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Abstract: (1) Background: Aorta hemodynamics have been associated with aortic remodeling, but
the reproducibility of its assessment has been evaluated marginally in patients with thoracic aortic
aneurysm (TAA). The current study evaluated intra- and interobserver reproducibility of 4D flow
MRI-derived hemodynamic parameters (normalized flow displacement, flow jet angle, wall shear
stress (WSS) magnitude, axial WSS, circumferential WSS, WSS angle, vorticity, helicity, and local
normalized helicity (LNH)) in TAA patients; (2) Methods: The thoracic aorta of 20 patients was
semi-automatically segmented on 4D flow MRI data in 5 systolic phases by 3 different observers.
Each time-dependent segmentation was manually improved and partitioned into six anatomical
segments. The hemodynamic parameters were quantified per phase and segment. The coefficient of
variation (COV) and intraclass correlation coefficient (ICC) were calculated; (3) Results: A total of 2400
lumen segments were analyzed. The mean aneurysm diameter was 50.8 £ 2.7 mm. The intra- and
interobserver analysis demonstrated a good reproducibility (COV = 16-30% and ICC = 0.84-0.94) for
normalized flow displacement and jet angle, a very good-to-excellent reproducibility (COV = 3-26%
and ICC = 0.87-1.00) for all WSS components, helicity and LNH, and an excellent reproducibility
(COV =3-10% and ICC = 0.96-1.00) for vorticity; (4) Conclusion: 4D flow MRI-derived hemodynamic
parameters are reproducible within the thoracic aorta in TAA patients.

Keywords: aorta; aneurysm; hemodynamic; 4D flow MRI; reproducibility

1. Introduction

Patients with a thoracic aortic aneurysm (TAA) have an increased risk for aortic rupture
and dissection [1]. Clinical guidelines use a maximal cross-sectional diameter >55 mm as
the main criterion for the recommendation of preemptive surgical aortic replacement [2,3].
However, the majority (60-96%) of dissections occur in aortas with diameters below this
threshold [4,5]. Therefore, there is a need for additional and more sensitive markers to
identify patients at high risk of progressive dilation or adverse aortic events [6].

Evaluation of aortic hemodynamics is considered to be highly promising for the pre-
diction of progressive dilatation and adverse aortic events [7-14]; the blood flow over the
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cardiac cycle through the aorta can be analyzed using three-dimensional time-resolved
phase-contrast magnetic resonance imaging (MRI), also known as four-dimensional (4D)
flow MRI. From 4D flow MRI data, several relevant patient-specific hemodynamic pa-
rameters can be assessed. It has been demonstrated for patients with a tricuspid aortic
valve (TAV) that the amount of flow displacement (a measure of eccentricity in the flow
profile) is associated with aortic growth [7,8]. Furthermore, TAV patients showed de-
creased levels of vortical flow, helical flow, and wall shear stress (WSS) compared to healthy
volunteers [9,10].

While such hemodynamic parameters could also be important for future clinical risk
stratification of aneurysm patients, the majority of the studies assessing their agreements
between observers and examinations only included healthy volunteers, patients with
bicuspid aortic valves, or patients with mildly dilated aortas [13-22]. Hence, the reported
outcomes are not fully translatable to TAA patients with substantially dilated aortas and
a TAV. Therefore, the reproducibility of the hemodynamic parameters in such patients
remains unknown [1]. Moreover, several previous studies quantified parameters based on
(multiple) two-dimensional plane quantifications or ranked them qualitatively [15-18,21].
Thus, part of the spatial information is lost. In addition, the reproducibility of the WSS
magnitude (WSSmag) has been assessed well, but little is known about the reproducibility
of the axial or circumferential WSS component (WSS,x, WSS, respectively) and the angle
between both WSS components (WSS,pgie)-

To allow quantification of hemodynamic parameters in 4D flow MRI data, a cardiac
phase-specific 3D lumen segmentation is required [23,24]. The shape of these lumen
segmentations can be described by morphologic parameters such as the volume, centerline
length, maximal diameter, and curvature radius. Interestingly, a recent study demonstrated
that the curvature radius of the ascending aorta is associated with aortic growth [7].

In most commercial and research software tools, these lumen segmentations are
constructed (semi-)automatically on the 4D flow MRI data and then manually adjusted
when needed. The manual interaction may introduce observer-dependent variability in the
quantitation of the hemodynamic parameters [25,26]. This observer-dependent variability
of the 3D lumen segmentation can be assessed directly by evaluating the variability in
morphologic parameters. The reproducibility of these morphologic parameters from 4D
flow MRI data has been primarily reported in healthy volunteers [25].

