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Aims Four-dimensional (4D) flow magnetic resonance imaging (MRI) was employed for the simultaneous assessment of
morphometry and flow parameters along the thoracic aorta to investigate associations between flow, age, aorta
diameter, and aortic valve morphology.

Methods
and results

One hundred and sixty-five subjects, 65 controls, 50 patients with bicuspid aortic valve (BAV), and 50 patients with a
dilated aorta, and a tricuspid aortic valve (TAV) underwent 4D flow MRI. Following 3D segmentation of the aorta, a
vessel centreline was calculated and used to extract aorta diameter, peak systolic velocity, and normalized systolic
flow displacement. Validation of 4D flow MRI-based morphometric measurements compared with manual diameter
measurements from standard contrast-enhanced MR angiography in 20 controls showed good agreement (mean
difference ¼ 0.4 mm, limits of agreement ¼+1.31 mm) except at the sinus of valsalva. BAV showed significant differ-
ences in average peak velocity (PV; P, 0.016) compared with TAV and controls between the left ventricle outflow tract
to sino-tubular junction (BAV: 1.3+ 0.3 m/s; TAV: 1.2+ 0.2 m/s; controls: 1.0+0.1 m/s) and the ascending aorta for
average normalized flow displacement (BAV: 0.11+0.02; TAV: 0.09+ 0.02; controls: 0.06+ 0.01, P , 0.016) despite
similar average aortic dimensions for BAV (37+ 1 mm) and TAV (39+1 mm). Multivariate linear regression showed a
significant correlation of maximal aortic diameter to age, PV, and normalized flow displacement (R2 ¼ 0.413,
P , 0.001).

Conclusion A single acquisition of 4D flow MRI characterized local morphological and haemodynamic differences between groups
along the aorta. BAV showed altered haemodynamics when compared with TAV in spite of having similar aorta dimen-
sions. Maximal aorta diameter was associated with age, PV, and normalized flow displacement.
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Introduction
There is considerable debate regarding the possible mechanisms
responsible for aortic dilatation in patients with tricuspid aortic
valve (TAV) and bicuspid aortic valve (BAV).1 In addition to a sus-
pected genetic component, there is increasing evidence that three-
dimensional (3D) flow pattern alterations in the ascending aorta are

common in BAV patients and possibly related to the development of
aortopathy.2,3 However, aortic morphometry and flow parameters
are separately measured in standard imaging protocols at specific ana-
tomic landmarks.4,5 For example, aortic morphometry is typically
assessed by echocardiography, computed tomography angiography,
or magnetic resonance angiography (MRA),4 while flow parameters
are assessed by echocardiography or two-dimensional (2D) flow
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magnetic resonance imaging (MRI).5 However, anatomic landmarks
and 2D planar reformatting are subject to observer variability and
lead to regional variations when measuring aortic size, the actual
location of peak velocity (PV),6–8 and normalized flow displacement.9

In this regard, the simultaneous assessment of aortic morphometry
and flow parameters may improve the monitoring of disease progres-
sion and clinical management.

Advanced four-dimensional (4D) flow MRI allows for the assess-
ment of 3D blood flow velocity with full volumetric coverage of the
thoracic aorta,10 and can be used to calculate 3D phase-contrast
angiograms (PC-MRA) to provide information on aortic size and
geometry. Therefore, the purpose of this study was to apply 4D
flow MRI for the simultaneous semi-automatic assessment of aorta
morphometry and flow parameters along the entire volume of the
thoracic aorta. The aim was to test the hypotheses that: (i) a 3D
PC-MRA computed from the 4D flow MRI exam can detect differ-
ences in aortic dimensions and haemodynamics throughout the
entire aorta in a single acquisition; (ii) BAV morphology will signifi-
cantly impact haemodynamic parameters compared with TAV pa-
tients with aortic dilatation; and (iii) changes in aortic dimensions
are associated with age and flow parameters.

