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Abstract
Aims
Despite bicuspid aortic valve (BAV) aortopathy may extent to the proximal aortic
arch, arch flow dynamics and its relation to dilation are still unexplored. Using 4D-flow MRI,
we analyzed flow dynamics in the aortic arch per the BAV phenotype and its association with
local dilation.
Methods and results
One hundred and eleven BAV patients (aortic diameters ≤ 55 mm, no severe valvular
disease) and 45 age-matched tricuspid valve (TAV) (24 healthy volunteers, 21 with arch
dilation) underwent 4D-flow. BAV were classified per fusion phenotype (83 RL, 28 RN) and
arch dilation (48 non-dilated, 63 dilated). Peak velocity, jet angle, normalized displacement,
in-plane rotational flow (IRF), wall shear stress, and systolic flow reversal ratio (SFRR) were
calculated in 20 double-oblique planes along the thoracic aorta. ANCOVA and multivariable
adjusted linear regression analysis were used to identify correlates of proximal arch dilation.
Arch dilation was present in 47% RL and 86% RN-BAV. Hypertension, aortic stenosis
and male sex were associated with dilation in RL-BAV. BAV had higher rotational flow and
eccentricity than TAV in the proximal arch. Dilated BAV compared to non-dilated had higher
IRF, which was more pronounced in the RN-phenotype. RN-BAV, IRF and SFRR were
independently associated with arch dilation. Flow parameters associated with dilation
converged to the values found in healthy volunteers in the distal arch.
Conclusion
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Increased rotational flow could justify dilation of the proximal arch in RN-BAV
patients and in RL-BAV with male sex, hypertension and valvular stenosis. These patients may
benefit from a closer follow-up with superior imaging techniques.

Keywords
bicuspid aortic valve, 4D flow cardiovascular magnetic resonance (4D flow CMR), Aorta
hemodynamics, aortic arch, Aortic dilation

3

BECA PHILIPS DE LA SOCIETAT CATALANA DE CARDIOLOGIA 2017

Introduction
Bicuspid aortic valve (BAV) is the most common cardiac congenital disease and is
associated with a higher prevalence of aortic dilation than tricuspid aortic valve (TAV), with
different dilation morphotypes associated with cusp fusion phenotypes (1). Patients with rightleft (RL) cusp fusion usually present a dilation morphotype involving the aortic root and tubular
ascending aorta (AscAo), while right-non coronary (RN) fusion has been related to tubular
AscAo dilation and proximal aortic arch (proxArch) with no root dilation (1,2).
Proximal ascending aorta is the predominant area of dilation in BAV patients, thus,
transthoracic echocardiography (TTE) is the main imaging technique for diagnosis, screening
and clinical follow-up (3). However, BAV aortopathy may also involve the distal AscAo and
proxArch, which are incompletely visualized by TTE or transesophageal echocardiography
(blind spot). Thus, computed tomography (CT) or cardiac magnetic resonance (CMR) are
needed to evaluate these aortic segments (3). Although both imaging techniques are indicated
on current guidelines, the lack of ionizing radiation makes CMR preferable for patient followup (3).
Phase-contrast (PC) CMR allows quantification of aortic flow and, recently, 4D-flow
sequences have enabled the evaluation of complex hemodynamics (4,5). This is of particular
interest in BAV aortopathy since several studies have suggested that altered flow dynamics
may contribute to AscAo dilation (6–11) beyond genetic causes (1,12), possibly through
extracellular matrix dysregulation and elastic fiber degeneration (10). The influence of flow
dynamics in aortic arch dilation has only been analyzed in few studies, which were always
limited to basic metrics (6,13). A more detailed knowledge of arch flow dynamics in BAV may
help identifying patients at higher risk of arch dilation, who may benefit from closer follow-up
with other imaging techniques beyond echocardiography (CMR or CT).
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Thus, using 4D-flow CMR, we aimed to analyze differences in the flow dynamic pattern
in the aortic arch according to the valve phenotype in a large population of BAV patients and
to establish its association with proxArch dilation. Also, we analyzed the relation between flow
dynamics (from the sinotubular junction to the descending aorta at the diaphragm level) and
the extension of BAV aortopathy.

