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Abstract

Background: Helices and vortices in thoracic aortic blood flow measured with 4D flow cardiovascular magnetic
resonance (CMR) have been associated with aortic dilation and aneurysms. Current approaches are semi-quantitative
or when fully quantitative based on 2D plane placement. In this study, we present a fully quantitative and three-
dimensional approach to map and quantify abnormal velocity and wall shear stress (WSS) at peak systole in patients
with a bicuspid aortic valve (BAV) of which 52% had a repaired coarctation.

Methods: 4D flow CMR was performed in 48 patients with BAV and in 25 healthy subjects at a spatiotemporal resolu-
tion of 2.5 x 2.5 x 2.5mm?>/~42 ms and TE/TR/FA of 2.1 ms/3.4 ms/8° with k-t Principal Component Analysis factor
R=28. A 3D average of velocity and WSS direction was created for the normal subjects. Comparing BAV patient data
with the 3D average map and selecting voxels deviating between 60° and 120° and > 120° yielded 3D maps and vol-
ume (in cm?) and surface (in cm?) quantification of abnormally directed velocity and WSS, respectively. Linear regres-
sion with Bonferroni corrected significance of P <0.0125 was used to compare abnormally directed velocity volume
and WSS surface in the ascending aorta with qualitative helicity and vorticity scores, with local normalized helicity
(LNH) and quantitative vorticity and with patient characteristics.

Results: The velocity volumes > 120° correlated moderately with the vorticity scores (R~0.50, P <0.001 for both
observers). For WSS surface these results were similar. The velocity volumes between 60° and 120° correlated moder-
ately with LNH (R=0.66) but the velocity volumes > 120° did not correlate with quantitative vorticity. For abnormal
velocity and WSS deviating between 60° and 120°, moderate correlations were found with aortic diameters (R=0.50—
0.70). For abnormal velocity and WSS deviating > 120°, additional moderate correlations were found with age and with
peak velocity (stenosis severity) and a weak correlation with gender. Ensemble maps showed that more than 60%

of the patients had abnormally directed velocity and WSS. Additionally, abnormally directed velocity and WSS was
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higher in the proximal descending aorta in the patients with repaired coarctation than in the patients where coarcta-

tion was never present.

Conclusion: The possibility to reveal directional abnormalities of velocity and WSS in 3D provides a new tool for

hemodynamic characterization in BAV disease.

Introduction

In the past decade, volumetric and time-resolved veloc-
ity and wall shear stress (WSS) measurements in the
thoracic aorta with 4D flow cardiovascular magnetic
resonance (CMR) have provided important insights in
the relationship between altered aortic hemodynamics
as a consequence of a bicuspid aortic valve (BAV) and
concomitant aortic dilation [1-6]. Crucial findings that
supported the link between altered hemodynamics and
aortopathy were the association of 4D flow CMR-derived
WSS with elastic fiber degeneration, extracellular matrix
dysregulation and aortic wall stiffness [7, 8]. Conse-
quentially, 4D flow CMR is now recommended in recent
guidelines as an important tool that provides added crite-
ria for surveillance, indication for surgery and follow-up
in BAV-related aortopathy [9].

The notion of altered hemodynamics does not only
imply that the magnitude of velocity and WSS is differ-
ent in patients compared to people with a trileaflet aor-
tic valve, but also that the direction of blood flow and
WSS differs. The formation of helices and vortices in
aortic blood flow has gained clinical interest since a pos-
sible relation between abnormally directed blood flow
and aortic dilation exists [10—12]. As such, the forma-
tion of helical and vortical flow as visualized by 4D flow
CMR in thoracic aortic aneurysms and dilated aortas has
been extensively described [10—12]. To relate altered flow
to aortic diameters, the assessment of helical and vorti-
cal flow has gradually changed from semi-quantitative
scoring of velocity streamline directions [12-15] to fully
quantitative approaches [16—23]. In addition, helical flow
in the descending aorta distal to repaired coarctation has
been implicated in the development of hypertension [24].
However, these approaches rely on placement of analysis
planes and manually chosen thresholds, or are dependent
on streamline or pathline creation.

Furthermore, since vascular disease is promoted by
low and oscillatory WSS [25, 26], the multidirectional-
ity of WSS has been extensively investigated by compari-
son with the curvature of the aorta [19, 22, 27]. However,
the comparison of pathological axial and circumferential
WSS with the normal situation may be confounded by an
altered aortic shape in BAV disease [14].

In this study a novel methodology is presented to visu-
alize and quantify peak systolic 3D abnormal direction
of velocity and WSS in patients with BAV and patients

with BAV and repaired coarctation based on a com-
parison with 3D average velocity and WSS vector maps
of normal subjects. We hypothesize that the extent of
abnormally directed velocity and WSS (1) in the ascend-
ing aorta compares with helicity and vorticity scoring of
velocity streamlines, (2) in the descending aorta is larger
in patients with repaired coarctation than without, (3)
agrees well with local normalized helicity [21] and vor-
ticity [28] quantification and (4) in the ascending aorta
correlates with aortic diameters, aortic valve stenosis
severity and aortic regurgitation severity. Furthermore,
ensemble maps are presented to highlight the location
and incidence of abnormally directed velocity and WSS
in BAV disease.

Methods

Subject enrollment

All 4D flow CMR datasets were prospectively acquired in
patients with BAV (n=48) and healthy subjects (n=25).
Of the 48 patients, 23 (48%) patients had never had an
aortic coarctation (nor repair thereof), whereas the
remaining 25 patients previously underwent surgical
repair for aortic coarctation. The healthy subjects were
recruited based on the absence of a history of cardio-
vascular disease. All datasets [5] as well as a subgroup of
patients with repaired coarctation and healthy subjects
[29] were previously used for the evaluation of abnormal
magnitude of hemodynamics. Furthermore, a subgroup
of the healthy subjects was used to evaluate abnormal
hemodynamics in patients with transcatheter aortic valve
repair and implantation of a bileaflet mechanical valve
[30, 31]. All participants provided written informed con-
sent. The study protocol was approved by the local Insti-
tutional Review Board.

