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Abstract

Purpose: To examine the effects of age, sex, and left ventricular global function on velocity,
helicity, and 3D wall shear stress (3D-WSS) in the aorta of /=100 healthy controls.

Methods: Fifty female and 50 male volunteers with no history of cardiovascular disease, with 10
volunteers per age group (18-30, 31-40, 41-50, 51-60, and 61-80 years) underwent aortic 4D-
flow MRI. Quantification of systolic aortic peak velocity, helicity, and 3D-WSS distribution and
the calculation of age group—averaged peak systolic velocity and 3D-WSS maps (“atlases”) were
computed. Age-related and sex-related changes in peak velocity, helicity, and 3D-WSS were
computed and correlated with standard metrics of left ventricular function derived from short-axis
cine MRI.

Results: No significant differences were found in peak systolic velocity or 3D-WSS based on sex
except for the 18- to 30-year-old group (males 8% higher velocity volume and 3D-WSS surface
area). Between successively older groups, systolic velocity decreased (13%, <1%, 7%, and 55% of
the aorta volume) and 3D-WSS decreased (21%, 2%, 30%, and 62% of the aorta surface area).
Mean velocity, mean 3D-3D-WSS, and median helicity increased with cardiac output (r=0.27-
0.43, all < .01), and mean velocity and 3D-WSS decreased with increasing diameter (> 0.35, P
<.001). Arch and descending aorta systolic mean velocity, mean 3D-WSS, and median helicity
increased with normalized left ventricular volumes: end diastolic volume (r=0.31-0.37, P<.01),
end systolic volume (r=0.27-0.35, P< .01), and stroke volume (r=0.28-0.35, < .01).
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Conclusion: Healthy aortic hemodynamics are dependent on subject age, and correlate with
vessel diameter and cardiac function.
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1| INTRODUCTION

Cardiac MRI is used widely to risk-stratify and monitor cardiovascular disease. For
example, left-ventricular volumes and transvalvular blood velocities are used to monitor the
progression of aortic valve disease and its impact on myocardial function. However, a known
challenge when using these values for risk stratification is their age and sex dependence.
Large cohort studies have investigated left ventricular global function values and found
significant variation in healthy controls as a function of both age and sex.1=3 With recent
technological advances, 4D-flow MRI (time-resolved 3D phase-contrast MRI with 3D
velocity encoding)*~9 is poised to complement existing cardiovascular MRI techniques with
comprehensive blood-flow measurements available within a clinically feasible scan time and
workflow. For instance, the technique allows for regional and maximum velocities to be
comprehensively measured in entire volumes of interest.” In addition, more advanced
parameters such as 3D wall shear stress (3D-WSS, calculated over the entire surface of the
aorta from 3D velocity data) can be estimated, which is known to play a role in
atherosclerosis,® and correlate with severity of aortopathy as defined by areas of
extracellular matrix dysregulation and elastic fiber degeneration.®

However, less is known about the dependence of normal ranges as a function of sex and age
for hemodynamic markers derived from 4D-flow MRI. A study in /= 247 subjects without
aortic or aortic valve pathology showed significant decreases in peak velocity, helicity, and
vorticity, as well as increases in aortic diameter with age measured on six planes in the
thoracic aorta.19 Previous work has investigated the use of healthy controls and registration
tools developed for brain imaging, to form spatially resolved aortic “atlases” representing
the group-averaged velocities and 3D-WSS distribution.11:12 \elocity and 3D-WSS
distributions in individual patients could then be compared with the healthy atlas values to
identify regions where patients exceed specific confidence intervals (eg, 95% confidence
intervals) for normal physiologic values. This approach has been used to investigate 3D-
WSS-based extracellular matrix remodeling in the presence of valve disease.® However,
subsequent work has indicated that 3D-WSS appears to vary with age; thus, a need exists to
understand normal variations of physiology in healthy control groups, systematically
stratified by age and sex.13.14 Establishing a modality-specific set of 3D-WSS normal values
from 4D-flow MRI is important, because 3D-WSS tends to be underestimated due to limited
spatial resolution, segmentation variation, intravoxel dephasing, partial-volume effects, and
lower velocity-to-noise ratio near the vessel wall. Finally, the effect of normal global cardiac
function variations on the measurement of aortic hemodynamics, such as systolic velocity,
3D-WSS and helicity, has not been systematically investigated, and may be important to
normalizing 4D-flow-derived hemodynamic quantities for comparison among individuals
with varying cardiac function.
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In this study, we aim to establish baseline normal values for velocity, 3D-WSS, and helicity
distribution in 100 healthy controls across a wide range of ages and equally distributed for
male and female sex. We present a comprehensive analysis of both age-dependent and sex-
dependant-dependent 3D hemodynamics (velocity, helicity, 3D-WSS), along with their
relationship to left-ventricular volumes, myocardial mass, and function (eg, ejection fraction,
stroke volume). These data enable the comparison of a single patient with aortic pathology
to age-matched and sex-matched groups of normal controls to identify regions of abnormal
velocity and 3D-WSS for risk stratification studies. We hypothesize that normal values of
aortic systolic velocity, helicity, and 3D-WSS distribution change with the age and sex of the
subjects, and that the velocity, helicity, and 3D-WSS in the aorta are correlated to markers of
left-ventricular function.