Consequently, the aim of this study was to evaluate intra- and interobserver repro-
ducibility of hemodynamic parameters, i.e., normalized flow displacement, flow jet angle,
wall shear stress (magnitude, axial, circumferential, and angle), vorticity and helicity (abso-
lute and local normalized) quantitatively assessed for six thoracic aortic lumen segments
in patients with TAA and normally functioning TAV. In addition, intra- and interobserver
reproducibility of morphological parameters, i.e., aortic volume, centerline length, lumen
diameter, and curvature radius, were assessed.

2. Materials and Methods
2.1. Study Population

The study protocol was conducted in accordance with the Declaration of Helsinki and
was approved by the local Medical Ethics Committee of the Leiden University Medical Cen-
ter (G20.149, 9 October 2020), which waived the patient’s informed consent for anonymized
clinical data. The clinical database was used to identify TAA patients with a TAV who
underwent a 4D flow MRI of the thoracic aorta between October 2018 and August 2021
(n = 260). Patients with aortic valve stenosis, regurgitation, or previous aortic surgery were
excluded to obtain a selection of TAA patients without other pathologies, which potentially
could also affect the reproducibility (n = 171). The clinical reports of the patients were
evaluated for the maximal aortic diameter, and the 20 patients with the largest reported
maximal diameters were included, see Figure 1. The presence of an aortic root or ascending
aorta aneurysm was classified according to Della Corte’s classification [27].
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TAA patients with TAV
who underwent 4D flow MRI

n=260
Patients with aortic valve
stenosis, regurgitation or
| previous aortic surgery
n=_86
\ 4

TAA patients whose clinical
report was evaluated for the
maximal aortic diameter

n=171
TAA patients with smaller
aortic diameters
>
n=151
\ 4
TAA patients with the

largest aortic diameters

n=20

Figure 1. Population selection diagram. Abbreviations: TAA—thoracic aortic aneurysm, TAV—
tricuspid aortic valve, MRI—magnetic resonance imaging, and 4D—four dimensional.

2.2. MRI Acquisition

The MRI examinations consisted of a 4D flow scan covering the entire thoracic aorta
(for details, see Supplementary Materials Table S1). All subjects were scanned with a 3T-
scanner (Ingenia or Elition, Philips Healthcare, Best, The Netherlands) using a FlexCoverage
anterior and dStream Torso posterior coil. Concomitant gradient correction was performed
using standard available scanner software. All data were visually inspected, and the
absence of aliasing in the 4D flow MRI data was confirmed.

2.3. Image Analysis

The image analysis consisted of three parts: 4D flow MRI lumen segmentation, aorta
morphology quantification, and hemodynamic quantification. First, the aortic lumen of
the patients was segmented twice by the first observer (J.].) and once by the second and
third observers (M.R. and B.K,, respectively). Lumen segmentation was performed using
CAAS MR Solutions v5.2.1 (Pie Medical Imaging, Maastricht, The Netherlands). The
software generated initial segmentations on the peak systolic phase and two consecutive
phases before and after this peak systolic phase (i.e., five systolic phases, see Figure 2
and Supplementary Materials Video S1). Next, the aortic segmentations were manually
corrected for all five phases and partitioned into six consecutive segments by manually
placing anatomical planes perpendicular to the aortic centerline, respectively: the aortic
root (from the aortic valve to the sinotubular junction), proximal ascending aorta (from the
sinotubular junction to the mid-ascending aorta, defined as the midpoint on the centerline
between the sinotubular junction and brachiocephalic artery), distal ascending aorta (from
the mid-ascending aorta to the brachiocephalic artery), aortic arch (from the brachiocephalic
artery until past the left subclavian artery), the proximal descending aorta (from the left
subclavian artery to the mid-descending thoracic aorta, defined as the midpoint on the
centerline between the left subclavian artery and the descending aorta at the level of the
aortic valve), and distal descending aorta (from the mid-descending thoracic aorta to the
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descending aorta at the level of the aortic valve). More details about the aortic segmentation
are described by van der Palen et al. [20]. In addition, the stroke volume and cardiac output
were assessed at the level of the sinotubular junction by the first observer for characterizing
the left ventricular function of the population using CAAS MR Solutions.

