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Abstract

Bicuspid aortic valve (BAV) is the most common cardiac congenital abnormality with a high

rate of concomitant aortic valve and ascending aorta (AAo) pathologic changes throughout

the patient’s lifetime. The etiology of BAV-related aortopathy was historically believed to be

genetic. However, recent studies theorize that adverse hemodynamics secondary to BAVs

also contribute to aortopathy, but their precise role, specifically, that of wall shear stress

(WSS) magnitude and directionality remains controversial. Moreover, the primary therapeu-

tic option for BAV patients is aortic valve replacement (AVR), but the role of improved post-

AVR hemodynamics on aortopathy progression is also not well-understood. To address

these issues, this study employs a computational fluid dynamics model to simulate person-

alized AAo hemodynamics before and after TAVR for a small cohort of 6 Left-Right fused

BAV patients. Regional distributions of five hemodynamic metrics, namely, time-averaged

wall shear stress (TAWSS) and oscillating shear index (OSI), divergence of wall shear

(DWSS), helicity flux integral & endothelial cell activation potential (ECAP), which are

hypothesized to be associated with potential aortic injury are computed in the root, proximal

and distal ascending aorta. BAVs are characterized by strong, eccentric jets, with peak

velocities exceeding 4 m/s and axially circulating flow away from the jets. Such conditions

result in focused WSS loading along jet attachment regions on the lumen boundary and

weaker, oscillating WSS on other regions. The jet attachment regions also show alternating

streaks of positive and negative DWSS, which may increase risk for local tissue stretching.

Large WSS magnitudes, strong helical flows and circumferential WSS have been previously

implicated in the progression of BAV aortopathy. Post-intervention hemodynamics exhibit

weaker, less eccentric jets. Significant reductions are observed in flow helicity, TAWSS and

DWSS in localized regions of the proximal AAo. On the other hand, OSI increases post-

intervention and ECAP is observed to be low in both pre- and post-intervention scenarios,

although significant increases are also observed in this ECAP. These results indicate a sig-

nificant alleviation of pathological hemodynamics post AVR.
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1. Introduction

Bicuspid aortic valve (BAV) is the most common cardiac congenital abnormality affecting

approximately 2% of the general population [1], of which approximately 75% are male [2].

Children born with BAVs are typically asymptomatic, and they are either diagnosed inciden-

tally through an echocardiogram performed for other reasons or go undiagnosed into adult-

hood when valvular leaflet degeneration eventually leads to clinically relevant symptoms.

Bicuspid aortic valves usually present with either two full formed leaflets (pure BAV) or one

free leaflet and two leaflets which are conjoined due to congenital underdevelopment leading

to a malformed, fibrous, commissure, called raphe. Sievers and Schmidtke [3] proposed a clas-

sification for different BAV types based on the number of raphes present and the leaflets

between which fusion exists. The different types of BAVs, according to this system, and their

prevalence rates are illustrated in Fig 1. Of the different phenotypes, type-1 BAV is the most

prevalent, making up nearly 90% of the BAV population. Among the non “pure” BAVs patient

population, type-1 with a fusion of the right and left cusps with one raphe (R-L type-1), occur

in more than 70% of cases.

Although BAV anatomy can often achieve normal valvular function, it is associated with a

high rate of structural deterioration of the aortic valve (AV), such as calcific stenosis, insuffi-

ciency and is subject to higher risk of infective endocarditis. Similarly, the presence of BAV

may affect the structure of the aortic root and the ascending aorta (AAo), in the form of con-

current coarctation, progressive dilation, aneurysmatic degeneration, intimal dissection or

even rupture. These adverse outcomes are known to occur in around 40–60% of those with

BAVs, putting them at a 6-9x risk for fatal complications compared to subjects with normal tri-

cuspid valves [4]. While the role of genetic anomalies (“genetic theory”) in the fate of the AAo

of BAV patients has been long acknowledged [2,5–10], Atkins et al. [11] recently hypothesized

that adverse hemodynamics (“hemodynamic theory”) might also influence the pathogenesis

and progression of BAV-related aortopathy. Della Corte et al. [12] found that regurgitant

BAVs were strongly associated with root aneurysms, whereas AAo dilation was more prevalent

with hypertensive blood flow and stenotic BAVs. The tubular aortopathy phenotype secondary

to stenotic BAVs is commonly observed to begin at the sinotubular junction (STJ) and mainly

Fig 1. Morphological differences between tricuspid aortic valve and the different types of BAV, classified using

the Sievers classification system [3]. The blue lines represent edges of mobile leaflets, while the red lines represent

fused raphes. The left and right coronary cusps show circles representing coronary ostia. For each BAV morphotype,

its prevalence in terms of percentage of the total BAV population is also specified.

https://doi.org/10.1371/journal.pone.0301350.g001
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involves the convexity of the AAo [13,14]. Furthermore, the type of aortopathy resulting from

BAV also appears to depend on the BAV morphotype. Indeed, root dilation was predicted by

the presence of R-L BAVs without significant stenosis and R-N BAVs with severe regurgita-

tion, whereas AAo dilation was more prevalent in stenotic R-L BAVs and those without regur-

gitation [12].

Thus, altered hemodynamics specific to BAV morphotype appear to be important determi-

nants of the risk and type of aortopathy, but the underlying mechanism is not yet clearly

understood. Particularly, the role of wall shear stress (WSS) magnitude and directionality in

aortopathy risk remains a topic of debate. Historically, low and oscillating shear stress and

higher residence times secondary to flow stagnation have been strongly correlated with intra-

luminal thrombus (ILT) formation and consequently risk aneurysm development in the com-

mon iliac artery [15] and abdominal aorta [16,17]. Likewise, several studies have found a

strong association between highly bidirectional WSS of relatively low magnitude and the risk

of cerebral aneurysm growth and rupture [18–20]. On the other hand, chronically high WSS is

also known to alter endothelial response which stimulates outward vascular remodeling, caus-

ing an expansion of the arterial diameter [21–23]. This adaptation is an effort to downregulate

abnormally high WSS to physiological levels, and vessel expansion has been observed to halt

when WSS returns to baseline levels, irrespective of the flow-rate [23–25]. Focused investiga-

tions into the association between BAV aortopathy and the underlying blood flow appear to

suggest that the hemodynamic determinants of aortic diameter modifications might follow a

different mechanism. A recent study by Dux-Santoy et al. [26] compared WSS on the AAo in

46 BAV patients to 44 healthy volunteers using time-resolved 3D MRI and found that regions

exposed to low and oscillating wall shear stress in BAV patients did not match those with the

highest prevalence of dilation. In other studies, the group also showed, through cardiac MRI

analysis and in silico modeling that BAV patients exhibited strong helical flows in the aorta,

with increased axial circulation [27] and circumferential wall shear stress [28] compared to

healthy controls. Further, they showed that the magnitude and circumferential component of

the local WSS vector correlated strongly in BAV patients with the risk of AAo growth rate

[29]. In another study [30], the group employed several machine learning algorithms to estab-

lish biomarkers which most strongly correlate with BAV-disease and found that jet velocity

angle consistently predicted BAV hemodynamics, along with forward/ reverse velocity and

indicators of rotational flow, such as helicity, vorticity and circulation. 4D flow MRI analysis

of 60 subjects by Minderhoud et al. [31] showed that larger WSS angle, and consequently,

larger circumferential WSS component, were strong predictors of dilation in BAV patients.

Another controversial issue around BAV aortopathy relates to changes in the rate of disease

progression post-AV replacement (AVR). A severely restricted BAV, regardless of the etiology,

is currently treated by replacing the diseased valve, but the fate of the aorta may evolve toward

progression or stabilization of the disease, even after relief of the valve obstruction. Naito et al.

[32] observed that aortas of BAV patients continue to exhibit severe histological lesions in

regions in direct contact with eccentric jets post AVR. The authors concluded that hemody-

namic factors may continue to contribute to late progression of BAV aortopathy post AVR.

Hattori et al. [33] found, using post AVR CT-scans of 14 BAV patients, that AAo diameters

continued to grow, on average, at a rate of 1.02 mm/year. On the other hand, Charitos et al.

[34] found that BAV patients with normal aortic root hemodynamics after AVR exhibited sim-

ilar rates of AAo growth over time as those observed among the general population. Girdaus-

kas and Borger [35] also emphasize the role of post-intervention hemodynamics in aortopathy

progression, but note that the tubular AAo phenotype follows a benign prognosis post AVR.

Regeer et al. [36] found through analysis of 93 AVR candidates with BAV that aortic dilation

rates reduced from 0.42 mm/year to 0.28 mm/year postoperatively. Thus, there is consensus
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that AAo hemodynamics are linked to stenotic BAV aortopathy risk and post AVR progres-

sion, but their precise role remains unclear.

Based on these premises, it would be useful to understand the degree to which the AAo

hemodynamics and turbulence, as well as the associated AAo WSS profile is altered in BAV

patients after the implantation of a prosthetic valve. In addition, the capability of predicting

ahead of the procedure, the post-implant AAo hemodynamics for these patients could assist

cardiac surgeons in making a better assessment in terms of AAo management both at the time

of AVR and during follow-up. In the current study, we utilize image-based in-silico computa-

tional models to compare the presurgical AAo hemodynamics as well as wall-shear metrics

that are correlated with aortopathy, with the corresponding metrics after a virtual implantation

of a bioprosthetic trileaflet aortic valve in the same BAV patient. We focus here on biopros-

thetic valves since these are increasingly the choice for aortic valve replacement [37]. We note

that several previous numerical investigations have described AAo hemodynamic characteris-

tics secondary to BAVs in detail, including jet displacement, jet angle, flow helicity and the

associated asymmetric, and oscillating wall loading [38–41]. However, these studies either

assumed idealized aorta or BAV anatomy [38,39], or ignored dynamic leaflet motion [41], or

are limited by the choice of BAV phenotype [40] and turbulence model [39]. We overcame

previous limitations in the current literature and based our study on a small cohort of severely

stenotic BAV-patients (N = 7) for whom AVR was performed with a bioprosthetic trileaflet

aortic valve (BTAV). Direct numerical simulations (DNS) are performed on models based on

pre-intervention CT scans obtained for each patient with a BAV as well a corresponding hypo-

thetical post-intervention case using a TAV virtually implanted in place of the BAV. To avoid

confounding effects, the same ventricular function, including heart rate, stroke volume and

velocity profile, as well as root & AAo anatomy are used in both cases. AAo hemodynamics

and several WSS-derived metrics are evaluated over the cohort with BAV and TAV pheno-

types, and regional differences in WSS magnitude and directionality are evaluated to identify

the nature of abnormal WSS loading on high-risk sections of the AAo. This approach is advan-

tageous in the following two ways: (i) DNS ensure that turbulent flow features are resolved,

and consequently, that WSS is accurately estimated, and (ii) employing the same root + AAo

anatomy in the BAV and TAV cases eliminates the effect of any AAo morphological differ-

ences associated with severely stenotic BAVs on the flow fields. This also facilitates isolating

the effect of a change in valve phenotype on risk and progression of aortopathy. The results of

the present study describe AAo hemodynamics and WSS distributions on the lumen bound-

ary, secondary to severely stenotic BAVs and changes in these hemodynamic metrics post-

AVR. Comparing differences between the pre- and post-intervention WSS magnitude and

direction and its related quantities can help understand the underlying hemodynamic contrib-

utors to BAV-related aortopathy and its possible resolution following AVR.

2. Methods

2.1. Fluid-structure interaction valve dynamics solver

In large blood vessels such as the aorta, blood flow can be assumed to be homogeneous and

Newtonian with density ρ (= 1,060 kg/m3) dynamic viscosity μ (= 4.0 cP) [42]. Thus, blood

flow is modeled by the three-dimensional, incompressible Navier-Stokes’ equations, which are

discretized using a second-order accurate central-difference scheme, and integrated on three-

dimensional, non-uniform Cartesian grids. Such a grid topology simplifies the discretization

of partial derivatives, boundary condition enforcement at domain boundaries and paralleliza-

tion of the code. All immersed surfaces are represented by three-dimensional surface meshes

with triangular elements. The interaction between the fluid and structural subsystems is

PLOS ONE Changes in in left-right bicuspid aortic valve hemodynamics after replacement with bioprosthetic valves

PLOS ONE | https://doi.org/10.1371/journal.pone.0301350 April 16, 2024 4 / 34

https://doi.org/10.1371/journal.pone.0301350


modeled using the sharp interface immersed boundary method of Mittal et al. [43]. The solver

has previously been successfully employed for direct numerical simulations of flow through

stenosed aortic valves (AS) [44,45], mitral valves[46] and left ventricles [46,47], as well as sev-

eral other biological flow systems [48,49]. The solver is coupled with a versatile reduced

degree-of-freedom (rDOF) valve model [45,50–54] which considerably simplifies the struc-

tural subsystem, reduces simulation time can be adapted to patient-specific annular morphol-

ogy and accurately simulate various valvular pathologies. The model is used to simulate the

response of severely stenotic BAVs and healthy TAVs to physiological blood flow for a set of

patient-specific AAo models. The governing equations of the rDOF model, its adaptation to

patient-specific anatomy and its ability to mimic several valve conditions are described in

detail in S1 Appendix and S2 Appendix.

