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Aims We compared flow and wall shear stress (WSS) patterns in the ascending aorta of individuals with either bicuspid
aortic valve (BAV) or tricuspid aortic valve (TAV) using four-dimensional cardiovascular magnetic resonance (4D-
CMR). BAV are known to be associated with dilation and dissection of the ascending aorta. However, the cause
of vessel disease in patients with BAVs is unknown. Inborn connective tissue disease and also dilation secondary
to increased WSS because of altered blood flow patterns in the ascending aorta are discussed as causes for dilation
of the aorta. WSS can be estimated non-invasively by 4D-CMR.

Methods
and results

Eighteen, otherwise, healthy individuals with functionally normal BAVs were compared prospectively with an age- and
sex-matched control group of healthy individuals with TAV. Blood flow data were obtained by 4D-CMR visualization
and WSS was calculated with specific software tools. Eighty-five per cent of the individuals with BAVs showed a high-
grade helical flow pattern in the ascending aorta compared with 6% of the individuals with TAV. WSS in the ascending
aorta was significantly altered in individuals with BAVs compared with TAV.

Conclusion WSS and flow patterns in the ascending aorta in patients with BAVs without concomitant valve or vessel disease are
significantly different compared with TAV. The significantly higher shear forces may have an impact on the develop-
ment of aortic dilation in patients with BAVs.
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Introduction
A bicuspid aortic valve (BAV) is the most common congenital heart
defect.1 –4 Most of the patients with BAV are asymptomatic and
complications such as aortic dissection are rare in children, but
symptoms may develop in adulthood.5 An association between
congenital BAV and aortic wall alterations such as aortic dilatation
and dissection is well known.6 –11 Aortic dilatation, even in indivi-
duals with normally functioning aortic valves, occurs at all levels

of the aorta, but usually targets the ascending aorta.12 However,
the cause of the dilation of the ascending aorta in BAV remains
unknown and is the topic of two opposing theories.4,13 The first
theory argues that an inborn disorder of vascular connective
tissue, formerly misleadingly named cystic media necrosis,14 of the
ascending aortic wall might be the reason for its weakness
leading to dilation, dissection, or rupture.4 A second theory
favours altered haemodynamic forces on the aortic wall caused
by the BAV causing a secondary disorder of vascular connective
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tissue leading to aortic dilation in individuals with BAV.13 Complex
flow patterns in the aorta can now be visualized non-invasively by
four-dimensional (4D) cardiovascular magnetic resonance (CMR).
Several studies showed a complex helical flow pattern in patients
with BAV and aneurysm formation using 4D-CMR although the
cause–effect relationship remains unclear because most of these
patients had additional cardiovascular diseases such as coarctation
of the aorta or Fallot’s tetralogy.15,16

Force and direction of wall shear stress (WSS) can now be esti-
mated at any level of the aortic vessel wall by using these 4D-CMR
data sets.17– 22

Therefore, the purpose of this study was to compare flow pat-
terns and WSS in the ascending aorta in individuals without any
other concomitant cardiovascular disease other than BAV
or tricuspid aortic valve (TAV). We investigated in vivo flow pat-
terns and WSS in the ascending aorta in two prospective age-
and sex-matched groups with either BAV or TAV morphology by
4D-CMR.

Methods

Bicuspid aortic valve study group
Prospectively, 989 patients with the diagnosis BAV were identified in
the hospital’s database out of a total of 32 794 patients with congenital
heart disease. Out of 989 selected patients, 18 individuals met the final
inclusion criteria: age .7 years, no existing or past cardiovascular
disease other than BAV, no arterial hypertension, no connective
tissue disorders in the medical history or thorax deformations, no
medication, a flow velocity through the aortic valve of ,2.5 m/s by
echocardiography, no moderate or severe aortic valve regurgitation
by echocardiography, a diameter of the ascending aorta ,4.5 cm in
adults and ,2.2 cm/m2 in children, no contraindications to CMR
imaging.