METHODS
Study population

A total of 111 subjects were prospectively enrolled for this internal review board—approved
study. Of those enrolled, 11 were excluded because of incomplete data or poor data quality
(V= 3), history of cardiovascular disease unreported at the time of recruitment (M= 2
arrhythmia, AV/= 2 mitral valve disease, V=1 rheumatic heart disease, V=1 history of
congestive heart failure), or because of left-ventricular hypertrophy detected during analysis
(V= 2). Left-ventricular hypertrophy was defined as a left-ventricular myocardial mass of
more than 115 g/m? (males) or more than 95 g/m? (females).1® The final analysis included
100 subjects, 10 male, and 10 female subjects per age group of 18-30 years, 31-40 years,
41-50 years, 51-60 years, and 61-80 years. Exclusion criteria included a self-reported
history of cardiovascular disease, body mass index greater than 40 kg/m?, claustrophobia, or
evidence of cardiovascular disease following image review. The demographics of the study
subjects are given in Table 1. The study was approved by the Northwestern University
Institutional Review Board. All subjects provided informed, written consent.

Magnetic resonance imaging

Magnetic resonance imaging was performed on 1.5T and 3T scanners (Aera, Skyra;
Siemens, Erlangen, Germany). Each subject underwent a standard-of-care thoracic
cardiovascular MRI to evaluate left-ventricular function and valve morphology. Each subject
also had a 4D-flow MRI with sagittal-oblique coverage of the thoracic aorta, using
prospective electrocardiographic gating during free breathing with a respiratory navigator on
the lung-liver interface.18 Four-dimensional-flow MRI data were acquired with spatial
resolution = 1.7-3.1 x 1.7-3.1 x 2.2-3.3 mm, temporal resolution = 38.4-43.2 ms (13-30
cardiac time frames), TE/TR = 2.32-2.85/4.8-5.4 ms, flip angle = 7°-15°, and velocity
encoding = 150-250 cm/s (selected for each subject by the technologist to avoid velocity
aliasing). Each subject also underwent breath-held 2D balanced SSFP cine MRI in short-axis
orientation (base to apex) with spatial resolution = 1.0 x 1.0 x 6.0-2.2 x 2.2 x 8.0 mm?,
FOV = 243 x 276 x 150-420 x 420 x 170 mm3, spacing between slices = 8-10 mm,
temporal resolution = 27.1-40.6 ms (2540 cardiac time points), TE/TR = 1.07-1.16/2.1-3.1
ms, and flip angle = 30°-75°.
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Data analysis

The data-analysis workflow for this study is shown in Figure 1. All code used for the WSS
calculation and Atlas generation is freely available (https://github.com/alexbarks/atlas-tool).
The 4D-flow data preprocessing was carried out using custom software in MATLAB
(MathWorks, Natick, MA) to correct for eddy currents, Maxwell terms, and velocity aliasing
as described previously.1” The 4D-flow data were used to generate 3D phase-contrast MR
angiograms, which were used for semi-automatic 3D segmentation of the thoracic aorta
using commercial software (M/MICS, Materialise, Leuven, Belgium). A Laplacian filter
was used to smooth the segmentation.18

