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Abstract

Bicuspid aortic valve (BAV) is associated with aortic dilatation and aneurysm.
Several studies evidenced an eccentric systolic flow in ascending aorta associated
to increased wall shear stresses (WSS) and the occurrence of an helical systolic
flow. This study seeks to elucidate the connections between jet asymmetry and
helical flow in patients with normally functioning BAV and dilated ascending aorta.
We performed a computational parametric study by varying, for a patient-specific
geometry, the valve area and the flow rate entering the aorta and drawing also
a tricuspid valve (TAV). We considered also phase contrast magnetic resonance
imaging of four BAV and TAV patients. Measurement of normalized flow asym-
metry (NFA) index, systolic WSS and of a new index (positive helic fraction, PHF')
quantifying the presence of a single helical flow, were performed. In our compu-
tation, BAV cases featured higher values of all indices with respect to TAV in
both numerical and imaged-based results. Moreover, all indices increased with
decreasing valve area and/or with increasing flow rate. This allows us to identify
two groups for BAV: the former with valve/root area ratio A,q;/Aroot = 0.29 and
systolic flow rate F' > 181/min, or for A,q/Aroor < 0.29, featuring high indices
values (NF'A > 0.45 and PHF > 0.8), and the latter featuring intermediate values

(02< NFA<04,0.5< PHF <0.7).
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1 Introduction

Bicuspid aortic valve (BAV), the most common congenital heart disease, is related to an
increased prevalence of ascending aortic dilatation and aneurysm in normally function-
ing valvular regime when compared to tricuspid aortic valve (TAV)%!:18  Besides the
dominant hypothesis postulating a genetic origin for these vascular complications, in re-
cent years a complementary (rather than alternative) functional hypothesis has received
increasing attention: it states that the abnormal haemodynamics observed in patients
with BAV could predispose to an enlargement of the ascending aorta and, possibly, to
aneurysm formation%1°,

In particular, it has been established that eccentric flow jets occur in the ascending
aorta of normally functioning BAV patients, see Fig. 1. Several techniques reported
so far this phenomenon, in particular phase-contrast magnetic resonance imaging (PC-
MRI)®:20 and computational methods®?%23. This asymmetry was found to be strictly
related to increased wall viscous stresses exerted by the blood on the lumen surface, as
highlighted in®'% by PC-MRI techniques, and in??% by computational models. Wall
blood stresses are supposed to play an important role in vascular remodeling and in
aneurysm formation. Indeed, an increased haemodynamic load placed on the proximal
aorta could possibly result in progressive aortic dilatation”.

On the basis of these observations, the causes of formation and development of de-
flected flows has to be investigated in order to deeply understand the phenomenon of
the dilatation of the ascending aorta in patients with normally functioning BAV. In this
respect, an interesting observation is that blood flow jet asymmetry is also found in

BAV patients featuring normal aortic dimensions!*. This leads to formulating the con-



jecture that blood jet asymmetry may be due to the interplay between morphology and
haemodynamics in BAV configurations and it precedes aorta dilatation. However, the
latter seems to improve the jet deflection. Indeed, in®, the authors found a significant
correlation between the blood flow jet angle and the diameter at different levels of the
ascending aorta.

Another phenomenon characterizing the abnormal fluid-dynamics in a BAV ascending

aorta is the helical systolic flow 4.

In a normal TAV subject, retrograde/helical flows
develop just at diastole, whilst in patients with ascending aortic aneurysm they originate
at systole, together with a skewed peak velocity®. In patients with normally functioning
BAV, systolic helical flow can appear in a normal ascending aorta, becoming particularly
intense in dilated or aneurysmatic cases, as observed with PC-MRI in!%.

In this paper, we focus on the study of blood jet asymmetry in BAV patients with a
dilated aorta but with non-stenotic aortic valve orifice. Our aim is to understand more
deeply the phenomenon observed in®. In particular, we try to relate this phenomenon
to the systolic helical flow observed with PC-MRI. With this goal, we consider the
real geometry of a dilated BAV patient, and we perform a computational parametric
study by varying the valve area (always in a non-stenotic range) and the flow rate
entering the aorta. Besides we consider for the same dilated geometry a tricuspid valve
in order to make comparisons with BAV cases. To find relations between haemodynamic
phenomena, we introduce suitable indices, allowing us to monitor for each case the
flow vorticity, the flow reversal and the jet deflections. Finally, to further validate the

correctness of the relation between helical flow and jet asymmetry found by our numerical

results, we analyze PC-MRI images of BAV and TAV patients.