The inclusion criteria were chosen to form a homogeneous and
strict study group of individuals with only BAV and as few confounding
factors as possible effecting flow in the ascending aorta. We used the
aforementioned cut-off values for aortic valve stenosis and regurgita-
tion and the diameter of the ascending aorta as inclusion criteria
because these values are considered as clinically significant in current
guidelines.4,5,23

Tricuspid aortic valve control group
Eighteen healthy volunteers (eight females) were prospectively
matched to the BAV study group to serve as the TAV control group.
Valve morphology was evaluated and confirmed during the CMR
study by cine studies. The TAV control group was matched by sex
and age (+ 2 years).

Cardiovascular magnetic resonance
A standard cardiac 1.5 Tesla MRI scanner (MAGNETOM Avantow,
version software VB15, Siemens Healthcare, Erlangen, Germany)
with a standard 12-channel body-coil was used for the CMR study.

Aortic valve morphology
Through the aortic valve a double-oblique orientated retrospectively
ECG-triggered multi-phased steady-state free precession sequence
was used for leaflet morphology (slice thickness of 4, 5, or 6 mm de-
pending on the body weight, acquisition matrix 192 × 192, 25 phases/
cardiac cycle). Leaflet morphology was classified as previously

described.24 In brief, BAV type 1 was classified as fusion of the right
and left coronary cusp, BAV type 2 as fusion of the right and non-
coronary cusp. There was no case with fusion of the left and non-
coronary cusp (BAV type 3).

Four-dimensional cardiovascular magnetic
resonance
The aortic blood flow was visualized using a time-resolved three-
dimensional phase-contrast sequence with three-directional velocity
encoding as previously described.18 The flow-sensitive 4D sequence
was triggered retrospectively by ECG. No contrast agent was used.
Respiration was compensated by navigator gating. All data were mea-
sured in a sagittal-oblique volume that included the entire left ventricu-
lar outflow tract as well as the ascending aorta, the aortic arch with the
aortic branches and the thoracic descending aorta. The measurements
yielded in a three-dimensional volume coverage with a spatial reso-
lution of 2.1 × 1.7 × 2.5 mm3; TR 39.2 ms; TE 2.417 ms; FOV 240 ×
320 mm; field of view phase 75%; velocity encoding Vx, Vy, and Vz
200–230 cm/s; layer thickness 2.5 mm; flip angle 88–108; band width
455 Hz/pixel. With dedicated software tools based on Matlabw (The
MathWorks, Natick, MA, USA) DICOM data from 4D-CMR were con-
verted for further processing and data underwent semi-automated
noise filtering and eddy-current correction. The noise filtering, eddy-
current correction, anti-aliasing, and deletion of static tissue were set
to identical parameters in each case. For further enhancement of vascular
regions with high flow and suppression of background signal, an addition-
al time-independent phase-contrast-MR-angiography (PC-MRA) data
set was generated by the squared sum of the individual 3D PC-MRA
images (Figure 1).18,25

Blood flow pattern
The generated data sets were further processed by EnSightw software
package (EnSightw; CEI, Apex, NC, USA) as previously described
(Figure 1).18,19,21,22,25,26 Hereby, it was possible to generate 3D inter-
active anatomical images of the thoracic aorta. This allowed for 4D
flow visualization with 3D streamlines and time-resolved 3D particle
traces (EnLitenw; CEI, Apex, NC, USA) (Figure 2). For flow pattern
evaluation, the display options of the visualized flow data were set
to identical parameters in all cases.

All the 36 flow patterns in the ascending aorta of the 18 individuals
of the BAV study group and of the 18 individuals of the TAV control
group were graded in random order using a pre-defined grading
scale in a blinded fashion by three investigators. The three investigators
did not take part in visualization or processing of the data. Grade 0 was
defined as linear flow in the ascending aorta, Grade 1 as a helical flow
of ,1808, Grade 2 as a helical flow of 180–3608, and Grade 3 as a
helical flow of .3608 (Figure 3). The number of observations by the
three investigators for each grade of helical flow was added to a score.

