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Abstract: Bicuspid aortic valve (BAV), which affects 1% of the general population, results from the
abnormal fusion of the cusps of the aortic valve. BAV can lead to the dilatation of the aorta, aortic
coarctation, development of aortic stenosis (AS), and aortic regurgitation. Surgical intervention is
usually recommended for patients with BAV and bicuspid aortopathy. This review aims to examine
4D-flow imaging as a tool in cardiac magnetic resonance imaging for assessing abnormal blood flow
and its clinical application in BAV and AS. We present a historical clinical approach summarizing
evidence of abnormal blood flow in aortic valve disease. We highlight how abnormal flow patterns
can contribute to the development of aortic dilatation and novel flow-based biomarkers that can be
used for a better understanding of the disease progression.
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1. Introduction

In the cardiovascular context, abnormal blood flow through a vessel is often due
to a disease process [1]. Abnormal and/or aberrant blood flow is often contrasted with
laminar flow, which refers to a streamlined movement of blood through vessels seen in
relatively healthy patients [2]. The random nature of abnormal blood flow can disturb
the underlying endothelium within the vessel and lead to vascular remodeling [3]. These
additional stresses to a blood vessel from an abnormal flow can potentially increase aortic
complications resulting from certain valvular diseases. Understanding abnormal blood
flow, its mechanism, and how it is quantified can provide key insight into how valvular
diseases are understood.

The development of abnormal blood flow has been demonstrated to be due to a variety
of pathological causes, such as atherosclerotic plaque or valvular disease [4]. Altered blood
flow increases physiologically with age in the ascending aorta due to aortic dilation and
irreversible pressure loss, which facilitate the occurrence of abnormal flow [5–7]. Quantify-
ing this measure can help distinguish age-related changes from pathological diseases and
assist clinical outcomes by providing additional information related to outcomes, tracking
management, and overall disease progression [7].

Understanding how blood flow is measured through current non-invasive technology
is important for its use in clinical environments. Traditionally, cardiovascular magnetic res-
onance imaging (MRI) has provided high-quality imaging of the heart with its surrounding
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structures. Recent advancements in MRI sequences and technology facilitate the quantifi-
cation of blood flow [8–10]. Historically, phase contrast MRI has extended quality images
to include angiography and outline flow within blood vessels. Velocity has only been
measured in-plane, perpendicular to a blood vessel, such as through a Doppler ultrasound.
By using a phase-contrast approach and applying three-dimensional velocity-encoding,
Figure 1, we can capture both blood flow velocity and the heart’s anatomy [9]. This MRI
technique is called ‘time resolved’ three-dimensional MRI, commonly known as 4D-flow
MRI, which also allows additional flow characteristics to be quantified [11]. Moreover,
advanced 4D-flow-based parameters can be extracted, for example, turbulent kinetic energy
(TKE), which has been compared in research studies and used in risk stratification, disease
outcomes, and potential changes in management [5,6]. TKE describes the kinetic energy
of the fluctuating velocity field, which is computed using the intravoxel velocity standard
deviation from the velocity magnitude images [12].
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amount of force exerted on the wall of the vessel [13]. WSSpeak indicates the highest WSS 
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demonstrated to be elevated in different valvular pathologies, such as a bicuspid aortic 
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from mid-line it is. Flow displacement was defined as the distance between the center of 
the lumen and the “center of the velocity” of the forward flow and was normalized to the 
lumen diameter [18]. Valvular flow displacement can also characterize the displacement 
of the vena contracta, where the highest transvalvular blood flow velocity can be observed 
[19,20]. This directional change in blood flow can provide a quantifiable outcome measure 
after repair to ensure the direction of flow is repaired. Apart from WSS and flow displace-
ment, TKE obtained from 4D-flow MRI measures how much energy is lost to turbulent 
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nature, it dissipates its energy to the vessel more so than in the laminar fashion. As a result, 
the TKE measure aims to quantify turbulence from an energy perspective and indicate 
work loss because of non-laminar flow transition through the blood vessels. 

Figure 1. Data acquisition of 4D flow. Coverage of the region of interest; in this example, the thoracic
aorta (large orange rectangle) is acquired using electrocardiographic gating and respiratory control
to reduce motion artifacts, using diaphragm navigator gating (small orange rectangle). Velocity
encoding (right side) obtains blood flow velocities along all three spatial dimensions (X, Y, and Z)
and anatomy magnitude over the cardiac cycle.

Wall shear stress (WSS) is closely related to blood flow development at the vessel wall
level, whether the flow is normal or abnormal, as shown in Figure 2. WSS measures the
amount of force exerted on the wall of the vessel [13]. WSSpeak indicates the highest WSS
experienced in the vessel, typically assessed at peak systole. For example, aortic WSS was
demonstrated to be elevated in different valvular pathologies, such as a bicuspid aortic
valve (BAV) and aortic stenosis (AS) [14–17].

In addition to WSS, another value that could be useful is flow displacement, which
measures the direction of the blood flow jet coming into the aorta and examines how off
from mid-line it is. Flow displacement was defined as the distance between the center of the
lumen and the “center of the velocity” of the forward flow and was normalized to the lumen
diameter [18]. Valvular flow displacement can also characterize the displacement of the
vena contracta, where the highest transvalvular blood flow velocity can be observed [19,20].
This directional change in blood flow can provide a quantifiable outcome measure after
repair to ensure the direction of flow is repaired. Apart from WSS and flow displacement,
TKE obtained from 4D-flow MRI measures how much energy is lost to turbulent blood
flow in the form of heat [12,14]. As blood flows in a complex turbulent and random nature,
it dissipates its energy to the vessel more so than in the laminar fashion. As a result, the
TKE measure aims to quantify turbulence from an energy perspective and indicate work
loss because of non-laminar flow transition through the blood vessels.
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normal flow. (Bottom): bicuspid aortic valve illustrated the altered WSS produced via a right–left 
cusp fusion. 
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Figure 2. Wall shear stress calculation. The white dashed lines represent the location where the
sample velocity profile was obtained. From these flow profiles, the shear stress rate and blood flow
spatial deformation, illustrated by the gold lines, can be estimated. The near wall region is the
boundary layer where the wall shear stress (WSS) forces occur. The WSS expresses the force per unit
area exerted in the fluid direction on the local vessel tangent (τw). (Top): a healthy control illustrated
the normal flow. (Bottom): bicuspid aortic valve illustrated the altered WSS produced via a right–left
cusp fusion.