Methods

Study population
An existing database of 199 subjects was queried to identify candidates
for study inclusion. A total of 165 subjects [65 healthy controls (age ¼
43+ 14 years, 25 females), 50 BAV patients (age ¼ 49+14 years, 12
females), and 50 TAV patients (age ¼ 61+14 years, 9 females) with a
dilated ascending aorta] were included in the study. Patients were en-
rolled using an IRB-approved retrospective chart review for those
who underwent a standard-of-care MRI between February and August
2014 for surveillance of aorta size. Patients were excluded if the data
were incomplete (4D flow data incomplete; n ¼ 4/69 controls) or if
the 3D PC-MRA was not calculated for further analysis at time when
data were collected (i.e. 3D segmentation cannot be perform, n¼ 12/62
for BAV and n ¼ 8/68 for TAV). BAV cases were identified using the
Sievers’s classification: BAV type 0 (no raphe) anteroposterior and

lateral, BAV type 1 (one raphe) with RL fusion pattern (raphe between
left coronary and right coronary sinuses) and RN fusion pattern (raphe
between right coronary and non-coronary sinuses), and BAV type 2/uni-
cuspid (two raphes) with RL/RN fusion patterns.11 All volunteers under-
went 4D flow MRI based on an IRB-approved protocol and informed
consent was obtained.

Magnetic resonance imaging
MRI was performed on 1.5 T (n ¼ 119) and 3 T (n ¼ 46) systems (Mag-
netom Aera and Skyra, Siemens AG, Erlangen, Germany). All subjects
underwent standard-of-care CMR of the thorax, including dynamic
2D cine steady state free precession imaging of the heart and aortic
valve. Research 4D flow MRI was acquired in a sagittal oblique 3D vol-
ume covering the thoracic aorta with prospective ECG-gating and a re-
spiratory navigator placed on the lung–liver interface.10 Pulse sequence
parameters were as follows: flip angle ¼ 158, spatial resolution ¼ 1.66–
2.81 × 1.66–2.81 × 2.2–3.7 mm3, temporal resolution ¼ 36.8–
43.2 ms. Velocity encoding was adjusted to minimize velocity aliasing
(1.5–4.0 m/s) based on the three-chamber view of in-plane standard
2D PC MRI scout images. 4D flow MRI acquisition times varied from
8 to 15 min. In 20 controls, the streamlined 3D PC-MRA morphometry
measurements were validated against the guideline recommendations
for manual measurement of aorta dimensions4 using a standard-of-
care contrast-enhanced MRA (CE-MRA) (Magnevist, Ablavar, Multi-
hance) using ECG-gated 3D fast low angle shot sequence (FLASH,
FOV ¼ 384 × 192–240, resolution ¼ 1.17–1.30 × 1.17–1.30 × 1.4–
1.8 mm3, flip angle ¼ 308).12

Novel 4D flow data analysis
All 4D flow MRI data were corrected for eddy currents, Maxwell terms,
and velocity aliasing using Matlab (Mathworks, Natick, MA, USA).13 The
3D PC-MRA was computed for each subject using the pre-processed

4D flow MRI data as given by IPC-MRA
i (�r ) = IMag

i (�r )
���������������∑

j=x,y,zv
2
j,i(�r )

√
,

where IMag
i is the magnitude image, �r is the spatial location within the

3D volume, v is the velocity-encoded image with j representing the vel-
ocity encoding direction in image coordinates (x, y, z), and i is the mea-
sured time frame within the cardiac cycle.10 The 3D PC-MRA data were
used to manually segment the aortic lumen in 3D (Mimics, Materialise,
Leuven, Belgium) (Figure 1A).14 A volume centreline (Figure 1B) was

Figure 1 Workflow for aortic diameter and flow parameters measurements. (A) 3D PC-MRA, which was used for aorta segmentation. (B) Cen-
treline calculation from the segmented volume and the anatomic landmarks definition along the centreline. (C ) Examples of plane generation along
the centreline. The generated planes were used to calculate aorta diameter, PV, and normalized flow displacement as it is shown in (D). All
measurements were normalized to standard landmarks distance.
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automatically calculated based on the aorta 3D segmentation15 (.250
nodes depending on the aorta length and morphometry). The 3D PC
MRI dataset was subsequently masked using the 3D segmentation.
The mean velocity was calculated over the masked volume along the
cardiac cycle and the peak systolic time point was identified at the max-
imal mean velocity. The centreline nodes were used to automatically
create analysis planes perpendicular to the vessel (Figure 1C) for the cal-
culation of diameter, normalized flow displacement and PV at the time-
point of peak systole. The vessel diameter for each plane was calculated
assuming a circular area. Flow displacement was defined as the distance
between the vessel centreline node and the forward velocity-weighted
centre of mass position and was normalized to the vessel diameter to
achieve the normalized flow displacement (Figure 2D).2,9 The PV was ex-
tracted using the velocity-weighted centre of mass location to avoid a
single velocity voxel measurement.