1. 4D flow MRI Reconstructions

Magnitude Anterior-Posterior Velocity Feed-Head Velocity

Right-Left Velocity
Y Y A ) <

=
&

1. Image Analysis

Lumen Segmentation Segmentation Correction Anatomical Partitioning Stroke Volume Assessment

A

150 ms

Figure 2. 4D flow MRI visualization using CAAS MR Solutions v.5.2.1. Example of a patient (male,
45 years old) with aortic root aneurysm with a diameter of 52 mm. (I) 4D flow MRI reconstructions.
(IT) Image analysis including the lumen segmentation, the manual segmentation correction,
anatomical partitioning visualized on the wall shear stress maps, and stroke volume assessment.
(III) Streamline visualization of the 4D flow MRI at the 5 systolic phases (60, 90, 120, 150, and 180 ms).
Abbrevations: AoR—aortic root, pAA—proximal ascending aorta, dAA—distal ascending aorta,
AoA—aortic arch, pPDA—proximal descending aorta, and dDA—distal descending aorta. Secondly,
the morphology of the thoracic aortas was analyzed using an in-house developed Python software
(Python Software Foundation, Wilmington, DE, USA). This tool was used to quantify aortic volume,
centerline length, maximal diameter, and curvature radius of each anatomical segment and for each
of the five systolic phases. The aortic diameter was determined by first constructing a cross-section
perpendicular to the centerline at every millimeter. Next, at each cross-section, the maximal radial
spike length was calculated. The curvature radius was derived by fitting a circle through the segments’
centerline as previously described [25]. The maximal aortic diameter within each segment and the
radius of the fitted circle were used for statistical analysis.
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Thirdly, the hemodynamics of the thoracic aorta were quantified using methods
described in previous studies [13,15,19]. These methods were implemented in an in-house
developed Python software [9,25]. Initially, the mean blood velocity over all subjects was
quantified per anatomical segment. The tool was then used to quantify the normalized flow
displacement, flow jet angle, vorticity norm, absolute helicity, and absolute LNH for each
anatomical segment and each systolic phase. The normalized flow displacement and jet
angle were determined by first constructing a cross-section perpendicular to the centerline
at every millimeter. Next, at each cross-section, the normalized flow displacement (distance
between the centerline point and center of velocity normalized for the vessel diameter
times 100%) and flow jet angle (angle between the centerline and mean velocity vector)
were calculated as previously described [15]. The maximal normalized flow displacement
and flow jet angle within each segment were assessed and used for statistical analysis.
For the calculation of vorticity and helicity of the velocity vector fields (7), a spatial

Gaussian differential operator (?) with a standard deviation equal to the reconstructed
in-plane voxel size was used. The vorticity (— = ;) X 7) norm and absolute helicity
w
(H = \7 - —|) were quantified via methods previously described by Ramaekers et al. [9].
w

The vorticity norm and absolute helicity were both normalized for the reconstructed voxel
size, and the mean values within each segment were used for statistical analysis. Since a
——

previous study demonstrated that a threshold of >0.6 for absolute LNH (LNH = 7‘i|'|“;‘ ) is
the optimal criterion for detecting differences between patients and healthy Voluntevers [13],
this threshold was used in our study to select volumes with increased absolute LNH. The
volumes with increased absolute LNH were assessed and used for the statistical analysis.
The in-house developed software can be made available for scientific collaboration per
reasonable request. To derive 3D WSS maps for each of the five systolic phases, CAAS MR
Solutions v5.2 was used. At each point of the 3D WSS map, WSS, was calculated as well
as the W55, and WSS,y components. The WSS,,g1 between the WSS, and WSSax was
quantified for each point as previously described [19]. For each anatomical segment, the
mean WSSmag, WSSax, WSScir, and WSS,,g1e were used for statistical analysis.

2.4. Observer Training

All observers were acquainted with CAAS MR Solutions software. The first, second,
and third observer had 4, 3, and 1 years’ experience with lumen segmentation on 4D
flow MRI data in TAA patients, respectively. Since the observers were recruited at two
clinical centers and observers had different levels of experience, all observers received
feedback on the segmented aorta from an experienced cardiovascular MRI researcher
(J.J-M.W. with >15 years of 4D flow MRI experience) after analyzing the training cohort
(n =10 TAA patients). Hereafter, the results of the training cohort were not improved. Next,
the observers analyzed the validation cohort (7 = 10 TAA patients).