BAV is a common congenital heart disease with a prevalence of 1% of the popula-
tion [21]. In this condition, only two leaflets are present on the aortic valve as opposed to
three. As a result, abnormal blood flow occurs across the valve leaflets and downstream
the aorta. Furthermore, about 50% of BAV patients develop aortic coarctation, which
consists of a discrete stenosis or hypoplastic segment located most often immediately after
the left subclavian artery [22]. Although aortic valve stenosis and regurgitation are the
most common complications of BAV, the dilation of any or all segments of the aorta (also
known as aortopathy) is present in 50% of BAV patients [23]. Along with abnormal blood
flow, one of the main reported associations between BAV, aortic coarctation, and aortic
dilation is the impairment of the endocardial–mesenchymal transition in the homozygous
NOTCH1 mutation [24–26]. Quantifying abnormal flow could help with management
and/or prognosis. Different imaging techniques aim to capture blood flow and quantify
it in BAV. Currently, transthoracic echocardiography (TTE) remains the gold standard for
diagnosing BAV pathology. If the leaflets cannot be visualized on TTE, additional imag-
ing, such as cardiovascular magnetic resonance imaging, can be used. Other techniques,
such as gadolinium enhancement in CMR imaging, can be used to assess fibrosis in the
myocardium of the heart and for aortic stenosis patients.

This review aims to examine 4D-flow imaging as an advancement in cardiac MRI, how
abnormal blood flow can be quantified, and its clinical application in two different valvular
pathologies: bicuspid aortic valve (BAV) and aortic stenosis (AS). Additionally, this review
will provide potential future directions after appraising the current research in this area.

2. Cardiovascular 4D-Flow

The current literature describes a novel understanding of measuring abnormal blood
flow using 4D-flow imaging and key flow parameters closely associated with it. The
process of obtaining hemodynamic measurements with 4D-flow imaging has been well
defined in the last decade. Standard-of-care 2D phase contrast MRI (PC-MRI) measures
thought plane velocity and fails to capture the complex nature of abnormal blood flow. It
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has the advantage of having a short acquisition of ~20 s. For 4D-flow imaging, however,
the acquisition is longer, 10–20 min, using basic acceleration protocols [8,11,13]. The reason
behind the additional scan time is the volumetric velocity acquisition of the blood flow in
three dimensions, as opposed to one direction seen in 2D PC-MRI [14]. As a result, 4D flow
captures the complex nature of the cardiovascular blood flow, as shown in Figure 3.
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Figure 3. Examples of abnormal blood flow in bicuspid valve disease. Panel (A) illustrates a true
bicuspid valve (schematic at the bottom), panel (B) illustrates a type 2 valve fusion phenotype
(schematic at the bottom, red lines correspond to valve fusion), and panel (C) illustrates a type 1
valve fusion phenotype (schematic at the bottom). White-gold arrows point to regions with abnormal
blood flow patterns at systolic acceleration, peak systole, and systolic deceleration. Orange arrows
point to valvular regurgitation or insufficiency.

3. Clinical Applications in Bicuspid Valve Disease

The initial clinical observations were mostly focused on qualitative imaging charac-
teristics produced by BAV. The qualitative assessment included classification schemes for
aortic dilation and valve–fusion morphology. A key milestone in understanding the rela-
tionship between abnormal blood flow and different aortic pathologies is the advancement
of imaging techniques to assess blood flow velocities. The flow across the aorta is currently
examined with single-direction velocity; however, 4D-flow imaging allows 3D velocity
measurements to quantify blood flow in various directions. For hemodynamic imaging,
characteristics signal loss patterns and abnormal blood flow patterns (e.g., helicity and
vorticity) were mostly reported. Their main limitations remained the subjectivity of the
evaluation and high observer variability. The development of BAV aortopathy has been
attributed to genetic and hemodynamic bases. The latter motivated the introduction of
quantitative hemodynamic approaches. Two of the most recurrent markers are WSS and
flow displacement. WSS has been extensively evaluated and was expected to bring an
association with the extracellular matrix in the aorta, resulting in matrix disruption and
elastin fragmentation with increased WSS. The main limitation of WSS, as derived from 4D
flow, is the limited spatial resolution near the wall (~2.5 mm by voxel). Flow displacement
was introduced as a simplified metric of abnormal flow patterns while ensuring the capture
of the maximum blood flow displacement and providing a simple way to replace the
qualitative assessment of blood flow patterns.

One of the first studies outlining abnormal blood flow in BAV using MRI was per-
formed by Rees et al. [27]. In this study, thirty-six patients were examined after aortic
coarctation repair using different imaging modalities. Although abnormal blood flow was
not the main objective of this study, it does illustrate the early usage of MRI technology to
examine signal loss as a potential marker for blood flow. Six patients from seven demon-
strated marked systolic signal loss, which was attributed to the high velocity at the isthmus
after the repair of the coarctation. Four additional patients demonstrated abnormal blood
flow across the aortic valve, which was presumed to be due to a BAV. This study did
introduce the link between abnormal blood flow and signal loss on MRI.

One primary question was to demonstrate why a two-leaflet valve has a higher fail
rate than a three-leaflet valve [28]. This study highlights abnormal blood flow as an
underestimated factor in BAV disease progression because it can induce irregular patterns
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of opening and closing of the valve. This irregular pattern can predispose the valve to
fibrosis and calcification. This work also illustrates how abnormal blood flow passed the
valve can influence the aortic wall and, over time, lead to dissection and dilation. The
authors mostly examined preserved BAV from deceased patients that had molds created
and were examined in a simulator. The only imaging conducted was ultrasound. Robicsek
et al. [28] provide a pathophysiological basis for abnormal blood flow across BAV and the
subsequent clinical implications of having two leaflets.

An increasing amount of evidence showcases that BAV disease and its associated aortic
complications, such as dilation, occur even in hemodynamic normal BAV [29]. Abnormal
or aberrant blood flow might not be the cause of the downstream aortic effects of having a
BAV. However, a case report performed by Hope et al. outlines the first direct approach to
using 4D-flow imaging to specifically examine abnormal blood flow and flow parameters
in a 14-year-old child with BAV [30]. The patient had aortic coarctation, and the authors
hypothesized that increased hemodynamic load is placed on the proximal aorta due to
the BAV, which leads to the eventual dilation of the aortic wall. The article highlights
abnormal blood flow as a future area of research along with WSS using 4D-flow imaging.
Furthermore, another study from the same group explores the clinical application of 4D-
flow imaging in BAV [31]. This study builds upon the intrinsic wall or abnormal blood flow
pattern theory of the aortic dilation eventually seen in BAV patients. This article argues
that different disease progress happens in BAV patients based on how the two leaflets of
the aortic valve are fused or what BAV phenotype the patient has. As a result, it cannot
be explained by just intrinsic features of the aortic wall becoming dilated, and additional
flow parameters should be at play. This work points to increased hemodynamic stress
being linked to smooth muscle cell apoptosis. This article does provide more power than
previous studies by being a randomized control trial and having a higher sample size,
which provides more validity to the reported results and findings that agree with previous
studies [32]. In addition, BAV patients with eccentric systolic blood flow patterns that are
off center and towards the wall of the aorta were statistically significantly increased in
terms of their WSS values compared to BAV patients with normal or mild eccentric flow
patterns. Figure 4 illustrates the impact of eccentric systolic blood flow on WSS in RL and
RN BAV types.
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Figure 4. Examples of wall shear stress in bicuspid aortic valve type 1 phenotype. The (left) panel
illustrates the vectorial wall shear stress (WSS) representation of a bicuspid aortic valve (BAV) patient
with type 1 right–left leaflet fusion. The (right) panel illustrates the vectorial WSS representation in a
patient with type 1 right non-coronary fusion. The affected region within the aorta is closely related
to the eccentric systolic blood flow jet produced by each valve phenotype.