Methods
Study population
Patients with RL- or RN-phenotype, aortic root and AscAo diameters ≤ 55 mm and no
severe valvular disease (aortic regurgitation ≤ III, aortic velocity < 3 m/s) by echo were
consecutively and prospectively recruited. Inclusion criteria were: age > 18 years, sinus
rhythm, no cardiovascular disease, uncontrolled arterial hypertension (HTA), connective tissue
disorders, aortic coarctation or other congenital heart diseases and no contraindication for
CMR. Age-matched TAV individuals were also included. The study was approved by the local
ethics committee and informed consent was obtained from all participants.
Cardiac-Magnetic Resonance protocol
CMR studies were performed on a 1.5T Signa scanner (GE Healthcare, Waukesha, WI,
USA). The protocol included 2D balanced steady-state free-precession (bSSFP) cine imaging
to assess BAV phenotype and aortic diameters (using double-oblique multiplanar
reconstruction), and 4D-flow acquisition with retrospective ECG-gating during free-breathing.
Endovenous contrast was not given to minimize patient’s risk.
A radially-undersampled acquisition (PC-VIPR) (14) with 5-point balanced velocity
encoding (15) was used for 4D flow imaging of the entire thoracic aorta in 8-10 minutes total
scan time. Acquisition parameters were: velocity encoding 200cm/s, field of view
400x400x400 mm3, scan matrix 160x160x160, flip angle 8º, TR 4.2-6.4 ms and TE 1.9-3.7 ms.
Reconstructions were performed offline to the nominal temporal resolution of each patient
5
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(5xTR) with corrections for background phase from concomitant gradients and eddy currents,
and trajectory errors of the 3D radial acquired k-space (14,15).
Data analysis: 4D flow data processing
The thoracic aorta was semi-automatically segmented from an angiogram derived from
4D-flow (4) and its centerline was computed using ITK-Snap (16). Co-registered 2D cine
images were used to identify the sinotubular junction (STJ), the supra-aortic vessels and the
diaphragmatic level. Based on these locations, equidistant analysis planes orthogonal to the
centerline were distributed in three analysis regions: 8 planes in the AscAo (from the STJ to
the brachiocephalic artery (BCA)), 4 in the arch (from the BCA to the left subclavian artery)
and 8 in the thoracic descending aorta (DescAo) (from the left subclavian artery to the
diaphragmatic level). A reference point corresponding to the inner curvature of the aorta was
defined on every contour to allow spatial registration between patients. For each plane, 3D
velocity data were exported for calculations to be made using in-house code developed in
Matlab (MathWorks Inc, Natick, MA, USA). Peak-systolic parameters were averaged using 1
time-frame before and 2 time-frames after peak systole to mitigate noise (17).
Detailed analysis of flow in the aortic arch and its relation to proxArch dilation was
assessed. Additionally, flow parameters distribution along the thoracic aorta (from the STJ to
the diaphragm) was analyzed to explore the relation between flow alterations and the extension
of BAV aortic dilation.
Flow parameters
Peak velocity magnitude, flow eccentricity (jet angle and displacement) and in-plane
rotational flow (IRF) were calculated for each analysis plane.
Flow eccentricity was obtained as described by Sigovan et al. (18). IRF was quantified
as the through-plane component of circulation, which is used in fluid dynamics to quantify
rotation of flow within a plane (8). The sign of IRF indicates the sense of flow rotation (right-
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handed/anti-clockwise for positive IRF, left-handed/clockwise for negative IRF). Normal IRF
values were defined by healthy volunteers (HV) (mean ± 2SD). Systolic flow reversal ratio
(SFRR) was calculated as the ratio of backward to forward flow volume in systole (19).
Wall shear stress
Peak-systolic vectorial wall shear stress (WSS) was calculated by fitting the 3D velocity
data with B-spline surfaces and computing velocity derivatives on 64 points equally distributed
on the segmented vessel contour (20). Contour-averaged magnitude (WSSmag,avg), axial
(WSSax,avg) and circumferential WSS (WSScirc,avg) were obtained.

Figure 1. Regional WSS measurement regions. A: anterior, L: left, P: Posterior, R: right.

WSS maps were obtained for every plane once discretized in 8 circumferential regions
(anterior/left-anterior/left/left-posterior/posterior/right-posterior/right/right-anterior)

defined

using the inner reference point (Figure 1). Using these values, point-to-point averaged WSS
and p-value were obtained for each BAV phenotype and dilation, and used to visualize regional
maps. To better understanding of WSS maps, the distal AAo was also represented in regional
maps.

Aortic arch dilation
The aortic diameter was automatically measured at the BCA level over the segmented
aorta. To determine the presence of arch dilation the expected normal diameter proximal to the
7
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BCA was calculated on the basis of the age for each patient using the regression formulas by
Hager et al (21). Arch dilation was considered when the measured diameter was greater than
the expected diameter.
Statistical analysis
Continuous variables were expressed as mean ± standard deviation and assessed for
normality using the Shapiro-Wilk test. Continuous variables were compared using Student's ttest if they presented a normal distribution, and Mann-Whitney U test if they did not present a
normal distribution. Categorical variables were analyzed with the chi-square test.
Multivariable linear regression analysis with a backward selection procedure was used
to evaluate relations between demographic and flow variables and proxArch dilation. Variables
were entered into the model if P <0.25 (22) in univariate analyses.
A two-tailed P-value < 0.05 was considered statistically significant. SPSS 19.0 (IBM
SPSS Statistics, Chicago, Illinois, USA) was used for the analysis.

Results
One hundred and eleven BAV patients (83 RL- and 28 RN-phenotype) and 45 agematched TAV (24 HV and 21 with proxArch dilation) completed the study protocol.
Demographic characteristics and aortic diameters among groups are shown in Table 1. BAV
presented larger aortic diameters than TAV both in the sinus of Valsalva (SoV) (p=0.044) and
AscAo (p=0.004), higher diastolic arterial pressure (p<0.001) and higher prevalence of (nonsevere) aortic valve disease (p<0.001 for regurgitation and p=0.004 for stenosis).
Arch dilation was present in 56.8% BAV, with a prevalence of 46.9% in RL-BAV and
85.7% in RN-BAV (p<0.001). Aortic arch dilated RL-BAV compared to non-dilated RL
presented higher prevalence of male sex (79.5% vs 50.0%, p=0.005), mild-to-moderate stenosis
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(38.5% vs 18.2%, p=0.039) and HTA (42.3% vs 29.7%, p=0.003). No differences between
dilated and non-dilated BAV were obtained when analyzing additional clinical variables.

Flow dynamics in the aortic arch
Table 2 and Table 3 summarize results of flow analysis in the proximal and distal
(distArch) arch, which are the first and last analysis plane located in the aortic arch. Results
with the analysis in all slices are shown in Table S1 and Table S2.
Aortic arch flow dynamics and BAV phenotype
Flow rotation along the arch was right-handed in most HV (87.5%) and BAV (94.6%),
both for RL and RN phenotypes. Abnormally increased right-handed rotational flow (>84.6
cm2/s, defined by HV controls mean + 2SD) was present in 21.6% RL-BAV and in 57.2% RNBAV, and in only one HV (4.2%).
Compared to HV, BAV patients with non-dilated arch presented higher IRF (p<0.05)
in the proxArch and larger normalized displacement (p<0.05) in the proximal and mid arch.
All variables were similar between both groups in the distArch except normalized displacement
(p<0.05).
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Figure 2. Normalized displacement and in-plane rotational flow in BAV per BAV phenotype (a, b) and arch dilation (c, d).