Standardized anatomic landmarks [left ventricle outflow tract
(LVOT), aortic sinus (SOV), sino-tubular junction (STJ), mid-ascending
aorta (MAA), brachiocephalic trunk (BCT), left subclavian artery, and
descending aorta (Dao), Figure 1B] were manually identified in each
case and used to normalize the measurements along the aorta centre-
line distance (Figure 1D). Aortic valve stenosis (PV) and regurgitation se-
verity (regurgitant fraction) were measured at the STJ plane and ranged
between mild (2.0–2.9 m/s), moderate (3.0–3.9 m/s), and severe
(.4.0 m/s).5 Aortic valve effective orifice area was calculated using
the jet shear layer detection method.8,16,17

The streamlined morphometry assessment strategy (3D segmenta-
tion, centreline generation, extraction of aortic diameters along cen-
treline) was validated in 20 controls in three steps: (i) by comparing
the automated centreline diameter (obtained from the 3D segmen-
tation of the CE-MRA) with manual diameter measurements of
the same CE-MRA at the anatomic landmarks using dedicated
multi-planar software (Vitrea Enterprise Suite 6.6.3, Toshiba Medical,
Rolling Meadows, IL, USA); (ii) by comparing automated 3D
PC-MRA-based morphometry assessment with manually measured
diameters at anatomic landmarks obtained from the clinical reference
standard CE-MRA; (iii) by comparing automated 3D PC-MRA-based

morphometry assessment with automated 3D CE-MRA-based
morphometry.

Statistical analyses
All continuous data are presented as mean+ standard deviation.
A Shapiro–Wilk test was used to evaluate normal distribution of mea-
sured parameters. The agreement between standard CE-MRA, CE-MRA,
and 4D flow MRA was assessed by Bland–Altman analysis, and the mean
difference and limits of agreement (+1.96 SD) were calculated. The aver-
age difference (in %) between methods was calculated. To compare aorta
diameters and haemodynamic parameters between healthy controls,
BAV, and TAV, a one-way analysis of variance (Gaussian distribution) or
Kruskal–Wallis (non-Gaussian distribution) was performed. If these tests
determined that a parameter was significantly different between groups
(P , 0.05), multiple comparisons for all groups were performed using
an independent-sample t-test (Gaussian distribution) or Mann–Whitney
test (non-Gaussian distribution). Bonferroni correction was used to ad-
just for multiple comparisons and the differences were considered signifi-
cant if P , 0.0166. Associations between aortic dimensions with age and
flow parameters were assessed by Pearson’s correlation. A correlation
was considered significant for P , 0.001 and R . 0.4.18 A multivariate lin-
ear regression was performed including significant Pearson’s correlations
and adjusted by age. Statistical analysis was performed using SPSS 17
(SPSS, Chicago, IL, USA).

Results

Study cohort
The demographics of the study cohort are summarized in Table 1.
Patients with TAV were significantly (P , 0.001) older than patients
with BAV. Left ventricular stroke volume was higher in BAV patients
than TAV (100+ 24 vs. 91+ 26 mL, P ¼ 0.007). Valve effective
orifice area was significantly smaller in BAV than TAV (2.0+ 0.7
vs. 2.5+ 0.8 cm2, P ¼ 0.001). The distribution of BAV fusion