The reported findings support a flow-mediated process for patients with BAV aneurysms;
however, it does outline the evidence for abnormal wall properties. This article supports a
dual theory where the wall of the aorta and flow dynamics both play an important role in
dilating the aorta in patients with BAV to predispose them to an aortic aneurysm.

Previous research suggests that WSS derived from 4D-flow correlates with aortic
elastic fiber thinning in BAV [33]. BAV patients have abnormal WSS values proximal
in the aorta compared to patients with normal, tricuspid aortic valves. The increased
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WSS, when measured non-invasively via 4D-flow MRI, provides more evidence that flow
hemodynamics play a role in aortic dilation in these patients as opposed to just an intrinsic
feature of the aortic wall. One area of concern in this study was that 96% of the BAV patients
also had aortic stenosis and/or aortic regurgitation, which could be a concurrent pathology
for the WSS hemodynamic-mediated aortic thinning. The correlation of WSS measures
with aortic pathology provides a different insight into abnormal blood flow’s role on BAV
and further validates WSS as a clinical marker in relation to aortic thickness. The article
highlights that the results might not be sensitive enough to discern between a moderate
and a significantly dilated aorta.

Meierhofer et al. [34] provide a strong prospective study design that outlines how sig-
nificant flow parameters differ in patients with BAV and those with tricuspid valves. One of
the strengths of the article is the strict inclusion criteria—this provides a strong foundation
for reducing confounders and ensuring accurate patient population representation. The
reduction of confounders did not seem to be as apparent of a priority in previous studies
on 4D-flow imaging in BAV patients. The article argues that WSS and flow patterns can risk
stratifying patients with BAV to have an aneurysm as opposed to an aortic diameter. This
is in line with the risk stratification performed by Hope et al. [31]. With elevated WSS in
healthy BAV patients with normal aortic diameters, this article does provide an additional
way to identify the patients most likely to develop an aneurysm.

A unique approach to utilizing WSS for patients with BAV was presented by van Ooij
et al. [35]. As opposed to only quantifying WSS, the goal of this article was to develop
individualized ‘heat maps’ that would map abnormal WSS values in an easy-to-read format.
The control group provided the normal values of the WSS and if areas of the aorta in a
patient with BAV fell outside (mean + 1.96·SD), they were highlighted in red, Figure 5.
These maps were also correlated with aortic geometry to account for variations. Most aorta
showcased abnormal WSS values in the greater curvature of the ascending aorta. One
important finding in this article was that there was no significant correlation between the
abnormal WSS surface percentages and other cardiac markers (cardiac output, heart rate, or
body surface area). This indicates that abnormal WSS may be an independent marker from
standard-of-care imaging cardiac metrics. These correlations could be outside the scope
of certain articles or not provide additional value in the setting of BAV patients; however,
understanding how 4D-flow measures compared to basic cardiac findings could prove
useful.
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Figure 5. Example of wall shear stress heat map. A 60-year-old man with a bicuspid aortic valve
(BAV) was scanned prior to surgery using 4D-flow MRI. Patient’s velocity field was matched by age
and biological sex to a velocity atlas allowing to identify abnormal regions of wall shear stress using
heat maps. Red in heat maps represents high wall shear stress, blue represents low wall shear stress.

Although much of the previous research has focused on adults and age-matched
controls for BAV disease, Rose et al. [36] examine this area in pediatric and young adult
populations. Although BAV can be asymptomatic within patients’ childhood and adoles-
cent life stage, they are at risk of complications discussed before, such as aortic dilation or
aortic aneurysm. The main goal of this article is to examine these hemodynamic values
in BAV patients using 4D-flow imaging and understand if they change over time in a
pediatric and younger population. The results showcase that no significant change in WSS



J. Cardiovasc. Dev. Dis. 2023, 10, 251 7 of 14

and peak velocity occurred over a mean follow-up time of 1.8 ± 1.0 years. There were no
significant correlations between WSS and aortic diameter, a contrast to previous studies
in this review but in line with Hope et al. [37]. Although there have been discrepancies in
the literature regarding WSS and aortic dilation in adult patients, most articles indicate
a correlation. Rose et al. [36], however, do not describe this correlation in pediatric and
younger patients. This could be attributed to the small follow-up time and how WSS and
its effect on the aortic wall could need much more time to occur. A key finding in younger
patients with BAV is the stable hemodynamic parameters (WSS and peak velocity) despite
increased ascending aortic growth (i.e., diameter increment over time, typically assessed
on a one-year basis). These findings, however, need to be taken into the context of the
limitations of this study. The small follow-up time is a significant limitation of this study as
hemodynamic changes could take a much longer time to create any clinical effect. Although
this study has a smaller sample size, the power calculations indicate they should be able to
detect clinically significant results in velocity and WSS.

Burris and Hope [32] agreed with Borger and David’s [29] analysis by reflecting on
whether abnormal blood flow or the aortic wall characteristics causes the aortic conse-
quences of BAV, and they agreed that it is debated in the literature. This work mainly
discussed WSS and flow displacement, as shown in Figure 6. WSS estimates the frictional
force applied onto the endothelium from flow viscosity, with higher WSS values indicat-
ing remodeling of the endothelium vasculature. Burris and Hope [32] outline how flow
displacement can also distinguish between the types of BAV and go further to contrast
previous studies to mention how flow displacement can be measured using current 2D PC-
MRI. This provides a different perspective from previous articles that have not mentioned
obtaining this parameter with 2D PC-MR imaging. Aside from flow displacement, a key
theme throughout this article is that these parameters could become clinically relevant in
the future. As 4D cardiac MRI is researched further and larger datasets are collected, we
will understand the clinical relevance of this imaging technique.
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Figure 6. Example of flow displacement calculation. Panel (A) shows the plane analysis extraction
from a centerline. Multiple equidistant planes are automatically generated for analysis. Landmark
planes help to characterize the aorta in a reproducible manner. Panel (B) illustrates the calculation per-
formed on each plane to obtain flow displacement. Panel (C) shows an example of flow displacement
(red line) and centerline (blue line) in a bicuspid valve patient with aortic dilation.