2.5. Statistical Analysis

Statistical analysis was performed using the open-source SciPy v1.2.1. software [28].
Parametric and non-parametric data are expressed as mean =+ standard deviation (SD) or
median (Q1-Q3), respectively. The Shapiro-Wilk test was used to verify the normality of
the data. To assess the intra- and interobserver reproducibility, Bland—Altman analysis
was performed, and the coefficient of variation (COV), Spearman rank correlation coef-
ficient (r), and intraclass correlation coefficient (ICC) (two-way mixed effects, absolute
agreement) were calculated. For the Bland-Altman analysis, the mean difference and limits
of agreement (LoA =1.96 x SD) were computed [29]. In addition, the relative difference
in LoA between the training and validation cohort was calculated (LoA ;¢ = ((validation
LoA-training LoA)/training LoA) x 100%). The COV was classified as low (<10%), in-
termediate (11-20%), high (21-30%), or very high (>30%). The r and ICC were classified
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as poor (<0.50), moderate (0.50-0.69), good (0.70-0.84), very good (0.85-0.94), or excellent
(=>0.95) [25]. A p-value of <0.05 was considered statistically significant.

3. Results

The patient characteristics are presented in Table 1. In Table 2, median values of
hemodynamic and morphologic parameters are presented. Of the selected TAA patients,
13 presented with an aneurysm in the aortic root and 7 with an ascending aorta aneurysm.
The mean TAA diameter and mean blood velocity were 50.8 £ 2.7 mm and
42.5 + 14.9 cm/s, respectively.

Table 1. Population characteristics.

Characteristic Quantity
Population size 20

Male (%) 18 (90%)

Age (years) 53+ 14

Height (cm) 186 £ 8

Weight (kg) 90 +£11
TAA diameter (mm) 50.8 + 2.7

Heart rate (bpm) 68 £ 11

Stroke Volume (mL) 105 + 24

Cardiac Output (L min~1) 70+1.8
Systolic blood pressure (mm Hg) 132+ 14

Diastolic blood pressure (mm Hg) 81+7
Trigger delay peak systole—2 phases (ms) 102 £ 31
Trigger delay peak systole—1 phase (ms) 133 + 32
Trigger delay peak systole (ms) 163 + 34
Trigger delay peak systole + 1 phase (ms) 194 + 35
224 + 36

Trigger delay peak systole + 2 phases (ms)
Data notated as the mean = standard deviation and presented over all subjects. Abbreviation: TAA—thoracic
aortic aneurysm.

Table 2. The hemodynamic and morphologic characteristics assessed in the thoracic aorta.

Parameter

Anatomical Segments

AoR PAA dAA AoA pDA dDA
Flow 7.5 9.8 6.3 5.7 6.5 47
Displacement (%) (5.3-10.2) (7.1-16.2) (4.9-9.0) (4.7-6.5) (5.8-7.6) (4.1-5.7)
. 17.6 17.6 14.8 14.6 15.7 9.1
Flow Jet Angle (*) (13.7-21.9) (11.9-27.0) (10.2-21.3) (12.5-17.3) (13.1-18.4) (7.6-10.6)
. 561 763 750 746 877 939
WSS magnitude (mPa) (483-654) (570-896) (595-955) (560-992) (706-1112) (785-1179)
. 371.9 627.9 702.6 700.6 801.5 915.2
Axial WSS (mPa) (335-478) (432-734) (551-893) (525-949) (670-1045) (748-1145)
Circumferential WSS 331 331 204 182 243 205
(mPa) (286-410) (247-405) (159-262) (153-215) (180-296) (147-244)
25 32.0 18.3 14.0 16.8 11.7
o
WSS angle (°) (37.4-45.7) (26.8-37.1) (13.7-24.0) (12.1-16.9) (14.4-20.2) (9.6-14.4)
VoctyNomm 82180y g Lo L
_1' -1 y - 7 - = - 7! a 7 —
(s~ 1.mL~) 21131) 15.526) (7695-12,407)  (9273-14,205) 19.372) 17990)
Absolute Helicity 3084 1997 1098 1207 1873 1464
(m-s—2-mL~7) (2327-3603)  (1287-2729) (624-1544) (950-1749) (1149-2990)  (1059-2263)
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Anatomical Segments
P t
arameter AoR PAA dAA AoA pDA dDA
Agi‘;ﬁ:’iil;‘e’;al 19.4 24.8 15.2 9.4 15.6 17.7
Helicity Volume (mL) (10.5-27.3) (18.9-30.2) (10.4-21.7) (7.0-13.6) (12.2-18.2) (13.7-19.6)
Volume (mL) 44.1 53.2 411 28.6 38.4 315
(25.2-59.8) (36.9-59.7) (31.0-53.8) (20.0-31.5) (29.9-45.2) (24.2-38.0)
Centerline Lenth (mum) 31.0 40.8 40.0 373 65.4 64.1
& (24.3-37.1) (36.6-44.0) (36.7-44.3) (34.0-38.7) (57.0-69.2) (58.0-68.9)
Maximal Diameter (mm) 48.7 44.7 412 343 313 27.3
(40.0-51.3) (40.4-46.6) (35.4-44.9) (31.5-36.3) (28.2-32.6) (24.9-29.7)
Curvature Radius (mm) 51.4 385 50.6 46.1 455 138.1
(42.9-71.1) (36.2-46.6) (43.3-61.3) (40.8-59.7) (37.3-53.7)  (102.0-164.5)