Patients with RN-BAV compared to RL-BAV presented significantly higher rotational
flow (IRF) (Figure 2b) and WSScirc,avg at all arch levels (p<0.001 for IRF and WSScirc,avg at
proxArch; p=0.013 for IRF at distArch), but similar flow displacement (Figure 2a, Table 2 and
Table S1).
Regional axial WSS map was similar in both BAV phenotypes (Figure 3a), while
circumferential WSS was significantly higher in RN-BAV in all aortic segments in distal
AscAo and proxArch (Figure 3).
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Figure 3. Regional WSS maps in the different BAV phenotypes and statistically- significant difference (p<0.05). A) Axial WSS
shows minimum differences. B) Circumferential WSS is higher in RN-BAV at mid-distal ascending aorta and proximal-mid arch.

Aortic arch flow dynamics and arch dilation in BAV and TAV
Dilated TAV compared to HV presented similar normalized displacement and
rotational flow, while higher SFRR and lower WSSax,avg along the arch were noted (Table 3
and Table S2).

Figure 4. Flow displacement at the distal ascending aorta and aortic arch in a healthy volunteer and in BAV with non-dilated
and dilated arch. Dilated BAV presents increased displacement.
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When comparing BAV according to arch dilation, dilated BAV had greater IRF and
SFRR than non-dilated at all levels of the arch (Figure 2d and Figure 6), increased normalized
displacement (Figure 2c, Figure 4 and Figure 6) and lower WSSax,avg at the proxArch (Table 3
and Table S2). Similar findings were observed in dilated RL-BAV compared to non-dilated
RL (Table 2 and Table S1), and in dilated RN-BAV compared to non-dilated RN. However,
the reduced number of non-dilated RN did not allow for statistical comparison.
Regional axial WSS (WSS maps) was decreased in dilated BAV (figure 5a), while
regional circumferential WSS was increased in dilated BAV in the anterior wall at proximalmid aortic arch (figure 5b).

Figure 5. Regional WSS maps in BAV patients with dilated and non-dilated arch and statistically-significant difference
(p<0.05). A) Axial WSS is regionally reduced in presence of dilation. B) Circumferential WSS is increased in dilated BAV in
anterior wall at proximal-mid arch.
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In order to analyze if differences in flow in the aortic arch were a consequence of
dilation or may play a causal role, dilated BAV were compared with age and size-matched
arch-dilated TAV. This analysis showed that dilated BAV compared to dilated TAV still
presented larger normalized displacement (p<0.001) and higher rotational flow in the proximal
and mid arch (p<0.001 proxArch, p<0.05 mid arch for IRF and WSScirc,avg) (Table 3 and Table
S2).
Multivariable correlated of proximal arch dilation in BAV
Significant unadjusted and multivariable adjusted correlates of proxArch dilation in
BAV are listed in Table 4. Significant unadjusted correlates of proxArch dilation were BAV
phenotype (RN-BAV), sex, body height and weight, in addition to increased rotational flow
(IRF and SFRR). On multivariable analysis RN-BAV, body height, IRF and SFRR were
independently related to arch dilation.
In addition, we performed the multivariate analysis considering the aortic arch diameter
(as a continuous variable) and with the same clinical and flow variables (Table 5). This analysis
also confirmed the independent relations between arch diameter and rotational flow parameters
(IRF p=0.008 and SFRR p=0.007) as well as BAV phenotype (RN-BAV), (p=0.018).

Flow distribution in the thoracic aorta
To understand why aortic dilation mainly involves the AscAo extending to the
proxArch, we compared flow parameters distribution along the thoracic aorta (ascending, arch
and descending until the level of the diaphragm) for non-dilated and dilated arch BAV and HV
(Figure 6).
Compared to HV, BAV presented increased rotational flow, eccentricity and SFRR in
the AscAo, extending to the proxArch. These parameters were particularly increased in dilated
compared to non-dilated BAV. In BAV, flow eccentricity (jet angle and displacement),
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rotational flow (IRF and WSScirc,avg) and SFRR presented their highest values in the AscAo
region, reaching its maximum at mid AscAo. These parameters decreased afterwards,
converging along the mid-distal arch and proximal DescAo and approximating to values in HV
(Figure 6 and Table S1).
A change in direction of flow rotation in the DescAo was observed in both BAV and
HV, from right-handed flow in the AscAo and arch (positive WSScirc,avg or IRF) to left-handed
in the DescAo (negative WSScirc,avg or IRF) (Figure 6).