2.2. Patient inclusion/exclusion criteria

Patients undergoing AVR (N = 6) were enrolled in this study and screened to meet the follow-

ing inclusion criteria:

1. All enrolled patients presented with severe bicuspid aortic valve stenosis (AOA< 1 cm2,

mean gradient�40 mm Hg, peak velocity�4.0 m/sec).

2. Intermediate to high surgical risk interpreted as STS-PROM score >4%, or low surgical

risk (STS-PROM score <4%).

Additionally, the following criteria were used to exclude patients from the study:

1. Concurrent severe coronary artery disease.

2. Previous cardiac surgery.

3. Low flow/low gradient aortic valve stenosis.

Chronic renal insufficiency, defined as glomerular filtration rate (GFR)< 60.

History of congenital aortopathies (i.e. Marfan, Loeys-Dietz syndrome, etc) or other con-

current collagen disease.

The study protocol was approved by the Johns Hopkins Medical Institute Institutional

Review Board (IRB) with IRB number: IRB00177900. All patient data (CT scan, echocardio-

graphic images and reports) were obtained after a written informed consent and were anon-

ymized before use. The types of BAV observed in the patient cohort are listed for each patient

in Table 1. The CT images for patient 1 may be used to replicate the results described herein

and are provided by Mittal [55].

Of the recruited patients, the first six presented with the left-right (LR) fused BAV with

raphe (Sievers Type-1), while the seventh had a Sievers Type-0 BAV. Accordingly, the rDOF

valve model described in section 2.1 is adapted to the seven patient anatomies as shown in

Fig 2. The same annular shape is used to compute the BAV and TAV shapes. Type-1 BAVs are

modeled by fusing the left and right leaflets of a tricuspid valve using a virtual raphe, while the

type-0 BAV is modeled by starting with two leaflets and stretching them in the circumferential

direction. The BAV leaflets are azimuthally adjusted to fit those of the sinus cusps, so that the

commissure lines between the two leaflets were aligned with the interface between the

Table 1. A description of the patient cohort describing the Sievers type of bicuspid valve observed in each patient (RL-T1: R-L Type 1; AP-T0: A-P Type 0).

Patient 1 2 3 4 5 6

Sievers Type RL-T1 RL-T1 RL-T1 RL-T1 RL-T1 RL-T1

https://doi.org/10.1371/journal.pone.0301350.t001

PLOS ONE Changes in in left-right bicuspid aortic valve hemodynamics after replacement with bioprosthetic valves

PLOS ONE | https://doi.org/10.1371/journal.pone.0301350 April 16, 2024 5 / 34

https://doi.org/10.1371/journal.pone.0301350.t001
https://doi.org/10.1371/journal.pone.0301350


appropriate cusps. On the other hand, the tricuspid valve shapes are assumed to be derived

from prosthetic valves, each spanning 120˚, conforming to the patient’s annular boundary.

2.3. Dynamic response tuning

Once the model is set to obtain desired leaflet shapes and kinematic features, its dynamic

response can be tuned by determining leaflet inertia and stiffness in terms of α & κ. In a previ-

ous study [51], we simulated flow inside a canonical aorta morphology using the idealized

Fig 2. Adaptation of the canonical AV model to the annular morphology of the 7 patients enrolled in the study, shown using 3D models of their

respective aorta CT-scans. The first row of patient-specific valves shows native BAVs, with leaflets fitted to individual sinus cusps. The second row shows the

corresponding hypothetical prosthetic TAVs fitted to the aortic annulus with the three leaflets equal in angular span.

https://doi.org/10.1371/journal.pone.0301350.g002
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valve model and showed that under identical inflow conditions with α = 40kg/m2, κ = 10,600

Pa/m, leaflet motion, quantified as the instantaneous projected valve open area (PVOA), was

in good agreement with that predicted by the 3D non-linear finite-element valve model of de

Tullio and Pascazio [56]. Thus, for the rest of this study, healthy leaflets are modeled using

these values for α & κ. As previously stated, aortic stenosis via leaflet thickening can be mod-

eled by increasing either α or κ over its respective baseline value.

2.4. Simulation setup

The aorta models described in section 2.2 are truncated at the LVOT and the aortic arch and

extensions are created at each truncated end in local the axial direction. Information regarding

time-varying flow-rate profiles were not available for all patients. Hence, an inflow-profile is

used which is synthesized from a pulse duplicator system employed for in vitro experiments of

transvalvular flow (Fig 3(A); courtesy L.P. Dasi, Cardiovascular Fluid Mechanics Lab, Georgia

Institute of Technology). It is characterized by a heart rate of 60 bpm, systolic ejection period

of approximately 440 msec, and stroke volume of approximately 92 ml. It comprises of a grad-

ual acceleration (A) phase (duration�340 ms), followed by rapid deceleration (D) (duration

�100 ms), with a peak at around t/T = 0.42. The simulation Reynolds number, based on peak

systolic inflow velocity (Upeak) and annular area (ALVOT), assuming blood viscosity to be 4.0

cP, is Repeak ¼
Upeak
n

ffiffiffiffiffiffiffiffiffiffi
4ALVOT

p

q� �
6400. Each simulation was run on 256 CPUs for approximately

48 hours, thus requiring approximately 12,000 CPU hours each.

Simulations are performed for each patient anatomy using both valve (BAV and BTAV)

phenotypes and the flow-rate profile described above. For each patient, several hemodynamic

metrics are evaluated which have been proposed to predict possible vascular endothelial dam-

age for the pre- (BAV) and post-intervention (TAV) cases. Correlations between changes in

Fig 3. (a) Flow-rate profile used to drive simulations with each patient anatomy, marked with (A) acceleration and (D) deceleration phases, and four analysis

instants at t/T = 0.30, 0.42, 0.47 & 0.55 and (b) evolution of resulting projected valve open area (PVOA) obtained using BAV and TAV over the dataset. The

solid lines represent the respective PVOAs averaged over all patients, while the shaded regions indicate the corresponding time-varying bounds (min/max) on

PVOA.

https://doi.org/10.1371/journal.pone.0301350.g003
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different metrics and zones at risk for aortopathy are used to investigate the role of WSS in the

progression of aortic dilation and/ or dissection. For ease of comparison between patients, all

aorta models are scaled so that the LVOT cross-sectional area is the same as that of a 23 mm

diameter valve. The time-varying projected valve open area (PVOA) for the simulated BAV

and TAV cases in the dataset are shown in Fig 3(B). The fused BAV leaflets are assumed to be

rigidly held while the mobility of any non-fused leaflets can be varied to achieve desired orifice

areas. The resulting peak PVOA averaged across the patient cohort were 0.951 cm2 & 3.372

cm2, for the BAVs and TAVs respectively. Each case is simulated using a uniform, Cartesian

grid with grid spacing of 0.5 mm. This grid resolution was determined through the grid-refine-

ment study described in S3 Appendix. This grid resolution and tuned leaflet parameters are

also shown to result in good agreement with clinical patient-specific echocardiographic mea-

surements, as shown in S4 Appendix.

2.5. Assessed hemodynamic quantities

For the purpose of analysis, the aorta lumen boundary is divided into three axial regions corre-

sponding to the aortic root, proximal AAo (PAAo) and distal AAo (DAAo). The boundary

between the PAAo and DAAo is approximately halfway between the sino-tubular junction

and the aortic arch. The root is further divided into the non- (NCC), right- (RCC) and left-cor-

onary cusps (LCC), while the PAAo and DAAo are divided into their respective convex, ante-

rior, concave and posterior surfaces. In this manner, the aorta is divided into 11 analysis zones,

which are illustrated in Fig 4 for Patient 1.

Fig 4. Illustration of the 11 wall shear analysis zones for patient 1’s aorta anatomy.

https://doi.org/10.1371/journal.pone.0301350.g004
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The following flow and WSS-derived quantities are evaluated to analyze the pre- and post-

intervention hemodynamics and assess the associated risk of aortopathy:

2.5.1. Helicity flux integral. Flow helicity in the AAo can also be quantified in terms of

the helicity flux ðHÞ through a section, defined as shown in Eq (1)

H ¼
Z

S
½r � ðð u!� t̂Þt̂Þ� � n̂dS

H > 0; ccw rotation

H < 0; cw rotation
ð1Þ

The helicity flux through an axial section plane has been previously used by Cao et al. [39]

to quantify circulating flow in the AAo with BAVs, and may be viewed as the surface integral

of the out-of-plane vorticity. The sign of the integral refers to the direction of in-plane rotation

using the right-hand rule: positive integrals correspond to counter-clockwise bulk rotation,

while negative integrals indicate clockwise rotation. Alternatively, using Kelvin’s circulation

theorem, it may be interpreted as the line integral of the of circulation contained by the section

boundary. Using Helmholtz’s theorem, it may also be interpreted as the area integral of the

out-of-plane (axial) vorticity.

2.5.2. Time-averaged wall shear stress magnitude. The time-averaged wall shear stress

magnitude is calculated as shown in Eq (2), where τw
! represents the local WSS vector:

�jtw
!j¼

1

T

Z T

0

jtw
!jdt ð2Þ

2.5.3. Oscillating shear index. The Oscillating Shear Index (OSI) is a measure of the

bidirectionality of the local WSS vector over a defined time interval and is calculated as shown

in Eq (3). It is a scalar integral quantity which takes values in the range [0,0.5], such that it is 0

for a WSS field which does not reverse direction at any instant during the period of integra-

tion, and 0.5 for a purely oscillating WSS field.

OSI ¼
1

2
1 �
j
R T

0
tw
!dtj

R T
0
jtw
!jdt

" #

ð3Þ

2.5.4. Divergence of wall shear stress. The next analyzed metric is the divergence of wall

shear vector (DWSS), which is a scalar-valued measure indicating whether the surface distri-

bution of WSS results in a local stretching or a compression effect on the lumen boundary.

Mathematically, the local DWSS is calculated as shown in Eq (4) and has been previously pro-

posed to assess the risk of intracranial aneurysm rupture [57]. Fig 5 illustrates a schematic

showing two generic locations on the AAo lumen boundary, each experiencing a different

loading condition. The first location (red) experiences positive DWSS, such that local WSS

vectors point outwards (diverge) and as a result, forces act to tangentially stretch the lumen

boundary. Diverging vectors on the lumen boundary could also result from material transport

from the lumen towards the boundary. This could imply an elevated risk of pro-inflammatory

material deposition on the aorta wall and, consequently, increased endothelial cell inflamma-

tion and damage. On the other hand, the other location (blue) experiences negative DWSS

such that WSS vectors locally point inwards and, consequently, tangentially compressive forces

act on the lumen boundary. Convergent WSS vectors could promote material transport away
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from the boundary, towards the lumen.

DWSS ¼ r � tW
�! ð4Þ

Fig 5. Schematic showing diverging (red) and converging (blue) WSS vectors, leading to positive and negative

DWSS, respectively.

https://doi.org/10.1371/journal.pone.0301350.g005
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2.5.5. Endothelial cell activation potential. The final metric assessed is the endothelial

cell activation potential (ECAP), calculated as shown in Eq (5). This metric has been previously

proposed to predict the risk for aneurysm formation in major arteries such as the abdominal

aorta [17]. The authors proposed a critical value of 1.4 Pa–1, over which the risk of intralum-

inal thrombus formation was high.

ECAP ¼
OSI

TAWSS
ð5Þ

From Eq (5) it may be inferred that high ECAP regions coincide with those experiencing

low and oscillating WSS.

3. Results

3.1. Ascending aorta hemodynamics

In this section, differences in flow-fields observed between AAos with BAV and TAV are

described. For the sake of convenience, simulations with BAVs and TAVs are also referred to

as “pre-intervention” and “post-intervention” cases, respectively. Differences in flow-fields

influence the biomechanical stresses on the aorta lumen boundary, thus, affecting the risk of

aortopathy. Flow visualization for Patient 1 are presented in detail to describe hemodynamic

differences in the two scenarios. Later in the section, the distributions of several hemodynamic

metrics, averaged over the patient cohort in the pre- and post-intervention cases, are described

over important analysis zones to identify regions at greater risk for vascular damage and those

which might experience improved hemodynamics after valve replacement. Fig 6 shows the

time-averaged flow fields in Patient 1’s AAo in the (left) pre- (BAV) and (right) post-interven-

tion (TAV) cases, visualized using streamlines colored by velocity magnitude jU!j. Addition-

ally, five analysis sections are defined along the aorta axis, starting at the sino-tubular junction

(STJ) and moving towards the aortic arch. These sections, shown in Fig 6(A), are used to illus-

trate the evolution of the aortic jet, visualized using contours of the axial (or normal) compo-

nent of velocity Vn. The cycle-averaged pre-intervention aortic jet velocity magnitude is�1.1

m/sec, which reduces to�0.35 m/sec with a TAV due to an increase in the valve orifice area.