The reproducibility of 4D-flow imaging in BAV patients is key to understanding its
relationship to the disease. Hope et al. demonstrated that peak velocity, flow displacement,
and WSS were consistently reproducible [37]. Flow displacement was found to correlate
with aortic growth, which refers to the dilation of the ascending aorta in patients with
BAV. WSS, however, did not correlate well with aortic growth, indicating a mismatch
between this value and its contribution to aortic growth, as outlined in other articles. The
authors reconcile this by attributing it to the technological limitations of MRI, as opposed
to a true correlation deficit between WSS and aortic growth. This article provides future
directions in outlining how flow displacement should be used as a potential clinical marker
for risk-stratifying patients with BAV.
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Lewandowski et al. [38] outline a more practical approach to translating 4D-flow
imaging into clinical practice and usability with clinicians. The article agrees with previous
sentiments around the impact of quantifying abnormal blood flow for understanding
cardiovascular pathology. Accurate measurements of abnormal flow often require an
invasive approach; however, 4D-flow imaging could provide a safer alternative to obtain
these values. This article highlights how 4D-flow imaging needs to be standardized
in how the parameters are acquired, which would reduce variability in how fast these
measurements are obtained. This distinction is important from Burris and Hope [32],
who outlined how fast 4D-flow imaging has become, but not necessarily how widely
available or adopted it is in imaging centers worldwide. By automating analysis and having
standardized reporting protocols, 4D-flow imaging could obtain a systematic approach that
would be useful in clinical trials and analyzing large amounts of data. This would provide
a basis to understand if abnormal blood flow could predict disease outcomes, specifically
in BAV.

Apart from younger patients, 4D-flow imaging can play a role in follow-up for BAV
repairs, as outlined by Lenz et al. [39]. With certain advantages of aortic valve repair
over prosthetic valve replacement, clinical markers of hemodynamics after surgery can be
quite valuable. Flow displacement was examined and became centrally located within the
vessel after aortic valve repair in 60% of patients. Other hemodynamic parameters, such as
global and regional WSS, became significantly reduced after surgery in BAV patients. In
comparing this study to previous articles and research in the area, mortality correlation
could be a useful clinical indicator to understand in relation to flow parameters. More
recently, Soulat et al. [40] examined aortic coarctation repair in BAV patients using 4D-
flow imaging for a median of four years after repair. This study found that 4D-flow
parameters were stable between serial scans. Not only does this provide a non-invasive
way of examining blood flow, but it reaffirms the surgical approach to BAV patients’ repair
of aortic coarctation. When valve replacements occur or aortic complications are repaired,
4D-flow imaging can provide a non-invasive approach to blood flow hemodynamics and
characterize local changes. Beyond surgical repairs for BAV patients, more studies need to
examine mortality correlation from BAV patients’ blood flow values measured via 4D-flow
imaging. Although flow displacement has been demonstrated as a better alternative for
risk-stratifying patients with BAV and the complication of aortic dilation by Burris and
Hope [32], understanding if measuring at more regular intervals for higher-risk patients
provides a mortality benefit would better outline the clinical value of 4D-flow imaging. This
could provide direction for future research studies in 4D-flow imaging for BAV patients.

4. Clinical Applications in Aortic Stenosis (AS)

Aortic stenosis (AS) refers to the narrowing of the aortic valve, often due to calcification
or other causes, which restricts blood from entering the aorta [5]. Patients can be stratified
into mild, moderate, or severe based on their symptoms, ejection fractions, and transthoracic
echocardiography (TTE) findings. This section aims to analyze articles that have examined
AS and 4D-flow imaging.

Barker et al. [41] outline an initial approach to examining abnormal blood flow and
energy loss using 4D-flow imaging. They examined laminar flow energy loss from different
aortic pathologies, including AS to provide in vivo results. The researchers had two
patient groups (dilated ascending aortas and those with AS with dilation), which were
picked because of their association with abnormal blood flow. The article outlines how
viscous energy loss measured by 4D-flow imaging could become a useful parameter in the
future as it produces one value if one segment needs to be examined (EL

′). This could be
useful to clinicians as one value provides the opportunity to discuss between patients, risk
stratification, and use in clinical research projects later on. Since this article positions itself
as a pilot study, it does provide a basis for future research studies to be conducted on how
4D-flow imaging can be useful in defining AS patients, their disease management, and
their disease outcomes. An example of energy loss is shown in Figure 7.
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Few studies have simultaneously assessed AS severity using 4D-flow imaging and
transthoracic echocardiography (TTE). Binter et al. [5] examine AS severity using TTE and
4D-flow imaging to examine if additional turbulence parameters provide clinical benefit.
One key finding was that TKE was found to be significantly higher in AS patients but
did not correlate to any TTE parameters. The results indicate that TKE could provide
supplementary information to TTE to help stratify patients based on the severity of AS.
TKE could be used as a measure of exercise-induced symptoms but is not an option for
certain patients to help place their AS into mild, moderate, or severe categories. The
article provides appropriate future directions for the research of 4D-flow imaging and AS
by highlighting how TKE could be correlated with certain laboratory values that predict
outcomes in patients. Understanding the clinical use of TKE as a potential predictor of
mortality could provide the basis for 4D-flow imaging to become more involved in the
diagnosis and management of AS, similar to BAV. If TKE could be used to stratify AS
patients without relying on symptoms, which are often subjective, 4D-flow imaging could
provide useful clinical information. One area the article could have focused on more was
the outcome of AS, such as dilation or LV hypertrophy, and how TKE values change with
respect to these downstream complications. This approach would have required longer
follow-up time and ensuring patients enrolled did not already have these complications
and/or are minimized during inclusion criteria.

Adriaans et al. [42] provide a prospective study to further outline the role of 4D-
flow imaging in evaluating AS. One key finding is that although 2D PC-MRI is more
readily available, it does underestimate fluid hemodynamic values compared to TTE in the
context of AS. However, 4D-flow imaging more accurately reflected and could overestimate
the values obtained from TTE, such as peak jet velocity. The article also highlights the
mechanism for why TTE can underestimate peak velocity. Due to eccentric flow and
resultant flow displacement, the blood passing through the aortic valve can be displaced
due to stenosis. Since the ultrasound beam for TTE is user dependent, and the velocity
is off center, this misalignment between the TTE beam and the flow direction of blood
can underestimate certain values. As the stenosis gets more severe, the underestimation
using TTE worsens. This underestimation using TTE, however, most likely does not
affect clinical outcomes because TTE is still used as the mainstay for AS diagnosis, and
any deviation is only being measured given that 4D-flow imaging can measure velocity
in multiple directions and is not user dependent. As a result, any deviation due to the
flow displacement is incorporated into the TTE, which is the standard used to grade the
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severity of AS. The study also touches on how processing times and advanced MR imaging
technology prevents the widespread adoption of 4D-flow imaging, even though it does
have the potential to provide useful clinical information. The results highlights that 4D-flow
imaging is far from replacing TTE as the standard due to adaptation limitations and other
constraints but, rather, only provides supplemental information.