CMR imaging

All BAV subjects underwent a CMR exam including
contrast-enhanced (CE) CMR angiography and 4D flow
CMR of the aorta. All healthy subjects underwent 4D
flow CMR without contrast. All scans were carried out
on at 3 T (Ingenia, Philips Healthcare, Best, The Nether-
lands). The scan parameters for all 4D flow CMR datasets
were: spatial resolution of 2.5 mm x 2.5 mm x 2.5 mm,
temporal resolution: approximately 42 ms depending on
heart rate (24 cardiac phases) with TE/TR/flip angle of
2.1 ms/3.4 ms/8°. Velocity encoding (VENC) was set to
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a uniform (identical in three directions) 150-250 cm/s
based on a through-plane flow CMR scout. Electrocar-
diographic gating was applied for keeping track of the
RR-interval. A respiratory navigator was placed on the
lung-liver interface for data acquisition in the end-expi-
ration phase. All scans were accelerated with k-t PCA
acceleration with a factor of 8 [32], resulting in a scan
time of approximately 8 min.

Data analysis

Forty-seven patients underwent echocardiography for
the assessment of aortic stenosis (AS) and aortic regur-
gitation (AR). AR was defined as non, mild, moderate
and severe based on the vena contracta width, regurgi-
tation jet width relative to left ventricular outflow tract
diameter, pressure halftime and the presence of diastolic
flow reversal in the descending aorta. AS was defined
as none, mild, moderate and severe when peak veloc-
ity was<2.5 ms, 2.6-2.9 m/s, 3.0-4.0 m/s, and >4 m/s
respectively [33].

For 47 patients a CE-CMR angiogram was available
on which the aortic diameter at the level of the sinotu-
bular junction (STJ) and the mid-ascending aorta (mAA)
was measured by a cardiovascular radiologist with over
15 years of clinical experience (R. N. P.). The mAA diam-
eter was defined as the maximum length of two lines
drawn perpendicular to the aortic wall at the level of the
main pulmonary artery [34]. Furthermore, weight, blood
pressure and the presence of hypertension were assessed.

The 4D flow CMR datasets were reconstructed using
MRecon (Gyrotools, Zurich, Switzerland) with algo-
rithms that included correction for background phase
offsets caused by concomitant fields and eddy currents by
fitting a plane through stationary tissue and subtract the
fitted values from the image. Phase contrast (PC) CMR
angiograms were created by multiplying the PC magni-
tude images with the absolute velocity images, followed
by averaging over all cardiac time frames. The peak sys-
tolic velocity vectors in the aortas were subsequently
masked using semi-automatically (thresholding, manu-
ally erasing surroundings, watersheds, filling holes and
smoothing) created segmentations from the PC-CMR
angiograms in Mimics (Materialise, Leuven, Belgium), a
method that has shown good reproducibility [35]. Peak
systole was defined as the cardiac phase with the highest
velocity averaged over all voxels in the segmentation. The
isosurface of the segmentation was subsequently meshed
to automatically define coordinates on the aortic wall
(Matlab, Mathworks, Natick, Massachusetts, USA). To
obtain a relatively smooth surface without losing valuable
information about structure, the surface was smoothed
with a Laplacian filter [36]. On each point on the wall,
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WSS was calculated by fitting splines from zero veloc-
ity at the vessel wall through the velocity values at two
equidistant points along the normal vector placed at half
the local radius and at the local radius of the aortic lumen
[37]. The viscosity used for WSS calculation was 3.2cP.

The 4D flow CMR data were further analysed in
Cardiovascular Angiographic Analysis Systems MR
Flow software (Pie Medical Imaging BV, Maastricht,
The Netherlands): peak systolic streamlines were emit-
ted from a plane perpendicular to the aorta at the level
of the STJ and at the level of the mAA. The streamlines
were scored for helical and vortical flow by two clini-
cal experts (R. N. P. with 15 years and S. M. B. with
10 years of experience in cardiovascular imaging) simi-
lar to the protocol described by Burk et al. [12] and
Knobelsdorff et al. [13]. Helical flow was considered a
regional fluid circulation around an axis parallel to bulk
fluid motion (i.e. along the longitudinal axis of the ves-
sel), thereby creating a corkscrew-like motion. Vortical
flow formation was defined as revolving streamlines
around a point with a rotation direction of more than
90° from the physiological flow directions. The stream-
lines were attributed a score of 0 (=no or little helicity/
vorticity, flow rotation<180°), 1 (= moderate helicity/
vorticity, flow rotation<360°) or 2 (=severe helicity/
vorticity, flow rotation > 360°) [12]. After initial reading,
the observers were given the opportunity to adapt their
scores in mutual consultation.

Local normalized helicity and vorticity

Local normalized helicity and vorticity and of the aor-
tic velocity fields were calculated by methods previously
described by Garcia et al. [21]. The vorticity o was cal-
culated by @ = curlV using a fourth-order Richardson
scheme where V' is the 3D velocity field. Local normal-
ized helicity (LNH) was calculated using LNH = %
The volume of absolute LNH > 0.6 and absolute vorticity
were used for quantification purposes.

Cohort-averaging of normal volunteers

A shared geometry of the healthy subjects was created
by rigid co-registration of the aortic segmentations fol-
lowed by determination of the 3D shape that showed the
maximum overlap of the aortas [38]. Next, each normal
aorta was registered to the shared geometry by affine reg-
istration in order to maximize the similarity between the
shared geometry and the registered aorta. The velocity
and WSS vectors were transformed by only the rotational
part of the affine transformation in order to prevent scal-
ing of the vectors. The rotational part of the affine trans-
formation matrix was obtained by division by the scaling
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factor, which was calculated as the cubed determinant
of the transformation matrix [39]. Now, the x,- y- and
z-components of the vectors were interpolated (nearest
neighbour) to the shared geometry, followed by averag-
ing over the cohort.

Subject-specific mapping of abnormally directed velocity
and WSS

Similar to a previously published methodology, the nor-
mal-averaged velocity and WSS map were registered to
the patient-specific aortic geometry followed by nearest
neighbour interpolation of the x-, y- and z-components of
the vectors [4]. The angle between the velocity and WSS
vectors of the healthy-averaged maps and the patient-
specific map calculation was calculated by cosf = %,
where u and v are the patient-specific and cohort-aver-
aged velocity or WSS vector, respectively. Note that this
expression results in 6 ranging between 0° and 180°.

Next, the subject-specific velocity and WSS vectors
that deviated > 120°, between 120° and 60° and <60° from
the healthy-averaged map were coloured in red, yellow
and green respectively. Using in-house developed Matlab
(Mathworks) software, the ascending aorta was isolated
by dividing lines drawn orthogonal to the approximate
level of the ST] and proximal to the brachiocephalic
trunk and further subdivided into an inner and outer
curvature, defined as the anterior respectively posterior
half of the aorta [40]. Moreover, the proximal descending
aorta was isolated by delineation from the left subclavian
artery to the descending aorta at the level of pulmonary
artery. See Fig. 2 for visualization of region separation. In
these regions the volume of abnormally directed velocity
(in cm®) and the surface of abnormally directed WSS (in
cm?) was quantified.

