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ARTICLE INFO ABSTRACT

Keywords: Background: Aortic dilation is seen in pediatric/young adult patients with bicuspid aortic valve (BAV), and
Bicuspid aortic valve hemodynamic markers to predict aortic dilation are necessary for monitoring. Although promising hemody-
4D flow MRI namic metrics, such as abnormal wall shear stress (WSS) magnitude, have been proposed for adult BAV patients
Pediatrics using four-dimensional (4D) flow cardiovascular magnetic resonance, those for pediatric BAV patients have less

Congenital heart disease

S frequently been reported, partly due to scarcity of data to define normal WSS range. To circumvent this chal-
Aortic dilation

lenge, this study aims to investigate if a recently proposed 4D flow-based hemodynamic measurement, abnormal
flow directionality, is associated with aortic dilation in pediatric/young adult BAV patients.

Methods: 4D flow scans for BAV patients (< 20 years old) and age-matched controls were retrospectively en-
rolled. Static segmentation for the aorta and pulmonary arteries was obtained to quantify peak systolic hemo-
dynamics and diameters in the proximal aorta. In addition to peak velocity, WSS, vorticity, helicity, and viscous
energy loss, direction of aortic velocity and WSS in BAV patients were compared with that of control atlas using
registration technique; angle differences of > 60 deg and > 120 deg were defined as moderately and severely
abnormal, respectively. The association between the obtained metrics and normalized diameters (Z-scores) was
evaluated at the sinotubular junction, mid-ascending aorta, and distal ascending aorta.

Results: Fifty-three BAV patients, including 18 with history of repaired aortic coarctation, and 17 controls were
enrolled. Correlation between moderately abnormal velocity/WSS direction and aortic Z-scores was moderate to
strong at the sinotubular junction and mid-ascending aorta (R = 0.62-0.81; p < 0.001) while conventional
measurements exhibited weaker correlation (|R| = 0.003-0.47, p = 0.009-0.99) in all subdomains.
Multivariable regression analysis found moderately abnormal velocity direction and existence of aortic regur-
gitation (only for isolated BAV group) were independently associated with mid-ascending aortic Z-scores.
Conclusion: Abnormal velocity and WSS directionality in the proximal aorta were strongly associated with aortic
Z-scores in pediatric/young adult BAV patients.

Abbreviations: AAo, ascending aorta; BAV, bicuspid aortic valve; CMR, cardiovascular magnetic resonance; CoA, coarctation of aorta; PCMRA, phase-contrast
magnetic resonance angiography; STJ, sinotubular junction; WSS, wall shear stress; 4D, four-dimensional; 3D, three-dimensional; IRB, institutional review board; RL,
right-left; RN, right-noncoronary; LN, left-noncoronary
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1. Introduction

Bicuspid aortic valve (BAV) is one of the most common congenital
heart defects, affecting 1%-2% of population and patients are more
likely than the general population to have aortic dilation of the as-
cending aorta (AAo) [1]. Given the need to monitor the rate of aortic
dilation and a higher risk of aortic dissection, lifelong imaging sur-
veillance is recommended in adults who have aortic root, AAo, or both
greater than 4.0 cm in diameter [2,3].

While the genetic origin of BAV remains a commonly considered
factor associated with aortic dilation, hemodynamics have also been
shown to play a crucial role in risk stratification of adult BAV patients
[4]. In this context, the quantification of hemodynamics in the aorta has
been conducted using time-resolved, three-dimensional phase-contrast
cardiovascular magnetic resonance (4D flow CMR) imaging [5,6].
Specifically, recent 4D flow CMR studies have demonstrated strong
evidence that abnormally elevated wall shear stress (WSS) magnitude is
a promising biomarker predictive of aortic dilation and aortic wall
tissue degradation in adult BAV patients [7-9].

Although aortic growth is more stable and the fatal events are less
likely to occur compared to adults, aortic dilation is also present in
many pediatric/young adult BAV patients [10,11]. In addition, co-
morbidities frequently seen in pediatric BAV patients, such as Turner
syndrome or coarctation of the aorta (CoA), may affect underlying
tissue biomechanics and thus aortic growth rates. Therefore, risk stra-
tification to predict aortic dilation is also desired in pediatric cohort.
For example, prior echocardiographic studies found aortic valve dys-
function (aortic valve stenosis and regurgitation) was associated with
increased aortic growth in pediatric BAV patients [12,13]. However,
these studies also mentioned those with normally functioning BAV had
aortic dilation as well, suggesting the importance of routine monitoring
regardless of valve dysfunction and the possible existence of other
predictive biomarkers, such as abnormal WSS magnitude, as shown in
the adult population. However, the wide variability in body size and
limited amount of 4D flow CMR data available for healthy pediatric
control data make it difficult to define normal physiologic WSS ranges
as has been done in adults [7], and thus to identify abnormal WSS
magnitude in pediatric population.