5. Conclusions and Future Directions

Ultimately, 4D-flow imaging is an advanced cardiac MR imaging technique that
allows fluid hemodynamics to be measured non-invasively in patients. As a growing
field in radiology, its adaptation and clinical use remain underutilized. Apart from flow
displacement, WSS has been a consistent measure in BAV patients using 4D-flow imaging.
Different studies have demonstrated how, over time, peak systolic WSS mean magnitude
on the aortic wall can lead to endothelial dysfunction and eventual thinning of the wall [43].
There does exist a debate in the literature on whether the thinning of the aorta is due to
an intrinsic property of the wall itself (such as genetics, underlying hereditary disease,
and connective tissue disorders) or repeated stress on the wall from abnormal blood flow
onto the aorta from a bicuspid valve. Most articles analyzed here agree with a combined
theory that along with intrinsic factors of the aortic wall, WSS contributed significantly to
aortic dilation in patients with BAV as measured with 4D-flow MRI. Surgical repairs of BAV
also proved to provide a significant reduction in these measures. Although 4D-flow MRI
can showcase an exciting new area of imaging and more quantifiable, objective measures
of blood flow, more studies are needed to understand how to change BAV management
beyond risk stratification and examine mortality. Some studies examined here had short
follow-up times, which may have not provided the necessary time to see a significant
impact or understand the full scope of these fluid dynamics on wall endothelial function.
With improved technology and additional research studies, 4D-flow imaging could become
a key determinant in BAV patients’ management and follow up.

For AS, 4D-flow imaging could play an important role in disease severity. For example,
Binter et al. [5] demonstrated how 4D-flow imaging can be used to supplement the findings
from TTE for AS to distinguish between moderate and severe disease. The outcomes from
the literature for AS reflect similar findings for BAV disease, where both have demonstrated
that 4D-flow imaging can play a role in defining and risk-stratifying patients. Another
area for future directions is to examine TKE measurements using 4D-flow imaging be-
fore and after interventions to treat AS. This could provide a non-invasive approach to
understanding how abnormal blood flow changes with intervention, specifically within
the context of AS. With how common AS has become in recent years and in developed
countries, understanding the change in turbulence blood parameters with intervention
could provide useful clinical information on successful treatment. A summary of the main
articles presented in this review is presented in Table 1.

In conclusion, 4D-flow imaging is headed in the right direction and provides useful,
but often, supplemental information to BAV and AS diseases. With even more technologi-
cal advancements, quicker acquisition times, and more widespread adaptation, 4D-flow
imaging could become a mainstay in the diagnosis, management, and risk stratification of
valvular pathologies.

Table 1. Article summary.

Studied Population Key Parameters Reported Findings

Soulat et al., 2022 [40]
n = 15 BAV
Age = 35 ± 8 years

PV, WSS, PWV WSS is stable over time in BAV patients.
Increased PV at coarctation.

Adriaans et al., 2020 [42]
n = 20
Age = 69.3 ± 5 years

PV, pressure, AVA AS revealed higher flow velocities than
TTE.
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Table 1. Cont.

Studied Population Key Parameters Reported Findings

Lenz et al., 2020 [39]
n = 20
Age = 35 (IQR 29–47)

Flow displacement, WSS Flow displacement and WSS were
reduced after valve repair.

Rose et al., 2019 [36]
n = 19
Age = 14.0 ± 5.7 years

PV, WSS, aortic Z-scores

Stable hemodynamic markers over
short-term follow-up despite significant
aortic growth using Z-scores.
Baseline aortic PV was a predictor of
aortic dilation.

Bollache et al., 2018 [33]
Patients:
n = 27
Age = 52 ± 15 years
Controls:
n = 20
Age = 48 ± 14 years

WSS, Elastic fibers size, Aortic diameter

BAV showed increased WSS associated
with elastic fiber thinning.
Elastic fiber thinning correlates with
impaired tissue biomechanics.

Binter et al., 2017 [5]
Patients:
n = 51
Age = 67 ± 15 years
Controls:
n = 10
Age = 69 ± 5 years

TKE

Elevated TKE implies higher energy
losses associated with BAV.
TKE may help to distinguish within the
heterogeneous population of patients
with moderate to severe AS.

van Ooij et al., 2015 [35]
Patients:
n = 13
Age = 51 ± 17 years
Controls:
n = 10
Age = 50 ± 14 years

WSS Elevated WSS was elevated in the
ascending aorta and correlated with PV.

Barker et al., 2014 [41]
Patients with aortic dilation:
n = 16
Age = 52 ± 8 years
Patients with AV stenosis (age-sex
matched):
n = 14
Age = 46 ± 15 years
Controls:
n = 12
Age = 37 ± 10 years

Viscous energy loss

Viscous energy loss was significantly
elevated in the thoracic aorta for patients
with dilated aorta and patients with
aortic stenosis compared to healthy
volunteers.
Viscous energy loss in patient cohorts
was significantly elevated and indicates
that cardiac afterload is increased due to
abnormal flow.

Hope et al., 2014 [37]
Patients:
n = 13
Age = 26.5 (17–43) years
Patients:
n = 12
Age = 30.7 (17–64) years

Flow displacement, WSS

Flow displacement is a simple and
reproducible hemodynamic marker that
shows good correlation with aortic
growth in patients with BAV.

Meierhofer et al., 2013 [34]
Patients:
n = 18
Age = 25 (10–44) years
Controls:
n = 18
Age = 25 (8–42) years

WSS

WSS and flow patterns in the ascending
aorta in BAV patients without
concomitant valve or vessel disease are
significantly different compared with
tricuspid aortic valve.
Higher shear forces may have an impact
on the development of aortic dilation in
patients with BAVs.
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Table 1. Cont.

Studied Population Key Parameters Reported Findings

Hope et al., 2011 [31]
BAV patients with normal flow:
n = 7
Age = 20.4 ± 7.9 years
BAV patients with abnormal flow:
n = 19
Age = 30.5 ± 12.6 years
Controls:
n = 20
Age = 26.9 ± 10.4 years

WSS, Eccentric Flow BAV and eccentric systolic blood flow
was found to have elevated WSS.