Ensemble mapping of abnormally directed velocity

and WSS

Analogous to the creation of a shared geometry for the
healthy subjects, a shared geometry was created for the
BAV subjects. All subject-specific abnormally directed
velocity and WSS maps were subsequently registered and
interpolated to the shared geometry. By summing the
interpolated subject-specific maps, a map was created
that shows the incidence (expressed as a percentage of
the number of subjects) and the location of abnormally
directed velocity and WSS [5].

Statistical analysis

Differences in age and gender between the patients and
healthy subjects were tested with a Wilcoxon rank sum
test and a Fisher test, respectively. Other differences in
patient characteristics between the patients with and
without repaired coarctation were tested with a Wilcoxon
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rank sum test as well. Differences in abnormally directed
velocity volume and WSS surface between the inner and
outer ascending aortic curvature and between the BAV
patients and BAV patients with repaired coarctation in
these regions and the descending aorta were tested with
a Wilcoxon rank sum test. Agreement and differences
between observer scorings were quantified with the
intra-class correlation coefficient and the Wilcoxon rank
sum test. Per observer the qualitative helicity and vorti-
city scores were correlated with the abnormally directed
velocity volumes and WSS surfaces using linear regres-
sion with correlation coefficient R being reported.

Furthermore, total multiple linear regression mod-
els were investigated for the abnormally directed veloc-
ity volumes and WSS surfaces with age, gender, weight,
blood pressure, presence of hypertension, ST] diameter,
mAA diameter, echo-derived peak velocity and echo-
derived AR severity with correlation coefficient R* being
reported. Single regression with these parameters was
performed as well with correlation coefficient R being
reported. The variables included in the model were
tested for collinearity using a variance inflation factor
of > 10 as a threshold to identify highly collinear variables
[41]. Since the statistical analyses contain four attrib-
utes, namely velocity volume and WSS surface deviating
between 120° and 60° and >120°, Bonferroni correction
was performed and P <0.0125 (P <0.05/4) was considered
significant for all statistics.

Results

The characteristics of the patients are summarized in
Table 1. The BAV patients without repaired coarctation
(BAV—CoA) were older, had higher peak velocity and
significantly larger aortas than the BAV+CoA patients.

The age of the healthy subjects was 37 =13 years which
was not significantly different from all patients (Wilcoxon
rank sum test, P=0.67). The gender distribution of the
healthy subjects was 15 men: 10 women, which was simi-
lar to the BAV patients (Fisher exact test, P=0.63).

In Fig. 1 the cohort-averaged normal velocity and WSS
vector maps are displayed. The velocity and WSS vectors
in the ascending aorta were directed along the aortic cur-
vature. Aortic segmentation took approximately 30 min
and creation of a normal shared geometry as well. Peak
systolic WSS calculation took approximately 5 min and
creating an normal atlas as well.

In Fig. 2 the workflow to create abnormal direction
velocity (top) and WSS (bottom) maps is displayed for
one example BAV+CoA patient. Abnormally directed
blood flow velocity and WSS was present at the proximal
ascending aorta and at the descending aorta at the level
of the repaired coarctation. Abnormally directed hemo-
dynamic maps are created within one minute.
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Table 1 Characteristics of bicuspid aortic valve (BAV) patients without repaired coarctation (BAV—CoA) and BAV patients

with repaired coarctation (BAV + CoA)

BAV—CoA (n=23) BAV+CoA (n=25) pP* All (n=48)
Age (years) range 42+£14 3449 0.041 38+12
Gender [male/female] 14/9 16/9 1.000 28/18
Weight [kg] 78+13 76+11 0.535 77+£12
Blood pressure [mmHg] 13041580+ 9° 135419/80+11 0.573/0.717 133+17°/80410°
Hypertension [present/absent] 6/16° 11/14 0.067 17/30°
Peak velocity echo (m/s) 244+10 1.940.6° 0.047 22408°
Aortic valve stenosis echo 16/2/3/2 21/2/1/0¢ 0.108 37/4/4/2¢
None/mild/moderate/severe
Aortic valve regurgitation echo 5/10/7/1 7/13/4/0° 0.214 12/23/11/19
None/mild/moderate/severe
Sinotubular junction diameter (mm) 350455 30.04+4.6° 0.005 32455
Mid-ascending aortic diameter (mm) 41.0+6.5 33.0+4.4° <0.001 37468

Bold values are statistically significant
*Wilcoxon rank sum test, significance at P <0.05

? n=22, no blood pressure measurement for one subject

b n=47, no blood pressure measurement for one subject

€ n=24, no echocardiography for one subject
4 n=47,no echocardiography for one subject

€ n=24, no CE-CMR angiogram for one subject

f 'n=47, no CE-CMR angiogram for one subject

In Table 2 the average volume of velocity and surface
of WSS vectors deviating between 60° and 120° and more
than 120° compared to the healthy subjects are given
for the BAV—CoA patients, the BAV+CoA patients and
both BAV cohorts combined for the inner curvature, the
outer curvature, the combined inner and outer ascending
aorta and the proximal descending aorta. The BAV—CoA
patients had more abnormal velocity and WSS direction
than the BAV+CoA patients, except in the descending
aorta, where the abnormal direction of hemodynamics
was higher in the BAV4+CoA patients than BAV—CoA
patients. For all patients combined, the volume and sur-
face of abnormally directed hemodynamics>120° was
higher in the inner ascending aorta curvature than the
outer curvature.

Helicity and vorticity scoring compared to abnormal
direction

In Fig. 3a, ¢, e, three examples are shown of stream-
line maps with helicity and vorticity scores (equal by
both observers) compared to abnormal velocity direc-
tion maps with corresponding volumes in BAV+CoA
patients. In Fig. 3a, it can be seen that a patient with a
helical and vortical score of 0 had only 1 cm® of abnor-
mally directed velocity of between 60° and 120° in the
ascending aorta. In Fig. 3c a patient with the highest heli-
city score showed 15 cm?® volume of abnormally directed
velocity of between 60° and 120° and in Fig. 3d a patient

with a vortex in the proximal aorta had 10 cm? of abnor-
mally directed velocity>120°. Note that all three sub-
jects had abnormally directed velocity in the proximal
descending aorta at the level of the repaired aortic coarc-
tation. The ICC for observer scoring was 0.62 for helic-
ity and 0.58 for vorticity. Between observers, a significant
difference was found for the vorticity scorings (Wilcoxon
rank sum test, P=0.002) in contrast to the helicity scores
(P=0.23).