Figure 6. Flow parameters along the thoracic aorta in HV and BAV with non-dilated and dilated arch, showing differences in
the ascending aorta and the proximal arch. Dilated BAV presented higher displacement, systolic flow reversal ratio and
contour-averaged WSS than non-dilated, but reduced axial WSS.
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Discussion
In the present study, we analyzed complex flow variables and vectorial WSS along the
arch and their association with aortic arch dilation in a large BAV population without severe
valvulopathy. Clinical information about flow in the aortic arch is scarce, hence, the relevance
of our work and our findings.
The main findings of this study are:
1) BAV patients with proximal arch dilation have increased rotational flow (IRF and
WSScirc,avg) with respect to the non-dilated, which is more pronounced in the RNBAV phenotype (86%). However, 47% of RL-BAV also presented arch dilation.
These patients presented higher rates of hypertension, aortic stenosis and male sex
than non-dilated. Also, BAV have higher rotational flow and greater eccentricity
than HV and dilated TAV patients.
2) The factors independently associated with proxArch dilation are valvular phenotype
(RN) and rotational flow parameters (IRF and SFRR).
3) Flow parameters associated with dilation differ between dilated and non-dilated
BAV at the AscAo and the proxArch (greater in dilated BAV), and converged to
values in HV along the distArch and the DescAo.
Previous studies have reported that altered flow dynamics in the AscAo in BAV may
contribute to its dilation (6,8,11,23), possibly through the degradation of the extracellular
matrix and elastic fibers (10). To our knowledge this is the first study conducted in a large
BAV population in which the persistence of altered flow dynamics in the proxArch has been
reported and related to local dilation, identifying which patients may be at a major risk of arch
dilation and may benefit from closer follow-up.
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Aortic arch measurements
Most studies defining normality values for thoracic aorta diameters do not assess the
aortic arch (3). Only few studies have provided reference values for the aortic arch diameter in
the pediatric population (24) and in adults (21,25,26), using different anatomical landmarks
and imaging techniques. Consequently, there is no agreement in the definition of aortic arch
dilation and predefined cut-off points are generally used (30 or 40 mm) (6,9). Instead of using
a predefined cut-off, we used an age-dependent threshold for proxArch dilation based on the
regression formulas of Hager et al. (21) which is, to our knowledge, the only work that provides
a normality value for proxArch diameter in adults (at the level of the BCA) based on CT.
However, it presents the limitation that it does not consider the diameter dependence with body
dimension or sex demonstrated in other studies (25,26).
In our population, proxArch dilation was present in 56.8% of BAV, mainly affecting
the RN-BAV (86% dilated vs 47.0% in the RL-BAV) as previously reported (9,12,27). Other
studies have reported different prevalence of arch dilation in BAV, with dilated arch in 23.4%73% in general BAV population (9,27), 7-13% in RL-BAV and 34.0-40.5% in RN-BAV
(2,6,9). However, the use of different imaging techniques (echocardiography, CT or
angiography derived from 4D-flow) and predefined cut-off points in these studies could explain
this variability.
Aortic arch flow dynamics in BAV
Previous studies have reported the existence of eccentric (6,8,11,23) and increased
rotational flow (8,28–30) in the AscAo in BAV patients compared to tricuspid, leading to an
increased aortic WSS with asymmetric regional distribution (8,10,17,29,30). In our study, we
observed that increased flow eccentricity (normalized displacement) and rotational flow (IRF
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and WSScirc,avg) were still different in the proximal and mid arch when comparing BAV and
TAV patients, while other parameters (maximum velocity, SFRR, WSSax,avg) were similar.
This increased rotational flow was particularly high in the RN-phenotype (coinciding
with a higher rate of arch dilation), as previously reported in the AscAo (8), generating an
increased circumferential WSS in all segments of the proxArch. However, the differences in
flow displacement between BAV phenotypes reported in the AscAo (6) were not present in the
proxArch, indicating they have similar velocity profiles at this level (31).
Determinants of aortic arch dilation in BAV
We did not find a difference between BAV with dilated and non-dilated arch in relation
to the presence of raphe, valve calcification or HTA, as reported by Kang et al. (9). However,
in the RL-BAV, arch dilation was associated with the presence of stenosis and HTA, which
have been previously related to AscAo dilation (9,32), and to the male sex, which has been
previously related to root dilation (2).
BAV patients with proxArch dilation (mostly RN-BAV) presented increased rotational
flow in the proxArch, as occurs in the AscAo (8,31). However, this increased rotational flow
was not observed when comparing dilated TAV and HV, suggesting it is not a consequence of
dilation but it is associated with the BAV and may play a causal role, as suggested elsewhere
(8,31). Moreover, this rotational flow leads to an asymmetrically increased circumferential
WSS in the proxArch of dilated BAV, which may contribute to aortic wall degradation and
dilation as described in the AscAo (10).
Furthermore, dilated BAV compared to non-dilated showed a larger normalized
displacement in the proxArch, although differences were smaller than in rotational flow,
indicating that increased eccentricity may also contribute to dilation as occurs in the AscAo
(6,23,31). Although lower WSSax,avg and higher SFRR were present in BAV patients with
dilated arch, they were also observed in dilated TAV compared to HV and may be a
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consequence of dilation (33). However, systolic retrograde flow has also been suggested as an
early marker of aortic remodeling (19).
The independent association of vortical flow parameters (both in-plane IRF and
through-plane SFRR) together with valvular phenotype (RN) with proxArch dilation in BAV
was confirmed in the multivariable analysis.
Aortic flow and BAV aortopathy
We reported predominantly right-handed rotational flow in the AscAo and arch in BAV
patients and HV, changing to left-handed rotation in the DescAo. This behaviour has been
previously reported in healthy subjects (20,34,35), attributing the change in direction of
rotation in the DescAo to the distal arch curvature (34).
The distribution of flow parameters along the thoracic aorta revealed that differences in
flow variables associated to dilation exist not only in the AscAo but also in the proxArch, which
are the regions mainly affected in BAV aortopathy (1), but converged to values in HV in the
regions respected by the dilation (distArch and DescAo). This result supports the role of flow
in aortic dilation and may justify that the geometric alterations in BAV mainly affect the AscAo
and the proxArch.
Imaging follow-up
Diagnosis, screening and follow-up of BAV patients is based on TTE imaging (3).
However, this imaging technique does not allow the evaluation of the distal AscAo and
proxArch, regions that may also present local flow alterations that may contribute to its
dilation. Thus, a more complete evaluation of the AscAo and the proximal-mid arch with
advanced imaging techniques (such as CMR or CT), including local flow evaluation, could of
benefit for those patients at a major risk of arch dilation. Therefore, our study shows that RNBAV patients, patients with increased rotational flow and RL-BAV patients with male sex,
HTA and valvular stenosis may benefit from a closer follow-up.
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Limitations
We conducted a cross-sectional study to evaluate the correlation between flow
dynamics and aortic arch dilation in BAV. However, the eventual causal role of these
parameters on the development of arch dilation needs to be determined in further longitudinal
studies.
Arch dilation was defined using an age-dependent diameter threshold for dilation, but
did not account for diameter dependence with BSA and sex (25,26). However, this definition
is based on the only study providing reference values for proximal arch diameter (21), and it is
superior to the use of predefine diameter thresholds (6,9).
Regional WSS maps are affected by several methodological limitations: the supraaortic trunks were not considered in the segmentation, and maps were estimated by
interpolating values on a relatively limited number of analysis planes. Additionally, WSS is
known to be underestimated because of the limited spatial and temporal resolution of 4D flow
(5,20,36). However, as all acquisitions were made using the same imaging parameters and
analyzed with the same methodology, comparison between groups is unbiased. Additionally,
the robustness of WSS measurements employed in this study and their reproducibility has been
previously demonstrated (37). Also, flow analysis was limited to peak systole, averaging the
results obtained at four successive time phases to reduce noise. Despite this approach may
imply the loss of temporal information, it has been used in other studies (6,8,29) and it is high
reproducible (38).