2 Material and Methods

2.1 Patient Dataset

A dataset was formed by four BAV patients without valve stenosis and insufficiency, and
by four tricuspid (TAV) patients. In Table 1 several demographic information and aortic
diameters for BAV patients (B) and TAV patients (T) are reported . Body surface
area (BSA) was calculated by Haycock’s formula'? and was then used to normalize
age and size effects in ascending aorta diameters calculation. All BAV patients had a
dilated ascending aorta (ascending aorta diameter > 4c¢m or normalized ascending aorta
diameter > 2.2cm/m? 19). Each BAV patient presented a right-left leaflets fusion.
TABLE 1

For each BAV and TAV patient a time-resolved 2D PC-MRI was acquired. An oblique
imaging slice (PC-slice) was positioned in the mid-ascending aorta approximately at
2cm from the most distal feature of the sinotubular junction, as can be seen in Fig.
2. Temporal resolution was 20 phases in one cardiac cycle with a pixel resolution of
1.17 x 1.17 mm. Velocity encoding values were chosen to optimize the velocity map
resolution with values ranging from 150 to 200 cm/s. The following parameters were
also used: TE = 6.4 ms; flip angle = 15 deg ; slice thickness = 5 mm;
acquisition matrix = 256 x 256.

A breath-hold true fast imaging with steady state precession (TrueFisp) cine-sequence
with retrogated ECG triggering was also acquired on oblique coronal slices, see Fig. 2,

center. For a multiphase imaging of the bicuspid aortic valve, TrueFisp images were

acquired also on the valve plane. Oblique and valve TrueFisp images were performed



using to the following parameters: TE = 1.6 ms; flip angle = 65deg ; slice thickness
= 8 mm; temporal resolution = 20 phases in one cardiac cycle ; acquisition matrix =
256 x 146.

For BAV patients a 3D contrast enhanced MRI (CE-MRI) was acquired with a voxel
resolution of 1.72 x 1.72 x 1.5 mm. The following parameters were used: TE = 1.02 ms;
flip angle = 20 deg ; slice thickness = 1.5 mm; acquisition matrix = 256 x 106.

All the MRI acquisitions were performed on a 1.5 Tesla system (Magnetom Simphony,
Siemens Medical Systems, Erlangen, Germany)

Institutional Review Board approval was obtained for the conduct of this study and

the board waived the need for patient consent.

2.2 Mesh generation

A surface model of the aortic root, ascending aorta and aortic arch of one of the four BAV
patients (B1) was obtained from the 3D CE-MRI image using a level-set segmentation
technique provided by the Vascular Modeling Toolkit (vmtk, http://www.vmtk.org).
This technique allows the generation of a surface representing the interface between the
blood and the arterial wall. The surface was then cut at the aortic root inlet with
a plane corresponding to the TrueFisp valve acquisition and at the outlets by planes
perpendicular to the lumen longitudinal axis. We then manually delineated the valve
orifice on the aortic root inlet surface, by using a tool which allows to choose the valve
shape, dimension and position.

In this work we were interested in describing the systolic fluid-dynamics, so that we

computed by the TrueFisp image the values of the valve and root areas, A,y and Ao,



at systole. Since the CE-MRI acquisition could be assimilated to the diastolic phase of
the cardiac cycle, we mapped the systolic valve orifice obtained by the TrueFisp image
onto this diastolic configuration (Bnl), by maintaining the value A,q /A0t constant.
Moreover, in view of the parametric study, we delineated two more different bicuspid
valve orifices (Bn2 and Bn3) with a shape similar to the original one, always maintaining
the valve area in a non-stenotic range. A tricuspid orifice (Tn) was also delineated to
simulate in the same aorta geometry the tricuspid case. In Fig. 3 the TrueFisp image at
systole and the four valve (Bnl, Bn2, Bn3 and Tn) are shown. In table 2 the values of
Apar/Aroor Tatio and of A, for patient Bl and for the four simulated cases are reported.
TABLE 2

The obtained solid models were successively turned into volumetric meshes of linear
tetrahedra' using vmtk, in order for computational fluid-dynamics (CFD) simulations
to be carried out (see Fig. 2, right). We observe the refined surface meshes in the area
near the valve for better capturing the expected detachment and deviation of the flow.