In Table 3 the correlation coefficients and P-values for
linear regression between the helicity and vorticity scores
of both observers and the abnormally directed velocity
volumes and WSS surfaces in the ascending aorta are
given. For both observers, moderate correlations were
found for vorticity scores with abnormally directed veloc-
ity and WSS of >120°.

Local normalized helicity and vorticity scoring compared
to scorings and abnormal direction

In Fig. 3b, d, f, three examples are shown of LNH and
vorticity maps in BAV+CoA patients. All three patients
had large regions of high negative LNH in the distal
ascending aorta. Only the patient with the zero helicity
and vorticity scores had a large region of high positive
LNH in the proximal ascending aorta (Fig. 3b). The vor-
ticity maps were similar for all three patients, except in
the descending aorta, where the patient shown in b had
higher vorticity than the others. The highest vorticity of
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the patient shown in f was located in the inner curvature
of the aorta whereas the flow vortex seen in e was located
near the outer curvature.

Additional file 1: Table S1 shows that, except in the
descending aorta, the BAV—CoA patients had more LNH
than patients with BAV+4+CoA, that there was more LNH
in the inner than the outer aorta for all patients, and that
LNH correlated well with abnormally directed velocity
between > 60° and < 120°. Additional file 1: Table S1 also
shows that quantitative vorticity did not differ between
BAV+CoA positive and BAV—CoA patients, and also did
not differ between ascending aortic regions. Higher vor-
ticity was found in the descending aorta for BAV+CoA
patients. Quantitative vorticity did not correlate with
abnormally directed velocity > 120°.

Relation of abnormal hemodynamic direction

with conventional metrics

The characteristic parameters were tested for collinearity
where the highest variance inflation factor was 2.6 for STJ
diameter and mAA diameter. All parameters reported
in Table 1 were thus included in the model. In Table 4
the results are given for the linear regression analysis
between abnormally directed velocity volumes and WSS
surfaces with a deviation of >60° and < 120°, LNH and the
patient characteristic parameters. ST] and mAA diam-
eter were found to be independent predictors for abnor-
mally directed velocity and WSS and LNH. Additionally,
age was an independent predictor for LNH in the outer
curvature of the aorta.

In Table 5 the results are given for the linear regression
analysis for abnormally directed velocity and WSS with
a deviation>120° and for quantitative vorticity. ST] and
MAA diameter were found to be independent predictors
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Fig. 2 After interpolation of the velocity vectors (top row) and WSS vectors (bottom row) of the cohort-averaged normal map to the geometry

of an example subject with bicuspid aortic valve (BAV) and repaired coarctation (CoA), a comparison is performed between the velocity and WSS
vectors of the BAV subject with the interpolated cohort-averaged normal map. Regions where the velocity and WSS vector deviates more than 120°
are colored in red, more than 60° but less than 120° in yellow, and less than 60° in green. The abnormally directed velocity volume and WSS surface
is quantified in the inner and outer ascending aorta and the descending aorta (DAo)

for abnormally directed velocity and WSS. For abnor-
mally directed hemodynamics in the inner curvature of
the aorta, age and peak velocity were independent pre-
dictors as well. For WSS in the outer curvature, aortic
insufficiency was an independent predictor. For quantita-
tive vorticity peak velocity was an independent predictor.
Weight, blood pressure and hypertension were not inde-
pendent predictors for any variable. The single regression
analysis for these parameters is therefore not reported in
Tables 4 and 5.

Ensemble mapping of abnormally directed velocity

and WSS

In Fig. 4 the ensemble maps of abnormally directed
velocity (top row) and WSS (bottom row) are displayed
for vectors of the BAV patients deviating between 60°
and 120° (left column) and more than 120° (right col-
umn) from normal volunteers. Creation of the ensem-
ble maps took 20 min. At the level of the mAA, 65% and
75% of all patients had abnormally directed velocity and
WSS, respectively, with a deviation between 60° and 120°.



Page 8 of 13

(2021) 23:9

van Ooij et al. J Cardiovasc Magn Reson

JURdYIUBIS GZ10°0 > d ‘¥S93 WINS 3UBI UOXOD|IM

juedyiubis Ajjednsiiels aie sanjea pjog

CCFSe
6000
9cFee
V9IFoL
L6F V8
L00°0>
SlLFcel
Y Fvy

V8FVLL
L00°0>
CSF69
G8FE9L
LOLFSPL
000
99F 10l
eCLFeo6l

8000
€100
€500
€e00
€900
0lco

CSFoY
L00°0>
9CFVC
(9F0¢L
€9F¢€9
L00°0>
SCF8E
08F16

€5F69
2000
SEFOV
8GF¥6
VSF+C8
1c00
SYFE9
9SF 0l

CLFCL

700
CLF9L
60F20
0LF19

2000
€8F /L8
geFee

8+98
L00'0>
EEFILY
l'6FGel
¥SLF¥ol
1L00°0>
85F68
Y8l F 9V

L000
€00°0
00
9e1’0
/00
SSY0

(vF6¢C
L00'0>
oL+l
€SFov
68F9/
L00°0>
ECFre
OLLF0¢L

85+8S
1000
gCFIle
89F/8
l'/F68
1L00°0>
6€EFSS
6LFLCL

14
xd
YOD+AVd
YOD—AVE
14
xd
VYOD+AVY
YOD—AVE

0CL <%

o0CL>% <09

ejioe buipuadseg erioe buipuadsy

x*d Bloedse . ainQ ejioedse . suu]

epioe buipuadsag eroe buipuadsy

xd BlloedseainQ elioedse . suu|

(zwd) @84S S

(gwd) dwnjoA A10[9A

eypioe Huipuadsap ay} pue eyioe Huipuadse alpua ay} ‘eyioe Huipuadse 133no pue Jauul ay3 ui (AjeAndadsal ‘yo)—Ayg pue yod+Ave)
uoneldseod pasiedals Jnoyum pue yum sjuaned Ayg usamiaq pasedwod sadepins (SSA\) SSa13s 1eays [[em pue sawnjoa K3DoJaA paldalip Kjjewouqy ¢ 3jqel



van Ooij et al. J Cardiovasc Magn Reson (2021) 23:9 Page 9 of 13
Abnormal Abnormal Abnormal
Str Streamlines Streamlines

eamlines Direction
) N\ W)

Helicity: 0
Vorticity: 0

Helicity: 2
Vorticity: 0

ke

LNH Vorticity LNH

intensity projections (MIPs)