The asymmetric stenosis in a type-1 BAV results in a narrow jet which is skewed toward the

convex surface of the aorta lumen boundary. As the jet propagates downstream, it appears to

rotate towards the anterior surface, as it bends along the AAo curvature. This jet rotation is

also evidenced by its shape and location, relative to the five analysis sections; first, it attaches to

the convex wall of the PAAo (sections 1, 2). As it propagates downstream (sections 3, 4), it

forms a crescent shape, with most of its momentum concentrated close to the wall. At the

same time, circulating flow patterns with counter-clockwise rotation (looking upstream

towards the AV) and a weak retrograde motion (<0.4 m/sec) are observed to originate near

the concave surface of the PAAo and extend towards the concave and posterior surfaces of the

DAAo. This secondary helical flow which sets up on the opposite side of the wall causes the jet

to rotate towards the anterior surface as it propagates in the DAAo. The strong attached jet on

one side of the aorta wall, together with the weak helical flow on the other results in regionally

asymmetric loading which may increase the susceptibility to vascular damage. In the post-

intervention case, the larger PVOA results in lower jet velocity, because of mass conservation.

The time-averaged jet velocity near the STJ (section 1) is observed to be�0.2 m/sec. The jet

appears to be more circular and less eccentric, compared to the pre-intervention case. As it

propagates through the aorta, the jet expands, and its momentum diffuses in the radial direc-

tion. In sections 2–5, the jet is observed to occupy the entire cross-section, evidenced by the

presence of antegrade flow (red). The streamlines also appear to be aligned with the aorta axis
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throughout the AAo, except for a short, dilated section of the PAAo, where the flow exhibits

weak helicity. The most notable difference in the post-intervention flow visualization is the

absence of regionally asymmetric flow distribution and the reduced jet velocity.

Fig 7 illustrates vortex structures visualized using isosurfaces of Q-criterion in the pre- and

post-intervention cases, at the four instants marked in Fig 3(A). The pre-intervention case

shows isosurfaces of Q = 105 sec–2, wherein major vortex structures first appear during the

acceleration phase (I) where the jet contacts the convex surface of the aorta wall. Around peak

systole (II) the jet velocity is observed to increase past 8.0 m/sec and the aortic jet, observed

using the high velocity contours, appears to tilt towards the anterior surface as it bends along

the aorta wall curvature. At the same time, vortex structures appear near the aorta concave and

posterior surfaces, moving with relatively lower velocity (�2–3 m/sec) than the jet. These sur-

faces are not in direct contact with the aortic jet, and the nearby flow represents secondary

helical flow which sets up insde the AAo due to shear effects of the strong jet and centripetal

acceleration due to fluid motion in a curved vessel. As the flow decelerates (III) the jet velocity

magnitude decreases, evidenced by fewer streaks of Q-criterion with jU!j > 4:0 m/sec, but the

helical flow pattern continues and extends further upstream towards the valve. Finally, after

systolic ejection has ended and the valve has closed completely (IV), only some residual, low

velocity (�1.0 m/sec) helical motion remains, which eventually dissipates during diastole.

Fig 6. Flow in the AAo, visualized using streamlines of time-averaged velocity vectors and colored using average velocity magnitude jU!
��!
j for (left) BAV and

(right) BTAV using Patient 1’s anatomy. Additionally, in each figure, axial velocity (Vn) contours at 5 analysis sections are shown.

https://doi.org/10.1371/journal.pone.0301350.g006
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Due to the larger PVOA associated with the post-intervention (TAV) case, the flow is char-

acterized by significantly lower velocities and, consequently, velocity gradients throughout the

cardiac cycle. Therefore, the Q-criterion isosurfaces used to visualize the post-intervention

vortex structures in Fig 7(B) are of weaker strength (Q = 2×104 sec–2) compared to those used

in the pre-intervention case. An initial vortex ring is (I) formed at the leading end of the aortic

jet which convects downstream as the jet through the aorta. The high Reynolds number jet has

a shear layer where more instabilities grow, resulting in larger, but weaker vortex structures in

the proximal AAo around peak systole (II). The maximum peak systolic flow velocity is 1.59

m/sec. During deceleration (III), the adverse pressure gradient further facilitates instability

growth, due to which, more vortex structures are formed throughout the AAo. After systolic

ejection ends (IV), only slow, axially circulating flow in the AAo remains with velocity <1.0

Fig 7. Comparison of vortex structures, visualized using isosurfaces of Q-criterion and colored using contours of

velocity magnitude in the (top) pre-intervention and (bottom) post-intervention cases for Patient 1 anatomy at the

four analysis time-instants described in Fig 3(A). Due to the large difference in velocity magnitude in the two cases and

for ease of visualization, the pre- and post-intervention isosurfaces are plotted for Q = 105 sec–2 & Q = 2×104 sec–2,

respectively.

https://doi.org/10.1371/journal.pone.0301350.g007
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m/sec, which decays towards quiescence by the end of the cardiac cycle. Thus, valve replace-

ment helps to reduce peak jet velocities to physiological levels and reduces turbulent vortical

structures, as evidenced by a weaker Q-criterion field.

Fig 8(A) shows a comparison of the cohort-averaged peak systolic aortic jet velocity and

transvalvular gradient between the pre- and post-intervention cases. The severely stenotic

BAVs were associated with peak systolic jet velocities of about 4.7 m/sec. Post intervention, the

jet peak jet velocity is observed to be 1.27 m/sec. Likewise, the peak transvalvular gradients cal-

culated as the difference between the peak systolic pressures measured immediately upstream

and downstream from the aortic valve, reduced from 105 mm Hg to 2.24 mm Hg (<5 mm

Hg). Helicity flux is evaluated for the 5 analysis sections defined in Fig 6, and a cohort-wide

comparison between their respective pre- and post-intervention values is presented in Fig 8

(B). Both these changes indicate a post-intervention resolution of adverse hemodynamic con-

ditions which can prevent further damage to valvular, vascular as well as ventricular health.

3.2. Analysis of hemodynamic wall loading

In this section, the surface distribution of the four WSS-related metrics defined in section 2.5

are computed on the aorta wall in the pre- and post-intervention cases. A comparison of each

metric, averaged over the patient cohort in the pre- and post-intervention scenarios, is pre-

sented for the 11 zones in which the aorta is divided as shown in Fig 4. Fig 9 illustrates the dis-

tribution of the time-averaged wall shear stress magnitude (TAWSS), calculated for the entire

cardiac cycle, T (Eq (2)), in the (a) pre- and (b) post-intervention cases for Patient 1. Each plot

may be viewed as Patient 1’s AAo longitudinally sectioned along the centerline of its posterior

surface, with the horizontal axis indicating the azimuthal coordinate (θ) and the vertical axis

representing the axial coordinate (s). Dashed lines are used to divide the surface of the aorta

lumen boundary into the 11 analysis zones. The pre-intervention case is characterized by

Fig 8. Comparison of the (a) peak systolic aortic jet velocity and transvalvular gradients, and (b) peak helicity flux in the 5 analysis sections defined in Fig 6

averaged over the patient cohort in the (blue) pre- and (orange) post-intervention cases.

https://doi.org/10.1371/journal.pone.0301350.g008
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highly asymmetric distribution of TAWSS, with regions of high TAWSS (>10 Pa) localized to

the convex and anterior surfaces of the PAAo and all surfaces of the DAAo. Peak TAWSS

exceeded 25 Pa, observed in a streak originating on the convex PAAo and moving towards the

anterior DAAo. This is attributed to the anterior shift of the high-velocity aortic jet as it travels

along the lumen boundary. The root, on the other hand, is exposed to relatively low TAWSS

(<5 Pa), due to weak and recirculating flow.

On the other hand, the post-intervention case shows low TAWSS (<10 Pa) uniformly dis-

tributed on the lumen boundary, with most of it experiencing TAWSS�2 Pa. Higher stress of

about 7 Pa is observed to originate at the NCC-Convex PAAo boundary, propagate into the

convex PAAo, anterior PAAo and anterior DAAo, demonstrating the anterior tilting of the jet

due to secondary helical flow. No appreciable differences were observed in TAWSS in the pre-

and post-intervention cases, indicating weak flow velocities in the sinus cusps in both cases.

Fig 10 compares the TAWSS between pre- and post-intervention cases, averaged over individ-

ual analysis zones and the patient cohort. It is observed that all cusps of the aortic root with a

Fig 9. Distribution of Time-Averaged Wall Shear Stress Magnitude (TAWSS) on the aorta lumen boundary with the different analysis zones indicated using

dashed lines with the Patient 1 anatomy with (a) BAV and (b) TAV. The labels along the axes indicate the location of a specific zone. Abbreviations used to

identify zones of the AAo include: Pos: Posterior, Cvx: Convex, Ant: Anterior, Ccv: Concave.

https://doi.org/10.1371/journal.pone.0301350.g009
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BAV are exposed to low TAWSS, and this state may not change with valve replacement. In the

PAAo, the convex, anterior and posterior surfaces are exposed to elevated pre-intervention

TAWSS (>5 Pa), with the convex surface experiencing the strongest average loading of�16

Pa. The concave PAAo experienced lower TAWSS of�3.0 Pa. On the DAAo, all surfaces expe-

rienced TAWSS >5 Pa with BAVs, with the convex and anterior surfaces experiencing similar

TAWSS�11 Pa and the concave and posterior surfaces experiencing�7 Pa. The post-inter-

vention TAWSS values on all surfaces of the PAAo and DAAo were observed to be between

2.5 & 4.0 Pa, indicating a relatively uniform distribution of hemodynamic forces on the lumen

boundary with a TAV.

Next, the distributions of oscillating wall shear are considered using the OSI, defined as

shown in Eq (3). The corresponding surface distributions of OSI on the aorta lumen boundary

for Patient 1 in the pre- and post-intervention conditions are shown in Fig 11. In the pre-inter-

vention case, all cusps of the root exhibit higher OSI in range of [0.30–0.50] with the RCC

experiencing the highest of the three cusps. Most of the PAAo and DAAo experience

OSI< 0.20, except for the posterior surfaces, which show OSI>0.30. Under post-intervention

conditions, the root experienced similar OSI as under pre-intervention conditions, with most

of the area experiencing OSI�0.30. Compared to the pre-intervention case, a larger area of

the posterior PAAo and DAAo is exposed to high OSI. Likewise, high OSI is also observed on

the convex and concave surfaces of PAAo and DAAo. Low OSI is seen on only the anterior

surface of the AAo.

Across the cohort, OSI in the range of [0.20–0.30] were, on average, observed in all three

cusps of the aortic root with, both, BAVs and TAVs (Fig 12). In the PAAo and DAAo, replac-

ing a BAV with a TAV, on average, increased the OSI experienced by each zone. In the pre-

intervention case, very low OSI (�0.1) is observed on the convex and anterior surfaces of the

Fig 10. Bar plots of TAWSS averaged over individual analysis zones and the patient cohort between (blue) BAVs and (orange) TAVs.

https://doi.org/10.1371/journal.pone.0301350.g010
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PAAo and DAAo. The concave and posterior surfaces of the PAAo experience OSI of about

0.15 each. On the other hand, the concave surface of the DAAo experiences lower OSI (<0.1),

while the posterior surface experiences marginally larger OSI�0.16. In the post-intervention

case, each of zones in the PAAo and DAAo exhibit larger OSI compared to their respective

pre-intervention values. Despite the increase in oscillating shear, the OSI in each zone was nev-

ertheless low (<0.25).

3.2.1. Divergence of wall shear stress vector. The surface distributions of DWSS on the

lumen boundary of Patient 1’s aorta in the two cases are shown in Fig 13. All cusps of the root

experience low pre-intervention DWSS. In the PAAo, high positive DWSS (>5000 Pa/m)

streaks, moving downstream and towards the anterior surface, are observed on the posterior

and convex surfaces. The remaining surfaces of the DAAo show relatively weaker DWSS streaks

(jr � τW
�!j � 2500 Pa/m). On the DAAo, the posterior, convex and anterior surfaces show nar-

row, alternating streaks of opposing signs. The concave surface is exposed to relatively weak

DWSS. On the other hand, the post-intervention case shows low DWSS (jr � τW
�!j � 1000 Pa/

m) along the entire lumen boundary, with no remarkable streaking patterns.