Patients with 4D _
flow CMR — B'Az\’(lf?gg;\ts
(N=669)
tl EEEEEN ’
Pediatric/young
adult BAV
(N=108)
Data quality I
(N=35) *

Complex Cases/ |lll-...>

Turner
(N=14)

4........

v

Journal of Cardiovascular Magnetic Resonance 26 (2024) 101102

A recent adult study proposed the concept of abnormal WSS “di-
rectionality” to quantify disturbed flow in the aorta of BAV patients and
found a good correlation between abnormal directionality and aortic
diameter [14]. Given the dearth of normative data for the pediatric
cohort due to the variation of WSS magnitude with age and size, we
hypothesize this concept of “abnormal directionality” may be applic-
able to pediatric/young adult BAV patients. Thus, the aim of this study
is to investigate if abnormal directionality of blood flow obtained from
4D flow CMR is associated with aortic dilation in pediatric patients with
BAV.

2. Methods
2.1. Study cohort

With institutional review board (IRB) approval and waiver of con-
sent for this retrospective study, 4D flow CMR exams of pediatric/
young adult BAV patients (< 20 years old) were queried for inclusion in
our study using a CMR database at Children’s Hospital Colorado
(Aurora, Colorado, USA). Fig. 1 shows the data collection process. Ex-
clusionary criteria were (1) suboptimal 4D flow quality (e.g., severe
aliasing that was uncorrectable in post-processing), (2) aortic valve
surgery, (3) confirmed genetic defects, and (4) complex disease/circu-
lation, such as Fontan. The final cohort was classified into two groups
according to the existence of repaired CoA (BAV and CoA-BAV groups)
[15,16]. Patients with concomitant valve anomalies (aortic stenosis
and/or regurgitation) had their severity determined based on maximum
velocity or regurgitant fraction at the aortic valve. This information was
obtained from CMR (for regurgitant fraction) or echocardiography (for
maximum velocity) reports, and the criteria for severity were similar to
that used in a previous study [17]. For maximum velocity, when a
same-day echo study was not available, the one closest to the CMR
study date was chosen.

The CMR database was also queried for 4D flow scans of pediatric
and young adult patients and volunteers (< 20 years old) to create an
age-matched control atlas, which was used to determine normal flow
characteristics (including directionality). Clinically indicated scans
were included only when no cardiovascular/genetic abnormalities were

Fig. 1. Retrospective collection of 4D flow
cardiovascular magnetic resonance (CMR)
data. Bicuspid aortic valve (BAV) patients were
identified from our 4D flow database
(N = 669). Out of 108 pediatric/young adult
BAV patients, those who underwent Fontan/
Norwood/Ross surgeries (N = 6), data with
quality issues, such as phase data with un-
correctable aliasing, were excluded (N = 35).
After further exclusion of complex congenital
heart defects and genetic defects (Turner syn-
drome, N = 12; hypoplastic left heart syn-
drome with patent ductus arteriosus, N = 1;
double outlet right ventricle, N = 1), 35 BAV
patients and 18 BAV patients with coarctation
were finally included in this study. 4D four
dimensional
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noted in the electronic health records and subjects were retrospectively
included with IRB approval and waiver of consent. Healthy volunteer
data were included via a prospective IRB-approved protocol and in-
formed consent was obtained from the parent or legal guardian. Subject
demographics were obtained from CMR reports and the CMR research
database.

2.2. 4D flow CMR protocol

4D flow CMR data for patients and those with suspected cardio-
vascular anomalies were acquired as part of a clinically indicated
scan protocol after administration of a gadolinium-based contrast
agent. Patients were scanned on a Philips Ingenia 1.5T or 3T system
(Philips Healthcare, Best, Netherland) using a standard 4D flow CMR
protocol at our institution consisting of a retrospective electro-
cardiogram-gated and gradient recalled echo sequence with a sa-
gittal-oblique orientation covering the whole heart and great vessels.
Typical scan settings were: 3-4 X SENSE (2 X in phase, 1.5-2 X in
slice), flip angle = 14°, voxel size = 2.5 X 2.5 X 2.5mm, velocity
encoding = 150 cm/s, number of temporal phases = 18. When ne-
cessary, the settings were adjusted by the magnetic resonance ima-
ging technologist to avoid artifacts (Table 2). All data were acquired
during free breathing with a respiratory navigator placed on the
lung-liver interface. Volunteers were scanned with the same condi-
tions, without the use of contrast agents.

2.3. Post-processing and diameter/hemodynamic measurement on 4D flow
CMR

The 4D flow data were pre-processed to remove phase offsets
caused by eddy currents, background noise was masked, and aliased
voxels were unwrapped using a custom MATLAB tool (MATLAB
R2021a, MathWorks, Natick, Massachusetts) [18]. A three-dimen-
sional (3D) phase-contrast magnetic resonance angiography
(PCMRA) dataset was then computed from the magnitude and phase
images (Fig. 2A). Based on the PCMRA, the aorta and pulmonary
arteries were either labeled using a manual segmentation approach
(for those who were already analyzed by human observers, i.e., T.F.,
5years of experience or A.B., with supervision by T.F.) or with a
previously validated convolutional neural network [19,20]. Seg-
mentation of all the subjects was visually inspected and corrected, if
necessary, by an expert observer (T.F.) using 3D Slicer [21]. Seg-
mentation of the aorta included the aortic valve, AAo, aortic arch,
descending aorta as well as three branches at the arch, and was used
to mask surrounding organs. Pulmonary arterial segmentation was
used as a landmark to determine the aorta diameter measurement
locations. The aortic centerline was computed from the aortic seg-
mentation using the vascular modeling toolkit [22].