2.3.1| Systolic velocity and 3D-WSS calculation—For each subject, 4D-flow data
were preprocessed to correct for eddy currents, velocity aliasing, and noise, and a phase-
contrast MR angiogram was generated. A 3D segmentation of the aorta was generated semi-
automatically (MIMICS) from the phase-contrast MR angiogram and used to mask the 4D-
flow velocity. Peak systole was identified as the cardiac phase with the highest average
velocity within the masked region, peak systolic velocities were stored for later analysis.
Next, peak systolic 3D-WSS was calculated over the entire aorta surface at the peak systolic
timepoint as described previously.19 Briefly, at each surface point in the aorta segmentation,
the coordinate system was transformed to have the z-direction match the inward normal, and
velocity along the z-direction was assumed to be zero. One-dimensional smoothing splines
were fit to the velocity data in each direction in the plane perpendicular to the inward normal
vector, and the resulting 3D-WSS vector was transformed back into the original coordinate
system.

2.3.2| Helicity calculation—Preprocessed systolic velocity data were masked and used
to calculate the helicity, H = /- (V x 0)dV, where v is the velocity vector at each voxel
in each subject. Helicity values are reported as the median of the positive values and the
median of the negative values, to show the presence of complex helical flow even when the
overall mean is near zero.

2.3.3| Aorta diameter calculation—A smoothed surface mesh was generated from
each manual segmentation, and a normal vector to each triangulated surface feature was
calculated. The distance along this normal vector to the next surface was calculated and
averaged over the corresponding triangulated surface to approximate the diameter over the
entire aorta surface.20

2.3.4| Systolic velocity and 3D-WSS atlases—As detailed in a previous
publication,! group-averaged systolic 3D-WSS and velocity atlases were generated using a
four-step process. First, a group of interest was identified; in this study, the groups were
either age and sex matched or only age matched. Second, the thoracic aorta segmentations of
each subject in the group were co-registered using affine registration to a randomly selected
member of the group, and an “overlap map” quantifying overlapping aorta geometry was
generated. Third, a threshold minimizing the registration error was applied to the overlap
map to generate the optimal group-averaged aorta geometry. Finally, 3D-WSS and peak-
velocity data from each subject were mapped to the optimal group-averaged geometry (peak
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systolic velocities mapped throughout the aorta volume, 3D-WSS mapped to the aorta
surface). At each voxel within the optimal group-averaged aorta geometry, the mean and SD
of the velocity were calculated, and at each surface point the mean and SD of the 3D-WSS
were calculated. This resulted in a group-averaged 3D-WSS and velocity atlas, reflecting the
normal physiologic mean velocity and 3D-WSS for the group at peak systole, as well as the
normal variation within the group. Affine registration for steps 2 and 4 was carried out using
FMRIB’s Linear Image Registration Tool (FLIRT).2!

2.3.5| Velocity, 3D-WSS, helicity, and diameter comparison between groups
—Systolic velocity and 3D-WSS were compared between groups to assess differences due
to age and sex. For each age group (18-30, 31-40, 41-50, 51-60, and 61-80 years), the atlas
of males was compared with the atlas of females of the same age. To compare across
different age groups, atlases of each age group were compared with those in neighboring age
groups (ie, the 31-40-year-old atlas was compared with the 18-30-year-old atlas and the 41—
50-year-old atlas). To compare 3D-WSS and velocity values between groups, subjects in one
group were registered using affine registration to the atlas of the second group, and the
transformation matrix was applied to the 3D-WSS and velocity vector data for each subject
to generate an atlas for the first group using the idealized geometry of the second. To check
for consistency, for each comparison the registration procedure was carried twice (once
while fixing the first atlas and registering the second group to it, and once while fixing the
second atlas and registering the first group to it) and percent volume/area where the
velocity/3D-WSS two groups differed was compared.

As diagrammed in Figure 1B, regional analysis of the mean and maximum systolic velocity,
mean and maximum 3D-WSS, and median diameter was conducted by manually placing
planes along the aorta midline to divide the segmentation for each subject into ascending
aorta (AA0), aortic arch, and descending aorta (DA0). Planes were positioned at the takeoff
of the innominate artery (AAo to arch) and immediately distal to the left subclavian artery
(arch to DA0); example planes are shown in Figure 1B. The maximum velocity was filtered
to avoid noise by sorting the velocity magnitude values in the region, calculating the average
slope of the top 1% of the sorted velocity magnitude values, and ignoring voxels where the
slope exceeds 10 times the mean.22 To mitigate the influence of noise in the maximum 3D-
WSS measurement, the 3D-WSS maximum is reported as the 98th percentile of the sorted
3D-WSS magnitude for the region. Helicity is reported as the median positive helicity value
and the median negative helicity value in the region to avoid showing near-zero helicity in
regions where high positive and negative helicities cancel out.