Figure 2 Centreline plane-based measurements. (A) Analysis workflow, multiple analysis planes were created along the centreline to measure
vessel diameter and flow parameters, anatomic landmark planes are displayed for distance reference. (B) Example of manual measurement of
diameter using standard CE-MRA, this measurement was performed only in 20 cases for diameter validation and the larger diameter was used
for assessment. (C) Automatic measurement of diameters obtained from a plane based on the 3D CE-MRA segmentation (red line corresponds to
segmented vessel area), note that a circular cross section was assumed to back calculate diameter (d ). (D) Examples of flow displacement mea-
surements for symmetric and asymmetric flow profiles. The black dashed line corresponds to the vessel centreline. The normalized flow displace-
ment was calculated as the distance from the vessel centreline to the positive velocity-weighted centre of mass (black circle) normalized to the
vessel diameter. The corresponding equation is also shown in (D). MPA, main pulmonary artery.
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patterns was as follows: type 1 RL (n ¼ 30), type 1 RN (n ¼ 10),
BAV type 0 (n ¼ 4), and BAV type 2 (n ¼ 6). Aortic stenosis severity
was mild (n ¼ 14) and moderate (n ¼ 3) in 34% of BAV, and mild
(n ¼ 7) in 14% of TAV. Aortic regurgitation was present in
(n ¼ 12) 24% of BAV patients and in (n ¼ 11) 22% of TAV.

Validation of aortic diameter
measurement
Data processing and segmentation of 3D PC-MRA required 10–
20 min for each subject. As demonstrated by Bland–Altman analysis
(mean difference ¼ 0.4 mm, limits of agreement¼+1.31 mm, aver-
age difference ¼ 2+2%), aortic dimensions at anatomic landmarks
obtained by the clinical reference standard (i.e. manual measurements
based on 3D CE-MRA) were similar compared with the 3D CE-MRA
centreline-based calculations (Figure 3, Table 2). Similarly, the clinical
reference standard demonstrated good agreement with 3D PC-MRA
centreline-based calculation (mean difference ¼ 0.12 mm, limits
of agreement ¼+5 mm, average difference ¼ 7+6%, Table 2). Fur-
thermore, 3D CE-MRA-based diameters along the entire aorta were
similar compared with 4D flow MRI-derived dimensions with good
agreement between both techniques (mean difference¼ 0.11 mm,
limits of agreement ¼+ 2.22 mm, average difference ¼ 4+ 3%,
Table 2). Significantly lower diameters were found at the SOV between
3D PC-MRA-derived diameters and 3D CE-MRA (28+3 vs. 32+
5 mm, P , 0.05, Table 2).

Differences in aortic diameter and flow
parameters
Figure 4 depicts the distribution of aortic diameter (Figure 4A), PV
(Figure 4B), and normalized flow displacement (Figure 4C) along
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Figure 3 Validation of aorta diameter measurement based on
centreline planes. Aorta diameter determined by three different
methods: (i) manual measurements based on standard multi-
planar CE-MRA (black dots and bars representing mean and stand-
ard deviation), (ii) centreline-based automatic diameter detection
using PC-MRA (yellow dots and bars representing mean and
standard deviation), and (iii) centreline-based automatic diameter
detection using CE-MRA (grey dots and bars representing mean
and standard deviation) for 20 subjects were used to validate
centreline-based diameters. Red dots indicate significant differ-
ences (P , 0.05, independent-sample t-test) between centreline-
based CE-MRA and PC-MRA diameters.
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the aorta, normalized to the anatomic landmarks and averaged for
each cohort. The average aorta diameter in the ascending aorta,
from STJ to BCT, was significantly higher for BAV vs. control
(37+ 1 vs. 30+ 1 mm, P , 0.0166), and for TAV vs. controls
(39+ 1 vs. 30+ 1 mm, P , 0.0166). The maximal aorta diameter
was significantly higher in the ascending aorta, from STJ to BCT,
for BAV vs. controls (39+ 6 vs. 31+ 5 mm, P , 0.0166) and
TAV vs. controls (40+ 6 vs. 31+5 mm, P , 0.0166). The maximal
PV value along the centreline was located within the LVOT–STJ sec-
tion (1.1+ 0.3 m/s for controls, 1.4+ 0.5 m/s for TAV, and 1.6+
0.6 m/s for BAV, P , 0.0166 between all groups, Figure 4B). The
average PV in the LVOT to STJ section was significantly higher for
BAV vs. control (1.3+ 0.3 vs. 1.0+ 0.1 m/s, P , 0.0166), for TAV
vs. controls (1.2+ 0.2 vs. 1.0+0.1 m/s, P , 0.0166), and for BAV
vs. TAV (1.3+ 0.3 vs. 1.2+ 0.2 m/s, P , 0.016). In particular, four
BAV and one TAV cases presented discordances between valve
effective orifice area and PV. The average normalized flow displace-
ment (Figure 4C) from the STJ to BCT was significantly higher
for BAV vs. controls (0.11+ 0.02 vs. 0.06+ 0.01, P , 0.016), for
TAV vs. controls (0.09+ 0.02 vs. 0.06+ 0.01, P , 0.016), and for
BAV vs. TAV (0.10+ 0.02 vs. 0.09+ 0.02, P , 0.016). In addition,
the maximal normalized flow displacement was 75% higher in
BAV subjects and 85% higher in TAV subjects, when compared
with control subjects (P , 0.016).