Wall shear stress
WSS is a time-resolved three-dimensional force that was calculated
from the 4D-CMR data set using a dedicated software tool based on
Matlabw (The MathWorks, Natick, MA, USA) as previously
described.17 Three different WSS vectors were calculated: axial, cir-
cumferential, and magnitudinal (Figure 4). Axial WSS (WSSaxial) is the
dominating vector of WSS in laminar flow and is perpendicular to an
axial slice through the vessel and parallel to the direction of flow. Cir-
cumferential WSS (WSScirc) is the dominating vector of WSS in a
helical flow and is parallel to the vessel wall circumference. Magnitudi-
nal WSS (WSSmag) as a time-resolved vector quantity that can be
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characterized by its magnitude is the resulting net vector along the
entire vascular wall (Figure 4).17,25

Orthogonal square 2D planes were manually positioned along the
3D data sets of the ascending aorta at pre-defined landmarks. These
landmarks were the mid-ascending aorta at the level of the bifurcation
of the main pulmonary artery (MPA level) and the distal ascending
aorta at the level just before the branching of the brachiocephalic
trunk (BCT level) (Figure 1). The derived data from these planes
encoded 4D-CMR data as well as 2D planar information of velocity
and vessel wall parameters. WSSaxial, WSScirc, and WSSmag at the
vessel wall were calculated over one cardiac cycle for each vessel
wall segment as previously described (Figure 5).17

Statistical analysis
Data analysis was performed using StatVieww (StatVieww, SAS Insti-
tute, Cary, version 5.0.1). For statistical analysis, the Wilcoxon
signed-rank test and the Mann–Whitney U test were used. A
P-value ≤0.05 was considered to be significant.

Results

Bicuspid aortic valve study group
Eighteen individuals (eight females) with congenital BAV (without
cardiovascular disease) were prospectively recruited for this
study. Valve morphology was evaluated and confirmed during
the CMR study by cine studies. These 18 individuals were
median 25 (range 10–44) years old, had a median body height
of 177 (range 138–192) cm, a body weight of median 68 (range
30–94) kg, a systolic blood pressure of median 109 (range 98–
128) mmHg, a diastolic blood pressure of median 65 (range 46–
83) mmHg, a velocity through the aortic valve of median 1.4 m/s
(range 1.1–2.3), and a regurgitation fraction through the aortic

valve of 1% (range 0–7%). The diameter of the ascending aorta
was median 1.62 cm/m2 (range 1.14–2.26 cm/m2).

Tricuspid aortic valve study group
These 18 individuals were median 25 (range 8–42) years old, had a
median body height of 174 (range 130–188) cm, a body weight of
median 68 (range 29–95) kg, a systolic blood pressure of median
107 (range 94–122) mmHg, a diastolic blood pressure of median
58 (range 47–82) mmHg, a velocity through the aortic valve of
median 1.1 m/s (range 0.9–1.7), and a regurgitation fraction
through the aortic valve of 0% (range 0–4%). The diameter of
the ascending aorta was median 1.32 cm/m2 (range 1.05–
1.68 cm/m2).

There was no significant difference in sex, age, body height, body
weight, systolic, or diastolic blood pressure between the two
groups.

Aortic valve morphology
Evaluation of the BAV morphology yielded in two patterns. Thir-
teen of 18 patients (72%) with BAV were identified as BAV type
1 with fusion of the right and left coronary cusp, the remaining
five (28%) as BAV type 2 with fusion of the right and non-coronary
cusp.

Blood flow pattern
The analysis of the flow patterns in individuals with BAV and TAV
showed a significant association between a helical flow and the
presence of BAV. (Figure 2) The classification into the Grades
0–3 according to the degree of abnormal helical flow patterns
was significantly different in the matched pairs (P ¼ 0.0004). In
the BAV group, 85% of the flow patterns were classified as

Figure 1 4D-CMR data acquisition and WSS quantification. Work flow of 4D-CMR data acquisition, pre-processing, and WSS quantification;
(a) magnitude image; (b) phase-contrast image x-axis; (c) phase-contrast image y-axis; (d) phase-contrast image z-axis; (e) post-processing with
anti-aliasing, eddy-current correction, static tissue deletion, noise filtering and time-independent phase-contrast-MR-angiography (PC-MRA);
(f and g) landmark positioning in the ascending aorta; (h ) definition of the region of interest for WSS quantification; (i) definition of vessel
orientation and segmental analysis; ( j) the green bars show the visualization of WSS. EnSightw and dedicated software tools based on
MATLABw were used.
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Grade 2 or 3. In the TAV group, 94% of the flow patterns were
graded as 0 or 1. (Figure 6)

Comparing the individuals with BAV type 1 (n ¼ 13) and type 2
(n ¼ 5), none of the individuals with BAV type 2 was classified as

Grade 0 or 1 by the three observers (15 observations), but classi-
fied Grade 2 twice and Grade 3 thirteen times. In contrast, in the
subgroup of type 1 leaflet morphology Grade 0 was classified five
times, Grade 1 three times, Grade 2 six times, and Grade 3
twenty-five times by three observers (39 observations).