Conclusions
BAV patients with proximal arch dilation present greater rotational flow than nondilated, being more marked in RN-BAV and in RL-BAV patients with male sex, HTA and
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significant valvular stenosis. This rotational flow could justify proximal arch dilation in this
population. Thus, these patients may benefit from a closer follow-up with CMR or CT.
In addition, our study shows that the flow variables associated with dilation present
differences in the ascending aorta and the proximal arch, which are the regions mainly affected
in bicuspid aortopathy, but converge in the regions not affected by the dilation (distal arch and
descending aorta). This result supports the role of altered flow dynamics in BAV aortopathy.
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Supplementary data
Table S1. Flow dynamics along the aortic arch (proximal to distal slices) in bicuspid
aortic valve phenotypes per arch dilation.
Table S2. Table S2. Flow dynamics along the aortic arch (proximal to distal slices) in
bicuspid aortic valve and age-matched tricuspid valve subjects per arch dilation.
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Tables
Table 1. Demographics in TAV and BAV. Statistical significance (p<0.05) comparing: * TAV vs
BAV counterpart, †dilated vs non-dilated counterpart.
TAV

BAV

ALL

Healthy

Dilated

ALL

Non-dilated

Dilated

(n=45)

(n=24)

(n=21)

(n=111)

(n=48)

(n=63)

48.0±16.0

44.8±17.1

51.7±14.1

50.9±13.9

50.3±14.0

51.4±14.0

66.7

62.5

71.4

64

50

74.6†

Weight (kg)

73.6±11.3

72.2±10.9

75.0±11.8

75.3±13.1

70.2±13.2

79.3±11.6†

Height (cm)

170.2±9.4

168.5±9.5

172.0±9.3

170.8±9.7

167.3±10.9

173.4±7.7†

BSA (m2)

1.85±0.17

1.81±0.16

1.88±0.18

1.87±0.20

1.79±0.21

1.93±0.16†

RL-BAV/RN-BAV

-

-

-

83/28

44/4

39/24†

Raphe (%)

-

-

-

68.8

68.8

68.9

Calcification (%)

-

-

-

48.8

45.9

51.0

Hypertension (%)

46.6

0.0

100 †

37.1

29.7

42.3

Smoking (%)

24.4

20.8

33.3

9.2

8.1

10.0

Diabetes (%)

15.5

0.0

33.3

6.9

8.1

6.0

40

0.0

85.3 †

20.7

13.5

26.0

0

69.8*

100*

42.1*,†

15.3

17.4

13.5

1

20.9

0

36.8

76.5

78.3

75

2

9.3

0

21.1

8.2

4.3

11.6

3

0

0

0

0

0

0

Absent

97.7*

100

94.7

71

80.4

63

Mild

0

0

0

18

8.7

25.9

Moderate

2.3

0

5.3

11

10.9

11.2

Severe

0

0

0

0

0

0

131.9±19.3

135.2±21.7

127.1±14.6*

136.2±15.9

133.4±13.7

138.3±17.2

67.6±12.6*

67.7±13.0 *

67.4±12.3*

76.8±9.1

75.0±8.2

78.1±9.6

34.2±7.1*

31.1±4.5 *

37.8±7.9†

36.2±4.6

34.3±4.5

37.7±4.3†

36.3±11.4*

29.6±5.9 *

44.2±11.3†

41.1±7.6

37.4±7.1

43.9±6.7†

29.1±5.6

25.2±3.2

33.5±4.2†

30.8±5.5

25.8±3.1

34.6±3.6†

Age (years)
Men (%)

Dyslipidemia (%)
Aortic
Regurgitation
Degree (%)

Aortic Stenosis
Degree (%)

Systolic Arterial
Pressure (mm Hg)
Diastolic Arterial
Pressure (mm Hg)
SoV Diameter
(mm)
AscAo Diameter
(mm)
Proximal arch
diameter (mm)
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Table 2. Flow dynamics at proximal and distal arch per BAV-phenotype and arch dilation.
Statistical significance (p<0.05) is indicated: *RL vs RN-BAV, Ϯcompared to dilated RL-BAV.
RL-BAV

Vmax (cm/s)

Jet Angle (º)

Norm Disp

IRF

(cm2/s)

SFRR (%)

WSSax,avg (N/m2)
WSScirc,avg (N/m2)

RN-BAV

ALL

Non-dilated

Dilated

ALL

Non-dilated

Dilated

(n=83)

(n=44)

(n=39)

(n=28)

(n=4)

(n=24)

