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CLINICAL AND POPULATION STUDIES

Low and Oscillatory Wall Shear Stress Is Not 
Related to Aortic Dilation in Patients With 
Bicuspid Aortic Valve
A Time-Resolved 3-Dimensional Phase-Contrast Magnetic Resonance Imaging 
Study

Lydia Dux-Santoy,* Andrea  Guala,* Julio Sotelo, Sergio Uribe, Gisela Teixidó-Turà, Aroa Ruiz-Muñoz, Daniel E. Hurtado,  
Filipa Valente, Laura Galian-Gay, Laura Gutiérrez, Teresa González-Alujas, Kevin M. Johnson, Oliver Wieben,  
Ignacio Ferreira-Gonzalez, Arturo Evangelista, José F. Rodríguez-Palomares

OBJECTIVE: To assess the relationship between regional wall shear stress (WSS) and oscillatory shear index (OSI) and aortic 
dilation in patients with bicuspid aortic valve (BAV).

APPROACH AND RESULTS: Forty-six consecutive patients with BAV (63% with right-left-coronary-cusp fusion, aortic diameter 
≤ 45 mm and no severe valvular disease) and 44 healthy volunteers were studied by time-resolved 3-dimensional phase-
contrast magnetic resonance imaging. WSS and OSI were quantified at different levels of the ascending aorta and the aortic 
arch, and regional WSS and OSI maps were obtained. Seventy percent of BAV had ascending aorta dilation. Compared with 
healthy volunteers, patients with BAV had increased WSS and decreased OSI in most of the ascending aorta and the aortic 
arch. In both BAV and healthy volunteers, regions of high WSS matched regions of low OSI and vice versa. No regions of both 
low WSS and high OSI were identified in BAV compared with healthy volunteers. Patients with BAV with dilated compared 
with nondilated aorta presented low and oscillatory WSS in the aortic arch, but not in the ascending aorta where dilation is 
more prevalent. Furthermore, no regions of concomitant low WSS and high OSI were identified when BAV were compared 
according to leaflet fusion pattern, despite the well-known differences in regional dilation prevalence.

CONCLUSIONS: Regions with low WSS and high OSI do not match those with the highest prevalence of dilation in patients with 
BAV, thus providing no evidence to support the low and oscillatory shear stress theory in the pathogenesis of proximal aorta 
dilation in the presence of BAV.

VISUAL OVERVIEW: An online visual overview is available for this article.

Key Words:  aorta ◼ bicuspid aortic valve ◼ magnetic resonance imaging ◼ mechanical stress ◼ regional blood flow  
◼ thoracic aortic aneurysm ◼ vascular remodeling

Patients with a bicuspid aortic valve (BAV) frequently 
present aortic dilation (60%–84% of cases),1–3 
which is associated with life-threatening complica-

tions, such as aortic dissection or rupture. Both intrinsic 

genetically triggered alterations of the aortic wall and 
altered hemodynamic stressors have been suggested 
to contribute to aortic dilation in BAV.4,5 The recent intro-
duction of time-resolved 3-dimensional phase-contrast 
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magnetic resonance imaging (4D flow MRI) has per-
mitted substantial advances in the analysis of complex 
aortic flow characteristics, particularly in patients with 
BAV. Although no conclusive data on the role of genet-
ics are available,6 several studies have shown that flow 
alterations may play a role in the development of aortic 
aneurysms with different behavior depending on the BAV 
fusion phenotype.7–9