Figure 2 Flow patterns in the ascending aorta. Flow pattern in
the ascending aorta in three matched pairs are shown (particle
traces). Control persons on the left side and individuals with
BAV on the right side. In BAV patients, the helical flow patterns
are shown. Ascending aorta (AAo); descending aorta (DAo).

Figure 3 Classification of flow patterns. Grade 0 was defined
as a linear flow in the ascending aorta, Grade 1 as a helical
flow ,1808, Grade 2 as a helical flow of 180–3608, and Grade
3 as a helical flow .3608.

Figure 4 Different wall shear stress patterns. Illustration of the
different wall shear stress (WSS) patterns at the aortic wall.
WSSaxial, WSScircumferential, and WSSmagnitude are shown.

Figure 5 Flow and WSS quantification in the mid-ascending
aorta. Results of flow and WSS quantification in the mid-
ascending aorta in two 32-year-old women. (a and c ) TAV;
(b and d) BAV; the upper panel on each side shows the 2D vel-
ocity profiles with the unequally distributed flow field in BAV.
The green bars in the lower panel present WSSmag over the
entire cardiac cycle. The bars visualize the amount of the
WSSmag on the vessel wall.
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Two individuals of the BAV type II showed left-handed helical
flow patterns, the other three individuals with BAV type II, and
all BAV type I individuals showed right-handed flow patterns.

Wall shear stress
Axial, circumferential, and WSSmag were significantly abnormal in
the mid-ascending aorta at the level of the MPA in the BAV
study group compared with the TAV control group (Figure 7).
Whereas WSSaxial was significantly decreased in the BAV study
group compared with the TAV control group, WSScirc and
WSSmag were both significantly increased. In the distal ascending

aorta at the level just before the branching of the BCT, only
WSScirc was significantly increased in the BAV study group com-
pared with the TAV control group. WSSaxial and WSSmag were
not altered (Table 1).

Discussion
This prospectively designed study showed significantly altered flow
patterns and WSS in the ascending aorta of individuals with BAV
compared with age- and sex-matched individuals with TAV.
Eighty-five per cent of the individuals with BAV had a severe
helical flow pattern in the ascending aorta. In contrast, 94% of
the individuals with TAV had a laminar flow pattern and none
had a highly severe helical flow pattern in the ascending aorta.

It is important to note, that none of the individuals in this study
had moderate to severe aortic stenosis or moderate to severe
aortic valve regurgitation or other cardiovascular disease.

This study shows that the cumulative net WSS (WSSmag) and
WSScirc were significantly increased in individuals with BAV com-
pared with individuals with TAV in the mid-ascending aorta
(MPA level). (Figure 7) On the other hand, WSSaxial was signifi-
cantly decreased in individuals with BAV compared with individuals
with TAV at the mid-ascending aorta. These large significant altera-
tions in WSS occurred at the mid-ascending aorta, the level where
dilation in individuals with BAV mainly occurs.27 Further down-
stream, in the distal ascending aorta (BCT level) we found the
same findings, although less extreme. Putting the flow and WSS
results together, we conclude, that in individuals with TAV pre-
dominant laminar flow leads to a predominant WSSaxial, whereas
WSScirc is usually nearly zero. In contrast, in individuals with BAV

Figure 6 Grading of a helical flow pattern in the ascending
aorta. Grading of the flow scenarios of 36 individuals with BAV
or TAV by three blinded investigators (n ¼ 108).