Direction
v

Direction
» W

Helicity: 1
Vorticity: 2

A K%
[ 3
Vorticity LNH Vorticity

Fig. 3 a, cand d streamlines, abnormal direction maps [laid over a maximum intensity projection of the phase contrast (PC) CMR angiogram A]
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Table 3 Regression coefficients and P value maps

between abnormally directed velocity and WSS
and observer scoring of helicity and vorticity
Score Helicity Vorticity
R P* R P*
Velocity (cm?)
Observer 1 60°<%<120°  0.49 <0.001 0.19 0.194
%> 120° 037 0.011 047  <0.001
Observer 2 60°<% < 120° 023 0.110 0.21 0.151
%> 120° 004 0766 049  <0.001
WSS (cm?)
Observer 1 60°<%<120° 0.59 <0.001 0.18 0.287
%> 120° 036 0.012 0.55  <0.001
Observer 2 60°<%<120° 0.36 0.013 0.08 0.581
%> 120° 0.11 0461 0.54  <0.001

Bold values are statistically significant
*Linear regression with P <0.0125 considered significant

Slightly more proximal to the mAA, 60% and 67% had
abnormally directed velocity and WSS, respectively, devi-
ating more than 120°.

Discussion

In this study a novel technology was presented to visual-
ize and quantify peak systolic abnormally directed veloc-
ity and WSS in the aorta by comparing BAV patients
with healthy subjects. We found (1) that vorticity scores
of both observers correlated moderately with abnor-
mally directed velocity and WSS of>120°, (2) that more
abnormally directed velocity and WSS was found in the
descending aorta of BAV+CoA than BAV—CoA patients,
(3) that abnormally directed velocity between 60° and
120° correlated moderately with LNH but that abnor-
mally directed velocity > 120° did not correlate with quan-
titative vorticity, and (4) that abnormally directed velocity
between 60° and 120° and <120° correlated moderately
with aortic diameters and with age and peak velocity (as
a measure for stenosis). In the investigated cohort more
than 60% of participants had abnormally directed veloc-
ity and WSS, mainly located at the aortic inner curvature
at the level of the mAA.

Historically, streamline or pathline scoring of helic-
ity and vorticity has been performed to relate abnor-
mal flow patterns to aortic dilation [12, 13]. Scoring
of images is inherently operator-biased, which is sup-
ported by the moderate ICCs and significant difference
between observers found in the vorticity scores. Still,
the significant correlations found between abnormally
directed hemodynamics and the scoring of peak systolic
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Table 4 Regression analyses between abnormally directed hemodynamics >60°, < 120° and BAV subject characteristics

Total model® Ageb (years) Gender® (-) STJ Diameter© mAA Diameter® Peak velocity AR®(-)
(cm) (cm) Echo® (m/s)
R? P R P R P R P R P R P R P
Inner velocity cm® 078  <0.001 032 0025 0.5 0311 072 <0.001 0.77 <0.001 033 0022 027 0064
Outer velocity (cm®  0.66 <0.001 0.32 0.028 0.05 0.743  0.67 <0.001 0.64 <0.001 030 0043 021 0.162
Inner WSS (cm?) 0.54 <0.001 0.13 0.388 011 0456  0.49 <0.001 0.57 <0.001 033 0023 017 0356
Outer WSS (cm?) 0.59 <0.001 024 0099 —002 0916 060 <0.001 0.53 <0.001 029 0051 016 0282
Inner LNH (cm?) 0.66 <0.001 0.33 0.022 0.09 0538 0.60 <0.001 0.73 <0.001 019 0198 022 0.120
Outer LNH (cm?) 0.81 <0.001 042 0.003 0.18 0222 065 <0.001 0.80 <0.001 035 0016 020 0187
Bold values are statistically significant
P <0.0125 considered significant
WSS wall shear stress, STJ sinotubular junction, mAA mid-ascending aorta, AR aortic regurgitation; LNH local normalized helicity
@ 46 subjects
b 48 subjects
€ 47subjects
Table 5 Regression analyses between abnormally directed hemodynamics>120° and BAV subject characteristics
Total model® Ageb (years) Gender® (-) STJ Diameter© MAA Diameter® Peak velocity =~ AR®(-)
(cm) (cm) Echo® (m/s)
R? P R P R P R P R P R P R P
Inner velocity (cm?® 071 <0.001 0.59 <0.001 0.40 0.005 0.51 <0.001 0.68 <0.001 0.45 0.001 0.15 0302
Outer velocity (cm?)  0.64 <0.001 0.28 0.052 0.08 0585 0.59 <0.001 0.64 <0.001 032 0031 033 0023
Inner WSS (cm?) 0.67 <0.001 0.56 <0.001 033 0023 0.49 <0.001 0.60 <0.001 0.51 <0.001 011 0484
Outer WSS (cm?) 0.65 <0.001 023 0.105 0.09 0529 0.54 <0.001 0.56 <0.001 030 0038 0.39 0.007
Inner Vorticity (1/s) ~ 0.51  0.001 —034 0018 —0.09 0546 —0.12 0428 —024 0.103 0.42 0.003 0.15 0302
Outer Vorticity (1/s)  0.67 <0.001 —021 0.158 0.06 0703 =015 0305 —021 0159 0.62 <0.001 0.19 0.199

Bold values are statistically significant
P <0.0125 considered significant

WSS wall shear stress, STJ sinotubular junction, MAA mid-ascending aorta, AR aortic insufficiency

@ 46 subjects
b 48 subjects
€ 47subjects

streamline patterns indicate that the (arbitrarily chosen)
threshold of>120° may be a robust descriptor for vorti-
city. The methodology was also able to measure a larger
amount of abnormally directed hemodynamics in the
descending aorta of patients with repaired coarctation
than without.

Several previous studies have investigated fully quan-
titative techniques to evaluate helicity and vorticity in
aortic blood flows [21, 28]. The approach presented here
differs from these studies in a sense that no mathemati-
cal equations describing helicity or vorticity need to be
applied, but that potentially more intuitive 3D visualiza-
tion and quantification is achieved by registration of a 3D
averaged normal map to a patient dataset. Interestingly,
abnormally directed velocity>120° showed no agree-
ment with quantitative vorticity. Vorticity is quantified by

the curl of the vector field, which describes the rotation
of the flow at a very local scale, i.e. per voxel. Quantita-
tive voxel-wise vorticity analyses may not be sufficiently
sensitive to visualize and quantify larger vortices, such as
those occur along the entire width of dilated ascending
aortas.