Data notated as the median (Q1-Q3) and presented over all subject and systolic phases. Abbreviations: AoR—
aortic root, pAA—proximal ascending aorta, dA A—distal ascending aorta, AoR—aortic arch, pDA—proximal
descending aorta, and dDA—distal descending aorta.

A total of 2400 aorta segments were analyzed for the intra- and interobserver repro-
ducibility analysis, see Figure 3. The result of these analyses over all anatomical segments
and systolic phases for the validation and training cohort are presented in Table 3 and
Supplementary Materials Table S2, respectively.

Table 3. Intra- and interobserver reproducibility: results of the validation cohort.

Bland-Altman

Flow Displacement (%)
IA-O -0.1 2.8 19 0.81 0.94 -9
IE-O1 -0.5 4.8 32 0.70 0.84 15
IE-O2 0.1 44 30 0.70 0.85 3
IE-O3 0.6 41 27 0.79 0.87 7
Flow Jet Angle (°)
IA-O 0.3 5.0 16 0.92 0.93 —16
IE-O1 -0.3 8.0 25 0.80 0.83 —4
IE-O2 0.2 7.1 23 0.85 0.86 -9
IE-O3 0.5 8.7 27 0.78 0.80 —4
WSS Magnitude (mPa)
IA-O 0 43 3 1.00 1.00 -15
IE-O1 -33 232 14 0.90 0.93 —10
IE-O2 17 161 10 0.93 0.97 -25
IE-O3 50 242 15 0.89 0.93 30
Axial WSS (mPa)
IA-O -0 47 3 1.00 1.00 -59
IE-O1 -30 240 16 0.92 0.94 —58
IE-O2 19 163 11 0.95 0.97 =51
IE-O3 49 244 17 0.92 0.94 51




Appl. Sci. 2022, 12,3912

8 of 15

Table 3. Cont.

Bland-Altman

Spearman RankCorrelation

Intraclass Correlation

Study Mean Diff LoA cov (%) Coefficient Coefficient LoAditt (%)
Circumferential WSS (mPa)
IA-O -1 39 8 0.98 0.98 11
IE-O1 96 19 0.89 0.87 —18
IE-O2 73 15 0.93 0.93 0
IE-O3 3 103 20 0.86 0.87 —23
WSS Angle (°)
IA-O 0.1 3.3 7 0.99 0.99 —47
IE-O1 0.2 8.9 19 0.89 0.94 -8
IE-O2 -0.7 7.5 16 0.95 0.96 —21
IE-O3 -0.9 8.7 18 0.91 0.95 5
Vorticity Norm (s—1-mL™1)
IA-O 37 860 3 1.00 1.00 —40
IE-O1 180 2001 7 0.97 0.98 —4
IE-O2 93 2485 9 0.96 0.97 —22
IE-O3 —87 2779 10 0.96 0.96 6
Absolute Helicity (m-s~2.mL~")
IA-O 30 223 6 1.00 1.00 -9
IE-O1 —16 394 10 0.98 0.98 14
IE-O2 17 603 15 0.96 0.96 —14
IE-O3 32 631 16 0.96 0.96 21
Absolute Local Normalized Helicity Volume (mL)
IA-O 0.0 3.3 10 0.99 0.98 —18
IE-O1 0.2 5.9 18 0.95 0.92 6
IE-O2 0.9 8.4 26 0.88 0.86 —28
IE-O3 0.7 6.3 20 0.92 0.91 —10
Volume (mL)
IA-O 0.2 6.8 9 0.98 0.98 4
IE-O1 1.0 12.7 18 0.93 0.90 —21
IE-O2 1.9 15.7 22 0.89 0.86 —13
IE-O3 0.9 10.8 15 0.94 0.92 —41
Centerline Length (mm)
IA-O 0.9 7.1 8 0.94 0.97 -7
IE-O1 0.2 119 14 0.90 0.92 —36
IE-O2 3.5 12.2 14 0.89 0.92 —20
IE-O3 3.3 8.0 9 0.94 0.96 —53
Maximal Diameter (mm)
IA-O —0.2 1.9 3 0.99 0.99 —14
IE-O1 —0.0 4.0 6 0.98 0.97 -3
IE-O2 -09 5.0 7 0.98 0.96 —42
IE-O3 —-0.9 43 6 0.98 0.97 —36
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Bland-Altman . .
Spearman RankCorrelation Intraclass Correlation