Fig 11. Distribution of Oscillating Shear Index (OSI) on the aorta lumen boundary with the different analysis zones indicated using dashed lines with the

Patient 1 anatomy with (a) BAV and (b) TAV.

https://doi.org/10.1371/journal.pone.0301350.g011
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The root experienced low DWSS (<100 Pa/m) in all cusps, across the cohort, and no signif-

icant change was observed post-intervention (Fig 14). The convex PAAo experienced the larg-

est DWSS (>1100 Pa/m), which showed considerable resolution post-intervention where the

DWSS was, on average, <250 Pa/m. The remaining three surfaces of the PAAo experienced

weakly negative pre-intervention DWSS (�–200 Pa/m), which either changed sign, post-inter-

vention but diminished in magnitude (anterior, posterior), or remained negative, while mar-

ginally increasing in magnitude (concave). Finally, low DWSS was observed on all surfaces of

the DAAo jr � tW
�!j < 200, and replacement of valve with a tricuspid valve did not signifi-

cantly alter this distribution.

3.2.2. Endothelial cell activation potential. The surface distribution of ECAP on Patient

1’s lumen boundary is shown in Fig 15. In the pre-intervention case, high ECAP (> 1.0Pa–1) is

only observed in the root cusps, with peak ECAP (>1.5Pa–1) near the base of the RCC, at the com-

missure lines. Both the PAAo and DAAo exhibit low ECAP (< 0.25 Pa–1). The ECAP distribution

is not strongly affected post-intervention, with values>1.0Pa–1 observed only at a few spots in the

aortic root. Likewise, the lumen of the AAo only experienced low ECAP (<0.25 Pa–1).

The observations made above for Patient 1 hold true for the whole cohort, on average:

higher ECAP (�0.4 Pa–1) was only observed in the root and did not significantly change post-

intervention (Fig 16). All other zones experience low ECAP (< 0.1 Pa–1) in the pre-interven-

tion case and these conditions did not change with a TAV.

4. Discussion

Statistical analysis of the four WSS-related metrics is performed to assess whether class wise

differences in the metrics are significant using the nonparametric Mann-Whitney U test. The

Fig 12. Zone-wise comparison of Oscillating Shear Index (OSI) between BAVs and TAVs.

https://doi.org/10.1371/journal.pone.0301350.g012
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U-statistic measures the sum of unsigned ranks in comparisons between all possible pairs

formed using one instance each from the two classes being compared in the following manner:

U ¼
Xn

i¼1

Xm

j¼1

SðXi;YjÞ ð6Þ

In the above equation, S(Xi,Yj) represents pairwise comparison between the ith and jth ele-

ments of classes X and Y respectively, such that:

S X;Yð Þ ¼

1; if X > Y
1

2
; if X ¼ Y

0; if X < Y

ð7Þ

8
>><

>>:

In the present case, both classes have the same number of entries, such that m = n = 6. For

any WSS-derived metric, a greater disparity between the U values of the two classes,

Fig 13. Distribution of Divergence of Wall Shear Stress Vector ðr � tW
!���!Þ on the aorta lumen boundary with the different analysis zones indicated using

dashed lines with the Patient 1 anatomy with (a) BAV and (b) TAV.

https://doi.org/10.1371/journal.pone.0301350.g013
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accompanied by a sufficiently small p-value, represents a statistically significant difference

between the class ranks, indicating the individual class samples are drawn from two different

populations. Distributions of the four WSS-derived metrics in each of the pre- and post-inter-

vention classes, along with their respective U and p values in the various subzones of the Root,

PAAo and DAAo are presented in Tables 2–4, respectively. Differences between pre- and post-

intervention cases are considered statistically significant for p< 0.05, for which the null

hypothesis, that the two distributions come from the same population, can be rejected.

It is observed that cusps of the root do not exhibit statistically significant differences

between the pre- and post-intervention cases in terms of any of the tested WSS-related risk

metrics (p> 0.05). However, the convex PAAo experiences statistically significant (p = 0.002)

reductions in TAWSS, DWSS and similarly significant increases in OSI and ECAP, post-inter-

vention. The anterior and posterior PAAo surfaces experience statistically significant reduc-

tions in TAWSS, but do not exhibit significant changes in DWSS, OSI or ECAP. While other

subzones of the PAAo show some changes in the post-intervention cases, those changes are

not observed to be statistically significant.

Statistically significant decreases in TAWSS were observed on all DAAo surface subzones,

while differences in OSI were significant on the anterior and concave surfaces. These differ-

ences between the PAAo and DAAo subzones correspond to the anterior tilting of the aortic

jet as it moves along the aorta axis. Interestingly, all DAAo subzones show significant differ-

ences in ECAP between the pre- and post-intervention cases, although values in both classes

are fairly low (ECAP < 0.1).

The data indicate that BAVs generate strong, eccentric, jets which tilt in the direction of,

and attach to the convex surface of the proximal AAo. This occurs somewhat earlier than jets

observed with TAVs. The severely stenotic BAVs result in peak gradients exceeding 100

Fig 14. Zone-wise comparison of Divergence of WSS vector ðr � τW
!���!Þ between BAVs and TAVs.

https://doi.org/10.1371/journal.pone.0301350.g014
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mmHg and consequent peak jet velocities over 4 m/sec. The eccentric, high-speed jet and early

attachment result in significant positive (or right-handed) flow helicity and anterior tilting of

the jet in the AAo. Because of this preferential attachment of the jet to the convex and anterior

aortic surfaces, the pre-intervention cases show localized supraphysiological TAWSS (> 20

Pa) originating at the convex PAAo and radiating downstream and towards the anterior sur-

face. The pre-intervention gradients and jet velocities agree with corresponding expected val-

ues for the degree of induced stenosis. Barker et al. [58] reported that type 1 BAVs with RL-

fusion are associated with significantly elevated WSS at focal regions in the AAo, and these

regions correspond to the aortic jet impingement locations. Sotelo et al. [27] have reported,

through 4D flow MRI-based measurements, that BAV patients exhibit strong, positive axial

circulation in the AAo which extends until the aortic arch. In comparison, healthy volunteers

exhibited considerably weaker positive axial circulation. These observations are corroborated

by our results: the pre-intervention helicity flux integral is strongly positive at all locations

except near the sino-tubular junction (section 1). It reaches a peak value in mid-AAo and

decreases distally towards the arch. In contrast, helicity flux was relatively uniform across all

AAo sections in the post-intervention simulations.

Fig 15. Distribution of Endothelial Cell Activation Potential (ECAP) on the aorta lumen boundary with the different analysis zones indicated using dashed

lines with the Patient 1 anatomy with (a) BAV and (b) TAV.

https://doi.org/10.1371/journal.pone.0301350.g015
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In another study by Sotelo et al. [28], BAV patients were found to have a 220% increase in

circumferential WSS (WSSc), compared to healthy volunteers. This increase in WSSc is a

direct consequence of the strong helical flow in the AAo and was found by Minderhoud et al.

[31] to be a strong predictor of AAo dilation. While WSSc is not analyzed in this study, some

information about circumferential forces may be inferred from DWSS. The convex proximal

AAo experiences large positive DWSS, indicating that the local WSS vectors point outwards so

that WSS acts to locally stretch the lumen, increasing the risk of vascular injury. The aortic

root, on the other hand, experienced TAWSS� 2 Pa in each cusp, with low DWSS. The post-

intervention TAWSS distribution shows significant resolution of pathological wall loading and

is characterized by TAWSS < 5 Pa uniformly distributed on the PAAo and DAAo. No signifi-

cant changes to TAWSS or DWSS are observed in the aortic root. Thus, valve replacement

may significantly improve hemodynamic loading on the AAo wall, but not on the cusps of the

aortic root.

The stronger and highly directional aortic jets secondary to BAVs result in low OSI (� 0.1)

on the convex and anterior surfaces of the PAAo and the anterior and concave surfaces of the

DAAo. On the other hand, the weaker, more diffused jets associated with healthy TAVs, result

in OSI in the [0.1–0.2] range on all surfaces of the PAAo and DAAo. In the root, the pre- and

post-intervention OSI were similar and in the [0.2–0.3] range.

The ECAP distributions suggest that patients presenting with stenotic BAVs might be at

lower risk for AAo aneurysm, but higher risk for aortic root aneurysm and that these risks

might not be mitigated post AVR. By definition, ECAP favors regions experiencing high OSI

and low TAWSS, i.e. low, and oscillating wall shear. To further investigate the possible role of

low and oscillatory WSS in BAV-related aortopathy, the zones experiencing high OSI (>0.25)

were isolated in the pre- and post-intervention cases for Patient 1, and the TAWSS

Fig 16. Zone-wise comparison of Endothelial Cell Activation Potential (ECAP) between BAVs and TAVs.

https://doi.org/10.1371/journal.pone.0301350.g016
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experienced by those regions analyzed. We observed that in the pre-intervention case

(Fig 17A) low-OSI regions primarily exist in the root cusps and posterior AAo. Of these, only

the aortic root was subject to low TAWSS. On the contrary, larger areas of the root and AAo

were exposed to both high OSI and low TAWSS in the post-intervention case (Fig 17B).

The trend of a larger part of the AAo exposed to higher oscillating WSS post-intervention

was observed across the patient cohort, as seen in Fig 18. Each zone in the post-intervention

AAos has a larger surface area, on average, experiencing OSI>0.25, compared to those with

BAVs, with significant increases observed particularly in the DAAo. Moreover, valve replace-

ment is associated with lower TAWSS (Figs 9 and 10) and tensile surface forces, measured

using DWSS (Figs 13 and 14), over the entire AAo lumen boundary. If low and oscillatory

WSS is indeed the predictor for aortopathy, these observations appear to imply that individuals

with healthy TAVs may not be at a lower risk for AAo dilation and dissection, compared to

those with severely stenotic BAVs. It may also be inferred that valve replacement might pro-

vide no significant benefit to the risk of root aneurysm formation. However, these conclusions

are not supported by clinical observations [12–14,59], and therefore, cast doubt on the correla-

tion between low and oscillating WSS and aortopathy. Thus, investigating an alternative

hypothesis is warranted.

The results presented herein confirm the findings of Dux-Santoy et al.[26] suggesting that

hemodynamics resulting due to BAV are not associated with low and oscillating TAWSS in

the AAo (Figs 10 and 14); on the contrary, strong and unidirectional, eccentric aortic jets lead

Table 2. Distributions of the four WSS-derived metrics, in the pre- and post-intervention cases, and their respective U-statistic and p-values in each of the three

subzones defined on the aortic root.

TAWSS [Pa] OSI DWSS [Pa/m] ECAP [Pa-1]

BAV TAV BAV TAV BAV TAV BAV TAV

NCC P1 1.27 1.45 0.28 0.23 73.46 -3.41 0.34 0.28

P2 1.63 0.99 0.20 0.33 28.56 53.46 0.21 0.56

P3 2.41 2.10 0.12 0.17 -126.65 -43.14 0.07 0.13

P4 1.44 2.26 0.23 0.19 -130.56 -10.71 0.19 0.12

P5 0.49 0.51 0.37 0.39 -109.47 -68.75 1.50 1.51

P6 1.44 0.62 0.24 0.37 -66.50 -83.07 0.32 1.01

U 19 17 16 20 13 23 15 21

p 0.937 0.818 0.485 0.699

RCC P1 0.912 1.22 0.26 0.23 -73.19 -140.83 0.43 0.26

P2 0.58 0.88 0.35 0.29 -17.04 -23.09 0.85 0.49

P3 2.24 2.32 0.15 0.20 102.32 139.95 0.12 0.14

P4 0.64 1.13 0.35 0.26 -121.48 -144.98 0.72 0.30

P5 0.53 0.78 0.40 0.36 -49.11 -91.49 1.26 0.69

P6 0.86 0.98 0.34 0.23 -120.44 -95.56 0.71 0.43

U 8 28 25 11 22 14 28 8

p 0.132 0.310 0.589 0.132

LCC P1 1.33 1.42 0.18 0.17 -92.06 -57.71 0.21 0.16

P2 0.95 0.88 0.21 0.30 28.36 1.22 0.35 0.67

P3 2.72 1.49 0.15 0.26 -238.00 208.10 0.08 0.35

P4 1.17 1.46 0.13 0.28 113.60 47.14 0.17 0.25

P5 0.37 0.70 0.42 0.32 -56.49 -66.43 2.33 0.63

P6 2.46 1.04 0.13 0.28 169.58 -91.93 0.15 0.38

U 20 16 8 28 17 19 10 26

p 0.818 0.132 0.937 0.240

https://doi.org/10.1371/journal.pone.0301350.t002
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to high TAWSS/ low OSI on large parts of the AAo wall. Fig 17 shows that high OSI regions

generally matched with those experiencing low TAWSS, but these regions, on average, made

up less than 20% of the AAo surface area with BAVs (Fig 18). On the other hand, regions

exhibiting very low OSI (�0.1) coincided with those experiencing large TAWSS and positive

DWSS streaks (Fig 19). Regions with such abnormally low OSI and strong WSS were found

particularly on the convex surface of the PAAo and the convex and anterior surfaces of the

DAAo. A similar observation was made by Cao et al. [39], wherein, the authors simulated

blood flow in an idealized AAo, driven by physiological ventricular function, with a healthy tri-

cuspid valve and three different type-1 BAV phenotypes. With LR-BAVs, the authors report

similar jet tilting and skewness towards the convex wall of the AAo as seen in section 3.1. The

authors found that the convex and concave surfaces of the AAo experienced similar levels of

TAWSS but were differentiated in terms of their exposure to low OSI; the convexity was

Table 3. Distributions of the four WSS-derived metrics, in the pre- and post-intervention cases, and their respective U-statistic and p-values in each of the four sub-

zones defined on the proximal ascending aorta.