Figure 7 Wall shear stress in the ascending aorta. Boxplot graphs (Tukey): WSSaxial, WSScirc, and WSSmag measured in the mid-ascending
aorta at the level of the main pulmonary artery (MPA level; upper panels) and at the level of the distal ascending aorta just before the branching
of the brachiocephalic trunk (BCT level; lower panels); WSSaxial at the MPA level was significantly decreased in the BAV study group compared
with the TAV control group. WSSaxial at the BCT level showed no significant differences. WSScirc at MPA and at BCT level were significantly
increased in the BAV study group compared with the TAV control group. WSSmag at the MPA level was significantly increased in the BAV study
group compared with the TAV control group. WSSmag at the BCT level showed no significant differences.
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predominant helical flow reduces WSSaxial and causes a significantly
higher WSScirc, resulting in increased cumulative net WSS (WSSmag).
These alterations may be the cause of aortic dilation in individuals
with BAV.

The influence of haemodynamic shear stress due to spatial and
temporal alterations in shear forces on the endothelium has been
described by others showing regionally different flow and arterial
remodelling. The mechanical shear forces induced by the blood
flow seem to play an important role in the process of vascular re-
modelling.17,28 Altered flow characteristics with regionally varying
WSS has been demonstrated by Frydrychowicz et al.21,29

showing the correlation of WSS with the development of high-risk
plaques in the carotid arteries and selected pathologies.

Different shear forces act on the vessel wall. They may act along
the axial and circumferential direction. The effective WSS has to be
considered as a vector quantity from axial and circumferential
components.17,30

Helical flow patterns have already been described in patients
with BAV and additional cardiovascular disease such as aortic sten-
osis, aortic regurgitation, coarctation of the aorta, or tetralogy of
Fallot.16 In a retrospective evaluation of patients studied by 4D–
CMR, Hope et al.31 described asymmetrically distributed WSS in
BAV and eccentric systolic blood flow, postulating increased
haemodynamic burden in BAV as a risk for aneurysm formation
in the ascending aorta. In a recently published study of Barker
et al.,32 they described altered WSS in the ascending aorta in
BAV disease, but most of the subjects in the BAV study population
had aortic aneurysms or concomitant aortic stenosis or regurgitation.

In this prospective study, it was possible to measure and calcu-
late in vivo data of WSS in individuals with pure BAV disease by
4D-CMR. Therefore, we compared healthy individuals with BAV
that were matched by age and sex with healthy control individuals
with TAV. Very strict inclusion criteria ruled out any individual with
an additional co-morbidity. A further strength of this study might
be the matched-pair character, since such a homogeneous group
has not been described so far.

A recent, well designed, study concluded that the risk of dilation,
dissection, or rupture of the ascending aorta still cannot be

estimated for individuals with BAV using established simple clinical
criteria based on aortic diameters.5 The authors furthermore
demanded that ‘research efforts should concentrate on ( . . . ) iden-
tifying nonsize markers for refining risk prediction of aortic dissec-
tion in these patients’.5 We suggest that helical flow patterns and
WSScirc in the ascending aorta might be such a non-size marker.
Interestingly, 15% of the individuals with BAV in our study did
not have helical flow patterns in the ascending aorta. It might be
possible that these individuals may have a lower risk than the
other 85% of the individuals with BAV in this study population.
Follow-up studies may help to evaluate the course of aortic en-
largement and the development of altered flow patterns during
life. This might help to distinguish patients at risk for aortic
dilatation.

According to the leaflet morphology, it was remarkable that all
of our evaluations of BAV type 2 showed a severe helical flow.
These findings are consistent with a previously described distribu-
tion, evaluating different patterns of aortic elasticity, and aortic
root shape comparing different BAV types.33 It has been suggested
that differences in a spatial distribution of the blood flow through
the different valve patterns may lead to an inhomogeneous distri-
bution of shear forces, resulting in differential gene expression and
changes of the extra cellular matrix.33 Different flow patterns may
lead to altered distribution of WSS patterns and this may lead to
changes of aortic wall properties. In this manner, BAV type 2 is
commonly associated with more severe valve pathologies especial-
ly aortic valve stenosis.34 We tried to distinguish important differ-
ences in the flow for these two phenotypes, but our study
subgroups for BAV type 1 and 2 were too small to answer specific
leaflet dependent questions in a statistically reliable way.