Stud V (% LoA4i¢s (%

ey Mean Diff LoA Cov (%) Coefficient Coefficient 0A giss (%)

Curvature Radius (mm)

IA-O 2.3 372 29 0.87 0.92 30
IE-O1 -2.7 46.4 35 0.77 0.90 14
IE-O2 3.6 424 34 0.77 0.90 -72
IE-O3 6.3 43.5 34 0.72 0.92 —70

Characteristics are presented per cohort over all subjects, anatomical segments, and systolic phases (1 = 300).
All probability values <0.01. Abbreviations: Mean Diff—mean difference; LoA—limits of agreement
(1.96 x standard deviation); COV—coefficient of variation; IA-O—intraobserver analysis by the first observer with
4 years’ experience; IE-Ol—interobserver analysis by the first and second observer with 4 and 3 years’ experi-
ence, respectively; IE-O2—interobserver analysis by the first and third observer with 4 and 1 years’ experience,
respectively; IE-O3—interobserver analysis by the second and third observer with 3 and 1 years’ experience,
respectively; WSS—wall shear stress; and LoA 4i¢ —relative difference in limits of agreement between the training
and validation cohort.

Intra- and interobserver analysis of the hemodynamic parameters demonstrated a good
reproducibility in the validation cohort for normalized flow displacement and flow jet angle
(LoA <4.8% and <8.7° respectively, COV = 16-32%, r = 0.70-0.92, ICC = 0.80-0.94), an excel-
lent reproducibility for vorticity norm (LoA <2779 s~ L.mL-1, COV = 3-10%, r = 0.96-1.00,
ICC = 0.96-1.00), and a very good reproducibility for absolute WSSp,g, WSSax, WSSy,
WSSangle, absolute helicity and volumes with increased absolute LNH (LoA <242 mPa,
<244 mPa, <103 mPa, <8.9°, <631 m-s~2-mL~! and <8.4 mL, respectively; COV = 3-26%,
r = 0.86-1.00, ICC = 0.86-1.00). See Supplementary Materials Figures S1-59 for the correspond-
ing Bland—Altman plots. These plots demonstrated no striking dependency of the measured
differences relative to the mean for the analyses and hemodynamic parameters.

Intra- and interobserver analysis of the morphologic parameters demonstrated a
very good reproducibility in the validation cohort for volume and centerline length
(LoA <15.7 mL and <12.2 mm, respectively; COV = 8-22%, r = 0.89-0.98, ICC = 0.90-0.98),
and an excellent reproducibility for diameter (LoA <5.0 mm, COV =3-7%, r = 0.98-0.99,
ICC = 0.96-0.99) and a good reproducibility for curvature radius (LoA <46.4 mm,
COV = 21-35%, r = 0.72-0.87, ICC = 0.90-0.92). See Supplementary Materials Figures
510-513 for the corresponding Bland—Altman plots. These plots demonstrated no depen-
dency of the measured differences relative to the mean for most analyses and morphologic
parameters, except for the maximal diameter, which had a slightly increasing difference
relative to the mean for the interobserver analyses.