All the meshes featured about 600k tetrahedra.

2.3 Numerical Simulations

Unsteady numerical simulations were performed in the four scenarios described above,
by using the finite element library LifeV (http://www.lifev.org). Blood was considered
as Newtonian, homogeneous, and incompressible, so that the Navier-Stokes equations for
incompressible fluids were used for the mathematical description®. Blood viscosity was
set equal to 0.035 Poise and the density equal to 1.0 g/cm3. The time step was chosen

equal to 0.01s. Being interested in the haemodynamics at systolic ejection, the vessel



wall was considered rigid and valve leaflets were not modeled as assumed not influencing
the direction of the jet at systole, due to the high pressure of blood exiting from the left
ventricle. Valve opening and closing were therefore modeled in an on/off modality. We
considered the patient specific shape measured by PC-MRI (Fig. 4), and we prescribed
three different curves obtained by the original one multiplied by 1, 1.2 and 1.4 (F0, F2,
F4), respectively, obtaining a flow rate at systole equal to 13.63, 16.36 and 19.09 1/min,
respectively. The choice of prescribing flow rates greater than the measured one was
suggested by the fact the PC-MRI often under-estimates the flux values?. To prescribe
this flow rate a Lagrange multipliers” approach was employed?'. At the outlets, a zero-
stress condition was prescribed, since the region of interest is in the proximal ascending
aorta. It must be highlighted that, as pointed out in'?, in TAV cases transitional flow
are only expected to be present near the aortic valve, supposedly being absent in the
ascending aorta. We assumed that this hypothesis holds also for BAV cases, so that no

turbulence models were assumed.

2.4 Quantitative Measures

To better describe the fluid-dynamics in the ascending aorta we introduced suitable
indices to be computed starting from both the results obtained in our numerical simu-
lations and image data. For the latter we processed the phase contrast images for each
BAV and TAV case to obtain a velocity vector field. We point out that the following
indices were defined on a triangular grid for the numerical results, while on a pixelized

grid for the in-vivo data.

(a) Retrograde flow analysis. To quantify the retrograde flow we measured the flow



reversal ratio (FRR) at systole at the PC-slice I', defined as

FRR = M x 100,

ons (tsys)

where Queg(tsys) == [V (tsys) - ndo and Qpos(teys) = [p VT (tsys) - ndo, with v~ -

njr <0 and v* - n|r > 0, represent the backward and forward flow rates.

Flow asymmetry. To quantify flow eccentricity we used the normalized flow asym-

0

metry index (NFA) proposed in?’. NFA was calculated as the euclidean distance

between the center of velocity at I' of the forward flow C.,; at systole, defined as

ot
[ v (tsys) -ndo ,
Cve =L =4, Y, %,
l,j f[‘ V+<tsys) -ndo J €, Y,z

and the center of I' normalized to the lumen radius. Lumen radius has been com-
puted by mapping the lumen onto a circle. This yields a NFA index equal to 0 when
the center of forward velocity is in the center of the vessel (no asymmetric flow) and

equal to 1 when it is on the vessel wall (totally asymmetric flow).

Wall Shear Stress. We introduced two wall shear stress indices, WSSRegion and
WSSSlice which are the maximum of wall shear stress evaluated on a portion of the

ascending aorta and on the PC slice, respectively?2.

Helical flow pattern analysis. We introduced a new quantitative index to measure
the helical flow pattern. We preliminarily defined the quantity h calculated over
the PC slice as the dot product between the vorticity of the velocity parallel to
the slice and the normal to the slice, h := (V x (v(t) - 7)) - n, where 7 is the
tangential to the slice unit vector. h; is then defined for each triangle (or pixel) of
the slice and is positive or negative if the flow has a local right-handed or left-handed

9



helical structure, respectively. The positive helic fraction (PHF) at systole was then

calculated as

Hpos
Hpos + Hneg’

PHF =
where H,ps = fF ht(tsys) do and Hyey = fF h™(tsys) do, with h™ > 0 and A~ < 0.
PHF indicates the ratio between right-handed helic and the totality of the rotating
flux (PHF=1 means complete right-handed helical flow, PHF=0 means complete
left-handed helical flow, PHF=0.5 means no prevalence of any direction), and was
introduced to quantify the prevalence of right-handed helical flow in BAV patients.

