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Summary

Both genetic and haemodynamic theories explain the aetiology, progression and optimal management of bicuspid aortic valve aortopathy.
In recent years, the haemodynamic theory has been explored with the help of magnetic resonance imaging and computational fluid dy-
namics. The objective of this review was to summarize the findings of these investigations with focus on the blood flow pattern and associ-
ated variables, including flow eccentricity, helicity, flow displacement, cusp opening angle, systolic flow angle, wall shear stress (WSS) and
oscillatory shear index. A structured literature review was performed from January 1990 to January 2018 and revealed the following 3
main findings: (i) the bicuspid aortic valve is associated with flow eccentricity and helicity in the ascending aorta compared to healthy and
diseased tricuspid aortic valve, (ii) flow displacement is easier to obtain than WSS and has been shown to correlate with valve morphology
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and type of aortopathy and (iii) the stenotic bicuspid aortic valve is associated with elevated WSS along the greater curvature of the
ascending aorta, where aortic dilatation and aortic wall thinning are commonly found. We conclude that new haemodynamic variables
should complement ascending aorta diameter as an indicator for disease progression and the type and timing of intervention. WSS
describes the force that blood flow exerts on the vessel wall as a function of viscosity and geometry of the vessel, making it a potentially
more reliable marker of disease progression.

Keywords: Bicuspid aortic valve • Aortopathy • Magnetic resonance imaging • Simulation

INTRODUCTION

The bicuspid aortic valve (BAV) affects 2% of the general popula-
tion, of whom half will undergo cardiac surgery in their lifetime,
and in whom aortic dissection is 8 times more likely compared
to patients with tricuspid aortic valves (TAVs) [1]. There is vari-
ation in clinicians’ knowledge of BAV aortopathy, its aetiology
and management, as highlighted by Verma et al. [2] who sur-
veyed 100 Canadian cardiac surgeons. The discrepancy in the
international guidelines [3, 4] contributes to variations in the
management of this group of patients. Currently, the timing of
prophylactic proximal aortic aneurysm surgery is indicated by
the size of the ascending aorta and root. However, many acute
aortic events in BAV patients occur at diameters <4.5 cm. In fact,
ascending aorta diameter has been shown to be of little import-
ance in predicting acute aortic events in this group of patients [1].
Other factors important in the development and progression of
aortopathy in BAV patients include valve morphology and
haemodynamic factors.

Magnetic resonance imaging (MRI) and computational fluid
dynamics (CFD) are currently being used for functional assess-
ment of patients with normal and diseased BAV. MRI and CFD
can be used to calculate haemodynamic variables that explain
the development and progression of aortic aneurysm as well as
model the effects of surgery. The objective of this review was to
summarize the findings of MRI and CFD analyses into BAV aort-
opathy with particular interest in the variables of flow eccentri-
city, helicity, flow displacement, cusp opening angle (COA),
systolic flow angle, wall shear stress (WSS) and oscillatory shear
index (OSI). These variables were chosen because they either in-
fluence the blood flow pattern—shown to be altered in both
healthy and diseased BAV compared to TAV—or describe the
force that blood flow exerts on the aortic wall. WSS acts on the
vessel wall and is known to alter its properties, leading to thin-
ning and lumen dilatation. A dissection event, on the other hand,
is attributed to tensile stress, a force that acts radially in the vessel
wall and is dependent on blood pressure [5]. Current investiga-
tions, modelling and computations do not allow for this to be
measured easily. Attention is therefore paid to events that pre-
cede dissection and rupture.