The intra- and interobserver reproducibility results per anatomical segment are pre-
sented in Supplementary Materials Tables S3 and 54, respectively. The intra- and inter-
observer analysis showed for the validation cohort a similar reproducibility for most
morphologic and hemodynamic parameters per segment. However, the reproducibility
was slightly decreased within the aortic root for several parameters (i.e., flow displacement,
WSSmag, WSSax, absolute helicity, volumes with increased absolute LNH, aortic segment
volume, centerline length, and curvature radius). Furthermore, the reproducibility of the
maximal diameter was slightly decreased within the proximal part of the aorta (i.e., the aor-
tic root, proximal and distal ascending aorta) compared to the other anatomical segments
further distally to the ascending aorta (intraobserver LoA <2.7 and <1.8 mm; interobserver
LoA <7.6 and <3.3 mm, respectively). Moreover, the reproducibility of WSS;,gl was
slightly decreased within the proximal and distal descending aorta.
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Figure 3. Aortic segments and hemodynamic parameters. Example of a patient (male, 71 years
old) with an ascending aorta aneurysm with a diameter of 48 mm. (A) Anatomical segments with
centerline (black color) and flow displacement line (blue color). (B) Vorticity norm. (C) Absolute he-
licity. Positive and negative magnitudes indicate a clockwise and anti-clockwise rotation, respectively.
(D) Wall shear stress magnitude. (E) Axial wall shear stress. (F) Circumferential wall shear stress.
Abbreviations: AoR—aortic root, pAA—proximal ascending aorta, dAA—distal ascending aorta,
AoR—aortic arch, pPDA—proximal descending aorta, dDA—distal descending aorta, and WSS—wall

shear stress.
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Compared to the training cohort, the validation cohort demonstrated reduced LoA
over all analyses for morphologic and hemodynamic parameters (LoAgi¢ = —12 [—26-3]%).
This improvement was more evident for the morphologic parameters compared to the
hemodynamic parameters (LoAgi = —20 [—41-—6]% and —9 [—21-5]%, respectively).
Moreover, this improvement was also more evident within the aortic root, proximal and
distal ascending aorta compared to the aortic arch, proximal and distal descending aorta
(LoAgiss = —10 [—-35-11] % and 2 [—-18-41]%, respectively).

4. Discussion

The main findings of the current study are: (1) hemodynamic parameters (i.e., nor-
malized flow displacement, flow jet angle, WSSpag, WSSax, WSSy, WSSangle, vorticity
norm, absolute helicity, and volumes with increased absolute LNH) and morphological
parameters (volume, centerline length, diameter and curvature radius) can be assessed
with very good reproducibility in the thoracic aorta of TAA patients with a TAV, (2) the
reproducibility of these parameters is slightly decreased within the aortic root, and (3) the
reproducibility is affected by the observer’s experience.

The intra- and interobserver analyses generally demonstrated a very good repro-
ducibility for the assessment of hemodynamic parameters in TAA patients with a TAV.
Similar results have been described previously for flow displacement, flow jet angle,
WSSmag, WSSangle, secondary flow patterns (which are reflected in vorticity and helicity),
and volumes with increased absolute LNH in healthy volunteers and in patients with
none-to-marginally dilated aortas [11-19,30], but not yet in a clinically relevant patient
group, such as patients with TAA. Moreover, the Bland-Altman plots of the current study
demonstrated for most hemodynamic parameters and analyses no striking dependency of
the measured differences relative to the mean.

Furthermore, the intra- and interobserver analyses demonstrated very good repro-
ducibility of the morphologic parameters in TAA patients with a TAV. Similar reproducibil-
ity results have been described previously for volume, centerline length, maximal diameter,
and curvature radius in healthy volunteers [25]. However, the current study demonstrated
wider LoAs for all morphologic parameters within TAA patients compared to healthy
volunteers. These wider LoAs in TAA patients may potentially be associated with the
presence of dilation since, for a constant flow rate, the blood velocity is inversely related
to the vessel’s diameter. Therefore, a larger area of reduced velocity-to-noise ratio is ex-
pected for TAA patients compared to healthy volunteers, especially close to the vessel
wall. This reduced velocity-to-noise ratio potentially can have a negative influence on the
reproducibility of aortic lumen segmentation. However, the velocity-to-noise ratio within
these areas may be improved by 4D flow MRI sequences with multiple-velocity-encoding
gradients, which consequently may also improve the reproducibility of hemodynamics
parameters [31,32].