To eliminate border effects due to no-slip data we cut with a sphere the PC-slice

and calculated the PHF index only inside the extracted area.

For the computation of such indices we developed a tool based on the the Visual-
ization Toolkit library (VTK, http://www.vtk.org). The integrals in the formulas were

calculated using mean point quadrature rule.

3 Results

This section is divided in two parts. In the first part we report the results of the CFD
simulations for the different valve orifices described in Section 2.2 and the different inflow
boundary conditions described in Section 2.3. After a first view of the overall flow pattern
in the ascending aorta, we present the values obtained for the proposed indices. In the
second part we analyze the in-vivo data computing the same indices to confirm and

strengthen the numerical findings.
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3.1 Numerical Simulations
3.1.1 Preliminary analysis

A first snapshot of the flow pattern in the ascending aorta is shown in Fig. 5. In this
figure the streamlines entering the PC-slice at systole are reported for three significative
cases: the largest bicuspid valve with the lowest inflow condition (Bn3, F0), the smallest
bicuspid valve with the highest inflow condition (Bnl, F4) and the tricuspid case with
the mid-value inflow condition (Tn, F2). From this figure the marked difference between
the fluid-dynamics in the first tract of the ascending aorta in TAV and BAV cases could
be appreciated. Indeed, in the BAV cases we observed a single recirculating vortex
that forces the flow exiting from the valve to deviate toward the aortic wall. From a
comparison between the two BAV cases, we preliminary observed that the more the valve
is narrowed and/or the flow rate is high, the more the vortex is enlarged, making the
deviation of the jet more evident (see Fig. 5, left and middle). Concerning the TAV
case, we observed recirculation zones characterized by a double vortex, whose formation
is justified by the dilated geometry of the chosen aorta (see!®). Also the location of the
vortices is different, since in the TAV case one vortex was located just in the zone where
the jet hit the wall in the BAV cases. No deviation of the flow exiting the valve could

be appreciated in TAV case (Fig. 5, right).

3.1.2 Retrograde flow analysis

All the simulated BAV presented a retrograde flow at systole at the PC-slice. In Table
3 the values of FRR for all the simulations are reported. We observe that, except the

case Bn2-FO, FRR increases by decreasing the area of the orifice or by increasing the
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flow rate. In all tricuspid cases FRR is very small (more than 100 times smaller than
Bn3) indicating no retrograde flow for this configuration. For the BAV cases this index

features higher values, reaching almost the value of 30%. TABLE 3

3.1.3 Flow asymmetry

All simulated BAV presented an evident deviation of the flow toward the aortic wall,
which was completely absent in the tricuspid case. In Fig. 6 we reported on an oblique
TrueFisp slice the velocity pattern at systole obtained by numerical results in a BAV
(middle) and in a TAV case (right). In the BAV case the flow originates straight from the
valve and it then deviates toward the outer wall. A completely different situation occurs
for TAV, where the flux does not deviate toward the wall but goes straight covering the
shortest path to reach the mid-ascending aorta.

In Table 4 the values of the NFA index are reported for all the cases. TABLE 4
This index features a behavior similar to that of FRR. Indeed, it seemed to be inversely
proportional to the valve orifice dimension and directly proportional to the flow rate.
In tricuspid cases, as expected, the NFA value was smaller, indicating an almost total
absence of flow deviation. We could subdivide the cases in three subpopulations: marked
flow asymmetry (NFA> 0.46; Bnl and Bn2-F4), moderate flow asymmetry (0.24 < NFA

< 0.38; Bn2-F0, Bn2-F2 and Bn3) and no flow asymmetry (NFA < 0.15; Tn).

3.1.4 Wall Shear Stress

In Fig. 7 left, we reported the regions of interest where the quantities WSSRegion and

WSSSlice were computed, whereas, in Table 5 and 6 WSSRegion and WSSSlice are

12



reported for all the performed simulations. TABLE 5; TABLE 6

As expected WSS values were low in the tricuspid case and in the simulation with
Bn3-F0, which is the case with larger valve area and lower flow. When decreasing the
valve area and increasing fluxes, the WSS values become higher up to 3 times the values
obtained for the higher tricuspid case.

Finally, as shown in Fig. 7, the higher WSS values were found to be located for BAV

cases in the typical location of aortic dilatation.