Wall shear stress (WSS) is the most commonly studied 
flow parameter associated with aortic dilation; however, its 
specific role in vascular dilation and aneurysm formation 
remains unclear. In patients with BAV, a high WSS with an 
asymmetrical distribution has been associated with degra-
dation of the elastic fibers of the aortic wall.9 From the spa-
tial point of view, both maximum axial and circumferential 
components of WSS have been associated with aortopathy 
in patients with BAV.7,10–12 However, directional variations 
in WSS throughout the cardiac cycle, as described by the 
oscillatory shear index (OSI), have also been related to vas-
cular aneurysm formation. Some studies have shown that 
low WSS and high OSI may activate the atherosclerotic pro-
cess of the wall, leading to dilation of the arterial vessels,13 
at least in intracranial aneurysm formation.14 This mecha-
nism has also been suggested to contribute to ascending 
aorta (AAo) dilation in patients with tricuspid aortic valve.15,16 
However, whether this mechanism may contribute to aor-
tic dilation in patients with BAV remains to be established. 
Indeed, although WSS has been described in the AAo in 
several 4D flow MRI studies and related to aortic dilation in 
patients with BAV,7,8,10 the role of OSI has been evaluated in 
very few studies with limited populations.17,18

Thus, using 4D flow MRI, this study aimed to analyze 
regional abnormalities in aortic WSS and OSI to ascer-
tain whether low and oscillatory shear stress is locally 
associated with aortic dilation in these patients.

MATERIALS AND METHODS
The data that support the findings of this study are available 
from the corresponding author upon reasonable request.

Study Population
Patients with BAV with fusion of right and left coronary cusps 
or right and noncoronary cusps, AAo diameters ≤45 mm and 
no severe valvular disease (aortic regurgitation ≤III, maximum 
aortic valve velocity <3 m/s) by echocardiography were con-
secutively and prospectively recruited between June 2014 and 
December 2015. Inclusion criteria were age >18 years, no 
hypertension, no connective tissue disorders, no aortic coarcta-
tion or other congenital heart diseases, and no contraindica-
tion for cardiac magnetic resonance. Forty-four age-matched 
healthy volunteers (HV) with a tricuspid aortic valve were stud-
ied. The study was approved by the local ethics committee, and 
informed consent was obtained from all participants.

Cardiac Magnetic Resonance Protocol
Cardiac magnetic resonance studies were performed on a clini-
cal GE 1.5T Signa scanner (General Electric, WI). The protocol 
included 2-dimensional balanced steady-state free-precession 
cine images, which were used to assess BAV fusion pheno-
type and aortic diameters (using the double-oblique cine car-
diac magnetic resonance at late diastole) and a time-resolved 
3-dimensional phase-contrast MRI acquisition (also known 
as 4D flow MRI) with retrospective ECG gating during free-
breathing. Endovenous contrast was not given.

For 4D flow MRI, data were acquired using the VIPR (vastly 
undersampled isotropic projection) sequence, a radially under-
sampled acquisition with 5-point balanced velocity encoding.19 
The acquisition volume included the entire thoracic aorta. 
Acquisitions were made with an 8-channel cardiac coil using 
the following parameters: velocity encoding 200 cm/s, field of 
view 400×400×400 mm, scan matrix 160×160×160 (voxel 
size 2.5×2.5×2.5 mm), flip angle 8º, repetition time 4.2 to 7.2 
ms and echo time 2.2 to 3.6 ms. This data set was reconstructed 
according to the nominal temporal resolution of each patient 
and was (5×repetition time) 21 to 36 ms. Reconstructions 
were performed offline with corrections for background phase, 
eddy currents and trajectory errors.19

Nonstandard Abbreviations and Acronyms

4D flow MRI	� time-resolved 3-dimensional phase-
contrast magnetic resonance imaging

AAo	 ascending aorta
BAV	 bicuspid aortic valve
HV	 healthy volunteers
OSI	 oscillatory shear index
RL-BAV	� BAV with fusion of right and left 

coronary cusps
RN-BAV	� BAV with fusion of right coronary 

and noncoronary cusps
WSS	 wall shear stress

Highlights

•	 This study investigates whether regions of concomi-
tant low wall shear stress and high oscillatory shear 
index are related to aortic dilation in patients with 
bicuspid aortic valve.