B. Diameter measureme
locations

A. PC-MRA
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In addition to the acquired velocity data, peak systolic WSS, vorti-
city, normalized helicity density, and viscous energy loss were calcu-
lated using custom MATLAB tools [5,23-29]. To investigate the asso-
ciation between local hemodynamics and aortic diameter, diameter at
the sinotubular junction (STJ, above the sinus of valsalva), mid-AAo (at
the level of the right pulmonary artery), and distal-AAo (before the
brachiocephalic artery) was measured based on the aortic segmentation
and planes placed on the aortic centerline at 1 mm intervals (Fig. 2B)
[30,31]. Planes at these three positions were manually chosen, and the
diameters D were approximated as [32]:

[A

D=2 M
where A is the cross-sectional area of the vessel lumen. For diameter
measurement, the aortic segmentation was up-sampled by a factor of 2
using linear interpolation. The measured diameter was normalized with
Z-scores using echocardiography reference values and their regression
equations [33]. To validate the PCMRA diameter measurement, the
mid-AAo diameter measurements were compared to those in the CMR
reports, which were obtained from cine steady-state free precession
images orthogonally oriented to the AAo and contrast-enhanced mag-
netic resonance angiography (MRA) when cine steady-state free pre-
cession was unavailable.

2.4. Atlas-based flow directionality computation

The presence of abnormal directionality for velocity and WSS was
measured according to the method proposed by van Ooij et al. (Fig. 3)
[14]. This approach involved two steps: obtaining cohort-averaged
normal directionality from controls (using the control atlas) and de-
tecting abnormal directionality for individual BAV patients based on
the control atlas. The averaged aortic geometry of the controls was first
obtained by registration of the aortic segmentation with a degree of
freedom (dof) of 3 (translation). Peak systolic velocity and WSS of each
control were then mapped onto the averaged aortic geometry using
affine registration (dof = 12) and trilinear interpolation was used to get
cohort-averaged velocity and WSS vectors in the aorta. This control
atlas was then registered to each patient’s aortic geometry using affine
transformation to map cohort-averaged velocity and WSS of controls
onto patient’s aorta. Finally, angle differences of velocity/WSS vectors
between the control atlas and each patient were computed on a voxel-
by-voxel basis. According to the previous study, angle differences larger
than 60 deg but less than 12 deg were defined as moderately abnormal
direction, while differences larger than 120 deg were defined as se-
verely abnormal direction [14]. This led to a directionality map having
three categorical values (normal, moderately, and severely abnormal
directions) at each voxel over the aorta for each individual patient. A
custom MATLAB tool was used for this analysis.

Distal AAo

Velocity_aorta [m/s]

Mid AAo 0.75

0.00
C. Flow quantification

locations

Fig. 2. Analysis strategy for diameter/flow measurements using 4D flow cardiac magnetic resonance. (A) A typical phase-contrast magnetic resonance angiography
(PCMRA) image used for aortic segmentation. (B) After planes were placed along the aortic centerline, sinotubular junction (STJ), mid-ascending aorta (AAo), and
distal-AAo were determined. (C) Based on the landmarks specified, planes were divided into three domains and averaged hemodynamics were used to investigate the

correlation between hemodynamics and diameters. 4D four dimensional
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Fig. 3. Computation of abnormal flow directionality using control atlases. Aortic segmentations of controls were registered to determine averaged shape. Velocity
and wall shear stress (WSS) vectors of the controls were mapped to the average geometry by affine registration and mean vectors were calculated at all the voxels of
the aorta to create control atlas. The control atlas was then registered by affine registration to each bicuspid aortic valve (BAV) patient to calculate angle differences
of the velocity/WSS vectors on patient’s aortic geometry, with angle difference > 60 deg and > 120 deg defined as moderately and severely abnormal, respectively
(yellow and red volumes in the directionality map). Examples showing the peak systolic streamlines illustrate the distinct difference in flow directions in the regions

where abnormal directionality was detected
2.5. Subdomain analysis for the obtained hemodynamics

To investigate the association between local aortic diameter and the
calculated aortic hemodynamics, the AAo and planes placed for dia-
meter measurements were divided into three subdomains according to
the three diameter measurement locations (Fig. 2C). The hemodynamic
markers and directionality maps were interpolated onto the planes
using trilinear interpolation. The in-plane hemodynamic markers and
directionality maps were then averaged at the aortic subdomains to
investigate their correlation to the local aortic Z-scores. Since direc-
tionality maps have categorical values, the moderately and severely
abnormal directions were evaluated separately; the “occurrence” of
moderately/severely abnormal directionality ranging from 0 (no ab-
normally directed vectors in the plane) to 1 (abnormal at all the ele-
ments in the plane) was computed for moderately/severely abnormal
directions.