3.1.5 Helical flow pattern analysis

In Fig. 8 a top view of the PC-slice with the computed velocities in all the simulated
cases are shown. It is evident from this figure the presence of a right-handed helical
flow in BAV cases which is completely absent in TAV. At the bottom of each case, the
quantity h is depicted in a color scale (red colors stand for A > 0, i.e. local right-handed
helical structure, blue colors stand for h < 0, i.e. local left-handed helical structure and
green colors stand for h = 0, i.e. no local helical structure). In Table 7 we reported the
values of index PHF for all the simulated cases. We observe that this index succeeded
in describing the phenomenon highlighted by Fig. 8. Indeed, if we consider for example
Bnl-F2, the high prevalence of the right-handed helic is captured (PHF = 0.89), while
Tn-F2, for example, did not present a prevalence of one helic over the other (PHF=0.45).

More in general, all BAV cases were characterized by a right-handed helical flow,
which become more pronounced with smaller valve areas and higher flows (for BAV
cases, PHF values ranges from 0.60 to 0.89). We could collect the cases depending on

the value of the PHF index in the same three groups introduced above for the flow
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asymmetry: high right-handed prevalence (PHF> 0.8; Bnl and Bn2-F4), low right-
handed prevalence (0.6 < PHF < 0.7; Bn2-F0, Bn2-F2 and Bn3) and no right-handed

prevalence (PHF < 0.5; Tn). TABLE 7

3.2 Data from biomedical images

The proposed indices calculated on clinical data are reported in Table 8. TABLE 8 These
data confirmed the presence of a retrograde flow, flow jet asymmetry and helic systolic
flow in all BAV cases, being absent in the four TAV patients. Indeed, the average value of
the three indices (see right column) was clearly larger in BAV patients. Despite the small
number of subjects included in the study, in Table 8 we could recognize the same trends
featured by our numerical simulations. Three of the four BAV patients had a similar
Apar/Aroot Tatio (B1, B2 and B3, Ayu/Aeer equal to 0.26, 0.27 and 0.25, respectively).
These three patients, as expected, presented similar values of FRR, NFA and PHF
indices, except PHF value for B2 which is lower. A possible explanation is that this case
featured a systolic flow rate of 7.91/min, considerably lower than those of the two other
patients with similar valve orifices. B4 had a greater valve orifice (Ayq/Aro0r=0.51) and,
as expected, presented values of the three indices lower than for the other patients. The
trend highlighted by PHF is confirmed also by the visual inspection of the velocity field
and of the quantity h reported in Fig. 9. In patients with small valve orifice (B1,B2
and B3) the red zone, representing right-handed helical flow, is more pronounced with
respect to the blue (left-handed helical flow) and to the green (absence of helical flow)
zones.

For what concerns TAV cases, Table 8 highlights that the values of all the three

14



indices are significantly smaller than those featured by BAV patients, confirming the
trend observed by numerical simulations. Fig. 9 confirms the absence of a right-handed

helical flow in these cases, featuring mainly blue and/or green zones.

4 Discussion

In recent years considerable attention was devoted to the study of the “haemodynamic
hypothesis”, stating that the strong connection observed between BAV patients and the
formation of ascending aortic dilatation could be provided, besides genetic factors, also
by haemodynamic factors. In particular, this hypothesis states that the deranged flow
which is found in BAV patients could cause enlargement of the ascending aorta and,
possibly, aneurysm formation*®1%!8_ The first characteristic fluid-dynamic phenomenon
featured by BAV patients reported by several studies, both in-vivo and in-silico, con-
sists in the presence of an eccentric flow jet in the ascending aorta%8:14:20:22:23  In#® thig
asymmetry was found significantly correlated to the diameter at different levels of the
ascending aorta, suggesting that the flow deflection plays a crucial role in the ascending
aorta dilatation. A second fluid-dynamic phenomenon reported so far consists in the
observation that increased haemodynamic viscous forces placed on the proximal aorta
could result in a possible progressive aortic dilatation”. These two phenomena were
linked together by the observation that the flow asymmetry was found to be strictly re-
lated to increased and localized wall shear stresses exerted on the dilated lumen surface,

as highlighted in®1%2%23 and they were observed independently of the dilatation of the

ascending aorta.
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In recent years, a third fluid-dynamic phenomenon characterizing BAV patients was
highlighted, an helical systolic flow in the ascending aorta in presence of BAV ! accom-