•	 Patients with bicuspid aortic valve compared with 
healthy volunteers did not present regions of low 
and oscillatory shear stress, regardless of the pres-
ence of dilation.

•	 Concomitant low wall shear stress and high oscillatory 
shear index did not differentiate patients with bicus-
pid aortic valve either by the presence or absence 
of ascending aorta dilation or by the different cusp-
fusion phenotypes despite the well-known differ-
ences in regional dilation prevalence between groups.

•	 These results do not provide evidence to support a 
potential role for low and oscillatory shear stress in 
the development of aortic dilation in patients with 
bicuspid aortic valve.
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Aortic Dilation
To determine the presence of aortic dilation in patients with 
BAV, maximum diameters at aortic root and mid AAo were 
adjusted with a logarithm transformation to calculate the Z 
score accounting for sex, age, and body surface area.20 Aortic 
dilation was considered when at least one Z score was over 2.3

WSS and OSI: Computation and Analysis
WSS magnitude and OSI maps were computed from 4D 
flow acquisitions by applying a 3-dimensional finite-element 
method, as previously described.21,22 Briefly, the thoracic 
aorta was semiautomatically segmented and used to gener-
ate a tetrahedral mesh using the iso2mesh Matlab toolbox23 
and Computational Geometry Algorithms Library (http://
www.cgal.org). Using cubic interpolation, velocity values 
were transferred from the 4D flow data to each node of the 
generated mesh. This flow field was later analyzed in terms 
of local, spatial, and temporal derivatives to compute WSS 
magnitude and OSI.

Three anatomic reference points (sinotubular junc-
tion, brachiocephalic trunk, and left subclavian artery) were 
located in the AAo and the aortic arch using 4D flow-derived, 
phase-contrast enhanced magnetic resonance angiogra-
phy (Figure  1A). The aortic centerline was automatically 
computed for each segmented aorta using The Vascular 
Modeling Toolkit24 (VMTK, Orobix, Bergamo, Italy; www.vmtk.
org) and used to calculate 10 double-oblique analysis planes 
(orthogonal to the centerline) equally distributed in 2 analysis 
regions: 6 in the AAo, between the sinotubular junction and 
the origin of the brachiocephalic trunk, and 4 in the aortic 
arch between the brachiocephalic trunk and the left subcla-
vian artery (Figure 1B). Each region was further divided into 
8 equal segments along the aortic circumference: outer, left-
outer, left, left-inner, inner, right-inner (RI), right, right-outer 
(RO; Figure 1C).

Peak-systolic WSS and OSI values of the contour lumen 
were interpolated using a cubic spline approximation to 80 
points uniformly distributed over each contour. Contour-
averaged WSS and OSI were calculated, respectively, as the 
mean values of WSS and OSI in each contour. Regional values 

were obtained by averaging over each of the 8 circumferential 
segments (Figure 1C) and were used to create coregistered 
WSS and OSI maps, as previously described.7,12 Maps show-
ing regions of low and oscillatory WSS were obtained as the 
overlap between regions of low WSS and regions of high OSI.

Statistical Analysis
Continuous variables were expressed as mean±SD. The 
Shapiro-Wilk test was used to evaluate normal distribution. 
Differences between groups for continuous parameters were 
assessed by Student t test if they presented a normal distribu-
tion and Mann-Whitney U test otherwise. χ2 test was applied 
for categorical variables, which were reported as percentages. 
A 2-tailed P<0.05 was considered statistically significant. 
SPSS 19.0 software version (IBM SPSS Statistics, IL) was 
used for the analysis.