By comparing 3D voxel-based reversed flow maps to
plane-based quantification of reversed flow, Shen et al.
found an underestimation in plane-based measurements
and underlined the importance of the 3D analysis [23].
We followed this reasoning by designing 3D methodol-
ogy which, in the case of visualization of regions deviat-
ing more than 120° from healthy subjects (which can be
considered regions of reversed flow), closely resembles
the methodology presented by Shen et al. The added ben-
efits of our approach are that also helical flow (deviating
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between 60° and 120° from healthy subjects) can be visu-
alized and that the technology can be applied to WSS as
well.

Studies investigating WSS direction in BAV disease
mostly employed methodology to decompose the WSS
vector in an axial and circumferential component [6,
17, 27]. The ensemble maps presented here show that
abnormally directed WSS deviating more than 120° pre-
dominantly manifests at the inner curvature of the aorta,
which should correspond with a negative axial WSS in
this region. Yet, the negative axial WSS was either not
reported or not presented as a major finding in the previ-
ous studies. One potential reason is that the inner cur-
vature was not deemed of interest because other studies
have reported local aortic wall abnormalities at the more
distal outer curvature of the aorta, where high WSS mag-
nitude was found [7, 8]. It is therefore unlikely that WSS-
mediated aortic wall degradation occurs at the proximal
inner curvature in the region of reversed WSS. Nonethe-
less, we speculate that altered WSS direction at the inner
curvature may be predictive for outward aortic remodel-
ling. In addition, altered flow direction may contribute
to systemic hypertension and premature atherosclerosis
in adults with BAV4+CoA. Consequentially, it may be
important to track patients with these abnormalities.

Several studies have found an association between
altered flow and WSS direction with aortic dilation
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employing 4D flow CMR in BAV disease [6, 17, 27]. One
study suggested that characterization of blood flow pat-
terns may help to select BAV patients for follow-up to
monitor the risk for aortic dilation [42]. Our study con-
tributes to this body of literature with an approach for
characterization of abnormal velocity and WSS direction.
Additionally, abnormally directed velocity and WSS was
found at the level of the repaired coarctation, making the
approach potentially suitable for post-surgery inspection
of coarctation repair and monitoring BAV+CoA patients
for recoarctation progression.

Altered flow patterns and decreased circumferential
WSS have been reported in Marfan patients as well [22,
43]. The maps of abnormally directed hemodynamics
may have added value in diagnosis, timing of surgery and
patient monitoring in the Marfan population.

The main limitation of the study is that abnormally
directed hemodynamics are detected in the peak systolic
timeframe only. The reason is that 4D flow CMR data
has limited signal in the diastolic timeframes prevent-
ing accurate segmentation that takes the motion of the
aorta into account. A technique to obtain time-resolved
segmentations has been developed in the past few years
[44, 45], but this methodology may not work in cases of
suboptimal image quality. Validated time-resolved seg-
mentations will be important since the oscillatory shear
index, i.e. the variability of WSS direction over time, is
a marker for atherosclerosis and potentially other aortic
diseases that requires accurate wall definition (with aor-
tic motion) over all timeframes.

Another limitation is that arbitrarily chosen thresholds
of 60° and 120° were employed. To define thresholds that
may be more indicative for disease, longitudinal follow-
up and patient outcome data are needed. This aim will be
part of future work.

A final limitation is that risk factors for aortic dila-
tion such as weight, race/ethnicity, blood pressure and
smoking status were not recorded in the healthy sub-
ject cohort. The presence of these risk factors may have
obscured some of the findings in the patient cohort. It
is thus important to investigate these risk factors in the
healthy population and create cohort-averaged normal
maps stratified for these factors, which also permits more
extensive investigation of risk factor associations with
abnormally directed hemodynamics.

Conclusions

In conclusion, a methodology was presented to map
abnormal velocity and WSS direction at peak systole
in the aorta of patients with BAV. Abnormal velocity
and WSS direction correlated moderately with vorti-
city scores and with aortic diameter and peak velocity.
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Ensemble maps showed that in more than half of the
patients, abnormal hemodynamic direction was present.
The possibility to reveal these directional abnormalities
in 3D provides a new tool for hemodynamic characteri-
zation in BAV disease.

Supplementary Information

The online version contains supplementary material available at https://doi.
org/10.1186/512968-020-00703-2.

Additional file 1: Table S1. Quantification of LNH and vorticity with dif-
ferences between regions and subjects, and correlations with qualitative
scorings and abnormally directed velocity.

Abbreviations

AR: Aortic regurgitation; AS: Aortic stenosis; BAV: Bicuspid aortic valve; BAV—
CoA: Bicuspid aortic valve without coarctation; BAV4+CoA: Bicuspid aortic
valve with aortic coarctation; CE: Contrast enhanced; CMR: Cardiovascular
magnetic resonance; LNH: Local normalized helicity; mAA: Mid-ascending
aorta; PC: Phase contrast; STJ: Sinotubular junction; VENC: Velocity encoding;
WSS: Wall shear stress.

Acknowledgements
Dr. Julio Garcia of the University of Calgary for assistance on the local normal-
ized helicity and quantitative vorticity calculations.

Authors’ contributions

All authors contributed significantly to this manuscript. All authors read,
reviewed, and approved the final manuscript. PO study design, method devel-
opment, data analysis, manuscript writing. ESF study design, patient inclusion,
CMR scanning, data analysis; CPS manuscript writing; AJN study design; MG
patient inclusion; RNP study design, manuscript writing; SMB study design,
patient inclusion, manuscript writing.

Funding
Not applicable.

Ethics approval and consent to participate

All procedures were approved by the local institutional review board (METC)
of the Amsterdam University Medical Centers location AMC and were carried
out according to the declaration of Helsinki. All participants gave written
informed consent.

Consent for publication
Not applicable.

Availability of data and material
All data is available on reasonable request.

Competing interests
Not applicable.

Author details

! Department of Radiology and Nuclear Medicine, Amsterdam University
Medical Center, location AMC, Meibergdreef 9, 1105 AZ Amsterdam, The
Netherlands. ? Department of Cardiothoracic Surgery, Amsterdam University
Medical Center, location AMC, Amsterdam, The Netherlands. 3 Department
of Cardiology, Amsterdam University Medical Center, location AMC, Amster-
dam, The Netherlands.

Received: 2 April 2020 Accepted: 20 December 2020
Published online: 15 February 2021

Page 12 of 13

References

1. Hope MD, Hope TA, Meadows AK, Ordovas KG, Urbania TH, Alley MT, et al.
Bicuspid aortic valve: four-dimensional MR evaluation of ascending aortic
systolic flow patterns. Radiology. 2010;255:53.

2. Barker AJ, Markl M, Burk J, Lorenz R, Bock J, Bauer S, et al. Bicuspid aortic
valve is associated with altered wall shear stress in the ascending aorta.
Circ Cardiovasc Imaging. 2012;5:457-66.