2.6. Statistical analysis

A Shapiro-Wilk test was used to check normality. Results are shown
by means + standard deviations or medians [interquartile ranges]
depending on the normality of the data. A one-way analysis of variance
or Kruskal-Wallis test was used with Bonferroni correction for com-
parison across all the cohorts. An unpaired t-test or Wilcoxon rank-sum
test was used for comparison between BAV and CoA-BAV cohorts and
between different valve phenotypes (right-left coronary cusp fusion
[RL]- and right-noncoronary cusp fusion [RN]-fusion types). Pearson
correlation and Bland-Altman analysis were used for comparison of
diameters measured from 4D flow and those reported in CMR reports.
Pearson correlation analysis was also employed to investigate the

association between aortic Z-score and all the hemodynamic metrics
obtained and was determined to be strong, moderate, or weak when the
correlation coefficients were |r|=0.7, 0.4 <|r| < 0.7, and
0 < |r| < 0.4, respectively. A multivariable linear regression with
backward elimination was conducted using hemodynamic markers
significantly correlating with AAo Z-scores as independent variables.
Previously reported predictors for aortic dilation (existence of aortic
stenosis or regurgitation and AAo peak velocity [12,13,16]) were also
included and multicollinearity was checked. p < 0.05 was considered
statistically significant. MATLAB R2021a and R 4.3.1 were used for
statistical analysis.

3. Results
3.1. Subject demographics

Out of 108 potentially eligible pediatric/young adult patients with
BAV, 55 patients were excluded (35 cases with uncorrectable aliasing in
the AAo, 6 patients status post aortic valve surgeries, 14 complex cases
such as patent ductus arteriosus, double outlet right ventricles, Turner
syndrome; Fig. 1). Thus, 35 BAV and 18 CoA-BAV were included for
analysis. Tables 1 and 2 summarize subject demographics and scan
parameters. Mean ages were 15.0 = 3.5, 15.4 = 2.6, and
13.6 + 3.2years old for BAV, CoA-BAV, and control groups, respec-
tively (p = 0.20). Right-left coronary, right-noncoronary, and left-
noncoronary cusp fusions were seen in 60% (21/35), 26% (9/35), and
3% (1/35) of BAV, and 83% (15/18), 6% (1/18), and 0% (0/18) of
CoA-BAV groups. Unicuspid aortic valve was reported in 11% (4/35) of
the cases for both groups. Aortic stenosis was seen in 43% (15/35) of
BAV and 28% (5/18) of CoA-BAV, whereas aortic regurgitation was
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Table 1
Subject demographics.
Controls (N=17) BAV (N=35) CoA-BAV (N=18) P
Female (%) 8 (47) 9 (26) 4 (22)
Age at scan (y) 13.6 = 3.2 15.0 = 3.5 154 + 2.6 0.20
Height (m) 1.57 = 0.15 1.57 = 0.21 1.67 = 0.14 0.20
Weight (kg) 56.0 = 22.0 52.0 = 19.1 64.1 = 21.5 0.14
BSA (m?) 1.5 * 0.4 15 + 0.4 1.7 = 0.3 0.19
Valve phenotype N (RL/RN/LN/unicuspid) - 21/9/1/4 15/1/0/2 -
Aortic stenosis N (%) 15 (43) 5 (28)
Mild 9 (26) 3(17)
Moderate 1(3) 2(11)
Severe 2(6) 0(0)
Aortic regurgitation N (%) 15 (43) 2(11)
Mild 13 (37) 2 (11)
Moderate 2(6) 0(0)
Severe 0(0 0(0)
Aortic Z-scores (measured on PCMRA)
STJ -0.8 = 1.1 15 + 1.4 0.5 + 1.4 < 0.001
Mid-AAo 0.8 + 1.0 35 + 15 23 + 1.2 < 0.001
Distal-AAo 0.7 =15 21 =14 0.8 + 1.3 < 0.001

BAYV bicuspid aortic valve, CoA coarctation, BSA body surface area, RL right-left coronary cusp fusion, RN right-noncoronary cusp fusion, LN left-noncoronary cusp
fusion, PCMRA phase-contrast magnetic resonance angiography, STJ sinotubular junction, AAo ascending aorta
Data are numbers (%) of cases or mean *+ standard deviation. Statistical significance is shown by bold numbers

present in 43% (15/35) and 11% (2/18), respectively. Out of 18 re-
paired coarctation patients, 7 had catheter intervention and the others
had surgery as the primary procedure. Three patients had stents at the
time of exams. Four patients had subsequent procedures for recurrent or
residual narrowing. One patient had significant residual coarctation at
the time of the scan, which was confirmed by phase-contrast analysis of
collateral flow and measurements. The mid-AAo diameter was not
available for one patient. The diameter Z-scores were significantly
different between control, BAV, and CoA-BAV groups except that no
significant difference was found for distal-AAo Z-scores between control
and CoA-BAV groups (Tables 1 and S1). Diameters measured using 4D
flow CMR exhibited good agreement with those reported in the CMR
radiologist reports as assessed by correlation (R = 0.94, p < 0.001),
with a bias and limits of agreement of —2.3 = 4.9 mm for 4D flow
CMR (Fig. S1).