RESULTS
Demographics
Forty-six patients with BAV (63% right and left coronary 
cusp phenotype, 70% with AAo dilation) and 44 HV com-
pleted the study protocol. HV and BAV were matched in 
terms of age, sex, body surface area, and blood pres-
sure (Table). As expected, BAV had higher diameter 
and Z score at both the aortic root and AAo. Compared 
with HV, nondilated BAV presented statistically signifi-
cant differences only in aortic root and AAo diameters 
(P=0.039 and P=0.002, respectively) and AAo Z score 
(P<0.0001). BAV with fusion of right and left coronary 
cusps (RL-BAV) and BAV with fusion of right coronary 
and noncoronary cusps (RN-BAV) patients had similar 
demographic and clinical conditions, but RN-BAV pre-
sented higher systolic blood pressure (P=0.034). No dif-
ferences other than aortic diameters and Z scores were 
obtained when comparing patients with nondilated and 
dilated BAV.

Figure 1. Graphical representation of the analysis regions.  
A, Acquired volume containing the segmentation of the aorta and the 3 anatomic reference points: sinotubular junction (blue), the 
brachiocephalic trunk bifurcation (red), and the left subclavian artery (green). B, Using the anatomic references, 6 double-oblique planes 
(planes 1–6) were distributed in the ascending aorta and 4 (planes 7–10) in the aortic arch. C, The aorta was circumferentially divided into 8 
segments: outer (O), left-outer (LO), left (L), left-inner (LI), inner (I), right-inner (RI), right (R), right-outer (RO).
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Contour-Averaged WSS and OSI
Contour-averaged WSS magnitude (at peak systole) and 
OSI were compared between BAV and HV (Figure  2) 
and in patients with BAV according to the cusp-fusion 
and the presence of dilation (Figure 3).

Differences Between Patients With BAV and HV
Results of the comparison between BAV and HV, con-
sidering the presence of aortic dilation in BAV, are sum-
marized in Figure 2.

Patients with BAV compared with HV presented 
significantly higher contour-averaged WSS magnitude 
(Figure 2A, left) but lower OSI (Figure 2A, right) along 
the whole AAo and the aortic arch. Similar results were 
obtained when HV with patients with nondilated (Fig-
ure  2B) and dilated BAV were compared (Figure  2C). 
In patients with dilated BAV, however, WSS was slightly 
decreased in the proximal aortic arch and did not differ 
from HV in this region (Figure 2C, left).

Differences in Patients With BAV According to 
Valvular Phenotype and Dilation
When patients with BAV were compared according to 
the fused cusps, patients with RL-BAV presented higher 
WSS than RN-BAV in the proximal AAo (Figure  3A, 
left), with no differences in OSI in this region (Figure 3A, 
right). Conversely, higher OSI, but similar WSS, was pres-
ent in the distal AAo and the proximal aortic arch. No 

statistically significant differences were obtained when 
patients with BAV were compared according to the pres-
ence of aortic dilation (Figure  3B). Nonetheless, both 
WSS and OSI tended to be lower in the AAo of patients 
with BAV with a dilated aorta, whereas lower WSS but 
higher OSI was present in the aortic arch.

Regional WSS and OSI
Figure 4 shows regional WSS and OSI maps in HV and 
patients with BAV. Moreover, WSS and OSI maps in the 
subgroups of patients with BAV with and without aor-
tic dilation as well as in patients with BAV according to 
the leaflet fusion pattern are presented. Corresponding 
maps of regional statistical differences (P<0.05) in WSS 
and OSI in the comparison between BAV and HV and 
when patients with BAV were compared according to 
fused cusps and dilation are shown in Figure 5 and Fig-
ure 6, respectively. For all comparisons, the presence of 
regions with concomitant low WSS and high OSI is also 
reported in the right panels of Figure 5 and Figure 6.