When analyzing the results per anatomical segment, it was observed that the repro-
ducibility was slightly reduced but still acceptable for most hemodynamic and morphologic
parameters within the aortic root. This slight reduction in reproducibility was also seen
in the proximal and distal ascending aorta for the maximal diameter. This reduced repro-
ducibility is potentially introduced by the movement of the aortic root and ascending aorta
in contrast to the relatively fixed-positioned aortic arch and descending aorta [33-35]. This
effect related to the cardiac movement (contraction and relaxation) may further be ampli-
fied by the heart rate variation and breathing variation during the acquisition. Alongside,
inadequate respiratory compensation or inadequate electrocardiographic gating may also
perturbate the 4D flow MRI data. Moreover, within the aortic root, complex secondary flow
patterns (recirculating flow) are present [9,36]. Since this recirculating flow has a relatively
low velocity compared to the velocity-encoding sensitivity, these recirculating areas have
a reduced velocity-to-noise ratio close to the vessel wall and potentially introduce more
observer-dependent variability on the aortic lumen segmentation.
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The observer-dependent variability of the 3D lumen segmentation was assessed di-
rectly by evaluating the variability in morphologic parameters. This analysis also demon-
strated, for example, wider LoAs for the maximal diameter within the proximal part
of the aorta (i.e., aortic root, proximal and distal ascending aorta) compared to thoracic
aorta distal to the ascending part (intraobserver LoA <2.7 and <1.8 mm; interobserver
LoA <7.6 and <3.3 mm, respectively). In contrast, a recent study assessing the interob-
server reproducibility of manually measured diameters imaged with computed tomogra-
phy demonstrated in the aortic root, ascending and descending aorta an LoA of 2.5, 2.1, and
1.9 mm, respectively [37]. For MR, it is recommended to measure the maximal diameter
on an MRI sequence with an isotropic voxel size <1.5 mm to achieve a clinically acceptable
accuracy [38]. Since the 4D flow MRI sequence applied in the current study had an isotropic
spatial resolution of 2.5-3.0 mm, the morphologic parameters derived from this sequence
should not be used to define the maximal aortic diameter of TAA patients. However, for the
quantification of hemodynamic parameters, an isotropic resolution of <3.0 mm is indicated
as sufficient for the 4D flow MRI [23]. Of note, the 4D flow MRI was acquired to assess the
patient’s aorta hemodynamics and therefore was not meant to describe the patient’s aorta
morphology (i.e., TAA diameter).

The decreased LoA within the validation cohort compared to the training cohort
indicate that the reproducibility likely is affected by the observer’s experience, especially for
the aortic root, proximal, and distal ascending aorta. Moreover, the observer’s experience
likely plays a larger role in the assessment of morphologic parameters compared to the
hemodynamic parameters, considering the decrease in LoA between the training and
validation cohort. This result demonstrates the robustness of the image analysis for the
quantification of hemodynamic parameters, despite the observer-dependent variability
and experience.

No major limitations were observed for the hemodynamics quantification in the
segments of the thoracic aorta. Although no clear reproducibility limitations were observed
for TAA patients with a TAV, still some variation is present in the hemodynamic parameters.
This variation must be taken into account when these hemodynamic parameters are used
for the prediction of progressive dilation and adverse aortic events in TAA patients with
a TAV.

A limitation of the present study was the small population size. However, the robust-
ness of the study was improved by including multiple observers, analyzing five systolic
phases, and dividing the thoracic aorta into six anatomical segments. This resulted in a total
of 2400 lumen segments for which the hemodynamic and morphologic parameters were
quantified. Moreover, future research should include patients with other aortic pathologies.
Finally, for patients with TAA, no data were available on repeated 4D flow MRI acquisition;
thus, interexamination reproducibility could not be assessed.

5. Conclusions

The current study demonstrated a very good reproducibility for all hemodynamic
parameters within the thoracic aorta in TAA patients. This allows precise quantification of
the patient’s aorta hemodynamics from a 4D flow MRL
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Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/app12083912/s1, Figure S1: Bland-Altman plots for the normalized
flow displacement; Figure 52: Bland—Altman plots for the flow jet angle; Figure S3: Bland—Altman
plots for the wall shear stress magnitude; Figure S4: Bland—Altman plots for the axial wall shear stress;
Figure S5: Bland—Altman plots for the circumferential wall shear stress; Figure S6: Bland—Altman
plots for the wall shear stress angle; Figure S7: Bland—-Altman plots for the vorticity norm; Figure
S8: Bland—-Altman plots for the absolute helicity; Figure S9: Bland—-Altman plots for the absolute
local normalized helicity volume; Figure S10: Bland—Altman plots for the volume; Figure S11: Bland-
Altman plots for the centerline length; Figure S12: Bland—Altman plots for the maximal diameter;
Figure S13: Bland-Altman plots for the curvature radius; Table S1: Characteristics of the 4D flow MRI
Sequence; Table S2: Intra- and interobserver reproducibility: results of the training cohort; Table S3:
Intraobserver reproducibility: results of both cohorts per anatomical segment; Table S4: Interobserver
reproducibility: results of both cohorts per anatomical segment; Video S1: Pathline visualization of
the 4D flow MRI of a patient with an aortic root aneurysm with a diameter of 52 mm.
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