Histology and genetic theory of bicuspid aortic
valve aortopathy

The BAV is associated with intrinsic aortic wall disease, displaying
premature cystic medial degeneration in around half of the BAV
aortas [6] and reduced fibrillin-1 content independent of valve
function [7]. The BAV aortas also have an imbalance in the activ-
ity of matrix metalloproteinases (MMPs) and their specific tissue
inhibitors. The interplay between MMP activity and TIMP activity
impacts on the integrity of the extracellular matrix. This interplay
is disturbed in BAV patients leading to increased MMP activity

and extracellular matrix degradation. WSS is known to affect
MMP activity [8, 9], but there may also be a preprogrammed
genetic component to this. The BAV is associated with GATA4
and NOTCH1 mutations [10, 11], but only a small proportion of
BAV patients with aortic aneurysm carry these mutations. GATA4
is linked to myocardial differentiation and NOTCH1 codes for a
cell surface receptor involved in the development of numerous
cell and tissue types. Several other gene mutations have also
been implicated in BAV aortopathy [11].

METHODS

A structured review of the literature was performed from January
1990 to January 2018 using the PubMed and MEDLINE data-
bases. The search terms included ‘bicuspid aortic valve’, ‘aortop-
athy’, ‘haemodynamics’, ‘MRI’ and ‘computer simulation’ and
combinations thereof using the Boolean operator ‘AND’. Once an
abstract was identified as useful, the full article was assessed. The
references of identified articles were reviewed to detect relevant
information and to identify any additional related articles.

Inclusion and exclusion criteria

Studies were included if they referred to the haemodynamic vari-
ables such as flow eccentricity and helicity and the associated
variables such as flow displacement, COA, systolic flow angle, as
well as WSS and OSI in the context of BAV aortopathy. Studies
were only included if they derived their results from MRI alone
or in combination with CFD and if they were based on human
subjects. For example, articles describing CFD simulation based
on synthetic models only were excluded.

Studies not published as full-text articles, single case reports,
opinion articles and articles not written in English were excluded.
No article was excluded based on publication date.

RESULTS

As of 31 January 2018, searches of the databases yielded 310
articles. After exclusion, following the initial screening of the title
and abstract, 73 articles were studied in more detail. Following
further exclusion, 41 articles remained and are referenced here
based on the criteria above. All articles were reviewed by the first
author (J.E.) and verified by 2 other authors.

Methods of haemodynamic assessment

CFD simulations require accurate 3-dimensional (3D) geometric
models and boundary conditions—data that describe the physical
behaviour of the structure under investigation. Three-dimension-
al geometric models are based on detailed anatomical imaging,
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supplied by either cardiovascular MRI or multislice computation-
al tomography. In order to visualize the thoracic aorta in cardio-
vascular MRI, either MR angiography or high-resolution cardiac-
and respiratory-gated 3D steady state in free precision is used.
Boundary conditions are derived from phase-contrast MRI,
which measures blood flow and velocity at a given plane along
the aorta. Finally, the geometric model and boundary conditions
are entered into a programme, which computes blood flow sim-
ulations, calculating haemodynamic variables throughout the
aorta, which can help analyse flow characteristics and biomech-
anical forces [12] (Fig. 1).

The use of time-resolved 3D phase-contrast MRI, or 4-dimen-
sional (4D) flow MRI, allows measurement and visualization of
the spatial and temporal changes of 3D volume. Compared to 2-
dimensional (2D) MRI, it produces blood flow velocity data in all
dimensions rather than in a given plane. These data are used to

calculate WSS. Its application for these purposes has been vali-
dated previously [13–15]. Table 1 summarizes the methods for
haemodynamic assessment.

Variables used to quantify haemodynamics

Thoracic aorta blood flow pattern in bicuspid aortic valve
patients. The visualization of blood flow through MRI and
CFD has revealed helical blood flow in BAV patients, with eccen-
tric outflow jet patterns disrupting laminar flow and flow im-
pingement zones along the greater curvature of the ascending
aorta [33]. In comparison, non-diseased TAV subjects exhibit a
laminar flow pattern in the ascending aorta [34]. Even in the
healthy thoracic aorta, blood flow has significant radial compo-
nents associated with helical flow [13, 35]. This is the result of a
combination of ventricular twist and torsion during the systole,
the fluid mechanics of the aortic valve and root and the curved
geometry of the thoracic aorta [36]. Helical flow has both benefi-
cial and detrimental physiological effects. It is hypothesized that
it not only forms a part of normal organ perfusion but also plays
a role in plaque deposition and monocyte adhesion, associated
with atherosclerosis formation [37].