Differences Between Patients With BAV and HV
In patients with BAV, regional WSS magnitude showed an 
asymmetrical distribution, with maximum WSS extending 
from the RI wall in the proximal AAo to the RO wall in 
the distal AAo (Figure 4B, left). This asymmetry was also 
present in the aortic arch of BAV but was notably lower 

Table.  Demographics and Aortic Dimensions in HV and Patients With BAV

  BAV Groups

   BAV Phenotype BAV Dilation

HV BAV P Value RL-BAV RN-BAV P Value NON-DIL DIL P Value

N 44 46  29 17  14 32  

Age, y 43±13 45±14 0.404 45±12 46±19 0.795 45±16 46±14 0.865

Men, % 57 59 0.857 62 53 0.544 79 50.0 0.070

BSA, m2 1.8±0.2 1.8±0.2 0.368 1.8±0.2 1.8±0.1 0.678 1.8±0.2 1.8±0.2 0.400

IAo, %   …   0.192   0.103

  None … 30.4  27.6 35.3  28.6 31.3  

  Mild … 50.0  62.1 35.3  42.8 40.6  

  Moderate … 19.6  10.3 29.4  28.6 28.1  

EAo, %   …   0.052   0.332

  None … 93.5  96.6 88.2  100.0 90.6  

  Mild … 6.5  3.4 11.3  0.0 9.4  

SBP, mm Hg 130±19 136±19 0.113 132±17 144±20 0.034 134±17 137±19 0.555

DBP, mm Hg 73±11 76±9 0.125 75±7 79±10 0.105 77±7 76±9 0.861

Diameter SoV, mm 30.5±3.8 35.3±5.1 <0.001 35.4±5.9 35.1±3.4 0.851 33.0±3.6 36.3±5.3 0.040

Diameter AAo, mm 28.2±3.8 38.4±7.2 <0.001 38.0±7.5 39.0±6.7 0.646 32.3±4.1 41.1±6.6 <0.001

Z score SoV −0.3±1.1 1.21±1.4 <0.001 1.2±1.3 1.2±1.6 0.906 0.3±0.8 1.6±1.4 0.002

Z score AAo −0.2±0.9 2.7±1.7 <0.001 2.6±1.7 2.9±1.6 0.525 1.0±1.1 3.5±1.3 <0.001

Patients with BAV are compared with HV and according to their fusion phenotype and dilation. Results are presented as mean±SD. P value for each comparison are 
included. AAo indicates ascending aorta; BAV, bicuspid aortic valve; BSA, body surface area; DBP, diastolic blood pressure; DIL, dilated; EAo, aortic stenosis; HV, healthy 
volunteers; IAo, aortic insufficiency; RL-BAV, BAV with fusion of right and left coronary cusps; RN-BAV, BAV with fusion of right coronary and noncoronary cusps; SBP, 
systolic blood pressure; and SoV, sinus of Valsalva.
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owing to the reduced WSS in this region. By contrast, HV 
presented homogenously distributed low WSS in the AAo 
and the aortic arch (Figure 4A, left). Regional OSI maps 
showed a relative uniform distribution of OSI in HV, which 
was slightly higher in the left-inner wall along the AAo 
and the aortic arch (Figure 4A, right). Conversely, BAV 
showed lower OSI compared with HV, with maximum val-
ues extending from the RI mid AAo to RO wall of the 
aortic arch (Figure 4B, right). Interestingly, regions with 
lower WSS values matched those with higher OSI and 
vice versa both in HV (Figure 4A) and BAV (Figure 4B).

Differences in WSS and OSI between HV and BAV 
emerged in the regional statistical significance maps, 
where patients with BAV presented higher WSS and 
lower OSI in most of the AAo and the aortic arch (Fig-
ure 5A). Thus, regions of concomitant high WSS and low 
OSI were obtained in BAV compared with HV (Figure 5A, 
right). These results were confirmed when patients with 
nondilated (Figure 4C and Figure 5B) and dilated BAV 
were compared (Figure 4D and Figure 5C) with HV.

In summary, no regions of concomitant low WSS and 
high OSI were present in BAV compared with HV, regard-
less of the presence of dilation.

Differences in Patients With BAV According to 
Valvular Phenotype and Dilation
Regional WSS and OSI were also analyzed in patients 
with BAV according to the leaflet fusion pattern (Fig-
ure 4E, Figure 4F, and Figure 6B) and the presence or 
absence of aortic dilation (Figure  4C, Figure  4D, and 
Figure 6A).