2.3.6 | Global left-ventricular function—Left-ventricular function metrics were
measured by importing short-axis balanced SSFP cine images and manually drawing
contours at peak systole and end diastole (Circle cvi*?; Circle Cardiovascular Imaging,
Calgary, Canada). For each subject, end-diastolic volume (EDV), end-systolic volume
(ESV), ejection fraction (EF), stroke volume (SV), and cardiac output were calculated. The
myocardial mass was measured at diastole. Left-ventricular volume and mass metrics as well
as diameter were normalized by body surface area (BSA), calculated using the Mosteller
method.23
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2.4 | Statistical methods

To compare velocity differences across atlases, a Mann-Whitney Utest was applied at each
voxel within the aorta after registration with significance at £<.05. Velocity P-value maps
were generated showing volumes where the velocity differed significantly between atlas
groups. To compare 3D-WSS between atlases, a similar procedure was carried out, and a
Mann-Whitney Utest was used at each surface point after mapping both groups being tested
to a shared geometry to test significance at < .05. P-value maps were generated by
displaying all surface points where the groups were significantly different.

For metrics that were measured for each subject (left ventricular function metrics, peak/
mean regional velocity, peak/mean regional 3D-WSS, and median diameter), Pearson
correlation coefficients and P-values were calculated to investigate correlations between left
ventricular function metrics and aorta velocity and 3D-WSS, as well as velocity and 3D-
WSS and age. Correlations were considered significant if £< .05. Normality was assessed
by a Shapiro-Wilk test with a = .05, medians are reported for non-normal distributions.

For comparisons between groups of subjects, an ANOVA (normally distributed data) or
Kruskal-Wallis test (non-normally distributed data) was used. If a significant result was
obtained, pairwise comparisons were carried out with Bonferroni correction using a #test
(normally distributed data) or Mann-Whitney U'test (non-normally distributed data).

3| RESULTS
3.1| Study population

Demographics, global cardiac function, and aorta diameters for the subject groups are given
in Table 1, where data are reported in age groups of 18-30, 31-40, 41-50, 51-60, and 61-80
years old. When fitting a linear model, body mass index, height, weight, heart rate, cardiac
output, and ejection fraction had no significant correlation with age. Normalized left
ventricular EDV, ESV, and SV all significantly decreased with increasing age (r=[-0.24]-
[-0.28], P=.005-.016). In contrast, normalized myocardial mass increased with increased
age (r=0.22, P=.24). An increase in median diameter was associated with increased age in
all three aorta segments, whether the value was unnormalized (> 0.55, £<.001) or was
normalized by BSA (r> 0.36, £<.001). Fitting a linear model to median diameter and age
showed that the median diameter across our study population increased by 1.3 mm/decade in
the AAo (72 = 0.30, A< .001), 1.1 mm/decade in the arch (/2 = 0.36, A< .001), and 0.9 mm/
decade in the DAo (/2 = 0.31, P<.001) (Supporting Information Figure S1).

3.2 | Impact of age and sex on normal aortic velocity and 3D-WSS distribution

Subjects were placed into groups based on sex and age (18-30, 31-40, 41-50, 51-60, and
61-80 years), with 10 subjects in each group. Group-average systolic-velocity and 3D-WSS
maps and corresponding A-value maps depicting regional sex differences in systolic velocity
and 3D-WSS for all age groups are shown in Figure 2. The age- and sex-atlases are openly
available for download with recognition given to funding sources given in this manuscript
and refence to this manuscript (https://doi.org/10.18131/g3-knrk-5191). The largest sex-
dependent differences were found in the 18- to 30-year-old group, in which males had
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significantly higher 3D-WSS over 8% of the aorta surface area, and higher systolic velocity
over 8% of the aorta volume. Significant variations were found over less than 1% of the
aorta volume for systolic velocity and 5% or less of the aorta surface area for 3D-WSS in all
other age groups. Changing the order in which subjects were registered had minimal effects
on the comparison, with changes of less than 1% in the volume where systolic velocities
differed and less than 1% in the area where 3D-WSS differed in all comparisons.