Bissell et al. found 4 patterns of ascending aorta blood flow in
a population of 142 subjects, comprising adult and paediatric
patients with the normally functioning BAV and stenotic BAV and
healthy volunteers with TAV. These were right-handed helical
flow and left-handed helical flow, complex flow and normal flow.
The most common pattern was the right-handed helical flow,
which was associated with larger ascending aorta diameter,
higher systolic flow angles and higher rotational flow values com-
pared to healthy volunteers. BAV patients with the normal flow
pattern had similar aortic diameters and systolic flow angles to
healthy volunteers [38].

They also studied 18 paediatric patients with normally func-
tioning BAVs, of whom one-third already had enlarged ascending
aorta diameters and abnormal blood flow patterns. In the
remaining two-thirds, 50% had a right-handed helical flow pat-
tern in the ascending aorta, with either a normally functioning or
mildly stenotic BAV. This suggests that abnormal blood flow pre-
dates aortic dilatation [38].

Flow displacement, flow angle, cusp opening angle and
helicity. Parameters used to quantify the degree of helical
flow and eccentric flow have been studied in an attempt to de-
scribe the changes associated with BAV aortopathy. Flow eccen-
tricity is the deviation of ejected blood in the systole compared
to healthy TAV subjects. Parameters that quantify flow eccentri-
city include flow displacement and flow angle. Flow displacement
is defined as ‘the distance between the vessel centreline node
and the forward velocity-weighted centre of mass position’ [39]
(Fig. 2). Vector analysis, jet quadrant and flow compression index
are alternative ways of describing flow displacement.

COA is the opening angle of each cusp in the systole, an indir-
ect measure of valve stenosis. This determines the systolic flow
angle, defined as the angle between the direction of systolic net
flow and the unit normal vector (Fig. 3). The sum of both angles
equals the unit normal vector. The 2 angles are not haemo-
dynamic parameters per se, but they are included as they dictate
flow displacement.

Normalized flow displacement has been shown to be a more
reliable quantification of flow eccentricity than systolic flow angle

Figure 1: An anatomical mesh constructed using magnetic resonance angiog-
raphy data with a superimposed velocity profile. The origin of the velocity pro-
file is at the sinotubular junction.
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[40]. It is larger in BAV patients compared to TAV subjects,
matched for aortic diameter and valvular function, [33, 41] and
correlates with distal ascending aorta diameter in BAV patients
with fusion of the right and non-coronary cusps (RN-BAV) but
not in BAV patients with fusion of the right and left coronary
cusps (RL-BAV) [41]. Flow displacement has also been identified
as a potential marker for BAV aortopathy phenotype, showing
that both type 1 aortopathy (involvement of the aortic root) and
type 3 (the distal ascending aorta) aortopathy are more common

in RN-BAV, whereas type 2 aortopathy (the mid-ascending aorta)
is more common in RL-BAV [33, 42, 43].

Della Corte et al. [44] used the COA to show restricted valve cusp
motion in 36 patients with normally functioning BAV compared
with 10 healthy volunteers with TAV. In the BAV patients, the con-
joined COA was 62�± 5� compared to 76� ± 3� for the non-fused
leaflet and 75�± 3� for the TAV cusps, and employing CFD, they
showed that a reduced COA is sufficient to cause flow displacement.
Bissel et al. [38] showed that a reduced COA is associated with a
higher positive rotational flow and WSS. These findings explain why
a normally functioning BAV displays abnormal blood flow in the
ascending aorta compared to healthy TAV. Della Corte et al. [44]
also showed that COA is inversely proportional to the ascending
aorta diameter adjusted for body surface area and to the aortic
diameter growth rate. Therefore, the greater the BAV stenosis, the
larger the ascending aorta diameter and its growth rate.