Regional maps presented differences in the exten-
sion of high WSS in the different BAV phenotypes, with 
a maximum WSS extending from the RI wall of the proxi-
mal AAo to the RO wall of the mid AAo in RL-BAV (Fig-
ure 4E) and from the right wall of the mid AAo to the RO 
wall in the distal AAo in RN-BAV (Figure 4F). OSI was 
locally increased only in the distal aortic arch in patients 
with RN-BAV. Conversely, in patients with RL-BAV, OSI 
was high along the RI wall of the AAo and the RI to RO 
wall of the aortic arch (Figure 4F and Figure 4E, respec-
tively). Despite these differences, statistical significance 
was reached in some regions (Figure  6B, left), but no 
regions with concomitant low WSS and high OSI were 
obtained (Figure 6B, right).

Regions of concomitant low WSS and high OSI were 
only obtained in patients with dilated BAV compared with 

Figure 2. Contour-averaged wall shear stress (WSS) and oscillatory shear index (OSI) comparing patients with bicuspid aortic 
valve (BAV) and healthy volunteers (HV). 
Comparison is performed in the ascending aorta (planes 1-6) and the aortic arch (planes 7-10) of (A) patients with BAV vs HV; (B) nondilated 
BAV vs HV; (C) dilated BAV vs HV. DIL indicates dilated ascending aorta. *Statistically significant difference (P<0.05).
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nondilated and located in a limited area in the RO wall of 
the aortic arch (Figure 6A, right).

DISCUSSION
The main findings of our study were (1) patients with 
BAV did not present regions of concomitant low WSS 
and high OSI compared with HV, regardless of the 
presence of dilation; (2) concomitant low WSS and 
high OSI in the AAo did not differentiate dilated from 
nondilated patients with BAV or patients with RL-BAV 
from patients with RN-BAV despite the well-known dif-
ference in regional dilation prevalence between these 
groups; and (3) regions of high OSI matched regions 
of low WSS magnitude and vice versa. Taken together, 
these results do not provide evidence to support a 
potential role for low and oscillatory WSS in the devel-
opment of BAV aortopathy.

Aortic flow alterations are one of the most important 
factors related to aneurysm formation in patients with 
BAV.7,10,12,25,26 Building from previous studies relating BAV 
and cusp-fusion phenotypes to regional dilation, this study 
assessed whether low and oscillatory WSS is related to 
aortic dilation in BAV. Previous studies related aortic dila-
tion in BAV to high asymmetrical shear stresses result-
ing from flow eccentricity7,8 and abnormally increased 
rotational flow.7,12 However, other studies showed low 
and oscillatory WSS to be related to vascular dilation and 
aneurysm formation through an atherosclerosis-driven 

process13,27,28 in the cerebrovascular circulation14,29 and 
in the AAo of patients with tricuspid aortic valve.16 Thus, 
it is of great interest to assess whether low and oscilla-
tory WSS may also contribute to aortic dilation in BAV. 
This study evaluates whether this mechanism is related 
to aortic dilation in patients with BAV.

WSS and OSI in Patients With BAV Compared 
With HV
In line with previous studies,8,30 regional WSS magni-
tude was higher in the RI to RO AAo of patients with 
BAV compared with HV, regardless of aortic dilation 
(Figure 5). In HV, the highest OSI was found along the 
left-inner region of AAo and aortic arch, thus matching 
with the region where flow tends to separate from the 
aortic wall.31 By contrast, in patients with BAV, OSI was 
higher in the RI to RO wall of the distal AAo and aortic 
arch (Figure 4B), a result that may be explained by the 
asymmetrical velocity profile characteristic of patients 
with BAV. No evidence to sustain the low and oscillatory 
WSS theory was found in this study. Indeed, no regions 
with concomitant low WSS and high OSI were observed 
in patients with BAV compared with HV, while the oppo-
site was true (Figure 5). These results may be partially 
explained by the strong, inverse relationship between 
(contour-averaged and regional) WSS and OSI (Fig-
ure  4), as previously observed in a small study17 and 
confirmed here.