PV: peak velocity; WSS: wall shear stress; PWV: pulse wave velocity; AVA: aortic valve area; TKE: turbulent
kinetic energy; BAV: bicuspid aortic valve.

Author Contributions: Conceptualization, O.M. and J.G.; methodology, O.M. and J.G.; software,
O.M. and J.G.; validation, O.M. and J.G.; investigation, O.M. and J.G.; resources, J.G.; writing—
original draft preparation, O.M.; writing—review and editing, J.G.; visualization, J.G.; supervision,
J.G.; project administration, J.G.; funding acquisition, J.G. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by The University of Calgary, J.G. start-up funding. Unrestricted
research funding from Siemens Healthineers. We acknowledge the support of the Natural Science
and Engineering Research Council of Canada/Conseil de recherche en science naturelles et en génie
du Canada, RGPIN-2020-04549, and DGECR-2020-00204.

Institutional Review Board Statement: This study was conducted according to the guidelines of the
Declaration of Helsinki and approved by the Conjoint Health Research Ethics Board of the University
of Calgary (REB13-0902 approved on 6/18/2014 and currently active).

Informed Consent Statement: Written informed consent has been obtained from the patient(s) to
publish this paper.

Data Availability Statement: The anonymized data presented in this study are available upon
request from the corresponding author. The data are not publicly available due to privacy and ethical
restrictions.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Kvitting, J.P.E.; Dyverfeldt, P.; Sigfridsson, A.; Franzén, S.; Wigström, L.; Bolger, A.F.; Ebbers, T. In vitro assessment of flow

patterns and turbulence intensity in prosthetic heart valves using generalized phase-contrast MRI. J. Magn. Reson. Imaging 2010,
31, 1075–1080. [CrossRef]

2. Ha, H.; Kvitting, J.P.; Dyverfeldt, P.; Ebbers, T. 4D Flow MRI quantification of blood flow patterns, turbulence and pressure drop
in normal and stenotic prosthetic heart valves. Magn. Reson. Imaging 2019, 55, 118–127. [CrossRef] [PubMed]

3. Andersson, M.; Ebbers, T.; Karlsson, M. Characterization and estimation of turbulence-related wall shear stress in patient-specific
pulsatile blood flow. J. Biomech. 2019, 85, 108–117. [CrossRef] [PubMed]

4. Freidoonimehr, N.; Arjomandi, M.; Sedaghatizadeh, N.; Chin, R.; Zander, A. Transitional turbulent flow in a stenosed coronary
artery with a physiological pulsatile flow. Int. J. Numer. Methods Biomed. Eng. 2020, 28, 36. [CrossRef] [PubMed]

5. Binter, C.; Gotschy, A.; Sündermann, S.H.; Frank, M.; Tanner, F.C.; Lüscher, T.F.; Manka, R.; Kozerke, S. Turbulent Kinetic
Energy Assessed by Multipoint 4-Dimensional Flow Magnetic Resonance Imaging Provides Additional Information Relative
to Echocardiography for the Determination of Aortic Stenosis Severity. Circ. Cardiovasc. Imaging 2017, 10, e005486. [CrossRef]
[PubMed]

6. Dyverfeldt, P.; Hope, M.D.; Tseng, E.E.; Saloner, D. Magnetic resonance measurement of turbulent kinetic energy for the estimation
of irreversible pressure loss in aortic stenosis. JACC Cardiovasc. Imaging 2013, 6, 64–71. [CrossRef]

7. Ha, H.; Ziegler, M.; Welander, M.; Bjarnegård, N.; Carlhäll, C.J.; Lindenberger, M.; Länne, T.; Ebbers, T.; Dyverfeldt, P. Age-Related
Vascular Changes Affect Turbulence in Aortic Blood Flow. Front. Physiol. 2018, 9, 36. [CrossRef]

8. Markl, M.; Frydrychowicz, A.; Kozerke, S.; Hope, M.; Wieben, O. 4D flow MRI. J. Magn. Reson. Imaging 2012, 36, 1015–1036.
[CrossRef]

https://doi.org/10.1002/jmri.22163
https://doi.org/10.1016/j.mri.2018.09.024
https://www.ncbi.nlm.nih.gov/pubmed/30266627
https://doi.org/10.1016/j.jbiomech.2019.01.016
https://www.ncbi.nlm.nih.gov/pubmed/30704762
https://doi.org/10.1002/cnm.3347
https://www.ncbi.nlm.nih.gov/pubmed/32362019
https://doi.org/10.1161/CIRCIMAGING.116.005486
https://www.ncbi.nlm.nih.gov/pubmed/28611119
https://doi.org/10.1016/j.jcmg.2012.07.017
https://doi.org/10.3389/fphys.2018.00036
https://doi.org/10.1002/jmri.23632


J. Cardiovasc. Dev. Dis. 2023, 10, 251 13 of 14

9. Dyverfeldt, P.; Sigfridsson, A.; Kvitting, J.P.E.; Ebbers, T. Quantification of intravoxel velocity standard deviation and turbulence
intensity by generalizing phase-contrast MRI. Magn. Reson. Med. 2006, 56, 850–858. [CrossRef]

10. Dillinger, H.; McGrath, C.; Guenthner, C.; Kozerke, S. Fundamentals of turbulent flow spectrum imaging. Magn. Reson. Med.
2022, 87, 1231–1249. [CrossRef]

11. Dyverfeldt, P.; Bissell, M.; Barker, A.J.; Bolger, A.F.; Carlhäll, C.J.; Ebbers, T.; Francios, C.J.; Frydrychowicz, A.; Geiger, J.; Giese,
D.; et al. 4D flow cardiovascular magnetic resonance consensus statement. J. Cardiovasc. Magn. Reson. 2015, 17, 72. [CrossRef]
[PubMed]

12. Dyverfeldt, P.; Kvitting, J.P.E.; Sigfridsson, A.; Engvall, J.; Bolger, A.F.; Ebbers, T. Assessment of fluctuating velocities in disturbed
cardiovascular blood flow: In vivo feasibility of generalized phase-contrast MRI. J. Magn. Reson. Imaging 2008, 28, 655–663.
[CrossRef]

13. Jamalidinan, F.; Hassanabad, A.F.; François, C.J.; Garcia, J. Four-dimensional-flow Magnetic Resonance Imaging of the Aortic
Valve and Thoracic Aorta. Radiol. Clin. N. Am. 2020, 58, 753–763. [CrossRef] [PubMed]

14. Zhuang, B.; Sirajuddin, A.; Zhao, S.; Lu, M. The role of 4D flow MRI for clinical applications in cardiovascular disease: Current
status and future perspectives. Quant. Imaging Med. Surg. 2021, 11, 4193–4210. [CrossRef]