Simply visualizing helical flow does not allow quantification of
the haemodynamic consequences of BAV morphology or the se-
verity of the valve disease. Helicity describes the relationship be-
tween velocity and vorticity of flow, whereas helical flow index
quantifies the degree of helicity [45]. Helicity is also described as a
positive helix fraction index [46]. Our group has shown that the
helical flow index is higher in BAVs compared to diseased and
healthy TAVs and that the helical flow index is higher in stenotic

Table 1: Comparison of MRA with CFD and 4D flow MRI

Modalities of
haemodynamic
assessment

Definition Application Advantages Disadvantages

CFD Computational simulation of
blood flow and calculation of
haemodynamics in high spa-
tial and temporal resolution

To study aneurysms and rupture
risk [16–18], the design and
evaluation of vascular devices
[19] and planning and predict-
ing outcomes of vascular sur-
gery [20, 21]

Can predict behaviour of an an-
eurysm, vascular device or
outcome of surgery without
subjecting the patient to that
risk [22]

Computationally expensive with
simulations lasting 8–12 h

Examples of calculations in-
clude the Navier–Stokes
equations for blood flow
and other calculations of
fluid dynamics

Higher spatial resolution than 4D
flow MRI [12] and insensitive
to phase offsets

Compromised fidelity to reproduce
in vivo haemodynamics due to
assumptions concerning in-flow
velocity profiles, blood rheology,
choice of turbulence model and
parameters, as well as the need
for high-quality data for geometry
and flow boundary conditions
[24, 25]

Can provide information on
pressure indices and can ac-
count for wall motion via
fluid–structure interaction
equations [23]

Limitations to modelling of vessel
wall characteristic [26]

CMR Flow measurement is enabled
via 2-dimensional PC-MRI to
measure blood flow and vel-
ocity at a given plane along
the aorta

Provides the anatomical data
and boundary conditions
required to solve equations
that yield haemodynamic
variables

Shorter scan time than 4D flow
MRI

Contrast is required
Incorrect placement of acquisition

plane can result in underestima-
tion of peak velocities [27]

Better tolerated by patients

High economic cost
4D flow MRI 3D cine PC-MRI methods are

used to derive blood flow
velocities in all dimensions

Acquisition of 3D cine PC-MRI
with time-resolved ECG-gating
and 3D-velocity coding. The
technique allows for calcula-
tion of 3D phase-contrast
angiograms, which in turn
provide information on aortic
size, and geometry through
multiplanar reconstruction
[28] allows quantification of
flow at any location within a
volume [29]

Allows direct measurement of
in vivo 3D flow velocities

Haemodynamic measurements,
e.g. WSS, can be calculated
from the anatomical and flow
data

Unaffected by boundary
conditions

Contrast is required. Longer scan
time
Semi-automated data analysis has
been developed to reduce ana-
lysis time for certain haemo-
dynamic parameters [30]

The accuracy of different haemo-
dynamic variables is influenced
by the MRI scan protocol [31],
resulting in WSS underestimation
due to spatial resolution and
noise [32]

CFD: computational fluid dynamics; CMR: cardiac magnetic resonance; ECG: electrocardiography; MRA: magnetic resonance angiography; MRI: magnetic reson-
ance imaging; PC-MRI: phase-contrast MRI; WSS: wall shear stress; 3D: 3-dimensional; 4D: 4-dimensional.

Figure 2: Flow displacement, which is the ‘distance between the vessel centre-
line node and the forwards velocity-weighted centre of mass position’ [15].
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RL-BAVs compared to stenotic RN-BAVs [47], quantifying how
blood flow is affected by BAV morphology. Helicity has also been
shown to be proportional to systolic flow angle and WSS [38].