Figure 3. Contour-averaged wall shear stress (WSS) and oscillatory shear index (OSI) in patients with bicuspid aortic valve 
(BAV) according to their fused cusps and aortic dilation.  
Comparison is performed in the ascending aorta (planes 1-6) and the aortic arch (planes 7-10) of (A) RL-BAV vs RN-BAV patients and (B) 
BAV patients with nondilated vs dilated aorta. DIL indicates dilated ascending aorta; RL-BAV, BAV with fusion of right and left coronary cusps; 
RN-BAV, BAV with fusion of right coronary and noncoronary cusps. *Statistically significant difference (P<0.05).
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Figure 4. Regional wall shear stress (WSS) and oscillatory shear index (OSI) maps in the ascending aorta and the aortic arch of 
healthy volunteers (HV) and patients with bicuspid aortic valve (BAV).  
HV (A); patients with BAV (B); BAV with nondilated aorta (C); BAV with dilated aorta (D); BAV with fusion of right and left coronary cusps (RL-
BAV; E); BAV with fusion of right coronary and noncoronary cusps (RN-BAV; F). I indicates inner; L, left; O, outer; and R, right.
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WSS and OSI in Patients With BAV According to 
Dilation
Consecutive patients with BAV presented higher OSI 
in the RI to RO wall of the distal AAo compared with 
HV. This extends to the very proximal aortic arch in non-
dilated BAV (Figure  5B, left) and all along the arch in 
dilated BAV (Figure 5C, left and Figure 6A, left). A small 
region with both low WSS magnitude and high OSI was 

thus present in the RO aortic arch of dilated versus non-
dilated BAV. Bürk et al16 compared patients with tricuspid 
aortic valve according to AAo dilation and obtained simi-
lar results, thus suggesting a potential role of low WSS 
and high OSI in aortic dilation. Because increased OSI in 
the aortic arch is observed in both patients with bicuspid 
and tricuspid aortic valve only when dilation is present, 
this characteristic may well be a consequence of dilation. 
Of note, our data do not concur with a small study in 5 
patients with BAV, which reported increased OSI in non-
dilated BAV.17 In this context, it is important to underline 
that flow in the aortic arch is impacted by aortic curva-
ture and the presence of supra-aortic trunks.28,32 These 
characteristics may promote local recirculation zones,33,34 
thus creating regions of low and oscillatory WSS12,32 
that may contribute to aortic arch aneurysm formation.28 

Figure 5. Regional differences in wall shear stress (WSS) and 
oscillatory shear index (OSI), and regions with concomitant 
low WSS and high OSI when comparing healthy volunteers 
(HV) and patients with bicuspid aortic valve (BAV).  
BAV vs HV (A); BAV with nondilated aorta vs HV (B); and BAV with 
dilated aorta vs HV (C). The legend is common for all panels. AAo 
indicates ascending aorta; I, inner; L, left; O, outer; and R, right.

Figure 6. Regional differences in wall shear stress (WSS) and 
oscillatory shear index (OSI), and regions with concomitant 
low WSS and high OSI when comparing patients with 
bicuspid aortic valve (BAV) according to their fused cusps 
and aortic dilation.  
BAV with nondilated vs dilated aorta (A), and BAV with fusion of 
right and left coronary cusps (RL-BAV; B) vs BAV with fusion of 
right coronary and noncoronary cusps (RN-BAV). AAo indicates 
ascending aorta; I, inner; L, left; O, outer; and R, right.
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However, considering our results and previous investiga-
tions, we conclude that there is not sufficient evidence 
to support the contribution of this mechanism to aortic 
dilation in patients with BAV.