3. In this paper we tried

panied by the presence of a marked systolic retrograde flow
to elucidate the connections between flow asymmetry and high localized WSS, on one
hand, and helical flow and flow reversal, on the others, in BAV patients with a dilated
ascending aorta. To this end, we studied the blood flow patterns in such cases by means
of both numerical simulations and in-vivo data analysis with the rationale of using the
findings from numerical simulations as a key for interpreting in-vivo phenomena. We
performed a computational parametric study by varying, for a selected geometry, the
valve area and the flow rate entering the aorta and, to perform comparisons, considering
also a tricuspid case drawn in the same dilated aorta geometry. Finally we considered
in-vivo data obtained by PC-MRI sequences in four BAV and in four TAV cases.

To provide an objective quantification of the phenomena, we introduced a set of
indices: the flow reversal ratio (FRR) to measure the presence of retrograde flow, the
normalized flow asymmetry (NFA) index?® to monitor the deviation of the systolic jet,
WSSRegion and WSSSlice indices?? to quantify the systolic WSS and its localization,
and the new positive helic fraction (PHF) index to quantify the degree of uniqueness of
the helical flow. Except WSSRegion and WSSSlice which have been considered only for
the numerical results, all the indices have been computed both for the numerical results
and for the in-vivo imaging data. In® the authors measured the FRR on through-plane
phase contrast MRI acquired 1-3 cm above the most distal feature of the sinotubular

junction in 15 BAV and 15 control patients, demonstrating the reliability of this index

in distinguishing between BAV and controls. In?® the authors demonstrated that NFA
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index is a more reliable quantitative parameter for measuring systolic jet deviation than
flow jet angle, suggesting the use of this parameter to study flow deviation in BAV.

WSSRegion and WSSSlice indices were proposed in??

and have been seen to be highly
correlated with the asymmetry of the blood jet. The positive helic fraction has been pro-
posed here with the purpose of having a quantitative synthetic index able to distinguish
among single helical flow, double helical flow and absence of helical flow.

Relation between single helical and asymmetric flows. BAV vs TAV. Both numerical
and imaged-based results highlighted that BAV patients featured higher values of FRR,
NFA and PHF indices when compared with those obtained in TAV configurations (see
Tables 3, 4, 7 and 8). Also, high WSS values were found to be strongly localized in

22 also for a dilated

BAV cases with respect to TAV, confirming the trend observed in
ascending aorta (see Tables 5 and 6). This clearly confirmed that the fluid-dynamics
in a dilated ascending aorta in presence of BAV is markedly different from a TAV case
featuring the same geometry. Indeed, it is characterized by high flow reversal, high flow
asymmetry (see Fig. 6) and the presence of a single right-handed vortex (see Fig. 8
and 9). This is also clearly seen in Fig. 5, where the TAV case (on the right) featured
two lateral vortices (one right-handed and one left-handed) which “allows” the blood jet
entering the aorta to reach the mid-ascending section by passing through the center of
the vessel, leading to a nearly symmetric flow. Viceversa, in the BAV cases (see figures
in the left and middle), a single large right-handed vortex is observed, which fills up the
central region of the vessel, forcing the blood jet to interplay the mid-ascending aorta

by passing close to the aortic wall. This shows that in a dilated ascending aorta with

normally functioning BAV, there is a clear correlation among the formation of a single
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right-handed vortex, the presence of flow reversal and the deflection of the blood jet.
This is in strong agreement with what was qualitatively observed through 4D PC-MRI
images by Hope!# who identified the presence of a systolic helical flow associated with
eccentric systolic flow jet in 15 of 20 BAV patients but in none of normal or dilated
TAV patients. We observe that our results were found for BAV patients without aortic
coarctation or tetralogy of Fallot.

Observing the flow pattern in Fig.5 we can hypothesize that the flow asymmetry
induces the blood flow to fill up the central region of the vessel, leading to a single
vortex. At the same time, it may be speculated that jet deflection toward the wall is
exaggerated by the formation of a single vortex, since the flow maybe bumps on the
pressure bubble created by the vortex, accentuating its asymmetry. Therefore the two
phenomena seem to be strongly interconnected and markedly related to BAV orifice
morphology as evidenced by the results obtained when varying the valve area.