3.2. Hemodynamics in the ascending aorta

Post-processing and flow analysis was successfully conducted for all
the patients and volunteers. Aliasing was found for 19 BAV and 11 CoA-
BAV patients. Of them, 11 BAV and 3 CoA-BAV patients had un-
correctable residual aliasing in the focal region immediately distal to
the aortic valve (i.e., in the vena contracta region) and hence these
patients were only included using the mid- and distal-AAo analyses
(omitting the aortic root region). Deep learning segmentation was
employed for 17 subjects (3 controls, 10 BAV, and 4 CoA-BAV patients).
A comparison of the hemodynamic markers between the BAV and CoA-

BAV groups is shown in Table 3. Severely abnormal direction of WSS at
the distal-AAo was not seen for 54% (19/35) and 83% (15/18) of BAV
and CoA-BAV and was removed from the results (Table S2). Sig-
nificantly higher mean velocity was found at distal-AAo in the CoA-BAV
group. CoA-BAV patients also had significantly larger normalized he-
licity density at the mid-AAo and the distal-AAo. At the mid-AAo, se-
verely abnormal direction was more often seen in the BAV group for
both velocity and WSS. Moderately abnormal direction of velocity was
more seen in the BAV group at the distal-AAo. Significant differences
were also detected in severely abnormal direction of velocity at the
distal-AAo, but the median values were low (< 0.01) in both groups.
Subgroup analysis based on valve fusion types found no significant
differences in any hemodynamic parameters between RN- and RL-fu-
sion types, except that WSS and normalized helicity density were sig-
nificantly larger and smaller in the RL-fusion group, respectively, at the
STJ (Table S3).

3.3. Correlation between aortic hemodynamics and diameter

Correlations between hemodynamics in the AAo and diameter Z-
scores are presented in Table 4. In the BAV group, no significant cor-
relations were found for WSS at all levels of the AAo. Similarly, other
conventional hemodynamic markers exhibited non-significant, weak
correlation, except that normalized helicity density showed significant,
moderate correlation with mid-AAo Z-scores. Conversely, moderately
abnormal directions of velocity and WSS had moderate to strong po-
sitive correlations with the Z-scores at the STJ and mid-AAo. Significant

Table 2
Typical scan settings.
Controls BAV CoA-BAV
Field strength (T) (3T/1.5T) 13/4 19/16 11/7
Echo time (ms) 2.4
Repetition time (ms) 4.1
Flip angle (deg) 7 7/14
Velocity encoding (cm/s) 150 150-350
Reconstruction temporal resolution (ms) 49 50 54
Voxel size (mm®) 23 x23x25 23 x23x25 24 x24x25

Acquisition matrix 100 x 100 x 44
Field of view (mm?) 230 x 230 x 110
Acquisition time (min) 5:05

112 x 112 x 45 128 x 128 x 50
258 x 258 x 113 307 x 307 x 125
4:48 5:49

BAV bicuspid aortic valve, CoA aortic coarctation
Data are numbers of cases or representative numbers for each parameter.
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Table 3

Hemodynamic metrics in the ascending aorta between groups.

Distal-AAo

Mid-AAo

STJ

Malone, K.C. Chatfield et al.

CoA-BAV
(N =18)

BAV
N

CoA-BAV
(N =18)

BAV
N

CoA-BAV
(N =15)

BAV

35)

= 35)

(N = 24)

0.004
0.

0.42 = 0.08

0.34 = 0.10

0.06
0.54

0.

0.39 = 0.08

0.34 = 0.08

0.37
0.

0.35 = 0.08

0.32 = 0.08

Velocity (m/s)

20

1.40 [1.20-1.50]

1.54 = 0.30
73 [68-88]

1.20 [1.10-1.58]

1.39 + 0.36
60 [49-79]

1.55 [1.2-1.8]
1.35 = 0.37
69 [59-79]

1.40 [ 1.13-1.78]

1.27 = 0.31
66 [56-75]

13
53

1.60 [1.30-1.90]

1.02 = 0.32
66 [59-76]

1.35 [1.15-1.50]

0.95 = 0.31
65 [53-76]

Peak velocity (m/s)

WSS (Pa)

0.15
0.06

43
38
02

0.

0.

0.54
0.35

Vorticity (1/s)

0.003
0.06
0.02

0.14 = 0.04

0. 0.05 = 0.11

0.12 = 0.06

0.05 = 0.10

0.04 = 0.06

0.02 = 0.06

Normalized helicity (-)

0.08 [0-0.15]

0.19 [0.13-0.39]
0.10 [0.02-0.19]
0.003 [0-0.04]

0.29

0.32 [0.18-0.41]
0.09 [0.02-0.17]
0.004 [0-0.008]

0.23 [0.16- 0.35]
0.23 [0.08-0.27]

21
56

0.

0.42 [0.27-0.61]
0.09 [0.07-0.14]
0.02 [0.01-0.04]
0.29 [0.15-0.35]
0.09 [0.05-0.20]

0.3 [0.20-0.51]

Viscous energy loss (W)

0.01 [0.002-0.08]

0 [0-0.001]

0.07

0.