Wall shear stress and oscillatory shear index. WSS refers
to the force (N) per unit area (m2) exerted by a moving fluid in
the direction of the local tangent of the tubular surface. Blood
viscosity and blood flow profile immediately next to the vessel
wall exerts WSS on the endothelium. WSS has been shown to af-
fect expression of transcriptional factors implicated in vascular
remodelling, in particular the expression of MMPs [8, 9].

Compared to TAV, BAV has been shown to generate higher
and asymmetrically distributed WSS along the greater curvature
of the ascending aorta [9, 40, 43, 44], where dilatation and thin-
ning are typically found [48]. This corresponds to patterns of flow
displacement [33] and may explain the dilatation pattern seen in
the ascending aorta of BAV patients [49]. Shan et al. [50] quanti-
fied this displacement of WSS by introducing WSS eccentricity
threshold, defined as the difference between the WSS in the
right-anterior and left-posterior segments of the aorta,
WSSRA-WSSLP >0.2 N/m2, and showed that eccentric WSS distri-
bution was greatest in the stenotic BAV group, followed by the
control BAV group and regurgitant BAV group. Moreover, peak
systolic WSS has been found to travel in a right-handed helix in
both non-stenotic and stenotic RL-BAV patients [38, 51].

The pattern of WSS distribution along the ascending aorta is
different in stenotic compared to regurgitant BAV patients.
Compared to normally functioning BAV, the WSS is circumferen-
tially elevated in all analysis planes of the ascending aorta in
regurgitant BAV [50]. Moreover, WSS is proportional to the mid-
ascending aorta diameter in normally functioning BAV and
regurgitant BAV. At the same level, WSS is proportional to peak
blood flow velocity in stenotic BAV patients [50] and to the de-
gree of BAV stenosis [52]. van Ooij et al. [53] found that WSS was
proportional to the degree of aortic stenosis and that for moder-
ate and severe aortic stenosis, the relationship between WSS dis-
tribution and BAV morphology disappeared.

Malek et al. [54] report the atheroprotective level of WSS at
>1.5 N/m2 and deleterious WSS at <0.4 N/m2. All values of WSS,
from the proximal to distal ascending aorta, for BAV and healthy
volunteers reported by Mahadevia et al. [33] were >0.55 N/
m2 ± 0.16 N/m2 and >0.56 ± 0.16 N/m2, respectively, as reported
by van Ooij et al. [53]. The TAV group matched for aortic size dis-
played WSS at <0.41 N/m2 ± 0.16 N/m2 [33]. Meierhofer et al. [55]
found a similar median WSS for their healthy volunteers and the
normally functioning BAV group. Shan et al. [50] calculated WSS
as >0.61 N/m2 ± 0.08 N/m2 for stenotic and as >0.69 N/
m2 ± 0.15 N/m2 for regurgitant BAV in the proximal to distal
ascending aorta, with the highest values in the mid-ascending
aorta. Our group also found elevated values of mean WSS in the
mid-ascending aorta of BAV patients compared to healthy volun-
teers [47] (Table 2).

All WSS values calculated for normally functioning BAV and
diseased BAV were >0.4 N/m2. Calculated WSS for healthy volun-
teers with TAV were found to be less than 0.4 N/m2, especially in
the series of Shan et al. [50] (Table 2).

OSI is a quantification of the change in direction and magni-
tude of WSS. Both parameters have been shown to be associ-
ated with aneurysm formation [56] and vasculopathy [45].
Analogous to the findings of WSS, OSI distribution is only sym-
metrical in the ascending aorta of healthy volunteers, com-
pared to stenotic TAV and BAV that show varying degrees of
asymmetrical OSI during the cardiac cycle. The largest differ-
ence in OSI is found in the stenotic RN-BAV group in the sec-
tors corresponding to the greater curvature of the ascending
aorta [47].