Relation between single helical and asymmetric flows. Varying flow rate and valve
orifice area for BAV. By analyzing Tables 3, 4, 7 and 8, we observed that indices FRR,
NFA and PHF featured a similar behavior both for the numerical results and for the in-
vivo data. In particular, they both increased by decreasing the valve orifice area and/or
by increasing the value of the flow rate. This further confirmed the strong connection
between the formation of a single right-handed helical flow and blood jet deflection.
Again, this is confirmed by observing Fig. 5, left, where a large valve orifice area and a
small flow rate lead to a single vortex and asymmetry, that are less pronounced than in
the case reported on the middle, featuring a smaller valve area and a larger flow rate.

By analyzing the values of indices NFA and PHF both for numerical and for in-vivo

18



results, we can characterize the two groups featuring high values (Bnl and Bn2-F4 for
numerical results, and B1l, B2 and B3 for in-vivo results), by introducing the group
characterized by the following values:

- valve/root area ratio A,q/Areet = 0.29 with systolic flow rate F' > 181/min, or

- valve/root area ratio Ayq/Areor < 0.29.

This group is characterized by values NFA > 0.45 and PHF > 0.8. Similarly, the BAV
groups featuring intermediate values of NFA and PHF (Bn2-F2, Bn2-F3 and Bn3 for the
numerical results, and B4 for the in-vivo results) could be characterized by the following
values:

- valve/root area ratio A,q/Areor = 0.29 with systolic flow rate F' < 181/min, or

- valve/root area ratio A,q/Aroot > 0.29.

This group is characterized by values 0.2 < NFA < 0.4 and 0.5 < PHF < 0.7. The
only case which did not obey this trend is BAV patient B2 which featured PHF = 0.55.
This could be explained by the fact that for this case F' = 7.91/min, a value which is
considerably less than those used in the numerical simulations and featured by the two
other patients of the first group.

Clinical implications. As observed, high and localized WSS in the ascending aorta
are the effect of the blood jet deflection. For this reason, in* we proposed to use flow
asymmetry (easily evaluated by imaging) as a surrogate of the localization of high WSS
in the ascending aorta, and then as a simple indicator of the possible risk of dilatation.
In addition, due to the relation between flow asymmetry and presence of a single vortex,
we propose the presence of a single vortex in a dilated ascending aorta as a surrogate

marker of high localized WSS in the ascending aorta.
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Agreement between numerical and in-vivo data. The results presented in this work
showed an excellent agreement between the numerical simulations and the in-vivo anal-
yses obtained by means of PC-MRI sequences. This is an important point for future
analyses, since it highlights the reliability of computational tools for such investigations.

Limitations. Limitations of our study rely on the availability of few in-vivo data.
A more comprehensive study is mandatory to better understand our first highlighted
results. The main model limitation of this work concerns some of the hypotheses in-
troduced for the numerical simulations. In particular, the assumption of rigid walls is
probably simplistic, since the motion of the aorta (due both to the interaction with
blood and to the rigid movement of the heart) is not negligible. However, we argued
that, owning to the good agreement between imaging and simulation data, the modeling
strategy we adopted is adequate for the scope of the present work.

Moreover, we did not take into account the valve opening and closing mechanisms,
in fact all our numerical simulations were performed with an open valve configuration
without the presence of the leaflets. This is a very interesting point, since our results
highlighted that the flow asymmetry is already generated (with values of NFA compa-
rable to those extracted by in-vivo data) without modeling the leaflets. This infers that
probably the particular shape of the orifice in BAV cases (not necessarily, or in addition
to, the presence of the leaflets, as suggested in®) is the primary cause in the generation

of the flow deflection.
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6 Tables and Captions

6.1 Tables

Table 1: Demographic informations and aortic diameters for BAV (B) and TAV (T)

patients.
B1 B2 B3 B4 T1 T2 T3 T4
Age (y) 30 46 38 22 21 21 24 21
Sex (M,F) F M M M F M M F
BSA(m?) 1.7 2.2 2.5 2.0 1.4 1.8 1.9 1.8
Anulus (em) 2.5 2.0 3.2 3.5
SV (em) 34 27 48 36
STJ (e¢m) 3.7 2.4 44 4.1
AAo (em) 4.0 5.0 5.0 4.1 2.5 3.1 2.7 2.6

AAo/BSA (em/m?) 24 23 20 20 18 17 14 14

B, Bicuspid aortic valve; T, tricuspid aortic valve; BSA, Body surface area; SV, sinus of valsalva;

STJ, sinotubular junction; AAo, ascending aorta; AAo/BSA, normalized AAo size.
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Table 2: Values of A,q /Aot and A,y for Bl patient (at systole, from TrueFisp image)

and for the reconstructed valve orifices (mapped onto the diastolic configuration).