0.10 [0.07-0.16]
0.04 [0.01-0.08]
0.24 [0.12-0.40]
0.10 [0.06-0.27]

Velocity direction (> 60 deg, < 120 deg)

Velocity direction (> 120 deg)

0.02
0.

0.02
0.11

0.02 [0.002-0.05]
0.37 [ 0.18-0.50]

0.03 [0-0.08]

0.15
0.76
0.77

0.03 [0-0.22] 06

0.22 [0.08-0.29]

0.27 [0.09-0.38]
0.001 [0-0.008]

WSS direction (> 60 deg, < 120 deg)

WSS direction (> 120 deg)

0.048

STJ sinotubular junction, AAo ascending aorta, BAV bicuspid aortic valve, CoA aortic coarctation, WSS wall shear stress

Data are shown by means * standard deviation or medians [interquartile range]. Statistical significance is shown by bold numbers
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but weak to moderate correlations were also found for the distal-AAo.
Severely abnormal direction of velocity had weak to moderate corre-
lation at the STJ and mid-AAo.

Similar results were found in the CoA-BAV group, showing mod-
erate to strong positive correlations for moderately abnormal direc-
tionality of velocity/WSS at the STJ and mid-AAo. However, severely
abnormal direction showed no significant correlations. Conventional
markers had non-significant, weak to moderate correlations with Z-
scores, except for peak velocities at the mid-AAo.

Fig. 4 shows correlation plots between diameter Z-scores and WSS
direction/magnitude at the mid-AAo for the BAV subgroup. No apparent
relationship was detected between WSS magnitude and AAo Z-scores.
WSS visualization for the three cases with different levels of Z-scores also
confirmed WSS magnitude was not necessarily associated with AAo Z-
scores. On the other hand, directionality of WSS exhibited a positive
correlation. The streamline visualization in Fig. 4 demonstrates a tran-
sition from normal to abnormal flow direction as Z-score increases.

Given the correlation analysis, moderately and severely abnormal
velocity/WSS direction as well as normalized helicity density were in-
cluded in the multivariable linear regression analysis for BAV group
while only moderately abnormal velocity/WSS direction was included
for the CoA-BAV group (Table 5). Strong multicollinearity was seen be-
tween moderately abnormal velocity and WSS directions (variance in-
flation factor > 5) and hence WSS and velocity, which had a weaker
correlation, were removed from independent variables of BAV and CoA-
BAV groups, respectively. Mid-AAo Z-scores were independently asso-
ciated with the existence of aortic regurgitation (p = 0.04) and moder-
ately abnormal velocity direction (p < 0.001) in BAV patients and with
moderately abnormal WSS direction (p < 0.001) for CoA-BAV patients.

4. Discussion

Given the difficulty of obtaining “normal” physiologic WSS magni-
tude values across a wide range of ages, and thus difficulty in identi-
fying when the hemodynamic forces on the aorta wall are “abnormal,”
this effort follows a method similar to van Ooij et al. to identify ab-
normal directionality of hemodynamic forces in a pediatric population
[14]. This study demonstrated abnormal directionality of velocity and
WSS was strongly correlated with proximal aortic Z-scores while con-
ventional hemodynamic markers presented weaker correlation. In ad-
dition, moderately abnormal velocity/WSS direction and aortic regur-
gitation were independently associated with mid-AAo Z-scores. These
results imply that abnormally directed flow may be a promising marker
to monitor aortic dilation in pediatric BAV patients in lieu of WSS
magnitude values.

Aortic flow in BAV patients is characterized by eccentric blood flow
in the aorta, which results in abnormal aortic WSS [1,6]. Therefore, in
adults, valve-dependent abnormal flow and WSS have been investigated
by 4D flow CMR and proposed as a factor triggering aortic dilation [5].
In particular, recent studies have found that abnormally elevated WSS
values are a key factor in initiating aortic dilation in adult BAV patients.
Guzzardi et al. and Bollache et al. used age-matched control atlases to
identify abnormally elevated WSS magnitude locations in the aorta and
found it was associated with abnormal biomechanics and aortic wall
tissue degeneration [8,34]. A 5-year follow-up 4D flow study further
demonstrated that the area of abnormally high WSS was also predictive
of aortic enlargement [7]. These recent findings provide convincing
evidence that abnormally hemodynamics can initiate wall tissue re-
modeling and subsequent aortic dilation.

Despite these novel findings in adult population, 4D flow studies in
pediatric BAV patients are scarce. Allen et al. conducted a cross-sectional
study for pediatric BAV patients, where peak velocity in the AAo was
associated with AAo WSS magnitude but no statistically significant cor-
relation was found between WSS magnitude and aortic Z-score, which is
in line with our study [16]. Another longitudinal study with up to 3.4-
year follow-up found AAo peak velocity was a predictor for aortic
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Table 4
Correlation coefficients (R) between aortic Z-scores at three levels and corresponding hemodynamics.