TAWSS [Pa] OSI DWSS [Pa/m] ECAP [Pa-1]

BAV TAV BAV TAV BAV TAV BAV TAV

Cvx P1 14.29 2.76 0.08 0.16 817.75 188.71 0.01 0.06

P2 18.93 2.41 0.05 0.15 767.16 154.65 0.01 0.07

P3 17.17 2.00 0.02 0.17 1662.25 260.82 0.00 0.10

P4 20.54 2.57 0.05 0.20 1372.60 220.74 0.01 0.09

P5 14.73 3.09 0.08 0.09 913.08 190.93 0.01 0.03

P6 18.30 2.78 0.07 0.13 1644.23 293.14 0.02 0.05

U 36 0 0 36 36 0 0 36

p 0.002 0.002 0.002 0.002

Ant P1 4.63 3.35 0.09 0.09 -203.91 36.41 0.04 0.03

P2 5.89 2.88 0.14 0.12 39.84 135.40 0.07 0.05

P3 11.52 3.74 0.07 0.18 340.63 290.14 0.03 0.06

P4 9.30 3.54 0.07 0.08 -625.19 332.32 0.04 0.03

P5 4.34 3.06 0.15 0.16 -135.69 21.77 0.06 0.06

P6 7.77 3.35 0.09 0.09 -354.14 95.30 0.04 0.04

U 36 0 12 24 8 28 22 14

p 0.002 0.394 0.132 0.589

Ccv P1 4.75 2.96 0.06 0.14 93.40 -19.13 0.01 0.05

P2 3.50 3.06 0.15 0.17 -85.93 -5.97 0.06 0.06

P3 2.13 3.93 0.23 0.21 -236.89 -1047.44 0.13 0.06

P4 3.89 3.56 0.07 0.11 -80.29 -183.65 0.04 0.04

P5 2.74 2.20 0.17 0.30 -115.98 -201.46 0.08 0.14

P6 3.82 2.34 0.19 0.20 -393.77 -216.18 0.05 0.10

U 22 14 12 24 20 16 14 22

p 0.589 0.394 0.818 0.589

Pos P1 7.16 2.85 0.16 0.31 163.74 49.50 0.03 0.11

P2 7.61 3.38 0.16 0.27 -38.79 214.22 0.04 0.08

P3 8.93 4.55 0.13 0.05 -909.00 441.35 0.05 0.01

P4 7.17 3.49 0.09 0.29 36.23 -39.27 0.02 0.09

P5 4.69 2.62 0.22 0.24 -387.41 23.88 0.08 0.10

P6 6.15 2.93 0.21 0.27 -36.65 -94.61 0.04 0.11

U 36 0 6 30 11 25 6 30

p 0.002 0.065 0.937 0.065

https://doi.org/10.1371/journal.pone.0301350.t003
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exposed to abnormally low OSI (�0.1), whereas the concavity experienced OSI in the [0.2–0.4]

range. The regions with combined low OSI and high TAWSS coincide with those typically at

high risk of dilation in patients with stenotic BAVs [13,14,29].

The results and statistical analysis presented herein show significant differences in the

WSS-derived hemodynamic metrics on focused regions of the PAAo and DAAo, which coin-

cide with those clinically observed to be susceptible to pathological growth rates. Strong aortic

jets which affect preferentially some regions of the lumen boundary and their tilting due to the

natural AAo curvature and concomitant helical flow are implicated in the formation of patho-

logical hemodynamic conditions (bicuspid aortopathy), which may contribute to aortic

enlargement. Although there is not yet convincing evidence that valve replacement may

impact the evolution of the concomitant aortopathy, the post-intervention simulations suggest

that such conditions may be alleviated via valve replacement. Thus, if the pre-intervention

Table 4. Distributions of the four WSS-derived metrics, in the pre- and post-intervention cases, and their respective U-statistic and p-values in each of the four sub-

zones defined on the distal ascending aorta.

TAWSS [Pa] OSI DWSS [Pa/m] ECAP [Pa-1]

BAV TAV BAV TAV BAV TAV BAV TAV

Cvx P1 11.59 3.23 0.13 0.21 22.15 64.08 0.02 0.07

P2 11.16 3.98 0.14 0.22 37.25 242.39 0.02 0.06

P3 14.44 3.99 0.07 0.07 -375.65 82.93 0.01 0.02

P4 11.95 3.37 0.12 0.22 -24.86 163.06 0.02 0.08

P5 9.12 2.20 0.15 0.13 132.08 49.39 0.03 0.08

P6 14.04 3.05 0.08 0.17 148.07 118.77 0.01 0.06

U 36 0 9 27 8 28 1 35

p 0.002 0.180 0.132 0.004

Ant P1 10.55 3.47 0.05 0.12 -101.32 34.16 0.01 0.04

P2 12.56 3.06 0.05 0.12 296.25 142.02 0.01 0.05

P3 11.21 4.28 0.05 0.06 232.05 325.29 0.01 0.01

P4 15.42 3.14 0.03 0.09 351.14 231.07 0.00 0.04

P5 8.85 2.26 0.06 0.24 8.06 -37.25 0.01 0.12

P6 12.12 3.28 0.04 0.10 -367.60 38.95 0.00 0.03

U 36 0 0 36 17 19 0 36

p 0.002 0.002 0.937 0.002

Ccv P1 7.62 3.80 0.06 0.20 211.19 117.09 0.01 0.06

P2 8.21 4.21 0.06 0.11 349.25 272.14 0.01 0.03

P3 6.58 4.86 0.11 0.13 -54.85 -170.67 0.02 0.03

P4 9.32 4.43 0.05 0.10 -26.33 2.11 0.01 0.03

P5 5.46 2.93 0.14 0.33 -3.76 16.53 0.03 0.11

P6 5.51 3.90 0.10 0.21 -39.54 65.57 0.02 0.05

U 36 0 5 31 17 19 1 35

p 0.002 0.041 0.937 0.004

Pos P1 8.29 3.87 0.16 0.33 -205.87 -84.20 0.02 0.09

P2 6.48 4.77 0.13 0.20 272.88 9.76 0.02 0.05

P3 6.46 5.64 0.19 0.08 -408.26 -191.42 0.04 0.02

P4 7.52 4.41 0.10 0.22 -217.13 -200.47 0.01 0.05

P5 5.20 2.60 0.20 0.26 -249.07 0.62 0.05 0.11

P6 5.40 3.71 0.17 0.28 -202.90 -153.49 0.04 0.08

U 34 2 6 30 11 25 5 31

p 0.008 0.065 0.937 0.041

https://doi.org/10.1371/journal.pone.0301350.t004

PLOS ONE Changes in in left-right bicuspid aortic valve hemodynamics after replacement with bioprosthetic valves

PLOS ONE | https://doi.org/10.1371/journal.pone.0301350 April 16, 2024 25 / 34

https://doi.org/10.1371/journal.pone.0301350.t004
https://doi.org/10.1371/journal.pone.0301350


WSS trends are representative of the hemodynamic aspect of ascending aortic dilatation, valve

replacement may prevent further acceleration of the aortic diameter growth. Larger studies

with long-term follow-up may help establishing this cause-effect relationship. The main intent

of our study is to gather preliminary evidence of such relationship.

Interestingly, despite vastly different pre- and post-intervention hemodynamics in the

ascending aorta, replacing a dysfunctional valve did not appear to induce significant differ-

ences in any WSS-derived metric within the aortic root. It may be inferred that the WSS pat-

terns in aortic roots with severely stenotic BAVs either do not contribute to the hemodynamic

aspect of root dilation or, if they do, that root dilation rate may not be significantly arrested

after valve replacement. Clinical observations have found the presentation of root dilatation to

be unrelated to the presence & severity of BAV stenosis. Rather, its occurrence is associated

with the presence of regurgitant BAVs.

Considering these findings, it may be important to carefully monitor AAo hemodynamics

during TAVR planning, and to estimate dilation risk for severely stenotic BAVs. Likewise, a

priori estimation of the effect of valve replacement on aortic jet dynamics and the consequent

Fig 17. Distribution of TAWSS in regions on the aorta lumen boundary experiencing OSI>0.25 for Patient 1 in the (a) pre-intervention and (b) post-

intervention cases.

https://doi.org/10.1371/journal.pone.0301350.g017
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WSS on the aorta can provide valuable preprocedural planning support. Unfortunately, trans-

thoracic or transesophageal echocardiography routinely employed in TAVR planning lacks

spatio-temporal resolution to accurately characterize the desired flow features. Pre-procedural

Fig 18. Zone-wise comparison of surface areas exposed to OSI>0.25, averaged over the patient cohort, in the pre- and post-intervention cases.

https://doi.org/10.1371/journal.pone.0301350.g018

Fig 19. Distribution of (a) OSI (b) TAWSS and (c) DWSS on parts of Patient 1’s pre-intervention aorta lumen boundary experiencing low OSI (<0.1).

https://doi.org/10.1371/journal.pone.0301350.g019
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flow may be better quantified using 4D flow MRI, but such imaging is frequently inconvenient

to the patient and much more expensive, furthermore it may prove beneficial only for a small

fraction of TAVR cases and cannot provide a priori estimation of post-procedural hemody-

namics. Recently, simulation-based transcatheter heart valve replacement planning has

emerged as a cost-effective supplement to imaging-based planning (FEops HEARTguide,

Ghent, Belgium; DASI Simulations, OH, USA), but it is largely limited to structural heart

modeling and is yet to be widely adopted. Incorporating patient-specific fluid-structure inter-

action modeling into such analyses can augment their capability to predict hemodynamics-

related complications. Further development of the present methodology can provide an effi-

cient way to simulate pre- and post-procedural hemodynamics and enable a wide range of

hemodynamics-related risk prediction.

5. Conclusion

This study uses computational modeling to study the effect of severely stenotic bicuspid aortic

valves on AAo hemodynamics, with the aim of quantifying hemodynamic metrics that are

known to correlate with the risk of AAo dilation or dissection. We also use these computational

models to make a virtual comparison between pre- and post-valve replacement aortic hemody-

namics. The role of WSS magnitude and directionality in the potential risk of aortic dilation

and dissection are assessed by quantifying the distribution of four WSS-derived metrics on key

zones constituting the aorta anatomy and observing changes in each metric post-intervention.

The major findings of this study may be summarized as follows:

1. Aortic jets associated with stenotic BAVs show high eccentricity and peak flow velocity

(> 4 m/s). The eccentric jets result in secondary helical flow and regionally asymmetric jet

on the AAo lumen boundary. The flow constriction due to a stenotic valve also results in

large peak gradients across the valve.

2. Patients with severely stenotic BAVs receiving therapeutic intervention via bioprosthetic

valve replacement may experience improved hemodynamics in terms of reduced aortic jet

velocity, transvalvular gradients, jet eccentricity, flow helicity and turbulence.

3. BAVs generate regionally asymmetric distributions of WSS with the proximal and convex

surfaces of the AAo experiencing abnormally large (>10 Pa) WSS. The corresponding WSS

distribution with TAVs is more uniform with low magnitude (<5 Pa).

4. For BAVs, regions experiencing high TAWSS coincide with those experiencing abnormally

low OSI (< 0.1). Conversely, regions experiencing high OSI (> 0.25) coincide with those

exposed to lower TAWSS. However, these regions comprised of, on average, < 20% of the

AAo lumen boundary. On the other hand, post-intervention, a larger fraction of the AAo

lumen boundary, and nearly half of its posterior surface, experienced oscillating WSS.

5. A large portion of the pre-intervention AAo lumen boundary is exposed to abnormally low

OSI (<0.1) and it includes regions experiencing strong and diverging WSS. Such regions

are absent in the post-intervention cases.