Proximal

103.08±29.01

99.39±27.48

107.23±30.45

108.27±33.24

100.74±48.04

109.53±31.37

Distal

98.50±24.39

99.17±24.57

97.75±24.48

108.29±47.19

97.62±31.03

110.07±49.65

Proximal

15.57±7.45

14.83±7.58

16.40±7.30

16.05±6.18

13.96±6.76

16.40±6.16

Distal

15.39±6.16

15.83±6.47

14.89±5.84

14.78±8.40

20.00±20.13

13.92±4.94

Proximal

0.07±0.03

0.06±0.03†

0.08±0.03

0.07±0.02

0.05±0.02

0.07±0.02

Distal

0.06±0.02

0.05±0.02

0.06±0.02

0.06±0.02

0.05±0.01

0.06±0.02

Proximal

54.73±45.17*

44.13±34.20†

66.69±52.95

122.53±103.97

53.32±58.97

134.07±106.14†

Distal

16.19±15.88*

12.85±14.89†

19.96±16.31

31.50±40.66

21.39±19.60

33.18±43.25

Proximal

13.52±11.92

8.58±8.90†

19.09±12.53

13.85±7.10

9.95±2.65

14.50±7.43

Distal

6.21±6.59

4.43±4.95†

8.22±7.62

7.15±5.02

4.91±3.33

7.53±5.20

Proximal

0.27±0.16

0.32±0.16†

0.21±0.15

0.24±0.12

0.19±0.05

0.25±0.12

Distal

0.41±0.22

0.46±0.22†

0.36±0.22

0.35±0.22

0.23±0.07

0.37±0.23

Proximal

0.09±0.07*

0.08±0.06

0.09±0.07

0.18±0.15

0.07±0.08

0.19±0.15†

Distal

0.04±0.04

0.03±0.04

0.04±0.03

0.06±0.09

0.03±0.04

0.07±0.09

Table 3. Flow dynamics at proximal and distal aortic arch in BAV and TAV per arch dilation.
Statistical significance (p<0.05) comparing: *TAV vs BAV counterpart, Ϯdilated vs non-dilated
counterpart.
TAV

Vmax (cm/s)

Jet Angle (º)

Norm Disp
IRF (cm2/s)

SFRR (%)

WSSax,avg (N/m2)
WSScirc,avg (N/m2)

BAV

ALL

Healthy

Dilated

ALL

Non-dilated

Dilated

(n=45)

(n=24)

(n=21)

(n=111)

(n=48)

(n=63)

Proximal

106.58±37.53 110.98±31.70 101.55±43.52 104.38±30.06 99.50±28.96

108.11±30.57

Distal

103.40±36.35 107.56±32.75 98.63±40.36

100.97±31.75 99.04±24.78

102.44±36.31

Proximal

13.87±4.97

14.16±4.65

13.55±5.42

15.69±7.13

14.76±7.45

16.40±6.84

Distal

13.48±4.70

14.01±4.58

12.87±4.87

15.24±6.76

16.18±8.10

14.52±5.50

Proximal

0.05±0.02*

0.05±0.02*

0.04±0.01*

0.07±0.03

0.06±0.03

0.07±0.03†

Distal

0.04±0.01*

0.04±0.02*

0.04±0.01

0.06±0.02

0.05±0.02

0.06±0.02

Proximal

30.04±34.93* 28.28±27.92* 32.04±42.19* 71.83±71.06

44.90±36.04

92.36±83.58†

Distal

22.03±25.26

20.58±20.12

23.69±30.53

13.56±15.26

25.00±25.27†

Proximal

10.50±10.98

6.91±8.73

14.60±12.03† 13.60±10.88

8.69±8.55

17.34±11.04†

Distal

5.42±4.70

4.60±4.09

6.36±5.26

6.45±6.22

4.47±4.81

7.96±6.77†

Proximal

0.31±0.19

0.38±0.18

0.22±0.18†

0.26±0.15

0.31±0.16

0.23±0.14†

Distal

0.37±0.20

0.43±0.20

0.29±0.18†

0.40±0.22

0.44±0.22

0.36±0.22

Proximal

0.05±0.07*

0.05±0.05

0.05±0.08*

0.11±0.10

0.08±0.06

0.13±0.12†

Distal

0.05±0.05

0.05±0.04

0.05±0.06

0.04±0.06

0.03±0.04

0.05±0.06
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Table 4. Unadjusted and adjusted relationship of demographic and local flow variables to
proximal arch dilation.

Unadjusted correlates
of arch dilation

Multivariable adjusted correlates of arch
dilation

P-value

OR

95% CI

P-value

Sex (Male)

0.007

2.57

0.61-10.83

0.198

height (cm)

0.001

1.11

1.045- 1.182

0.001

Weight [Kg]

<0.001

1.02

0.97-1.07

0.520

DBP [mmHg]

0.081

1.04

0.98-1.10

0.148

SBP [mmHg]

0.108

1.01

0.98-1.04

0.723

BAV-phenotype (RN vs RL)

<0.001

0.254

0.062-0.99

0.049

IRF (cm2/s)

<0.001

1.014

1.002-1.027

0.023

SFRR (%)

<0.001

1.14

1.06-1.22

<0.001

Table 5. Unadjusted and adjusted relationship of demographic and local flow variables to
proximal arch diameter.
Unadjusted correlates
of arch diameter

Multivariable adjusted
correlates of arch diameter

P-value

95% CI

P-value

Age [years]

0.001

0.06 – 0.19

<0.001

Sex (Male)

0.014

-1.69 – 2.20

0.796

height (cm)

0.002

0.10 – 0.26

<0.001

Weight [Kg]

<0.001

-0.09 – 0.07

0.836

DBP [mmHg]

0.053

0.01 – 0.18

0.020

SBP [mmHg]

0.030

-0.09 – 0.03

0.285

BAV-phenotype (RN vs RL)

0.001

0.99 – 4.64

0.003

IRF (cm2/s)

0.013

0.00 – 0.03

0.028

SFRR (%)