15. Mahadevia, R.; Barker, A.J.; Schnell, S.; Entezari, P.; Kansal, P.; Fedak, P.W.M.; Malaisrie, S.C.; McCarthy, P.; Collins, J.; Carr, J.;
et al. Bicuspid aortic cusp fusion morphology alters aortic three-dimensional outflow patterns, wall shear stress, and expression
of aortopathy. Circulation 2014, 129, 673–682. [CrossRef]

16. van Ooij, P.; Markl, M.; Collins, J.D.; Carr, J.C.; Rigsby, C.; Bonow, R.O.; Malaisrie, S.C.; McCarthy, P.M.; Fedak, P.W.; Barker, A.J.
Aortic Valve Stenosis Alters Expression of Regional Aortic Wall Shear Stress: New Insights From a 4-Dimensional Flow Magnetic
Resonance Imaging Study of 571 Subjects. J. Am. Heart Assoc. 2017, 6, e005959. [CrossRef] [PubMed]

17. Garcia, J.; Barker, A.J.; Markl, M. The Role of Imaging of Flow Patterns by 4D Flow MRI in Aortic Stenosis. JACC Cardiovasc.
Imaging 2019, 12, 252–266. [CrossRef]

18. Sigovan, M.; Hope, M.D.; Dyverfeldt, P.; Saloner, D. Comparison of four-dimensional flow parameters for quantification of flow
eccentricity in the ascending aorta. J. Magn. Reson. Imaging 2011, 34, 1226–1230. [CrossRef]

19. Garcia, J.; Capoulade, R.; Le Ven, F.; Gaillard, E.; Kadem, L.; Pibarot, P.; Larose, É. Discrepancies between cardiovascular magnetic
resonance and Doppler echocardiography in the measurement of transvalvular gradient in aortic stenosis: The effect of flow
vorticity. J. Cardiovasc. Magn. Reson. 2013, 15, 84. [CrossRef]

20. Garcia, J.; Markl, M.; Schnell, S.; Allen, B.; Entezari, P.; Mahadevia, R.; Chris Malaisrie, S.; Pibarot, P.; Carr, J.; Carr, J. 4D Flow Jet
Shear Layer Detection Method for the Measurement of Effective Orifice Area and Assessment of Aortic Stenosis Severity. Magn.
Reson. Imaging 2014, 32, P241. [CrossRef] [PubMed]

21. Ward, C. Clinical significance of the bicuspid aortic valve. Heart 2000, 83, 81–85. [CrossRef]
22. Quaegebeur, J.M.; Jonas, R.A.; Weinberg, A.D.; Blackstone, E.H.; Kirklin, J.W. Outcomes in seriously ill neonates with coarctation

of the aorta. J. Thorac. Cardiovasc. Surg. 1994, 108, 841–854. [CrossRef]
23. Verma, S.; Siu, S.C. Aortic dilatation in patients with bicuspid aortic valve. N. Engl. J. Med. 2014, 370, 1920–1929. [CrossRef]
24. Koenig, S.N.; Lincoln, J.; Garg, V. Genetic basis of aortic valvular disease. Curr. Opin. Cardiol. 2017, 32, 239–245. [CrossRef]

[PubMed]
25. Koenig, S.; Bosse, K.; Nadorlik, H.; Lilly, B.; Garg, V. Evidence of Aortopathy in Mice with Haploinsufficiency of Notch1 in

Nos3-Null Background. J. Cardiovasc. Dev. Dis. 2015, 2, 17–30. [CrossRef]
26. Garg, V.; Muth, A.N.; Ransom, J.F.; Schluterman, M.K.; Barnes, R.; King, I.N.; Grossfeld, P.D.; Srivastava, D. Mutations in NOTCH1

cause aortic valve disease. Nature 2005, 437, 270–274. [CrossRef] [PubMed]
27. Rees, S.; Somerville, J.; Ward, C.; Martinez, J.; Mohiaddin, R.H.; Underwood, R.; Longmore, D.B. Coarctation of the aorta: MR

imaging in late postoperative assessment. Radiology 1989, 173, 499–502. [CrossRef]
28. Robicsek, F.; Thubrikar, M.J.; Cook, J.W.; Fowler, B. The congenitally bicuspid aortic valve: How does it function? Why does it

fail? Ann. Thorac. Surg. 2004, 77, 177–185. [CrossRef] [PubMed]
29. Borger, M.A.; David, T.E. Management of the Valve and Ascending Aorta in Adults with Bicuspid Aortic Valve Disease. Semin.

Thorac. Cardiovasc. Surg. 2005, 17, 143–147. [CrossRef] [PubMed]
30. Hope, M.D.; Meadows, A.K.; Hope, T.a.; Ordovas, K.G.; Reddy, G.P.; Alley, M.T.; Higgins, C.B. Images in cardiovascular medicine.

Evaluation of bicuspid aortic valve and aortic coarctation with 4D flow magnetic resonance imaging. Circulation 2008, 117,
2818–2819. [CrossRef]

31. Hope, M.D.; Hope, T.A.; Crook, S.E.; Ordovas, K.G.; Urbania, T.H.; Alley, M.T.; Higgins, C.B. 4D flow CMR in assessment of
valve-related ascending aortic disease. JACC Cardiovasc. Imaging 2011, 4, 781–787. [CrossRef]

32. Burris, N.S.; Hope, M.D. 4D Flow MRI Applications for Aortic Disease. Magn. Reson. Imaging Clin. N. Am. 2015, 23, 15–23.
[CrossRef]

33. Bollache, E.; Guzzardi, D.G.; Sattari, S.; Olsen, K.E.; Di Martino, E.S.; Malaisrie, S.C.; van Ooij, P.; Collins, J.; Carr, J.; McCarthy,
P.M.; et al. Aortic valve-mediated wall shear stress is heterogeneous and predicts regional aortic elastic fiber thinning in bicuspid
aortic valve-associated aortopathy. J. Thorac. Cardiovasc. Surg. 2018, 156, 2112–2120.e2. [CrossRef] [PubMed]