As differences due to sex were minor, subjects were placed into groups of 20 based solely on
age (18-30, 31-40, 41-50, 51-60, and 61-80 years) for the remainder of the analysis. As
shown in Figure 3, each age group was compared with the neighboring age groups (example:
31-40 years was compared with 18-30 years and 41-50 years) to assess changes in velocity
and 3D-WSS during aging.

Systolic velocity increased in 1% or less of the aorta volume with increasing group age,
whereas it significantly decreased in 13%, less than 1%, 7%, and 55% of the aorta volume
between successively older groups (18-30 years, 31-40 years, 41-50 years, 51-60 years,
and 61-80 years).

Similarly, Figure 4 shows the anterior and posterior views of the atlas 3D-WSS as well as ~-
value maps for comparisons between groups of sequential age. In all comparisons, 3D-WSS
increased over less than 1% of the aorta surface area in the older group, whereas it decreased
over 21%, 2%, 30%, and 62% of the aorta surface area in successively older groups.

Regional aortic hemodynamics during aging

Trends in the peak and mean systolic velocity, helicity, and mean 3D-WSS for each aorta
region during aging are summarized in Table 2. When fit with a linear model, increased
subject age was associated with decreased mean velocity in the AAo (r=-0.31, £=.001),
arch (r=-0.56, £<.001), and DAo (r=-0.71, £<.001), as well as decreased mean 3D-
WSS in the AAo (r=-0.33, P=.001), arch (r=-0.52, P<.001), and DAo (r=-0.73, P
<.001). Increased age was also associated with increased maximum systolic velocity in the
AAo (r=10.25, P=.012) and decreased maximum systolic velocity in the arch (r=-0.50, P
<.001) and DAo (r=-0.65, £<.001) and decreased maximum 3D-WSS in the arch (r=
-0.32, P=.001) and DAo (r=-0.66, < .001). With increasing age, the median positive
systolic helicity decreased in all three regions (r< -0.32, P<.001), whereas the median
negative systolic helicity increased (r> 0.27, £<.007). Systolic helicity values for all
patients are shown in Figure 5, along with the linear fit.

Regional hemodynamics were compared in a group-wise manner, as shown in Figure 6. All
trends were significant (P < .05 on Kruskal-Wallis testing), except for the maximum velocity
in the AAo and the maximum 3D-WSS in the AAo.

Associations of left-ventricular function with aortic velocities, 3D-WSS, and helicity

Results of correlation analysis between ventricular function parameters and 4D-flow
hemodynamic measures in each region (AAo, Arch, and DAO0) are provided in Table 3.
Increased left-ventricular cardiac output was associated with the elevated mean velocity (r>
0.30, P<.01) and 3D-WSS (r>0.29, P<.01) in all regions, as well as increased maximum
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systolic velocity in the arch (r=0.34, < .001) and DAo (r> 0.29, P=.003) and increased
maximum 3D-WSS in the arch (r=0.31, £=.005) and DAo (r=0.28, P=.005). Increased
cardiac output also correlated with increased positive systolic helicity in all regions (r>
0.30, P<.01) and with decreased negative systolic helicity in all regions (r< -0.27, P
<.01). Increased mean velocity and mean 3D-WSS in the arch and DAo were also
associated with increased normalized EDV (r> 0.31, £<.005), ESV (r>0.27, P<.01), and
SV (r>0.28, P<.01). Increased maximum velocity in the arch and DAo were associated
with increased normalized EDV (r> 0.31, £<.002), normalized ESV (r> 0.27, P< .007),
and normalized SV (r> 0.33, P<.001). Increased maximum 3D-WSS in the aortic arch and
DAo was associated with increased normalized EDV (r> 0.26, < .009), normalized ESV (r
>0.21, P<.04), and normalized SV (r=0.26, P< .009). Increased positive helicity in the
arch and DAo was associated with increased normalized EDV, ESV, and SV (r> 0.29, P
<.01). Similarly, decreased negative helicity in the arch and DAo was associated with
increasing normalized EDV, ESV, and SV (r< -0.29, £<.01). Increased maximum systolic
velocity in the AAo was associated with increased normalized myocardial mass (r= 0.27, P
=.007). Increased heart rate was associated with an increased mean 3D-WSS in the AAo (r
=0.22, P<.05).