6. For BAVs, the convex PAAo is also exposed to large positive DWSS, indicating strong,

localized tensile forces. DWSS is either low or negative on all surrounding regions (ante-

rior/ posterior PAAo/ convex DAAo) indicating a large local change in the nature of the

biomechanical loading on the lumen boundary from tensile to compressive and a greater

risk for tissue damage. Such loading conditions were not observed in the post-intervention

cases, indicating a possible slowing down of disease progression.

PLOS ONE Changes in in left-right bicuspid aortic valve hemodynamics after replacement with bioprosthetic valves

PLOS ONE | https://doi.org/10.1371/journal.pone.0301350 April 16, 2024 28 / 34

https://doi.org/10.1371/journal.pone.0301350


7. ECAP was observed to be low across the surface in both the pre- and post-intervention

cases and showed significant differences in regional distributions, particularly in the DAAo.

Previous studies [17] determined a threshold of 1.4 Pa-1 for increased risk of endothelial

damage, but this threshold is not met in any simulated case. Therefore, there is insufficient

information from the current study to comment on the suitability of ECAP as a predictor

of aortic dilation.

This study is characterized by several limitations which stem from challenges in sampling,

modeling, and parametric testing. For instance, recruiting more patients in the cohort can

improve the statistical power of the analysis of average metrics. Expanding the patient cohort

to include up to Oð100Þ patients would require considerable development of our solvers and

acceleration of individual simulations. The effect of WSS on the endothelial response, the con-

sequent risk for vascular remodeling, and finally, aortic dilation or dissection are not directly

modeled. Doing so would require simulating the underlying microscale phenomena over long

periods of time, extending into months or years. The near wall flow and, consequently, wall

loading are affected by compliance of the aorta walls, leading to systolic dilation in every car-

diac cycle. These effects are not modeled and may affect the accuracy of the results. The rDOF

valve model employed herein may not accurately resolve all transient dynamics of leaflet

motion, but these effects may be small, and within the overall uncertainly of the modeling pro-

cedure. The same synthesized flow-rate profile was used for all patients so we are not able to

precisely reproduce the hemodynamics occurring in vivo. Another limitation of the current

model is the Newtonian approximation for blood rheology. It is known that blood is a suspen-

sion of red and white blood cells in a largely Newtonian plasma, and consequently, blood

exhibits shear-thinning properties. Such effects were first observed in vessels of

diameters < 0.3 mm [60], which was historically used to justify employing Newtonian rheol-

ogy in larger vessels. Recent computational studies have employed different mathematical

models to test the effect of non-Newtonian rheology on hemodynamics in major arteries.

However, despite the increased interest, the extent to which non-Newtonian effects influence

WSS remains unclear, with some reporting a significant impact [61–63] and others concluding

that the effect is relatively weak [64,65]. Thus, accounting for the shear-thinning effect of

blood on mechanical stresses may be important in the current application and can be done as

part of a future investigation. The study uses one pre-intervention case for clinical validation

of simulations but does not present any post-intervention validation with the prosthetic valve,

due to unavailability of post-procedural echocardiographic data. Finally, the post-implant case

does not actually model the deployment of these valves and the changes in the aortic root that

occur due to deployment. The BTAV cases also do not include other features of the implants

such as stents, skirts, annular rings. Despite these limitations, the study provides new insights

into the pathological hemodynamics associated with severely stenotic BAVs and provides

quantification of changes in hemodynamics that results from valve replacement. Given the

fidelity of the fluid model employed here, coupling of the current hemodynamics model with a

transcatheter valve deployment simulator [66] could lead to a powerful tool for better under-

standing the effect of aortic valve replacement procedures on aortic hemodynamic changes.

Supporting information

S1 Appendix. Fluid-structure interaction modeling of the valve.

(DOCX)

S2 Appendix. Adaptation of valve model to patient-specific anatomy.

(DOCX)

PLOS ONE Changes in in left-right bicuspid aortic valve hemodynamics after replacement with bioprosthetic valves

PLOS ONE | https://doi.org/10.1371/journal.pone.0301350 April 16, 2024 29 / 34

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0301350.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0301350.s002
https://doi.org/10.1371/journal.pone.0301350


S3 Appendix. Solution verification.

(DOCX)

S4 Appendix. Model validation.

(DOCX)

Author Contributions

Conceptualization: Shantanu Bailoor, Stefano Schena, Rajat Mittal.

Data curation: Shantanu Bailoor, Stefano Schena.

Formal analysis: Shantanu Bailoor, Jung-Hee Seo, Rajat Mittal.

Funding acquisition: Stefano Schena, Rajat Mittal.

Investigation: Shantanu Bailoor, Stefano Schena.

Methodology: Shantanu Bailoor, Stefano Schena.

Project administration: Stefano Schena, Rajat Mittal.

Resources: Stefano Schena, Rajat Mittal.

Software: Shantanu Bailoor, Jung-Hee Seo, Rajat Mittal.

Supervision: Jung-Hee Seo, Stefano Schena, Rajat Mittal.

Validation: Shantanu Bailoor.

Visualization: Shantanu Bailoor.

Writing – original draft: Shantanu Bailoor, Rajat Mittal.

Writing – review & editing: Shantanu Bailoor, Jung-Hee Seo, Stefano Schena, Rajat Mittal.

References
1. Ward C., “Clinical significance of the bicuspid aortic valve,” Heart, vol. 83, no. 1, pp. 81–85, Jan. 2000,

https://doi.org/10.1136/heart.83.1.81 PMID: 10618341

2. Liu T. et al., “Bicuspid Aortic Valve: An Update in Morphology, Genetics, Biomarker, Complications,

Imaging Diagnosis and Treatment,” Front Physiol, vol. 9, p. 1921, Jan. 2019, https://doi.org/10.3389/

fphys.2018.01921 PMID: 30761020

3. Sievers H.-H. and Schmidtke C., “A classification system for the bicuspid aortic valve from 304 surgical

specimens,” The Journal of Thoracic and Cardiovascular Surgery, vol. 133, no. 5, pp. 1226–1233, May

2007, https://doi.org/10.1016/j.jtcvs.2007.01.039 PMID: 17467434

4. Stock S., Mohamed S. A., and Sievers H.-H., “Bicuspid aortic valve related aortopathy,” Gen Thorac

Cardiovasc Surg, vol. 67, no. 1, pp. 93–101, Jan. 2019, https://doi.org/10.1007/s11748-017-0821-x

PMID: 28856517

5. Prakash S. K. et al., “A Roadmap to Investigate the Genetic Basis of Bicuspid Aortic Valve and its Com-

plications,” Journal of the American College of Cardiology, vol. 64, no. 8, pp. 832–839, Aug. 2014,

https://doi.org/10.1016/j.jacc.2014.04.073 PMID: 25145529

6. John A. S., McDonald-McGinn D. M., Zackai E. H., and Goldmuntz E., “Aortic root dilation in patients

with 22q11.2 deletion syndrome,” American Journal of Medical Genetics Part A, vol. 149A, no. 5, pp.

939–942, 2009, https://doi.org/10.1002/ajmg.a.32770 PMID: 19353635

7. Escárcega R. O., Michelena H. I., and Bove A. A., “Bicuspid Aortic Valve: A Neglected Feature of

Shone’s Complex?,” Pediatr Cardiol, vol. 35, no. 1, pp. 186–187, Jan. 2014, https://doi.org/10.1007/

s00246-013-0804-3 PMID: 24078196

8. Huntington K., Hunter A. G. W., and Chan K.-L., “A Prospective Study to Assess the Frequency of

Familial Clustering of Congenital Bicuspid Aortic Valve,” Journal of the American College of Cardiology,

vol. 30, no. 7, pp. 1809–1812, Dec. 1997, https://doi.org/10.1016/s0735-1097(97)00372-0 PMID:

9385911

PLOS ONE Changes in in left-right bicuspid aortic valve hemodynamics after replacement with bioprosthetic valves

PLOS ONE | https://doi.org/10.1371/journal.pone.0301350 April 16, 2024 30 / 34

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0301350.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0301350.s004
https://doi.org/10.1136/heart.83.1.81
http://www.ncbi.nlm.nih.gov/pubmed/10618341
https://doi.org/10.3389/fphys.2018.01921
https://doi.org/10.3389/fphys.2018.01921
http://www.ncbi.nlm.nih.gov/pubmed/30761020
https://doi.org/10.1016/j.jtcvs.2007.01.039
http://www.ncbi.nlm.nih.gov/pubmed/17467434
https://doi.org/10.1007/s11748-017-0821-x
http://www.ncbi.nlm.nih.gov/pubmed/28856517
https://doi.org/10.1016/j.jacc.2014.04.073
http://www.ncbi.nlm.nih.gov/pubmed/25145529
https://doi.org/10.1002/ajmg.a.32770
http://www.ncbi.nlm.nih.gov/pubmed/19353635
https://doi.org/10.1007/s00246-013-0804-3
https://doi.org/10.1007/s00246-013-0804-3
http://www.ncbi.nlm.nih.gov/pubmed/24078196
https://doi.org/10.1016/s0735-1097%2897%2900372-0
http://www.ncbi.nlm.nih.gov/pubmed/9385911
https://doi.org/10.1371/journal.pone.0301350


9. Cripe L., Andelfinger G., Martin L. J., Shooner K., and Benson D. W., “Bicuspid aortic valve is heritable,”

Journal of the American College of Cardiology, vol. 44, no. 1, pp. 138–143, Jul. 2004, https://doi.org/10.

1016/j.jacc.2004.03.050 PMID: 15234422

10. Glick B. N. and Roberts W. C., “Congenitally bicuspid aortic valve in multiple family members,” The

American Journal of Cardiology, vol. 73, no. 5, pp. 400–404, Feb. 1994, https://doi.org/10.1016/0002-

9149(94)90018-3 PMID: 8109558

11. Atkins S. K. and Sucosky P., “Etiology of bicuspid aortic valve disease: Focus on hemodynamics,”

World J Cardiol, vol. 6, no. 12, pp. 1227–1233, Dec. 2014, https://doi.org/10.4330/wjc.v6.i12.1227

PMID: 25548612

12. Della Corte A. et al., “Towards an individualized approach to bicuspid aortopathy: different valve types

have unique determinants of aortic dilatation,” Eur J Cardiothorac Surg, vol. 45, no. 4, pp. e118–124;

discussion e124, Apr. 2014, https://doi.org/10.1093/ejcts/ezt601 PMID: 24420369

13. Della Corte A. et al., “Predictors of ascending aortic dilatation with bicuspid aortic valve: a wide spec-

trum of disease expression☆,” European Journal of Cardio-Thoracic Surgery, vol. 31, no. 3, pp. 397–

405, Mar. 2007, https://doi.org/10.1016/j.ejcts.2006.12.006 PMID: 17236783

14. Cotrufo M. and Della Corte A., “The association of bicuspid aortic valve disease with asymmetric dilata-

tion of the tubular ascending aorta: identification of a definite syndrome,” Journal of Cardiovascular

Medicine, vol. 10, no. 4, pp. 291–297, Apr. 2009, https://doi.org/10.2459/JCM.0b013e3283217e29

PMID: 19242284

15. Kelsey L. J., Powell J. T., Norman P. E., Miller K., and Doyle B. J., “A comparison of hemodynamic met-

rics and intraluminal thrombus burden in a common iliac artery aneurysm,” International Journal for

Numerical Methods in Biomedical Engineering, vol. 33, no. 5, p. e2821, 2017, https://doi.org/10.1002/

cnm.2821 PMID: 27509188

16. Di Achille P., Tellides G., and Humphrey J. D., “Hemodynamics-driven deposition of intraluminal throm-

bus in abdominal aortic aneurysms,” International Journal for Numerical Methods in Biomedical Engi-

neering, vol. 33, no. 5, p. e2828, 2017, https://doi.org/10.1002/cnm.2828 PMID: 27569676

17. Salman H. E., Ramazanli B., Yavuz M. M., and Yalcin H. C., “Biomechanical Investigation of Disturbed

Hemodynamics-Induced Tissue Degeneration in Abdominal Aortic Aneurysms Using Computational

and Experimental Techniques,” Frontiers in Bioengineering and Biotechnology, vol. 7, 2019, Accessed:

May 09, 2022. [Online]. Available: https://www.frontiersin.org/article/10.3389/fbioe.2019.00111 https://

doi.org/10.3389/fbioe.2019.00111 PMID: 31214581

18. Valencia A., Morales H., Rivera R., Bravo E., and Galvez M., “Blood flow dynamics in patient-specific

cerebral aneurysm models: The relationship between wall shear stress and aneurysm area index,”

Medical Engineering & Physics, vol. 30, no. 3, pp. 329–340, Apr. 2008, https://doi.org/10.1016/j.

medengphy.2007.04.011 PMID: 17556005

19. Lu G. et al., “Influence of Hemodynamic Factors on Rupture of Intracranial Aneurysms: Patient-Specific

3D Mirror Aneurysms Model Computational Fluid Dynamics Simulation,” American Journal of Neurora-

diology, vol. 32, no. 7, pp. 1255–1261, Aug. 2011, https://doi.org/10.3174/ajnr.A2461 PMID: 21757526

20. Shojima M. et al., “Magnitude and Role of Wall Shear Stress on Cerebral Aneurysm,” Stroke, vol. 35,

no. 11, pp. 2500–2505, Nov. 2004, https://doi.org/10.1161/01.STR.0000144648.89172.0f PMID:

15514200

21. Kamiya A. and Togawa T., “Adaptive regulation of wall shear stress to flow change in the canine carotid

artery,” Am J Physiol, vol. 239, no. 1, pp. H14–21, Jul. 1980, https://doi.org/10.1152/ajpheart.1980.