<0.001

0.15 – 0.29

<0.001
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Figure legends
Figure 1. Regional WSS measurement regions. A: anterior, L: left, P: Posterior, R: right.
Figure 2. Normalized displacement and in-plane rotational flow in BAV per BAV phenotype
(a, b) and arch dilation (c, d).
Figure 3. . Regional WSS maps in the different BAV phenotypes and statistically- significant
difference (p<0.05). A) Axial WSS shows minimum differences. B) Circumferential WSS is
higher in RN-BAV at mid-distal ascending aorta and proximal-mid arch.
Figure 4. Flow displacement at the distal ascending aorta and aortic arch in a healthy volunteer
and in BAV with non-dilated and dilated arch. Dilated BAV presents increased displacement.
Figure 5. Regional WSS maps in BAV patients with dilated and non-dilated arch and
statistically-significant difference (p<0.05). A) Axial WSS is regionally reduced in presence of
dilation. B) Circumferential WSS is increased in dilated BAV in anterior wall at proximal-mid
arch.
Figure 6. Mean flow parameters along the thoracic aorta in healthy volunteers and BAV with
non-dilated and dilated arch, showing differences in the ascending aorta and the proximal arch.
Dilated BAV presented higher displacement, systolic flow reversal ratio and contour-averaged
WSS than non-dilated, but reduced axial WSS.
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Supplementary material
Table S1. Flow dynamics along the aortic arch (proximal to distal slices) in bicuspid aortic valve
phenotypes per arch dilation. Statistical significance (p<0.05) is indicated: * RL-BAV vs RN-BAV, †
compared to dilated RL-BAV.

Arch
slices
Vmax (cm/s)

Jet Angle (º)

Norm Disp

IRF

(cm2/s)

SFRR (%)

WSSmag,avg
(N/m2)

WSSax,avg
(N/m2)

WSScirc,avg
(N/m2)

Prox

ALL
(n=83)
103.08±29.01

RL-BAV
Non-dilated
(n=44)

Dilated
(n=39)

ALL
(n=28)

RN-BAV
Non-dilated
(n=4)

Dilated
(n=24)