Association between aorta diameter and mean velocity and 3D-WSS

The mean velocity and the mean 3D-WSS magnitude at systole for each region are shown
plotted against the median regional diameter for each subject in Figure 7. In all three regions
of the aorta, an increase in the median diameter of that region is associated with a decrease
in both the mean velocity (r=[-0.45]-[-0.52], < .001) and mean 3D-WSS magnitude (r=
[-0.35]-[-0.56], A< .001) in that region.

DISCUSSION

This study investigated changes in hemodynamics and cardiac function in the thoracic aorta
due to aging and sex in a cohort of 100 healthy controls. We show that systolic velocity, 3D-
WSS, and helicity in the aorta are strongly dependent on age, and velocity and 3D-WSS are
less dependent on sex. Second, we found a significant decline in maximum systolic velocity,
systolic helicity, and systolic 3D-WSS magnitude with age in the aortic arch and descending
aorta, but an increase in maximum velocity and steady 3D-WSS in the ascending aorta with
aging. Third, the decline in systolic velocity, helicity, and 3D-WSS is associated with an
increasing diameter throughout the aorta as part of the aging process. Finally, in healthy
controls, systolic velocity, helicity, and 3D-WSS are correlated with global left-ventricular
function.

Using the atlas method, we showed the velocity and 3D-WSS in the aorta are strongly
dependent on age, but that few differences exist between the sexes of the same age. One
exception was found in the youngest age group (18-30 years), in which males had
significantly higher systolic velocity and 3D-WSS than females of the same age in the
ascending aorta. Furthermore, increasing velocity was found in focal regions corresponding
to the level of the aortic valve for groups as age progressed from 31 to 60 years of age,
possibly indicating increasing aortic valve sclerosis. This finding is supported by an
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increasing maximum velocity in the AAo with age (Figure 6B) and can be seen regionally in
Figure 3 with significantly elevated velocities at the level of the aortic valve. These results
agree with the trends in a study of /=224 normal aortas that found significant decreases in
velocity and 3D-WSS in the thoracic aorta with age and no influence of sex on 3D-WSS.14
Our data also extend this work to show no influence of sex on velocity, except in the
youngest age group. This agrees with earlier work using 2D phase-contrast MRI that showed
no significant difference between males and females in flow rate or mean 3D-WSS in the
supraceliac and infrarenal levels of the descending aorta at rest and during exercise.24
However, the earlier study was limited to 11 subjects (5 female) between 20 and 28 years
old, whereas this study includes an order of magnitude more subjects and includes age
stratification. Evidence from this current study shows that velocity and 3D-WSS similarities
between males and females extend into the thoracic aorta for subjects greater than 30 years
of age.

We also found significant decreases in both maximum systolic velocity and 3D-WSS in the
arch and DAo with age, whereas the maximum systolic velocity in the ascending aorta
increased with age and the maximum 3D-WSS was steady in the AAo. Positive and negative
helicity magnitudes decreased in all regions of the aorta. Elevated velocities may explain a
lack of change in the maximum 3D-WSS in the AAo despite decreases in the arch and DAo.
We also replicated the findings of a trial in A/= 224 patients without advanced cardiac
disease using 4D-flow MRI,14 which showed higher 3D-WSS in the descending aorta
relative to the ascending aorta, although the values are not directly comparable, as the data in
the earlier study were extensively preprocessed with a proprietary algorithm.2> The previous
work also highlighted the asymmetric distribution of 3D-WSS in the thoracic aorta, which
can also be appreciated using 3D visualization, as seen in our data in Figure 4. The trends
we found in systolic helicity mirror those found in an earlier study by Callaghan et al in N/=
247 subjects without aortic or aortic valve pathology, in whom peak helicity decreased by
80%.10 This study calculated helicity on six planes in the aorta, whereas we computed
helicity in a volumetric manner and reported results for three regions. In contrast to these
previous works, our study population consisted entirely of prospectively recruited healthy
controls not referred for cardiovascular concerns and evenly distributed by age and sex. The
atlas method also allowed for the concise comparison of both surface and volumetric
quantities for visualization on the 3D aorta geometry, and division into regions of interest
based on anatomic features. We demonstrated significant changes in velocity and 3D-WSS
compared with prior 4D-flow repeatability testing in healthy controls with scans several
weeks apart.28 This work found coefficients of variation of 9% for velocity and 8% for 3D-
WSS during regional analysis, whereas we found larger changes in the regional velocity and
3D-WSS except in the ascending aorta.