239.1.H14 PMID: 7396013

22. Tronc F., Wassef M., Esposito B., Henrion D., Glagov S., and Tedgui A., “Role of NO in flow-induced

remodeling of the rabbit common carotid artery,” Arterioscler Thromb Vasc Biol, vol. 16, no. 10, pp.

1256–1262, Oct. 1996, https://doi.org/10.1161/01.atv.16.10.1256 PMID: 8857922

23. Tronc F., Mallat Z., Lehoux S., Wassef M., Esposito B., and Tedgui A., “Role of matrix metalloprotei-

nases in blood flow-induced arterial enlargement: interaction with NO,” Arterioscler Thromb Vasc Biol,

vol. 20, no. 12, pp. E120–126, Dec. 2000, https://doi.org/10.1161/01.atv.20.12.e120 PMID: 11116076

24. Hoi Y. et al., “In vivo assessment of rapid cerebrovascular morphological adaptation following acute

blood flow increase,” J Neurosurg, vol. 109, no. 6, pp. 1141–1147, Dec. 2008, https://doi.org/10.3171/

JNS.2008.109.12.1141 PMID: 19035734

25. Karwowski J. K., Markezich A., Whitson J., Abbruzzese T. A., Zarins C. K., and Dalman R. L., “Dose-

dependent limitation of arterial enlargement by the matrix metalloproteinase inhibitor RS-113,456,” J

Surg Res, vol. 87, no. 1, pp. 122–129, Nov. 1999, https://doi.org/10.1006/jsre.1999.5707 PMID:

10527713

26. Dux-Santoy L. et al., “Low and Oscillatory Wall Shear Stress Is Not Related to Aortic Dilation in Patients

With Bicuspid Aortic Valve,” Arteriosclerosis, Thrombosis, and Vascular Biology, vol. 40, no. 1, pp.

e10–e20, Jan. 2020, https://doi.org/10.1161/ATVBAHA.119.313636 PMID: 31801375

PLOS ONE Changes in in left-right bicuspid aortic valve hemodynamics after replacement with bioprosthetic valves

PLOS ONE | https://doi.org/10.1371/journal.pone.0301350 April 16, 2024 31 / 34

https://doi.org/10.1016/j.jacc.2004.03.050
https://doi.org/10.1016/j.jacc.2004.03.050
http://www.ncbi.nlm.nih.gov/pubmed/15234422
https://doi.org/10.1016/0002-9149%2894%2990018-3
https://doi.org/10.1016/0002-9149%2894%2990018-3
http://www.ncbi.nlm.nih.gov/pubmed/8109558
https://doi.org/10.4330/wjc.v6.i12.1227
http://www.ncbi.nlm.nih.gov/pubmed/25548612
https://doi.org/10.1093/ejcts/ezt601
http://www.ncbi.nlm.nih.gov/pubmed/24420369
https://doi.org/10.1016/j.ejcts.2006.12.006
http://www.ncbi.nlm.nih.gov/pubmed/17236783
https://doi.org/10.2459/JCM.0b013e3283217e29
http://www.ncbi.nlm.nih.gov/pubmed/19242284
https://doi.org/10.1002/cnm.2821
https://doi.org/10.1002/cnm.2821
http://www.ncbi.nlm.nih.gov/pubmed/27509188
https://doi.org/10.1002/cnm.2828
http://www.ncbi.nlm.nih.gov/pubmed/27569676
https://www.frontiersin.org/article/10.3389/fbioe.2019.00111
https://doi.org/10.3389/fbioe.2019.00111
https://doi.org/10.3389/fbioe.2019.00111
http://www.ncbi.nlm.nih.gov/pubmed/31214581
https://doi.org/10.1016/j.medengphy.2007.04.011
https://doi.org/10.1016/j.medengphy.2007.04.011
http://www.ncbi.nlm.nih.gov/pubmed/17556005
https://doi.org/10.3174/ajnr.A2461
http://www.ncbi.nlm.nih.gov/pubmed/21757526
https://doi.org/10.1161/01.STR.0000144648.89172.0f
http://www.ncbi.nlm.nih.gov/pubmed/15514200
https://doi.org/10.1152/ajpheart.1980.239.1.H14
https://doi.org/10.1152/ajpheart.1980.239.1.H14
http://www.ncbi.nlm.nih.gov/pubmed/7396013
https://doi.org/10.1161/01.atv.16.10.1256
http://www.ncbi.nlm.nih.gov/pubmed/8857922
https://doi.org/10.1161/01.atv.20.12.e120
http://www.ncbi.nlm.nih.gov/pubmed/11116076
https://doi.org/10.3171/JNS.2008.109.12.1141
https://doi.org/10.3171/JNS.2008.109.12.1141
http://www.ncbi.nlm.nih.gov/pubmed/19035734
https://doi.org/10.1006/jsre.1999.5707
http://www.ncbi.nlm.nih.gov/pubmed/10527713
https://doi.org/10.1161/ATVBAHA.119.313636
http://www.ncbi.nlm.nih.gov/pubmed/31801375
https://doi.org/10.1371/journal.pone.0301350


27. Sotelo J., Bissell M. M., Jiang Y., Mella H., Mura J., and Uribe S., “Three-dimensional quantification of

circulation using finite-element methods in four-dimensional flow MR data of the thoracic aorta,” Mag-

netic Resonance in Medicine, vol. 87, no. 2, pp. 1036–1045, 2022, https://doi.org/10.1002/mrm.29004

PMID: 34490922

28. Sotelo J. et al., “3D axial and circumferential wall shear stress from 4D flow MRI data using a finite ele-

ment method and a laplacian approach,” Magnetic Resonance in Medicine, vol. 79, no. 5, pp. 2816–

2823, 2018, https://doi.org/10.1002/mrm.26927 PMID: 28980342

29. Guala A. et al., “Wall Shear Stress Predicts Aortic Dilation in Patients With Bicuspid Aortic Valve,”

JACC: Cardiovascular Imaging, vol. 15, no. 1, pp. 46–56, Jan. 2022, https://doi.org/10.1016/j.jcmg.

2021.09.023 PMID: 34801463

30. Franco P. et al., “Identification of hemodynamic biomarkers for bicuspid aortic valve induced aortic dila-

tion using machine learning,” Computers in Biology and Medicine, vol. 141, p. 105147, Feb. 2022,

https://doi.org/10.1016/j.compbiomed.2021.105147 PMID: 34929463

31. Minderhoud S. C. S. et al., “Wall shear stress angle is associated with aortic growth in bicuspid aortic

valve patients,” European Heart Journal—Cardiovascular Imaging, vol. 23, no. 12, pp. 1680–1689,

Dec. 2022, https://doi.org/10.1093/ehjci/jeab290 PMID: 34977931

32. Naito S., Gross T., Disha K., von Kodolitsch Y., Reichenspurner H., and Girdauskas E., “Late post-AVR

progression of bicuspid aortopathy: link to hemodynamics,” Gen Thorac Cardiovasc Surg, vol. 65, no.

5, pp. 252–258, May 2017, https://doi.org/10.1007/s11748-017-0746-4 PMID: 28194732

33. Hattori K., Fukuda I., Daitoku K., Minakawa M., and Itaya H., “Rate of Stenotic Bicuspid Aortic Valve

Aortic Dilatation After Aortic Valve Replacement, Calculated Using a 3-Dimensional Reconstruction

Tool,” Circ J, vol. 81, no. 8, pp. 1207–1212, Jul. 2017, https://doi.org/10.1253/circj.CJ-16-0974 PMID:

28367857

34. Charitos E. I. et al., “The fate of the bicuspid valve aortopathy after aortic valve replacement,” Eur J Car-

diothorac Surg, vol. 45, no. 5, pp. e128–135, May 2014, https://doi.org/10.1093/ejcts/ezt666 PMID:

24482387

35. Girdauskas E. and Borger M. A., “Bicuspid Aortic Valve and Associated Aortopathy: An Update,” Semi-

nars in Thoracic and Cardiovascular Surgery, vol. 25, no. 4, pp. 310–316, Dec. 2013, https://doi.org/10.

1053/j.semtcvs.2014.01.004 PMID: 24673960

36. Regeer M. V. et al., “Effect of Aortic Valve Replacement on Aortic Root Dilatation Rate in Patients With

Bicuspid and Tricuspid Aortic Valves,” The Annals of Thoracic Surgery, vol. 102, no. 6, pp. 1981–1987,

Dec. 2016, https://doi.org/10.1016/j.athoracsur.2016.05.038 PMID: 27457830

37. Young M. N., Kearing S., Malenka D., Goodney P. P., Skinner J., and Iribarne A., “Geographic and

Demographic Variability in Transcatheter Aortic Valve Replacement Dispersion in the United States,” J

Am Heart Assoc, vol. 10, no. 12, p. e019588, Jun. 2021, https://doi.org/10.1161/JAHA.120.019588

PMID: 34056912

38. Chandran K. B. and Vigmostad S. C., “Patient-specific bicuspid valve dynamics: Overview of methods

and challenges,” Journal of Biomechanics, vol. 46, no. 2, pp. 208–216, Jan. 2013, https://doi.org/10.

1016/j.jbiomech.2012.10.038 PMID: 23182904

39. Cao K., Atkins S. K., McNally A., Liu J., and Sucosky P., “Simulations of morphotype-dependent hemo-

dynamics in non-dilated bicuspid aortic valve aortas,” Journal of Biomechanics, vol. 50, pp. 63–70, Jan.

2017, https://doi.org/10.1016/j.jbiomech.2016.11.024 PMID: 27855987

40. Vergara C., Viscardi F., Antiga L., and Luciani G. B., “Influence of bicuspid valve geometry on ascend-

ing aortic fluid dynamics: a parametric study,” Artif Organs, vol. 36, no. 4, pp. 368–378, Apr. 2012,

https://doi.org/10.1111/j.1525-1594.2011.01356.x PMID: 21995712

41. Kimura N. et al., “Patient-specific assessment of hemodynamics by computational fluid dynamics in

patients with bicuspid aortopathy,” The Journal of Thoracic and Cardiovascular Surgery, vol. 153, no.

4, pp. S52–S62.e3, Apr. 2017, https://doi.org/10.1016/j.jtcvs.2016.12.033 PMID: 28190607

42. Pedley T. J., “Arterial and Venous Fluid Dynamics,” in Cardiovascular Fluid Mechanics, Pedrizzetti G.

and Perktold K., Eds., in International Centre for Mechanical Sciences., Vienna: Springer, 2003, pp. 1–

72. https://doi.org/10.1007/978-3-7091-2542-7_1

43. Mittal R., Dong H., Bozkurttas M., Najjar F. M., Vargas A., and von Loebbecke A., “A versatile sharp

interface immersed boundary method for incompressible flows with complex boundaries,” Journal of

Computational Physics, vol. 227, no. 10, pp. 4825–4852, May 2008, https://doi.org/10.1016/j.jcp.2008.

01.028 PMID: 20216919

44. Zhu C., Seo J.-H., and Mittal R., “Computational modelling and analysis of haemodynamics in a simple

model of aortic stenosis,” Journal of Fluid Mechanics, vol. 851, pp. 23–49, 2018, https://doi.org/10.