BAV STJ Mid-AAo Distal-AAo

(N =24) (N = 35) (N = 35)

R P R P R P
Mean velocity —0.003 0.99 0.05 0.78 0.24 0.17
Peak velocity 0.30 0.16 0.21 0.22 —0.005 0.98
WSS 0.19 0.37 0.22 0.20 0.14 0.43
Vorticity —0.05 0.80 —-0.08 0.64 0.25 0.14
Normalized helicity density —0.21 0.32 -0.44 0.009 —0.02 0.89
Viscous energy loss —0.06 0.80 0.07 0.68 —0.02 0.91
Abnormal velocity direction (moderate: > 60deg, < 120 deg) 0.77 < 0.001 0.81 < 0.001 0.38 0.02
Abnormal velocity direction (severe: > 120 deg) 0.57 0.004 0.37 0.03 —-0.11 0.54
Abnormal WSS direction (moderate: > 60 deg, < 120 deg) 0.62 0.001 0.69 < 0.001 0.42 0.01
Abnormal WSS direction (severe: > 120 deg) 0.40 0.06 0.36 0.03 - -
CoA-BAV STJ Mid-AAo Distal-AAo

(N =15) (N =18) (N =18)

R p R p R P
Mean velocity -0.15 0.60 0.06 0.82 -0.15 0.54
Peak velocity 0.26 0.35 0.47 0.048 0.43 0.08
WSS 0.01 0.97 0.26 0.29 —0.10 0.68
Vorticity 0.11 0.68 0.12 0.63 0.02 0.95
Normalized helicity density 0.12 0.68 —0.08 0.77 —0.03 0.91
Viscous energy loss —0.06 0.83 —0.08 0.76 0.01 0.96
Abnormal velocity direction (moderate: > 60deg, < 120 deg) 0.79 < 0.001 0.73 < 0.001 0.39 0.11
Abnormal velocity direction (severe: > 120 deg) 0.29 0.29 0.32 0.20 0.25 0.32
Abnormal WSS direction (moderate: > 60 deg, < 120 deg) 0.69 0.005 0.77 < 0.001 0.39 0.11
Abnormal WSS direction (severe: > 120 deg) 0.20 0.48 —-0.12 0.62 - -

BAV bicuspid aortic valve, CoA coarctation, WSS wall shear stress, STJ sinotubular junction, AAo ascending aorta
Note that 11 BAV patients and 3 CoA-BAV patients were removed from the analysis at the STJ domain due to localized severe aliasing at the aortic root. Statistical

significances are shown in bold numbers

dilation [17]. However, abnormal WSS magnitude for aortic dilation, the
most promising biomarker in adults, has not been investigated in pe-
diatric BAV patients. This is likely attributed to the larger variability in
body size in the pediatric population and difficulty in collecting healthy
volunteer 4D flow scans in pediatrics; this makes it challenging to define
normal range of WSS magnitude. This is important because the detection
of “abnormal” WSS magnitude relies on identifying when WSS is outside
of the 95% confidence interval for normal physiologic variation. For
example, van Ooij et al. compared abnormal WSS magnitude maps ob-
tained from age-matched and -unmatched atlases, concluding age-un-
matched atlases make the estimation of abnormal WSS magnitude maps
inaccurate due to variability of WSS with age and postulate that likely
the resulting age-related growth in aortic dimensions is responsible for
this inaccuracy [35]. This result underpins the importance of age- and
size-matched controls in estimating normal and abnormal WSS magni-
tude, as well as a critical challenge in pediatrics considering the need for
a large database of age- and size-matched healthy subjects. As such, the
use of an atlas-based approach to detect abnormal velocity directionality
has been proposed by van Ooij et al. to quantify abnormal flow such as
vorticity and helicity [14]. In contrast to the magnitude of WSS and
velocity, it is hypothesized that the directionality of the hemodynamic
forces may be less dependent on aortic size in controls. In an adult BAV
cohort, they demonstrated a correlation between the abnormal direction
and aortic diameter. Furthermore, abnormal directionality may be as-
sociated with abnormal WSS magnitude because both are induced by a
strong jet from the aortic valve. With these hypotheses in mind, we at-
tempted to apply the approach to a pediatric BAV cohort and found
strong correlation between abnormal direction of velocity and WSS and
aortic Z-scores. We were not able to confirm direct correlation between
abnormal WSS magnitude and directionality in this study because ab-
normal WSS magnitude is difficult to obtain in pediatrics as discussed
previously. Nonetheless, abnormal WSS directionality could be a surro-
gate of abnormal WSS magnitude and hence a good hemodynamic

marker for aortic dilation in pediatric BAV patients, where abnormal
WSS magnitude is less likely to be available.

As this is a cross-sectional study, care must be taken in the inter-
pretation of these results; it does not necessarily mean abnormal di-
rectionality is a predictor for aortic dilation. However, recent long-
itudinal 4D flow studies investigating the direction of WSS
demonstrated promising results. Minderhoud et al. used 4D flow CMR
of adult BAV patients to clarify WSS angle (angle deviation from the
aortic axis) was an independent predictor for aortic dilation, with im-
plying a potential role of the magnitude of WSS as well [41]. Guala
et al. focused on local hemodynamics and regional aortic growth and
showed an association between circumferential WSS and aortic growth
rate [36]. Their findings are in accordance with our results and do not
contradict our hypothesis that abnormal WSS magnitude is a key trigger
for aortic dilation and associated with abnormal direction of flow.