3. Mahadevia R, Barker AJ, Schnell S, Entezari P Kansal P, Fedak PW, et al.
Bicuspid aortic cusp fusion morphology alters aortic three-dimensional
outflow patterns, wall shear stress, and expression of aortopathy. Circula-
tion. 2014;129:673-82.

4. van Ooij P, Potters WV, Collins J, Carr M, Carr J, Malaisrie SC, et al. Char-
acterization of abnormal wall shear stress using 4D flow MRl in human
bicuspid aortopathy. Ann Biomed Eng. 2015;43:1385-97.

5. Farag ES, van Ooij P, Planken RN, Dukker KCP, de Heer F, Bouma BJ, et al.
Aortic valve stenosis and aortic diameters determine the extent of
increased wall shear stress in bicuspid aortic valve disease. J Magn Reson
Imaging. 2018;48:522-30.

6. Rodriguez-Palomares JF, Dux-Santoy L, Guala A, Kale R, Maldonado G,
Teixido-Tura G, et al. Aortic flow patterns and wall shear stress maps by
4D-flow cardiovascular magnetic resonance in the assessment of aortic
dilatation in bicuspid aortic valve disease. J Cardiovasc Magn Reson.
2018;20:28.

7. Guzzardi DG, Barker AJ, van Ooij P, Malaisrie SC, Puthumana JJ, Belke
DD, et al. Valve-related hemodynamics mediate human bicuspid
aortopathy: insights from wall shear stress mapping. J Am Coll Cardiol.
2015;66:892-900.

8. Bollache E, Guzzardi DG, Sattari S, Olsen KE, Di Martino ES, Malaisrie SC,
et al. Aortic valve-mediated wall shear stress is heterogeneous and pre-
dicts regional aortic elastic fiber thinning in bicuspid aortic valve-associ-
ated aortopathy. J Thorac Cardiovasc Surg. 2018;156(2112-2120):e2.

9. Borger MA, Fedak PWM, Stephens EH, Gleason TG, Girdauskas E, Ikono-
midis JS, et al. The American Association for Thoracic Surgery consensus
guidelines on bicuspid aortic valve-related aortopathy: Full online-only
version. J Thorac Cardiovasc Surg. 2018;156:e41-74.

10. Hope TA, Markl M, Wigstrom L, Alley MT, Miller DC, Herfkens RJ. Compari-
son of flow patterns in ascending aortic aneurysms and volunteers using
four-dimensional magnetic resonance velocity mapping. J Magn Reson
Imaging. 2007;26:1471-9.

11. Weigang E, Kari FA, Beyersdorf F, Luehr M, Etz CD, Frydrychowicz A,
et al. Flow-sensitive four-dimensional magnetic resonance imaging:
flow patterns in ascending aortic aneurysms. Eur J Cardiothorac Surg.
2008;34:11-6.

12. Burk J, Blanke P, Stankovic Z, Barker A, Russe M, Geiger J, et al. Evaluation
of 3D blood flow patterns and wall shear stress in the normal and dilated
thoracic aorta using flow-sensitive 4D CMR. J Cardiovasc Magn Reson.
2012;14:84.

13. von Knobelsdorff-Brenkenhoff F, Trauzeddel RF, Barker AJ, Gruettner H,
Markl M, Schulz-Menger J. Blood flow characteristics in the ascending
aorta after aortic valve replacement-a pilot study using 4D-flow MRI. Int J
Cardiol. 2014;170:426-33.

14. Schnell S, Smith DA, Barker AJ, Entezari P, Honarmand AR, Carr ML, et al.
Altered aortic shape in bicuspid aortic valve relatives influences blood
flow patterns. Eur Heart J Cardiovasc Imaging. 2016;17:1239-47.

15. Suwa K, Rahman OA, Bollache E, Rose MJ, Rahsepar AA, Carr JC, et al.
Effect of aortic valve disease on 3D hemodynamics in patients with aortic
dilation and trileaflet aortic valve morphology. J Magn Reson Imaging.
2020;51:481-91.

16. Morbiducci U, Ponzini R, Rizzo G, Cadioli M, Esposito A, De Cobelli F, et al.
In vivo quantification of helical blood flow in human aorta by time-
resolved three-dimensional cine phase contrast magnetic resonance
imaging. Ann Biomed Eng. 2009;37:516-31.

17. Bissell MM, Hess AT, Biasiolli L, Glaze SJ, Loudon M, Pitcher A, et al.

Aortic dilation in bicuspid aortic valve disease: flow pattern is a major
contributor and differs with valve fusion type. Circ Cardiovasc Imaging.
2013;6:499-507.


https://doi.org/10.1186/s12968-020-00703-2
https://doi.org/10.1186/s12968-020-00703-2

van Ooij et al. J Cardiovasc Magn Reson (2021) 23:9

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Lorenz R, Bock J, Snyder J, Korvink JG, Jung BA, Markl M. Influence of eddy
current, Maxwell and gradient field corrections on 3D flow visualization
of 3D CINE PC-MRI data. Magn Reson Med. 2014;72:33-40.

Morbiducci U, Gallo D, Cristofanelli S, Ponzini R, Deriu MA, Rizzo G, et al. A
rational approach to defining principal axes of multidirectional wall shear
stress in realistic vascular geometries, with application to the study of
the influence of helical flow on wall shear stress directionality in aorta. J
Biomech. 2015;48:899-906.

von Spiczak J, Crelier G, Giese D, Kozerke S, Maintz D, Bunck AC. Quantita-
tive analysis of vortical blood flow in the thoracic aorta using 4D phase
contrast MRI. PLoS ONE. 2015;10:e0139025.

Garcia J, Barker AJ, Collins JD, Carr JC, Markl M. Volumetric quantification
of absolute local normalized helicity in patients with bicuspid aortic valve
and aortic dilatation. Magn Reson Med. 2017;78:689-701.

Guala A, Teixido-Tura G, Dux-Santoy L, Granato C, Ruiz-Murfioz A, Valente
F, et al. Decreased rotational flow and circumferential wall shear stress as
early markers of descending aorta dilation in Marfan syndrome: a 4D flow
CMR study. J Cardiovasc Magn Reson. 2019;21:63.

Shen X, Schnell S, Barker AJ, Suwa K, Tashakkor L, Jarvis K, et al. Voxel-by-
voxel 4D flow MRI-based assessment of regional reverse flow in the aorta.
J Magn Reson Imaging. 2018;47:1276-86.