1017/jfm.2018.463

PLOS ONE Changes in in left-right bicuspid aortic valve hemodynamics after replacement with bioprosthetic valves

PLOS ONE | https://doi.org/10.1371/journal.pone.0301350 April 16, 2024 32 / 34

https://doi.org/10.1002/mrm.29004
http://www.ncbi.nlm.nih.gov/pubmed/34490922
https://doi.org/10.1002/mrm.26927
http://www.ncbi.nlm.nih.gov/pubmed/28980342
https://doi.org/10.1016/j.jcmg.2021.09.023
https://doi.org/10.1016/j.jcmg.2021.09.023
http://www.ncbi.nlm.nih.gov/pubmed/34801463
https://doi.org/10.1016/j.compbiomed.2021.105147
http://www.ncbi.nlm.nih.gov/pubmed/34929463
https://doi.org/10.1093/ehjci/jeab290
http://www.ncbi.nlm.nih.gov/pubmed/34977931
https://doi.org/10.1007/s11748-017-0746-4
http://www.ncbi.nlm.nih.gov/pubmed/28194732
https://doi.org/10.1253/circj.CJ-16-0974
http://www.ncbi.nlm.nih.gov/pubmed/28367857
https://doi.org/10.1093/ejcts/ezt666
http://www.ncbi.nlm.nih.gov/pubmed/24482387
https://doi.org/10.1053/j.semtcvs.2014.01.004
https://doi.org/10.1053/j.semtcvs.2014.01.004
http://www.ncbi.nlm.nih.gov/pubmed/24673960
https://doi.org/10.1016/j.athoracsur.2016.05.038
http://www.ncbi.nlm.nih.gov/pubmed/27457830
https://doi.org/10.1161/JAHA.120.019588
http://www.ncbi.nlm.nih.gov/pubmed/34056912
https://doi.org/10.1016/j.jbiomech.2012.10.038
https://doi.org/10.1016/j.jbiomech.2012.10.038
http://www.ncbi.nlm.nih.gov/pubmed/23182904
https://doi.org/10.1016/j.jbiomech.2016.11.024
http://www.ncbi.nlm.nih.gov/pubmed/27855987
https://doi.org/10.1111/j.1525-1594.2011.01356.x
http://www.ncbi.nlm.nih.gov/pubmed/21995712
https://doi.org/10.1016/j.jtcvs.2016.12.033
http://www.ncbi.nlm.nih.gov/pubmed/28190607
https://doi.org/10.1007/978-3-7091-2542-7%5F1
https://doi.org/10.1016/j.jcp.2008.01.028
https://doi.org/10.1016/j.jcp.2008.01.028
http://www.ncbi.nlm.nih.gov/pubmed/20216919
https://doi.org/10.1017/jfm.2018.463
https://doi.org/10.1017/jfm.2018.463
https://doi.org/10.1371/journal.pone.0301350


45. Zhu C., Seo J.-H., and Mittal R., “Computational Modeling of Aortic Stenosis With a Reduced Degree-

of-Freedom Fluid-Structure Interaction Valve Model,” Journal of Biomechanical Engineering, vol. 144,

no. 3, Nov. 2021, https://doi.org/10.1115/1.4052576 PMID: 34590694

46. Vedula V., Fortini S., Seo J.-H., Querzoli G., and Mittal R., “Computational modeling and validation of

intraventricular flow in a simple model of the left ventricle,” Theoretical and Computational Fluid Dynam-

ics, vol. 28, no. 6, pp. 589–604, Dec. 2014, https://doi.org/10.1007/s00162-014-0335-4

47. Seo J. H. and Mittal R., “Effect of diastolic flow patterns on the function of the left ventricle,” Physics of

Fluids, vol. 25, no. 11, p. 110801, Nov. 2013, https://doi.org/10.1063/1.4819067

48. Xue Q., Mittal R., Zheng X., and Bielamowicz S., “A computational study of the effect of vocal-fold asym-

metry on phonation,” J Acoust Soc Am, vol. 128, no. 2, pp. 818–827, Aug. 2010, https://doi.org/10.

1121/1.3458839 PMID: 20707451

49. Zhou Z. and Mittal R., “Swimming performance and unique wake topology of the sea hare (Aplysia),”

Phys. Rev. Fluids, vol. 3, no. 3, p. 033102, Mar. 2018, https://doi.org/10.1103/PhysRevFluids.3.

033102

50. Seo J. H., Zhu C., Resar J., and Mittal R., “Flow physics of normal and abnormal bioprosthetic aortic

valves,” International Journal of Heat and Fluid Flow, vol. 86, p. 108740, Dec. 2020, https://doi.org/10.

1016/j.ijheatfluidflow.2020.108740

51. Bailoor S., Seo J.-H., Dasi L. P., Schena S., and Mittal R., “A computational study of the hemodynamics

of bioprosthetic aortic valves with reduced leaflet motion,” Journal of Biomechanics, vol. 120, p.

110350, May 2021, https://doi.org/10.1016/j.jbiomech.2021.110350 PMID: 33743394

52. Bailoor S., Seo J.-H., Dasi L., Schena S., and Mittal R., “Prosthetic Valve Monitoring via In Situ Pressure

Sensors: In Silico Concept Evaluation using Supervised Learning,” Cardiovascular Engineering and

Technology, Jun. 2021, https://doi.org/10.1007/s13239-021-00553-8 PMID: 34145555

53. Bailoor S., Seo J.-H., Schena S., and Mittal R., “Detecting Aortic Valve Anomaly From Induced Mur-

murs: Insights From Computational Hemodynamic Models,” Frontiers in Physiology, vol. 12, 2021,

https://doi.org/10.3389/fphys.2021.734224 PMID: 34690809

54. Bailoor S., Seo J.-H., Dasi L., Schena S., and Mittal R., “Towards Longitudinal Monitoring of Leaflet

Mobility in Prosthetic Aortic Valves via In-Situ Pressure Sensors: In-Silico Modeling and Analysis,” Car-

diovasc Eng Tech, Jun. 2022, https://doi.org/10.1007/s13239-022-00635-1 PMID: 35668222

55. Mittal R., “Replications Data for—Changes in Aorta Hemodynamics in Left-Right Type 1 Bicuspid Aortic

Valve Patients after Replacement with Bioprosthetic Valves: An In-Silico Study.” Harvard Dataverse,

2024. https://doi.org/10.7910/DVN/2FQVIB

56. de Tullio M. D. and Pascazio G., “A moving-least-squares immersed boundary method for simulating

the fluid–structure interaction of elastic bodies with arbitrary thickness,” Journal of Computational Phys-

ics, vol. 325, pp. 201–225, Nov. 2016, https://doi.org/10.1016/j.jcp.2016.08.020

57. Zhang Y., Takao H., Murayama Y., and Qian Y., “Propose a Wall Shear Stress Divergence to Estimate

the Risks of Intracranial Aneurysm Rupture,” ScientificWorldJournal, vol. 2013, p. 508131, Sep. 2013,

https://doi.org/10.1155/2013/508131 PMID: 24191140

58. Barker A. J. et al., “Bicuspid Aortic Valve Is Associated With Altered Wall Shear Stress in the Ascending

Aorta,” Circulation: Cardiovascular Imaging, vol. 5, no. 4, pp. 457–466, Jul. 2012, https://doi.org/10.

1161/CIRCIMAGING.112.973370 PMID: 22730420

59. Kang J.-W. et al., “Association Between Bicuspid Aortic Valve Phenotype and Patterns of Valvular Dys-

function and Bicuspid Aortopathy: Comprehensive Evaluation Using MDCT and Echocardiography,”

JACC: Cardiovascular Imaging, vol. 6, no. 2, pp. 150–161, Feb. 2013, https://doi.org/10.1016/j.jcmg.

2012.11.007 PMID: 23489528

60. Fåhræus R. and Lindqvist T., “THE VISCOSITY OF THE BLOOD IN NARROW CAPILLARY TUBES,”

American Journal of Physiology-Legacy Content, vol. 96, no. 3, pp. 562–568, 1931, https://doi.org/10.

1152/ajplegacy.1931.96.3.562

61. Weddell J. C., Kwack J., Imoukhuede P. I., and Masud A., “Hemodynamic Analysis in an Idealized

Artery Tree: Differences in Wall Shear Stress between Newtonian and Non-Newtonian Blood Models,”

PLOS ONE, vol. 10, no. 4, pp. 1–23, Apr. 2015, https://doi.org/10.1371/journal.pone.0124575 PMID:

25897758

62. Cheng A. L., Pahlevan N. M., and Wood J. C., “NON-NEWTONIAN BEHAVIOR SIGNIFICANTLY

AFFECTS HEMODYNAMIC EFFICIENCY IN A FOUR-DIMENSIONAL FLOW MAGNETIC RESO-

NANCE FONTAN MODEL,” Journal of the American College of Cardiology, vol. 71, no. 11, Supple-

ment, p. A622, 2018, https://doi.org/10.1016/S0735-1097(18)31163-X.

63. Rodkiewicz C. M., Sinha P., and Kennedy J. S., “On the Application of a Constitutive Equation for

Whole Human Blood,” Journal of Biomechanical Engineering, vol. 112, no. 2, pp. 198–206, May 1990,

https://doi.org/10.1115/1.2891172 PMID: 2345451

PLOS ONE Changes in in left-right bicuspid aortic valve hemodynamics after replacement with bioprosthetic valves

PLOS ONE | https://doi.org/10.1371/journal.pone.0301350 April 16, 2024 33 / 34

https://doi.org/10.1115/1.4052576
http://www.ncbi.nlm.nih.gov/pubmed/34590694
https://doi.org/10.1007/s00162-014-0335-4
https://doi.org/10.1063/1.4819067
https://doi.org/10.1121/1.3458839
https://doi.org/10.1121/1.3458839
http://www.ncbi.nlm.nih.gov/pubmed/20707451
https://doi.org/10.1103/PhysRevFluids.3.033102
https://doi.org/10.1103/PhysRevFluids.3.033102
https://doi.org/10.1016/j.ijheatfluidflow.2020.108740
https://doi.org/10.1016/j.ijheatfluidflow.2020.108740
https://doi.org/10.1016/j.jbiomech.2021.110350
http://www.ncbi.nlm.nih.gov/pubmed/33743394
https://doi.org/10.1007/s13239-021-00553-8
http://www.ncbi.nlm.nih.gov/pubmed/34145555
https://doi.org/10.3389/fphys.2021.734224
http://www.ncbi.nlm.nih.gov/pubmed/34690809
https://doi.org/10.1007/s13239-022-00635-1
http://www.ncbi.nlm.nih.gov/pubmed/35668222
https://doi.org/10.7910/DVN/2FQVIB
https://doi.org/10.1016/j.jcp.2016.08.020
https://doi.org/10.1155/2013/508131
http://www.ncbi.nlm.nih.gov/pubmed/24191140
https://doi.org/10.1161/CIRCIMAGING.112.973370
https://doi.org/10.1161/CIRCIMAGING.112.973370
http://www.ncbi.nlm.nih.gov/pubmed/22730420
https://doi.org/10.1016/j.jcmg.2012.11.007
https://doi.org/10.1016/j.jcmg.2012.11.007
http://www.ncbi.nlm.nih.gov/pubmed/23489528
https://doi.org/10.1152/ajplegacy.1931.96.3.562
https://doi.org/10.1152/ajplegacy.1931.96.3.562
https://doi.org/10.1371/journal.pone.0124575
http://www.ncbi.nlm.nih.gov/pubmed/25897758
https://doi.org/10.1016/S0735-1097(18)31163-X
https://doi.org/10.1115/1.2891172
http://www.ncbi.nlm.nih.gov/pubmed/2345451
https://doi.org/10.1371/journal.pone.0301350


64. Marrero V. L., Tichy J. A., Sahni O., and Jansen K. E., “Numerical Study of Purely Viscous Non-Newto-

nian Flow in an Abdominal Aortic Aneurysm,” Journal of Biomechanical Engineering, vol. 136, no. 10,

p. 101001, Aug. 2014, https://doi.org/10.1115/1.4027488 PMID: 24769921

65. Johnston B. M., Johnston P. R., Corney S., and Kilpatrick D., “Non-Newtonian blood flow in human right

coronary arteries: Transient simulations,” Journal of Biomechanics, vol. 39, no. 6, pp. 1116–1128,

2006, https://doi.org/10.1016/j.jbiomech.2005.01.034 PMID: 16549100

66. Yeats B., Sivakumar S. K., Polsani V., Yadav P., Thourani V., and Dasi L., “Improving transcatheter aor-

tic valve replacement outcomes in bicuspid aortic valves through a preoperative computational

approach,” Journal of the American College of Cardiology, vol. 77, no. 18_Supplement_1, pp. 1180–

1180, May 2021, https://doi.org/10.1016/S0735-1097(21)02539-0

PLOS ONE Changes in in left-right bicuspid aortic valve hemodynamics after replacement with bioprosthetic valves

PLOS ONE | https://doi.org/10.1371/journal.pone.0301350 April 16, 2024 34 / 34

https://doi.org/10.1115/1.4027488
http://www.ncbi.nlm.nih.gov/pubmed/24769921
https://doi.org/10.1016/j.jbiomech.2005.01.034
http://www.ncbi.nlm.nih.gov/pubmed/16549100
https://doi.org/10.1016/S0735-1097%2821%2902539-0
https://doi.org/10.1371/journal.pone.0301350