99.39±27.48

107.23±30.45

108.27±33.24

100.74±48.04

109.53±31.37

Mid-prox 101.19±27.65

100.89±28.23

101.13±27.34

106.19±37.94

92.21±28.72

108.52±39.27

Mid-dist

100.10±27.17

100.77±29.70

99.35±24.36

107.85±45.95

94.00±35.84

110.16±47.67

Dist

98.50±24.39

99.17±24.57

97.75±24.48

108.29±47.19

97.62±31.03

110.07±49.65

Prox

15.57±7.45

14.83±7.58

16.40±7.30

16.05±6.18

13.96±6.76

16.40±6.16

Mid-prox 14.87±6.62

14.23±7.13

15.59±6.00

15.81±5.61

15.60±5.85

15.85±5.69

Mid-dist

13.46±5.26

13.08±5.45

13.89±5.07

14.93±5.96

21.69±10.23

13.80±4.34

Dist

15.39±6.16

15.83±6.47

14.89±5.84

14.78±8.40

20.00±20.13

13.92±4.94

Prox

0.07±0.03

0.06±0.03 †

0.08±0.03

0.07±0.02

0.05±0.02

0.07±0.02

Mid-prox 0.07±0.03

0.06±0.02

0.07±0.03

0.06±0.02

0.07±0.02

0.06±0.02

Mid-dist

0.05±0.02

0.05±0.02

0.06±0.02

0.06±0.02

0.05±0.01

0.06±0.02

Dist

0.06±0.02

0.05±0.02

0.06±0.02

0.06±0.02

0.05±0.01

0.06±0.02

Prox

54.73±45.17 *

44.13±34.20 †

66.69±52.95

122.53±103.97

53.32±58.97

134.07±106.14 †

Mid-prox 38.55±31.24 *

32.50±23.73 †

45.38±37.12

84.05±71.55

49.40±55.62

89.83±73.23 †

Mid-dist

24.09±21.69 *

19.96±16.91 †

28.75±25.48

51.04±52.25

37.92±44.56

53.23±53.95 †

Dist

16.19±15.88 *

12.85±14.89 †

19.96±16.31

31.50±40.66

21.39±19.60

33.18±43.25

Prox

13.52±11.92

8.58±8.90 †

19.09±12.53

13.85±7.10

9.95±2.65

14.50±7.43

Mid-prox 10.89±10.11

6.97±6.82 †

15.31±11.40

11.94±6.44

5.92±12.95

12.95±6.35

Mid-dist

7.74±7.42

5.59±5.86 †

10.15±8.27

9.56±5.70

6.10±2.91

10.13±5.89

Dist

6.21±6.59

4.43±4.95 †

8.22±7.62

7.15±5.02

4.91±3.33

7.53±5.20

Prox

0.38±0.16

0.42±0.15 †

0.35±0.16

0.39±0.18

0.28±0.07

0.41±0.19

Mid-prox 0.42±0.21

0.47±0.21 †

0.37±0.19

0.37±0.17

0.31±0.16

0.38±0.16

Mid-dist

0.46±0.25

0.52±0.27 †

0.39±0.21

0.39±0.25

0.28±0.07

0.40±0.27

Dist

0.48±0.22

0.52±0.22

0.43±0.21

0.45±0.23

0.30±0.06

0.47±0.24

Prox

0.27±0.16

0.32±0.16 †

0.21±0.15

0.24±0.12

0.19±0.05

0.25±0.12

Mid-prox 0.32±0.20

0.38±0.20 †

0.25±0.19

0.23±0.13

0.22±0.13

0.24±0.13

Mid-dist

0.37±0.25

0.44±0.27 †

0.30±0.20

0.27±0.23

0.19±0.07

0.28±0.24

Dist

0.41±0.22

0.46±0.22 †

0.36±0.22

0.35±0.22

0.23±0.07

0.37±0.23

Prox

0.09±0.07 *

0.08±0.06

0.09±0.07

0.18±0.15

0.07±0.08

0.19±0.15 †

Mid-prox 0.08±0.06 *

0.07±0.06

0.08±0.06

0.13±0.11

0.09±0.13

0.13±0.10 †

Mid-dist

0.05±0.05 *

0.04±0.05

0.05±0.04

0.09±0.11

0.07±0.08

0.09±0.11 †

Dist

0.04±0.04

0.03±0.04

0.04±0.03

0.06±0.09

0.03±0.04

0.07±0.09
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Table S2. Flow dynamics along the aortic arch (proximal to distal slices) in bicuspid aortic valve and
age-matched tricuspid valve subjects per arch dilation. Statistical significance (p<0.05) is indicated: *
TAV vs BAV, † comparing dilated vs non-dilated counterpart.
TAV

Vmax (cm/s)

Jet Angle (º)

Norm Disp

IRF

(cm2/s)

SFRR (%)

WSSmag,avg

WSSax,avg

(N/m2)

(N/m2)

WSScirc,avg (N/m2)

BAV per arch dilation

Arch slices ALL (n=45)

Healthy (n=24) Dilated (n=21)

Prox

106.58±37.53

110.98±31.70

101.55±43.52

104.38±30.06 99.50±28.96

108.11±30.57

Mid-prox

108.03±36.27

113.28±30.78

102.02±41.64

102.31±30.47 100.17±28.07

103.94±32.30

Mid-dist

106.71±37.44

109.73±32.28

103.25±43.15

102.06±32.86 100.21±29.88

103.47±35.14

Dist

103.40±36.35

107.56±32.75

98.63±40.36

100.97±31.75 99.04±24.78

102.44±36.31

Prox

13.87±4.97

14.16±4.65

13.55±5.42

15.69±7.13

14.76±7.45

16.40±6.84

Mid-prox

13.69±5.03

14.07±4.92

13.25±5.23

15.11±6.37

14.34±6.99

15.69±5.84

Mid-dist

14.82±5.98

15.83±5.08

13.66±6.81

13.83±5.45

13.80±6.30

13.86±4.77

Dist

13.48±4.70

14.01±4.58

12.87±4.87

15.24±6.76

16.18±8.10

14.52±5.50

Prox

0.05±0.02 *

0.05±0.02 *

0.04±0.01 *

0.07±0.03

0.06±0.03

0.07±0.03 †

Mid-prox

0.05±0.01 *

0.05±0.01 *

0.05±0.02 *

0.07±0.03

0.06±0.02

0.07±0.03 †

Mid-dist

0.05±0.02

0.05±0.02

0.05±0.01 *

0.06±0.02

0.05±0.02

0.06±0.02

Dist

0.04±0.01 *

0.04±0.02 *

0.04±0.01

0.06±0.02

0.05±0.02

0.06±0.02

Prox

30.04±34.93 * 28.28±27.92 *

32.04±42.19 * 71.83±71.06

44.90±36.04

92.36±83.58 †

Mid-prox

30.07±35.08 * 27.58±27.05

32.92±43.00 * 50.03±48.77

33.91±27.11

62.31±57.51 †

Mid-dist

27.24±33.61

25.13±28.48

29.65±39.26

30.89±34.04

21.46±20.33

38.08±40.27 †

Dist

22.03±25.26

20.58±20.12

23.69±30.53

20.05±25.27

13.56±15.26

25.00±25.27 †

Prox

10.50±10.98

6.91±8.73

14.60±12.03 † 13.60±10.88

8.69±8.55

17.34±11.04 †

Mid-prox

8.76±8.29

6.18±7.07

11.70±8.76 †

11.16±9.30

6.88±6.57

14.41±9.79 †

Mid-dist

7.06±5.80

5.29±4.64

9.09±6.41 †

8.20±7.04

5.64±5.66

10.15±7.40 †

Dist

5.42±4.70

4.60±4.09

6.36±5.26

6.45±6.22

4.47±4.81

7.96±6.77 †

Prox

0.39±0.21

0.46±0.18

0.31±0.21 †

0.39±0.17

0.40±0.15

0.37±0.18

Mid-prox

0.39±0.21

0.48±0.20

0.30±0.18 †

0.41±0.20

0.45±0.21

0.37±0.19 †

Mid-dist

0.42±0.21

0.49±0.21

0.34±0.17 †

0.44±0.25

0.50±0.27

0.39±0.23 †

Dist

0.43±0.20

0.50±0.20

0.35±0.19 †

0.47±0.22

0.50±0.22

0.45±0.22

Prox

0.31±0.19

0.38±0.18

0.22±0.18 †

0.26±0.15

0.31±0.16

0.23±0.14 †

Mid-prox

0.31±0.20

0.40±0.20

0.21±0.15 †

0.30±0.19

0.36±0.20

0.25±0.17 †

Mid-dist

0.34±0.20

0.42±0.21

0.26±0.16 †

0.35±0.25

0.42±0.27

0.29±0.22

Dist

0.37±0.20

0.43±0.20

0.29±0.18 †

0.40±0.22

0.44±0.22

0.36±0.22

Prox

0.05±0.07 *

0.05±0.05

0.05±0.08 *

0.11±0.10

0.08±0.06

0.13±0.12 †

Mid-prox

0.06±0.07 *

0.06±0.06

0.06±0.08 *

0.09±0.08

0.07±0.06

0.10±0.09

Mid-dist

0.06±0.07

0.06±0.08

0.05±0.07

0.06±0.07

0.05±0.05

0.07±0.08

Dist

0.05±0.05

0.05±0.04

0.05±0.06

0.04±0.06

0.03±0.04

0.05±0.06
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ALL (n=111)

Non-dilated (n=48) Dilated (n=63)