DISCUSSION

Patients with normally functioning BAV display altered blood flow
patterns with an effect on WSS compared to healthy TAV subjects
matched for aortic diameter size. These changes are exacerbated
in stenotic BAV and regurgitant BAV, supporting a haemodynamic
component to the development of BAV aortopathy, whether act-
ing alone or in combination with a genetic predisposition. To ce-
ment this association and understand the behaviour of both
aneurysm formation and evolution, longitudinal studies of the rele-
vant haemodynamic variables are required. This poses both prac-
tical and financial hurdles, to which computer simulation, in the
form of CFD, offers a potential solution.

In the past, much attention has been given to aortic diameter,
but it has been shown to be a poor indicator of an acute aortic
event in the BAV cohort [1, 57]. It is also known that the behav-
iour of aneurysms cannot be predicted by their largest diameter
alone. Their entire geometry, and the presence of atherosclerosis
and thrombi also affect their behaviour [58].

Blood flow pattern and flow displacement

Blood flow pattern and flow displacement are easily visualized
and calculated with data from either 2D or 4D flow MRI without
the need for further extensive computations. Moreover, flow dis-
placement is easier to obtain than WSS [43] and has been shown
to correlate BAV morphology with the type of aortopathy [33,
42, 43]. Blood flow pattern and flow displacement are, therefore,
helpful parameters to predict how disease progression of the
BAV may affect an aortopathic phenotype.

Figure 3: A diagram of cusp opening angle (r) and flow angle (h). n is the unit
normal vector perpendicular to a plane orthogonal to the ascending aorta just
distal to the sinotubular junction or through the plane of the sinotubular junc-
tion. Some researchers place n in the axis of the left ventricular outflow tract.
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Wall shear stress

WSS has been shown to both affect vessel remodelling on a cel-
lular level and have an impact on atherosclerosis [9, 54]. It has,
therefore, been the haemodynamic parameter of choice in inves-
tigating vasculopathy in the abdominal, renal and cerebral circu-
lation and now in the thoracic aorta. Several studies show an
elevated and asymmetrical distribution of WSS in stenotic BAV
compared to TAV controls that varies with the degree of valve
stenosis and BAV cusp fusion pattern [9, 40, 43, 49, 59]. This is
most pronounced in the mid-ascending aorta [50], where aneur-
ysms are commonly found. Some correlation has also been
made between WSS and ascending aorta diameter [50]. Along
with the findings of flow displacement, these results support a
haemodynamic aetiology of BAV aortopathy.

Shan et al. found that WSS correlated with the diameter of the
mid-ascending aorta for normally functioning BAV and regurgi-
tant BAV. In the stenotic BAV group, there was a positive correl-
ation between WSS and peak aortic valve velocity at the same
level of the aorta [50]. In contrast, Piatti et al. [60] did not find a
positive correlation between WSS and aortic diameter in patients
with normally functioning BAV and with normal size aortas, dur-
ing a follow-up period of 3 years. However, their study had a
short follow-up period and included only 5 patients, so the find-
ings may simply reflect anatomical remodelling occurring at dif-
ferent rates and different time points. Conversely, it may simply
reflect the inadequacy of relating WSS with only 1 geometric
measurement to explain aneurysm formation and evolution.

Most WSS values summarized in Table 2 for normally func-
tioning BAV and diseased BAV were higher than 0.4 N/m2 but
lower than 1.5 N/m2, i.e. higher than the atherogenic cut-off for
WSS but not high enough to offer protection from endothelial
damage. Calculated WSS for healthy volunteers with TAV, on the
other hand, were found to be closer to the deleterious cut-off of
0.4 N/m2, especially in the series of Shan et al. [50]. The WSS val-
ues calculated for the stenotic BAV by our group were in the
atheroprotective range [47]. This discrepancy is likely to have sev-
eral explanations. Firstly, the cut-off values of WSS quoted by
Malek et al. [54] pertain to atherosclerosis specifically, whereas