As already discussed, abnormal directionality was recently in-
troduced to quantify helical and vortical flow [14]. In the prior
study, a moderate correlation was found between severely abnormal
flow directionality and vortex scoring conducted by human ob-
servers, as well as a moderate correlation between abnormal flow
directionality and normalized helicity density. In our study, we
found a stronger correlation between moderately abnormal flow di-
rectionality and aortic Z-scores than severely abnormal flow direc-
tionality. This may indicate that helical features of the ascending
aortic flow are more associated with eccentric post-valvular flow
features, which have been associated with aortic wall degeneration
and hence aortic dilation [8,34,37].

Previous studies have found that the aortic growth rate in CoA-BAV
patients is slower than those with isolated BAV, and aortic diameter is
smaller in patients with CoA [14,38,39], which was also observed in our
study. Nonetheless, Blais et al. have found unrepaired CoA is associated
with progressive aortic growth, suggesting the importance of under-
standing hemodynamics in patients with BAV and CoA [13]. The strong
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Fig. 4. Correlation plots between mid-ascending aortic (AAo) diameter Z-scores and wall shear stress (WSS) (A: WSS magnitude, B: moderately abnormal WSS
direction) for the BAV subgroup. Peak systolic WSS magnitude and streamlines in the aorta are shown for three cases with different levels of Z-scores (a-c, red dots).
Representative flow/WSS directions at the AAo were illustrated by black dotted arrows. As the aortic Z-score increases, direction of AAo flow becomes more
abnormal due to vortical and/or helical flow while WSS magnitude varies independent of the aortic Z-score

Table 5
Multivariable regression analysis for mid-ascending aortic Z-score.

Coefficient

Standard error P

BAV
Existence of aortic stenosis -
Existence of aortic regurgitation 0.71
Peak velocity -0.48
Normalized helicity density -
Abnormal velocity direction (moderate) 11.40
Abnormal velocity direction (severe) -
Abnormal WSS direction (severe) -

CoA-BAV
Existence of aortic stenosis -
Existence of aortic regurgitation -
Peak velocity -
Abnormal WSS direction (moderate) 4.65

0.33 0.04
0.28 0.10

1.47 < 0.001

0.97 < 0.001

BAYV bicuspid aortic valve, CoA coarctation

Moderately abnormal wall shear stress (WSS) and velocity directions were excluded from independent variables for BAV and CoA-BAV groups, re-
spectively, as they exhibited multicollinearity with moderately abnormal velocity/WSS directions. Statistical significance is shown by bold numbers

correlation between the aortic Z-scores and flow directionality we found
implies the concept of flow directionality may help capture the key he-
modynamic features in CoA-BAV patients, but a dedicated study in-
vestigating how repaired and unrepaired CoA impact hemodynamics in
the aorta, including flow directionality, is necessary in this cohort.

5. Limitations
One limitation of this study is a selection bias due to retrospective

nature of this study. For example, most of those with moderate or se-
vere aortic stenosis were excluded due to severe velocity aliasing

covering the majority of the AAo region. This is probably the reason
why aortic stenosis, a previously reported predictor, was not associated
with aortic Z-score in our study [12,13]. To mitigate this bias as much
as possible, we included patients with aortic stenosis when flow at the
mid- and distal-AAo was measurable. Additional limitations include the
limited number of controls available for creating atlases (N = 17). As
mentioned previously, this is a common challenge with pediatric stu-
dies in which it is difficult to capture large numbers of age- and size-
matched healthy controls. Volunteers were scanned without the ad-
ministration of contrast agent. While this results in lower signal than
the patients who receive contrast, acceptable image quality can be
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achieved without contrast administration [40]. Additionally, it is not
likely that the “normal direction” vectors used to determine abnormal
directionality are grossly affected. Aortic diameters were obtained from
PCMRA. The regression analysis in our study found a reasonable
agreement between PCMRA and clinically reported diameters and a
previous study demonstrated good agreement between PCMRA and
contrast-enhanced MRA [32]. However, in this study, the Bland-Altman
plot shows some underestimation between PCMRA and clinically re-
ported diameters which need to be taken into consideration. Similar to
the characterization performed in the adult population from the Garcia
et al. study, future studies of the performance of image quality PCMRA-
based diameter are needed in pediatric populations. Last, although
subgroup comparison between different valve phenotypes was con-
ducted, there was heterogeneity in the number of subjects (RL-fusion:
68% (36/53), RN-fusion: 19% (10/53)). Effects of valve phenotype on
hemodynamics, including abnormal directionality, should also be
considered in future studies with sufficient number of subjects for both
fusion types.

6. Conclusion

In conclusion, this study found that an abnormal direction of velo-
city and WSS in the aorta was associated with AAo Z-scores in pedia-
tric/young adult BAV patients, suggesting abnormal directionality is a
promising hemodynamic parameter to research the potential role of
hemodynamics in the development of pediatric aortopathy.
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