An association between BAV and cystic media necrosis has been
described based on observations in four cases.35 In a case report
of a father and a son, it was suggested that changes in the media
of the vessels occur due to a developmental defect.36 In contrast,
cystic media necrosis may also occur as a secondary effect due to
an ischaemic or distended aortic wall.37,38

Others did not find an association of BAV stenosis or regurgita-
tion with aortic dilatation.8,9,11 In a mixed group of patients with
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Table 1 Wall shear stress in the ascending aorta

BAV TAV P-value

WSS median (N/m2) range WSS median (N/m2) range

WSSaxial

MPA level 0.18 0.07 to 0.29 0.24 0.12 to 0.32 0.007

BCT level 0.28 0.13 to 0.41 0.27 0.21 to 0.39 0.420

WSScirc

MPA level 0.21 20.14 to 0.50 0.01 20.05 to 0.17 0.014

BCT level 0.17 20.08 to 0.45 0.06 20.01 to 0.24 0.008

WSSmag

MPA level 0.55 0.35 to 1.00 0.48 0.36 to 0.72 0.028

BCT level 0.55 0.37 to 0.79 0.52 0.33 to 0.75 0.145

MPA level, ascending aorta at the level of the main pulmonary artery; BCT level, distal ascending aorta before the branching of the brachiocephalic trunk.

C. Meierhofer et al.802
D

ow
nloaded from

 https://academ
ic.oup.com

/ehjcim
aging/article/14/8/797/2397358 by guest on 21 August 2022



BAV, coarctation of the aorta, and TAV an increased incidence of
cystic media necrosis was found in patients with BAV without an
association with dilatation.14 These groups concluded that their
results support the theory of an underlying developmental
defect. However, a missing association does not prove a competing
theory. We found significantly altered flow pattern and WSS in
individuals with BAV without aortic valve stenosis or regurgitation,
aortic dilatation, or coarctation of the aorta. Therefore, in our
view, there is a clear association of BAV and altered flow and
WSS. Aortic dilation may be explained by the hypothesis that
BAV generates a helical flow pattern in the ascending aorta and
increases WSS with possible consecutive aortic wall remodelling.
The altered aortic wall properties may further lead to dilation.
Whether these altered flow patterns and WSS lead to aortic dila-
tion remains to be elucidated. A limitation of our study is that due
to the study design we could not examine histological alterations in
the aortic wall of these individuals.

In conclusion, despite a tremendous amount of studies about
dilation in BAV, there is no proven evidence of an inborn tissue dis-
order leading to aortic dilation. In this prospective study, we could
demonstrate pathological flow patterns and increased WSS in the
ascending aorta in healthy BAV individuals without concomitant
valvular lesions and with normal aortic diameters. Possibly, the
characterization of blood flow patterns may help as a non-size
marker to select and follow-up patients with BAV at risk for
aortic dilation in future.
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A 32-year-old man previously was diagnosed
with sarcoidosis on the basis of bilateral lung
infiltrates, hypercalcaemia, multiple renal calculi
and an elevated serum angiotensin-converting
enzyme level, all of which improved on corticoster-
oids. Nine months later he developed symptomat-
ic, sputum-positive pulmonary tuberculosis and
tuberculous lymphadenitis, which were successful-
ly treated.

At his initial presentation, there was evidence of
severe mitral regurgitation and moderate mitral
stenosis complicated by severe pulmonary hyper-
tension (Panels A and B).The medial halves of
both mitral leaflets were immobilized by what appeared to be an infiltrative process with an associated pedunculated mass (Panels C–
F, see Supplementary data online, Videos S1 and S2). The subvalvular apparatus and basal posterior wall were abnormal and presumed
to represent a continuum of the infiltrative process. No clinical or laboratory features of infective endocarditis were present. Two
years later, the morphology of the valve was unchanged except for the absence of the pedunculated mass, while the degree of pulmonary
hypertension and mitral stenosis was worse. Cardiac catheterization confirmed the severe pulmonary hypertension was due almost
exclusively to the severe mixed mitral valve disease. This haemodynamic abnormality was eliminated following successful mitral valve
replacement.

Histology of the resected valve revealed features of chronic inflammation compatible with chronic rheumatic disease with no
features suggestive of tuberculosis or sarcoid (Panel G). We postulate that the pedunculated mass might have represented nonbacterial
endocarditis and that excessive scarring and chronic inflammation from untreated rheumatic disease resulted in this unusual
morphological appearance of the mitral valve.

Supplementary data are available at European Heart Journal – Cardiovascular Imaging online.
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