Valve morphology impact on aortic
dimensions and haemodynamic patterns
The average aorta diameter was significantly larger in TAV patients
compared with BAV patients in the aortic arch (30+ 5 vs. 28+
4 mm, P , 0.016) and in the DAo (26+ 1 vs. 23+ 1 mm,
P , 0.016, Figure 4A). Also, the averaged normalized flow displace-
ment was significantly higher in BAV patients compared with TAV pa-
tients (0.09+0.01 vs. 0.07+0.01, P , 0.016) at the STJ section. The
BAV patient group with RL valve morphology showed a slightly bigger
maximal aortic diameter (37+ 4 vs. 36+ 6 mm) and PV (1.65+
0.63 vs. 1.53+0.46 m/s) than the patients with RN morphology, as
well as smaller maximal normalized flow displacement (0.11+0.05
vs. 0.13+0.07); however, no significant differences were found.

Aortic diameter associations with age
and flow parameters
Significant correlations of maximal aorta diameter with age
(r ¼ 0.52, P , 0.001) and PV (r ¼ 0.44, P , 0.001) could be de-
tected (Table 3). However, the correlations were mainly driven by
the control group for age (r ¼ 0.55, P , 0.001) and PV (r ¼ 0.45,
P , 0.001). Multivariate linear analysis (R2 ¼ 0.6, P , 0.001, Table 3)
shows that age and PV are correlated with maximal aortic diameter
size as adjusted by age.

Discussion
The main findings of this study were: (i) the presence of BAV signifi-
cantly impacted flow haemodynamic parameters, while ascending
aorta diameter between the BAV and TAV patient groups was simi-
lar; (ii) morphometric and haemodynamic differences in the aorta
can be detected using a single 4D flow MRI acquisition of the entire
aorta, except at the SOV; (iii) the maximum aorta diameter showed
a multifactorial association with age, PV, and normalized flow
displacement.

PC-MRA diameter validation and
centreline measurements
An important component of this study was the cross-validation of
3D PC-MRA with 3D CE-MRA and the use of standard-of-care mea-
surements made using multi-planar CE-MRA reconstruction. Previ-
ously, Bock et al.19 showed that the agreement of 3D PC-MRA with
CE-MRA improves with the use of contrast agent during acquisition,
and Strecker et al.20 demonstrated that scanner strength does not
affect derived 4D flow MRI calculations. This comparison was per-
formed using manual placement of single plane measurements in the
ascending aorta, aortic arch, and DAo. In the current study, we
found good agreement between 3D PC-MRA and CE-MRA using
the volumetric centreline method to automatically place multiple
analysis planes. The 3D PC-MRA centreline approach avoids the
time consuming process of manually aligning the measurement
planes by creating regularly spaced measurement slices, which are
automatically aligned orthogonal to the vessel of interest. User
interaction was reduced to involve only choosing the anatomic
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Table 2 Validation of aortic diameter measurements

Standardized
anatomic landmarks

Manual diameter from 3D
CE-MRA (mm)

Centreline diameter from
3D CE-MRA (mm)

Centreline diameter from
3D PC-MRA (mm)