WSS and OSI in Patients With BAV According to 
Cusp-Fusion Phenotype
Maximum regional WSS was obtained in the RI to RO 
wall of the proximal-mid AAo in RL-BAV and in the RO 
distal AAo in RN-BAV (Figure 4E and Figure 4F, respec-
tively), matching the outflow jet direction.7 Regions of 
relatively high OSI were observed in the mid AAo inner 
wall of RL-BAV and in the proximal AAo left area of 
patients with RN-BAV. Of note, these regions showed 
correspondence with the areas of minimum WSS and 
did not match areas with different prevalence of dila-
tion between BAV phenotypes (proximal AAo in RL-BAV 
and distal AAo and proximal aortic arch in RN-BAV4,12). 
Furthermore, no regions of low and oscillatory WSS 
were identified when BAV phenotypes were compared 
(Figure 6B, right). These results further downgrade the 
hypothesis of an etiological role of low and oscillatory 
WSS for aortic dilation in patients with BAV.

Flow Alterations and Dilation in Patients With 
BAV
Low and oscillatory WSS has been shown to play a 
role in atherosclerotic aneurysms14 and may contribute 
to thrombus deposition and abdominal aortic dilation.35 
However, our study suggests that this mechanism does 
not play a role in aortic dilation in BAV. BAV aortic dila-
tion has been previously related to increased flow dis-
placement,8 increased and asymmetrically distributed 
WSS,7,9,36 and increased in-plane and through-plane 
rotational flow.7,12 These flow alterations contribute 
to extracellular matrix dysregulation and elastic fiber 
degeneration, thereby promoting aortic remodeling.9 The 
differences in aortic wall structure at different locations 
in the aorta and in wall structure, shape, hemodynamic 
environment, and acting pressure between the aorta 
and intracranial arteries may well account for a different 
mechanism in aneurysms etiology.

Limitations
The cross-sectional nature of the present study pre-
cludes the investigation of eventual causal relationships. 
Further longitudinal studies are needed to confirm the 
results of this study and investigate causal relationships.

Only patients with BAV with nonsevere valvular dys-
function and aortic diameters ≤45 mm were included 
to limit possible hemodynamic alterations secondary to 
aortic dilation or severe valvular disease. Moreover, the 
aortic root was excluded because of poor segmentation 

quality. Thus, this study cannot rule out a possible role of 
OSI in patients with BAV with severe valvular disease, 
larger aortic diameters, or infrequent aortic root dilation.

The number of patients with BAV (46) and HV (44) 
included in the study is limited, and particularly affects 
comparisons among BAV subgroups (dilation and val-
vular phenotype). However, the reliability of the quanti-
tative description of flow characteristics from 4D flow 
MRI shown in previous studies based on similar or even 
smaller groups.8,10,25 should guarantee that the study was 
powered to detect eventual hemodynamic alterations, as 
indeed shown for WSS.

Contour-averaging of shear stress measurements 
leads to the removal of the spatial distribution. To provide 
regional distribution information of shear stress, all com-
parisons in the study have been also proposed through 
regional WSS and OSI maps.

The aortic wall was described using a common seg-
mentation for all cardiac phases. Thus, the calculation of 
OSI does not account for the aortic movement along the 
cardiac cycle. Furthermore, results in the aortic arch may 
be affected by the heterogeneous location of the supra-
aortic trunks and aortic curvature. However, as all acqui-
sitions were made using the same imaging parameters 
and analyzed with the same methods, the comparison 
between groups was unbiased.

Conclusions
No regions of concomitant low WSS magnitude and high 
OSI were observed in patients with BAV compared with 
HV. Although distinct BAV phenotypes are related to dif-
ferent regions of predominant dilation, their comparison 
in our study did not show regions of concomitant low 
WSS magnitude and high OSI. These results provide no 
evidence to support the contribution of low and oscilla-
tory shear stress measures to the pathogenesis of aortic 
dilation in patients with BAV.
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