studies investigating BAV aortopathy refer to aneurysms.
Secondly, the vascular models from which Malek et al. derive
their numbers based on smaller vessels and typically at bifurca-
tions. Thirdly, the WSS cut-offs for atheroprotective or deleteri-
ous effects were derived from direct measurements of WSS in
vascular beds and computer simulations (CFD), whereas the
other values are calculated from 4D flow MRI data [33, 50, 53,
55] or MR angiography and CFD [47]. Finally, a large discrepancy
was found between the WSS values derived from CFD compared
to 4D flow MRI by a factor of 2 for healthy TAV and a factor of
6–8 for diseased BAV (Table 2). This may be explained by the fact
that 4D flow MRI is known to underestimate WSS [32]. The results
by Vergara et al. [52] show an even larger discrepancy in WSS.
This is due to a different technique of anatomical modelling and
application of boundary conditions compared to our group. This
highlights the need for both intra- and inter-modality validation.

Statistical analysis

It is not possible to carry out a meaningful statistical analysis of
the findings of these studies. The studies are heterogeneous, the
methodology is varied and some include a small number of
patients. The impact of varied methodology on calculating WSS
is discussed above. Data on blood flow pattern, flow displace-
ment, flow angle, COA and helicity are missing from several
papers and, therefore, does not allow a meaningful analysis.
Consequently, this review does not contain a statistical analysis,
and the results presented herein must, therefore, be interpreted
with caution. Once again, this highlights the need for a standar-
dized and validated method of measuring and calculating
haemodynamic parameters.

CONCLUSION

In conclusion, MRI and CFD allow for direct visualization of
blood flow and subsequent calculation of haemodynamic
parameters, which demonstrate the consequences of altered aor-
tic valve geometry on downstream blood flow and its effect on

Table 2: Comparison of WSS values reported in the literature

Groups Modality Mean WSS (N/m2) at the mid-ascending aorta

Healthy TAV, not matched for
ascending aorta diameter

Normally functioning
BAV

Diseased BAV

Mahadevia et al. [33] 4D flow MRI 0.56 ± 0.14 0.56 ± 0.18, RL-BAV
0.61 ± 0.21, RN-BAV

Meierhofer et al. [55]a 4D flow MRI 0.48 0.55
van Ooij et al. [53]a 4D flow MRI 0.56 0.78, RL-BAVb 0.97, RL-BAVc

0.73, RN-BAVb 0.98, RN-BAVb

Moderate–severe stenosis
Shan et al. [50] 4D flow MRI 0.44 ± 0.07 0.57 ± 0.09 0.75 ± 0.12, regurgitant

0.70 ± 0.11, stenotic
Youssefi et al. [47] MRA and CFD 0.98 ± 0.54 2.73 ± 1.0, RL-BAV

3.71 ± 0.4, RN-BAV

aMedian WSS magnitude, with the resulting net vector along the entire vascular wall.
bAlong the lesser curvature of the proximal ascending aorta.
cAlong the greater curvature of the proximal ascending aorta.
BAV: bicuspid aortic valve; CFD: computational fluid dynamics; MRA: magnetic resonance angiography; MRI: magnetic resonance imaging; RL-BAV: right–left cor-
onary cusp BAV fusion pattern; RN-BAV: right-non-coronary cusp BAV fusion pattern; TAV: tricuspid aortic valve; WSS: wall shear stress; 4D: 4-dimensional.
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the aorta. Given that WSS explains the effect of a fluid on a tubu-
lar vascular structure, it should be the haemodynamic variable of
focused investigations to explain aneurysm formation and evolu-
tion. This may help formulate new guidelines for diagnosis, moni-
toring, timing and type of surgery required for each type of BAV
morphology and aortopathy phenotype. However, a standar-
dized method of calculating WSS needs to be agreed upon to set
reference values and enable predictions on disease progression
and management.

Conflict of interest: none declared.
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