Left ventricle outflow tract 24+2 26+5 28+2

Aortic sinus 32+3 32+5 28+3†

Sino-tubular junction 29+3 30+5 30+4

Mid-ascending aorta 30+4 30+5 32+5

Brachiocephalic trunk 28+4 28+4 29+4

Left subclavian artery 24+4 25+5 23+4

Descending aorta 22+4 22+4 21+3

All continuous data are presented as mean+ standard deviation.
†P , 0.05, P-value resulted from independent-sample t-test comparing centreline diameter from 3D PC-MRA vs. manual/centreline diameter from 3D CE-MRA diameter.
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Figure 4 Morphometric and haemodynamic measurements in the entire aorta. (A) Aorta diameter for healthy controls (grey dots and bars for
mean and standard deviation), patients with BAV (orange dots and bars for mean and standard deviation) and TAV patients (blue dots and bars for
mean and standard deviation). (B) PV for controls, patients with BAV and TAV. (C) Normalized flow displacement for controls, patients with BAV
and TAV. Orange dots indicate significant differences between controls and BAV patients. Blue dots indicate significant differences between con-
trols and TAV patients. Yellow dots indicate significant differences between BAV and TAV patients. P , 0.016, after Bonferroni correction.
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landmark locations, but a map of the parameter of interest can also
be produced at a user defined intervals along the vessel centreline
(Figure 1D). In contrast, most existing studies have evaluated volu-
metric MRA or 4D flow MRI data by multi-planar reconstruction
or the manual positioning of multiple 2D analysis planes along the
vessel of interest.6,21,22

Compared with the gold standard (manual CE-MRA diameter
measurements), we found that the approach presented here was ac-
curate at all landmark positions except at the SOV. We hypothesize
that the poor performance of the SOV measurements is due to
recirculating blood and low blood velocities in the sinus bulb region
as well as the aortic valve motion during the cardiac cycle reducing
the PC-MRA contrast. This causes intravoxel dephasing, low
signal-to-noise ratio, and ultimately a low PC-MRA signal, which
degrades the ability to perform 3D segmentation and extract
morphometric information. Future studies may consider using an
alternative approach to compute the PC-MRA, such as using the
complex difference signal.23 Nonetheless, we have shown that 4D
flow MRI-derived methods can be used to characterize the thoracic
aorta beyond the SOV region for BAV and TAV patients with aortic
dilatation. Further studies of the proposed strategy are required to
resolve measurements in the sinus region.

Size and haemodynamics by cohort
The BAV patient cohort was younger and trended toward having
smaller aortic diameters (although not significant) than our TAV
patient cohort with aortic dilatations. We suspect these cohort
characteristics were confounded by the cross-sectional enrolment
approach and the fact that MRI surveillance guidelines for BAV
patients dictate more frequent visits.5

In our study, PV was located in the proximal aorta (Figure 4B) and
showed a significant difference (P , 0.016) between groups. PV has
been previously reported to be located at the vena contracta within
the first 5–20 mm from the top leaflets of the aortic valve, depend-
ing on the anatomic valve area.8,24 Since standard 2D flow analysis is
generally performed using a single plane at specific locations, the site
of PV may not be properly interrogated, resulting in an underestima-
tion of true PV value, particularly with BAV patients due to eccentric
flow patterns and/or elevated helical flow.6,8,14 In this study, no
severe aortic stenosis cases were present. While the presence of
BAV increased the average PV between the LVOT and STJ (BAV
PV ¼ 1.3+ 0.3 m/s vs. TAV PV ¼ 1.2+ 0.2 m/s, P ¼ 0.0166), the
MAA from STJ to BCT were similar, despite diameter differences

(BAV max MAA ¼ 37+ 1 mm vs. TAV max MAA ¼ 39+ 5 mm,
P ¼ 0.61).

Normalized flow displacement has been recently proposed as a
haemodynamic biomarker in the assessment of BAV patients with
aortic dilatation.2,9,22 Sigovan et al.9 reported that normalized flow
displacement was significantly elevated in patients with markedly ec-
centric and moderate eccentric flow (0.18+ 0.03 vs. 0.12+ 0.05,
P , 0.04). In our study, the control group showed a maximal nor-
malized flow displacement of 0.06+ 0.08, compared with 0.13+
0.08 in BAV group and 0.14+ 0.09 in TAV group. These results
aligned with a moderate normalized flow displacement. In particular,
it should be notice that the measurement presented a large variabil-
ity which may be due to the spread of valve velocities and aortic
diameters included in both BAV and TAV groups.