34. Meierhofer, C.; Schneider, E.P.; Lyko, C.; Hutter, A.; Martinoff, S.; Markl, M.; Hager, A.; Hess, J.; Stern, H.; Fratz, S. Wall shear
stress and flow patterns in the ascending aorta in patients with bicuspid aortic valves differ significantly from tricuspid aortic
valves: A prospective study. Eur. Heart J. Cardiovasc. Imaging 2013, 14, 797–804. [CrossRef] [PubMed]

https://doi.org/10.1002/mrm.21022
https://doi.org/10.1002/mrm.29001
https://doi.org/10.1186/s12968-015-0174-5
https://www.ncbi.nlm.nih.gov/pubmed/26257141
https://doi.org/10.1002/jmri.21475
https://doi.org/10.1016/j.rcl.2020.02.008
https://www.ncbi.nlm.nih.gov/pubmed/32471542
https://doi.org/10.21037/qims-20-1234
https://doi.org/10.1161/CIRCULATIONAHA.113.003026
https://doi.org/10.1161/JAHA.117.005959
https://www.ncbi.nlm.nih.gov/pubmed/28903936
https://doi.org/10.1016/j.jcmg.2018.10.034
https://doi.org/10.1002/jmri.22800
https://doi.org/10.1186/1532-429X-15-84
https://doi.org/10.1016/j.mri.2014.04.017
https://www.ncbi.nlm.nih.gov/pubmed/24865143
https://doi.org/10.1136/heart.83.1.81
https://doi.org/10.1016/S0022-5223(94)70182-2
https://doi.org/10.1056/NEJMra1207059
https://doi.org/10.1097/HCO.0000000000000384
https://www.ncbi.nlm.nih.gov/pubmed/28157139
https://doi.org/10.3390/jcdd2010017
https://doi.org/10.1038/nature03940
https://www.ncbi.nlm.nih.gov/pubmed/16025100
https://doi.org/10.1148/radiology.173.2.2798882
https://doi.org/10.1016/S0003-4975(03)01249-9
https://www.ncbi.nlm.nih.gov/pubmed/14726058
https://doi.org/10.1053/j.semtcvs.2005.02.005
https://www.ncbi.nlm.nih.gov/pubmed/16087084
https://doi.org/10.1161/CIRCULATIONAHA.107.760124
https://doi.org/10.1016/j.jcmg.2011.05.004
https://doi.org/10.1016/j.mric.2014.08.006
https://doi.org/10.1016/j.jtcvs.2018.05.095
https://www.ncbi.nlm.nih.gov/pubmed/30060930
https://doi.org/10.1093/ehjci/jes273
https://www.ncbi.nlm.nih.gov/pubmed/23230276


J. Cardiovasc. Dev. Dis. 2023, 10, 251 14 of 14

35. van Ooij, P.; Potters, W.V.; Collins, J.; Carr, M.; Carr, J.; Malaisrie, S.C.; Fedak, P.; McCarthy, P.M.; Markl, M.; Barker, A.
Characterization of Abnormal Wall Shear Stress Using 4D Flow MRI in Human Bicuspid Aortopathy. Ann. Biomed. Eng. 2014, 43,
1385–1397. [CrossRef]

36. Rose, M.J.; Rigsby, C.K.; Berhane, H.; Bollache, E.; Jarvis, K.; Barker, A.J.; Schnell, S.; Allen, B.D.; Robinson, J.D.; Markl, M. 4-D
flow MRI aortic 3-D hemodynamics and wall shear stress remain stable over short-term follow-up in pediatric and young adult
patients with bicuspid aortic valve. Pediatr. Radiol. 2019, 49, 57–67. [CrossRef] [PubMed]

37. Hope, M.D.; Sigovan, M.; Wrenn, S.J.; Saloner, D.; Dyverfeldt, P. MRI hemodynamic markers of progressive bicuspid aortic
valve-related aortic disease. J. Magn. Reson. Imaging 2014, 40, 140–145. [CrossRef]

38. Lewandowski, A.J.; Raman, B.; Banerjee, R.; Milanesi, M. Novel Insights into Complex Cardiovascular Pathologies using 4D Flow
Analysis by Cardiovascular Magnetic Resonance Imaging. Curr. Pharm. Des. 2017, 23, 3262–3267. [CrossRef] [PubMed]

39. Lenz, A.; Petersen, J.; Riedel, C.; Weinrich, J.M.; Kooijman, H.; Schoennagel, B.P.; Adam, G.; Von Kodolitsch, Y.; Reichenspurner,
H.; Girdauskas, E.; et al. 4D flow cardiovascular magnetic resonance for monitoring of aortic valve repair in bicuspid aortic valve
disease. J. Cardiovasc. Magn. Reson. 2020, 22, 29. [CrossRef]

40. Soulat, G.; Scott, M.B.; Pathrose, A.; Jarvis, K.; Berhane, H.; Allen, B.; Avery, R.; Alsate, A.R.; Rigsby, C.K.; Markl, M. 4D flow MRI
derived aortic hemodynamics multi-year follow-up in repaired coarctation with bicuspid aortic valve. Diagn. Interv. Imaging
2022, 103, 418–426. [CrossRef]

41. Barker, A.J.; van Ooij, P.; Bandi, K.; Garcia, J.; Albaghdadi, M.; McCarthy, P.; Bonow, R.O.; Carr, J.; Collins, J.; Malaisrie, S.C.; et al.
Viscous energy loss in the presence of abnormal aortic flow. Magn. Reson. Med. 2014, 72, 620–628. [CrossRef] [PubMed]

42. Adriaans, B.P.; Westenberg, J.J.M.; Cauteren, Y.J.M.; Gerretsen, S.; Elbaz, M.S.M.; Bekkers, S.C.A.M.; Veenstra, L.F.; Crijns, H.J.;
Wildberger, J.E.; Schalla, S. Clinical assessment of aortic valve stenosis: Comparison between 4D flow MRI and transthoracic
echocardiography. J. Magn. Reson. Imaging 2020, 51, 472–480. [CrossRef] [PubMed]

43. Guzzardi, D.G.; Barker, A.J.; Van Ooij, P.; Malaisrie, S.C.; Puthumana, J.J.; Belke, D.D.; Mewhort, H.E.; Svystonyuk, D.A.; Kang,
S.; Verma, S.; et al. Valve-Related Hemodynamics Mediate Human Bicuspid Aortopathy. J. Am. Coll. Cardiol. 2015, 66, 892–900.
[CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1007/s10439-014-1092-7
https://doi.org/10.1007/s00247-018-4257-y
https://www.ncbi.nlm.nih.gov/pubmed/30203126
https://doi.org/10.1002/jmri.24362
https://doi.org/10.2174/1381612823666170317144257
https://www.ncbi.nlm.nih.gov/pubmed/28317480
https://doi.org/10.1186/s12968-020-00608-0
https://doi.org/10.1016/j.diii.2022.04.003
https://doi.org/10.1002/mrm.24962
https://www.ncbi.nlm.nih.gov/pubmed/24122967
https://doi.org/10.1002/jmri.26847
https://www.ncbi.nlm.nih.gov/pubmed/31257647
https://doi.org/10.1016/j.jacc.2015.06.1310
https://www.ncbi.nlm.nih.gov/pubmed/26293758

	Introduction 
	Cardiovascular 4D-Flow 
	Clinical Applications in Bicuspid Valve Disease 
	Clinical Applications in Aortic Stenosis (AS) 
	Conclusions and Future Directions 
	References