Bl Bnl Bn2 Bn3 Tn

Avar/Aroor 0.26 026 0.29 0.33 0.51

Av (mm2) 25 1.6 18 20 3.1
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Table 3: FRR index (in %) for numerical simulations.

Valve/Flux | FO F2 F4

Bnl 13.46 24.81 29.91
Bn2 14.77 14.14 19.27
Bn3 1.31 8.82 17.64
Tn 0.0 0.06 0.07

27



Table 4: NFA index for numerical simulations.

Valve/Flux | FO F2  F4
Bnl 0.46 0.51 048
Bn2 0.31 0.37 047
Bn3 0.24 0.36 0.36
Tn 0.08 0.14 0.14
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Table 5: Values of index WSSRegion for the numerical simulations (dyne/cm?).

Valve / Flux | FO F2 F4
Bnl 1.95 261 3.34
Bn2 097 1.25 1.77
Bn3 0.85 1.11 1.19
Tn 048 0.78 0.96
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Table 6: Values of index WSSSlice for the numerical simulations (dyne/cm?).

Valve / Flux | FO F2 F4
Bnl 0.85 1.60 1.85
Bn2 0.70 1.11 1.76
Bn3 0.46 0.71 091
Tn 0.28 0.48 0.59
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Table 7: Values of index PHF for numerical simulations.

Valve / Flux | FO F2 F4
Bnl 0.85 0.89 0.90
Bn2 0.61 0.61 0.83
Bn3 0.69 0.60 0.64
Tn 0.23 0.45 047
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Table 8: Systolic flow rate and ratio between the valve and root areas (top) and proposed

indices (bottom) evaluated in BAV (B) and TAV (T). Average Values for BAV (Avg B)

and TAV (Avg T) are also reported.

Bl B2 B3 B4 | TI T2 T3 T4 |AvgB AvgT
Quys 13.63 7.93 21.60 6.51 |21.38 24.35 31.86 32.35
Avat/Avor 026 0.25 027  0.51
FRR 46.72 5577 49.66 43.78 | 098 359 1.81 0.20 | 4898  1.65
NFA 059 0.61 061 023 | 00l 006 007 002 051  0.04
PHF 082 055 083 055|022 023 016 006 | 069 0.24
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6.2 Figure legends

Figure 1: An oblique magnetic resonance image of an aortic arch in a BAV patient.

Arrow indicates the blood flow deviation toward the aortic wall.
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Figure 2: Aortic arch reconstruction for a selected BAV patient (left), and related oblique
TrueFisp image (center). In both pictures the plane of acquisition of the PC-MRI image
is depicted (PC-slice). On the right the solid model after the refinement step; the mesh

was refined close to the valve.
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B1 Bnl Bn2 Bn3 Tn

Figure 3: TrueFisp image of the aortic valve orifice of BAV patient 1 (B1) in the systolic
phase (left) and the reconstructed valve orifices on the surface model of the same patient

(Bnl, Bn2, Bn3 and Tn).
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Figure 4: Flow rate curve obtained from PC-MRI images of patient B1.
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Bn3.,FO0 Bnl,F4 Tn,F2

Figure 5: Streamlines of the velocity fields in three significant cases.

Figure 6: Velocity patterns obtained by the numerical solutions reported on the oblique

TrueFisp slice on the left.
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Figure 7: Left: in red the area in which WSSRegion was measured and in white the

line along which WSSSlice was measured. Next: WSS values for Bnl-FO, Bnl-F2 and

Bnl-F4.
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Figure 8: Top view of the PC-slice with the computed velocities and the corresponding
h values for all the simulations. h red colors stand for A > 0, i.e. local right-handed
helical structure, blue colors stand for h < 0, i.e. local left-handed helical structure and

green colors stand for h = 0, i.e. no local helical structure.
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Figure 9: Top view of the PC-slice with the measured velocities and the corresponding
h values for all the patients and controls. h red colors stand for h > 0, i.e. local
right-handed helical structure, blue colors stand for A < 0, i.e. local left-handed helical

structure and green colors stand for h = 0, i.e. no local helical structure
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