/ and in the study by Demo et al.'*

When computational models support clinical activity, the certifica-
tion of the quality of the results becomes a critical step and, more pre-
cisely, the UQ (i.e., the assessment of the dependence and robustness) of
the numerical results on the several uncertainties of the data becomes a
critical step. UQ methods require probing of the computational model
under several different conditions dictated by the stochastic distribution
of the noise of the data, and it is therefore generally costly. MOR may
play a fundamental role also in this respect.

Data-driven techniques based on machine learning (ML) complete the
picture of new-generation quantitative methodologies, in particular

Table 1
Computational details for the FEM and ROM simulations

Mesh Number of FE Number Computational time (S)
i hot: d f
size snapshots egrees ol - ROM ROM
computed of reduced . R . |
. simulation off-line online
freedom basis
257,671 105 227,511 13 102 2565 2.13

Notes. The reduced-order model (ROM) simulation is significantly faster than the
finite element (FOM) simulation.
FE, finite element.
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Figure 6. Comparison of the displacement field for the reduced order model (ROM) solution (a) and the finite element model (FEM) solution (b).

when a well-established mathematical and numerical modeling is
missing. For instance, Liu et al.'?* developed an ML model trained on FE
simulations, capable of estimating constitutive parameters of the aortic
wall within a significantly reduced computational time, i.e., a matter of
seconds. In combination with the MOR mentioned above, such ML
methods can rapidly provide material properties from patient-specific
geometries that are necessary for the off-line phase of the MOR, thus
resulting in a hybrid approach that is dramatically more accurate than
standard MOR methods. In essence, this hybrid, data-driven ML-MOR
approach provides a paradigm of predictive computational models in a
real-time fashion and on local computational resources for clinical
problems, including TAVR deployment.

Summary of Current Commercial and In-Development Available
Computational Models

We summarized computational methods of TAVR complications and
their pros and cons in the previous sections. Computational modeling of
TAVR biomechanics and hemodynamics is mostly in the development
stage, and it can be excelled by the technological innovations such as
using future quantum computers and artificial intelligence algorithms.
Some of the available pieces of computational software that are capable
of simulating TAVR biomechanics and hemodynamics are listed below:

1. FEops provides a wide range of patient-specific planning simula-
tions for TAVR and left atrial occlusion.'?° They are also developing
their planning platform of transcatheter mitral valve replacement,
transcatheter tricuspid valve replacement, and transcatheter pul-
monary valve replacement. El Faquir et al.>> showed that FEops
HEARTguide impacted physicians’ decision about the depth of im-
plantation in TAVR with the self-expanding Evolute R valve, and
they used FEops to find the optimum implantation depth. The focus
of this software is on the structural valve simulations lacking he-
modynamic considerations.

2. FlowVision (Capvidia NV, Leuven, Belgium) and Abaqus (Simulia,
Dassault Syste’mes, Providence, RI, USA) coupling also allows for pre-
and post-TAVR biomechanics and hemodynamics analyses. The
advanced cut-cell method used in FlowVision employs complex
polyhedron cells at the fluid-solid interface that are used to cut the
Cartesian fluid domain, allowing the fluid cells conform based on the
motion of the solid domain. Maintained precise features of the com-
plex geometries without the need for a heavily refined mesh
compared to the nonbody conforming techniques make the cut-cell
method suitable for patient-specific valve assessments. Using these
software packages, Kandail et al.'?® studied the impact of CoreValve
implantation depth on aortic and coronary hemodynamics. Bianchi
et al.'? and Ghosh et al.®® assessed leaflet kinematics, PVL, and
thrombogenic potential after TAVR in a patient-specific manner.
Emendi et al.'* performed this coupling analysis to replicate

hemodynamics in bicuspid AV patients which was validated against
four-dimensional-flow magnetic resonance imaging measurements.

3. LS-DYNA (Livermore Software Technology Corporation, Livermore,
CA) has been used in FEA-FSI analyses of the native and bioprosthetic
valve computational modeling. Kivi et al.,'?” Marwan et al.,'*® and
Cai et al.'?° simulated FSI in the idealized geometries of the aortic
valve. Luraghi et al.!'® presented an FSI analysis in a patient-specific
root. However, native leaflets and calcium patterns were not
patient-specific. Fluid and solid domain discretization uses the arbi-
trary Lagrangian-Eulerian and nonbody conforming immersed
boundary methods.

4. SimVascular is an open-source blood flow modeling and simu-
lation tool.'*° This software provides a pipeline from extracting
3D geometric models from medical images to meshing and flow
simulation. SimVascular has some FSI capabilities, and it in-
cludes physiologic boundary conditions and FE Navier-Stokes
solvers.'3!

5. CRIMSON is open-source software that is capable of performing 3D
hemodynamic simulations.'>? The FE method and reduced order
computational methods are applied in developing this software.
Vascular structure segmentation and construction of analytic arterial
and venous models followed by a mesh generation algorithm are
designed in the CRIMSON pipeline. After the FE mesh generation and
applying boundary conditions, this software is able to solve
Navier-Stokes equations for the blood flow. It also has some FSI fea-
tures and can handle postprocessing and visualization tasks.
CRIMSON has not been commercialized yet.'>? Also, it is not clearly
stated if this software is capable of handling hemodynamic simula-
tions with prosthetic valves or not.

There are other software available commercially that are predicting
various cardiac adverse events, but these software are out of scope of this
review paper, including Certara'*® (predicts the cardiotoxicity risk), open-
CARP"™* (a cardiac electrophysiology simulator), and CcvsSim'® (an
open-source cardiovascular system lumped-parameter model used for
teaching and research). Also, consulting companies such as DasiSimulations
(https://www.dasisim.com/) provide patients and physicians with an ac-
curate patient-specific TAVR simulation and prediction of possible
post-TAVR complications and outcomes. Even though there are sophisticated
software and models already available for cardiovascular complications,
software that can combine the TAVR biomechanics with hemodynamics to
predict and optimize the exact outcomes of the TAVR during, shortly after,
and in a long-term post-TAVR time span has not been developed.
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