Hope MD, Meadows AK, Hope TA, Ordovas KG, Saloner D, Reddy GP, et al.
Clinical evaluation of aortic coarctation with 4D flow MR imaging. J Magn
Reson Imaging. 2010;31:711-8.

Ku DN, Giddens DP, Zarins CK, Glagov S. Pulsatile flow and atherosclerosis
in the human carotid bifurcation. Positive correlation between plaque
location and low oscillating shear stress. Arteriosclerosis. 1985;5:293-302.
Malek AM, Alper SL, Izumo S. Hemodynamic shear stress and its role in
atherosclerosis. J Am Med Assoc. 1999,282:2035-42.

Sotelo J, Dux-Santoy L, Guala A, Rodriguez-Palomares J, Evangelista A,
Sing-Long C, et al. 3D axial and circumferential wall shear stress from 4D
flow MRI data using a finite element method and a Laplacian approach.
Magn Reson Med. 2018;79:2816-23.

Sotelo J, Urbina J, Valverde |, Mura J, Tejos C, Irarrazaval P, et al. Three-
dimensional quantification of vorticity and helicity from 3D cine PC-MRI
using finite-element interpolations. Magn Reson Med. 2018;79:541-53.
Farag ES, van Ooij P, Boekholdt SM, Planken RN, Dukker KC, Bouma BJ,

et al. Abnormal blood flow and wall shear stress are present in corrected
aortic coarctation despite successful surgical repair. J Cardiovasc Surg
(Torino). 2019;60:152—4.

Farag ES, Vendrik J, van Ooij P, Poortvliet QL, van Kesteren F, Wollersheim
LW, et al. Transcatheter aortic valve replacement alters ascending aortic
blood flow and wall shear stress patterns: a 4D flow MRI comparison with
age-matched, elderly controls. Eur Radiol. 2019,29:1444-51.

Farag ES, Schade EL, van Ooij P, Boekholdt SM, Planken RN, van Kim-
menade R, et al. Bileaflet mechanical aortic valves do not alter ascending
aortic wall shear stress. Int J Cardiovasc Imaging. 2019;35:703-10.

Giese D, Wong J, Greil GF, Buehrer M, Schaeffter T, Kozerke S. Towards
highly accelerated Cartesian time-resolved 3D flow cardiovascular
magnetic resonance in the clinical setting. J Cardiovasc Magn Reson.
2014;16:42.

Page 13 of 13

33. Baumgartner H, Hung J, Bermejo J, Chambers JB, Edvardsen T, Goldstein
S, et al. Recommendations on the echocardiographic assessment of
aortic valve stenosis: a focused update from the European Association of
Cardiovascular Imaging and the American Society of Echocardiography.
Eur Heart J Cardiovasc Imaging. 2017;18:254-75.

34. Trinh B, Dubin I, Rahman O, Ferreira Botelho MP, Naro N, Carr JC, et al.
Aortic volumetry at contrast-enhanced magnetic resonance angiogra-
phy: feasibility as a sensitive method for monitoring bicuspid aortic valve
aortopathy. Invest Radiol. 2017;52:216-22.

35. van Ooij P, Powell AL, Potters WV, Carr JC, Markl M, Barker AJ. Reproduc-
ibility and interobserver variability of systolic blood flow velocity and 3D
wall shear stress derived from 4D flow MRI in the healthy aorta. J Magn
Reson Imaging. 2016;43:236-48.

36. Vollmer J, Mencl R, Mdiller H. Improved Laplacian smoothing of noisy
surface meshes. Eurographics. 1999;18:131-8.

37. Potters WV, van Ooij P, Marquering HA, VanBavel E, Nederveen AJ. Volu-
metric arterial wall shear stress calculation based on cine phase contrast
MRI. J Magn Reson Imaging. 2015;41:505-16.

38. van Ooij P, Potters WV, Nederveen AJ, Allen BD, Collins J, Carr J, et al. A
methodology to detect abnormal relative wall shear stress on the full sur-
face of the thoracic aorta using four-dimensional flow MRI. Magn Reson
Med. 2015;73:1216-27.

39. Hartley R, Zisserman A. Multiple view geometry in computer vision.
Cambridge: cambridge University Press; 2004.

40. Allen BD, Markl M, Barker AJ, van Ooij P, Carr JC, Malaisrie SC, et al.
Influence of beta-blocker therapy on aortic blood flow in patients with
bicuspid aortic valve. Int J Cardiovasc Imaging. 2016;32:621-8.

41. Kutner MH, Nachtsheim CJ, Neter J. Applied linear regression models. 4th
ed. Irwin: McGraw-Hill; 2004.

42. Meierhofer C, Schneider EP, Lyko C, Hutter A, Martinoff S, Markl M, et al.
Wall shear stress and flow patterns in the ascending aorta in patients
with bicuspid aortic valves differ significantly from tricuspid aortic valves:
a prospective study. Eur Heart J Cardiovasc Imaging. 2012;14:797-804.

43. van der Palen RLF, Barker AJ, Bollache E, Garcia J, Rose MJ, van Ooij P,
et al. Altered aortic 3D hemodynamics and geometry in pediatric Marfan
syndrome patients. J Cardiovasc Magn Reson. 2017;19:30.

44. Bustamante M, Petersson S, Eriksson J, Alehagen U, Dyverfeldt P, Carlhall
C-J, et al. Atlas-based analysis of 4D flow CMR: automated vessel segmen-
tation and flow quantification. J Cardiovasc Magn Reson. 2015;17:87.

45. Bustamante M, Gupta V, Carlhéll C-J, Ebbers T. Improving visualization of
4D flow cardiovascular magnetic resonance with four-dimensional angio-
graphic data: generation of a 4D phase-contrast magnetic resonance
CardioAngiography (4D PC-MRCA). J Cardiovasc Magn Reson. 2017;19:47.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC




	Fully quantitative mapping of abnormal aortic velocity and wall shear stress direction in patients with bicuspid aortic valves and repaired coarctation using 4D flow cardiovascular magnetic resonance
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusion: 

	Introduction
	Methods
	Subject enrollment
	CMR imaging
	Data analysis
	Local normalized helicity and vorticity
	Cohort-averaging of normal volunteers
	Subject-specific mapping of abnormally directed velocity and WSS
	Ensemble mapping of abnormally directed velocity and WSS
	Statistical analysis

	Results
	Helicity and vorticity scoring compared to abnormal direction
	Local normalized helicity and vorticity scoring compared to scorings and abnormal direction
	Relation of abnormal hemodynamic direction with conventional metrics
	Ensemble mapping of abnormally directed velocity and WSS

	Discussion
	Conclusions
	Acknowledgements
	References