Insights on BAV
Recent studies have demonstrated that the morphologic properties
of BAV valves can have abnormal transvalvular flow patterns result-
ing in a regional increase in wall shear stress.2,21,25 Given that wall
shear stress is known to affect mechanotrasduction pathways asso-
ciated with vessel wall remodelling, it is worth noting that BAV pa-
tients have a higher prevalence and faster rate of ascending aorta
dilatation with increased risk of dissection or rupture at younger
age compared with TAV patients with dilated ascending aortas.1,4

In this study, BAV significantly impacted flow haemodynamics in
the ascending aorta, as well as aortic diameter. It is possible that
the inclusion of flow parameters in the monitoring and management
of aortopathy may provide additional insight to this disease.26 In
addition, many efforts have been focused on classification schemes
based on histologic features, morphologic valve-fusion patterns, and
hierarchical cluster analysis.11,27– 29 The most common valve-fusion
patterns involve the right and left cusps with RL fusion pattern, re-
sulting from the fusion in an anterior–posterior leaflet orientation,
and RN fusion pattern, resulting from the fusion in a right–left leaflet
orientation.29,30 No significant differences were found between RL
and RN groups along the aorta in our study, which may be due to
the small cohort size of the RN group (n ¼ 10).

Study limitations
A main limitation of this study was related to the PC-MRA 3D seg-
mentation, which required a semi-manual interaction to identify the
vessel boundaries, and definition of vessel landmarks. The 3D
PC-MRA is partially derived from the sum of the squared velocity
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Table 3 Univariate and multivariate determinants of maximal aortic diameter over all groups

Univariate Multivariate

Std b coefficient+++++SE P-value Std b coefficient+++++SE P-value

Age (years) 0.52+0.03 ,0.001 0.43+0.07 ,0.001

PV (m/s) 0.44+0.79 ,0.001 0.33+0.07 ,0.001

Normalized flow displacement 0.36+4.83 ,0.001 – –

Std b coeff+ SE: standardized beta coefficient and standard error. P , 0.001 and R . 0.4 in the univariate models were the criterion for entry of the variable into the multivariate
model. The multivariable model overall adjusted R2 ¼ 0.6, P , 0.001.
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field and weighted by the magnitude images. Thus, the accurate
acquisition and pre-processing of the velocity field or magnitude
data are necessary to produce a suitable PC-MRA for analysis. In
this study, we excluded cases with missing PC-MRA calculation at
time of data collection and PC-MRA deemed unsuitable for anatom-
ic measurements. In particular, patients with severe aortic stenosis/
regurgitation may be difficult to automatically segment. However,
the semi-automatic approach used in this study allowed to cor-
rect the 3D segmentation. Even in suitable 3D PC-MRA, we found
that the SOV region was poorly resolved. This is due to complex re-
circulating velocities combined with intravoxel dephasing, which
leads to errors in the SOV diameter measurements compared
with the CE-MRA. It is important to note that the SOV diameters
are an important metric for the assessment of aortic dilatation. In
addition, it is important to notice that the validation of 3D PC-MRA
aorta morphometry using the standard-of-care 3D CE-MRA did not
take into account the wide variation in diameters encountered in pa-
tients. As it was mentioned previously, a potential solution may be
the use of the complex difference signal to compute the 3D
PC-MRA.23 In clinical practice, the low spatial resolution of MRI ac-
quisition is another important factor.31 Spatial resolution also affects
PV and normalized flow displacement calculation. An additional limi-
tation is the lack of the longitudinal outcome and aortic diameter
growth rate.

Conclusion
In conclusion, PV and flow displacement in BAV patients were differ-
ent from TAV patients, in spite of having similar mid-ascending aorta
diameter size. The maximum aorta diameter was also associated
with age, PV, and flow displacement. In addition, it has been shown
that morphological and haemodynamic measurements can be
obtained using a single acquisition of 4D flow MRI.
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