Additionally, we found that declines in systolic velocity, 3D-WSS, and helicity were
associated with an increasing regional diameter with age. Although vessel distensibility is
known to decrease with age,2’ which could contribute to increased 3D-WSS through faster
flow accelerations and therefore systolic blood velocity gradients, 3D-WSS has also been
found to strongly decrease with increasing vessel caliber,28 counteracting this effect. We
found that the median diameter increased between 0.9 and 1.3 mm/decade in our study,
which agrees closely with other studies that have shown diameter increases in the ascending
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aorta of about 1 mm per decade in the healthy population.29-31 We also found that
increasing diameter was significantly associated with decreasing velocity and 3D-WSS. We
saw a decrease in the mean 3D-WSS in all aorta regions, even in the AAo, where the
maximum 3D-WSS does not significantly change with age. We hypothesize that the
diameter growth drives down the mean velocity and 3D-WSS in the AAo, whereas the
increased velocity is limited to a jet potentially caused by an increasingly sclerotic aortic
valve (see evidence in Figure 3, bottom row), confining the increased 3D-WSS regions to
only a portion of the AAo wall, where the flow jet may impinge on the wall. Decreases in
systolic velocity are also a major factor in decreasing the vorticity throughout the aorta.

Finally, we found that in healthy controls with normal left-ventricular function, systolic
velocity, 3D-WSS, and helicity in the aorta were correlated with metrics of left-ventricular
function. Our study replicated results from larger studies of left-ventricular function in
subjects with no history of cardiovascular disease. Compared with the Multi-ethnic Study of
Atherosclerosis trial (V= 3015), we found that EDV/BSA and SV/BSA decreased with
aging.23 However, we found slow increases in myocardial mass/BSA, whereas the Multi-
ethnic Study of Atherosclerosis study showed slow decrease for all groups except risk-free
females. This difference might be attributable to the larger cohort or additional risk
stratification in the Multi-ethnic Study of Atherosclerosis trial compared with our study. The
findings are especially important if these measurements are used in the future to risk-stratify
individual patients, as proposed in previous pilot studies.? Finally, as cardiac output was
correlated with 3D-WSS measures, future studies should further investigate the utility of
normalizing 3D-WSS by cardiac output.

There are some limitations associated with MRI and 4D-flow acquisitions. The technique
relies on time-consuming manual 3D segmentation of the aorta from generated phase-
contrast MR angiograms (PCMRA), which remain to be optimized for the clinical workflow.
Furthermore, the segmentations are weighted to represent the aorta geometry at systole
(because the phase-contrast MR angiogram intensity is weighted by velocity); thus, we have
limited our analysis to investigate only systolic velocity, helicity, and 3D-WSS. Focusing on
peak systole precluded the calculation of time-averaged 3D-WSS or oscillatory shear index.
Limited spatial resolution is also known to result in underestimation of 3D-WSS,32:33
However, the subjects in this study were measured using the same technique at similar
resolutions, which allows for the comparison of relative 3D-WSS within this study. Future
work could use a more uniform MRI protocol at a single field strength to reduce variability
due to differences in resolution and encoding velocity and could include healthy controls
scanned using hardware from different vendors. The atlases were computed using affine
registration, which results in some errors due to imperfect registration. Future studies could
explore generating the atlases using a deformable registration. Future studies could further
increase the study recruitment, as the number of subjects in each age group were still small
(N = 10) compared with studies of left-ventricular function. Expansion of the study
population could also include pediatric subjects and improve stratification of our eldest age
group, although recruiting geriatric subjects without any history of cardiovascular disease
can be challenging. Future studies could also examine the effects of medications and subject
blood pressure on the hemodynamics of healthy aortas and examine the lack of changes in
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systolic velocity and 3D-WSS in subjects between 31 and 50 years old, and could add
additional metrics such as pulse wave velocity.

5] CONCLUSIONS

Aortic hemodynamics depend strongly on age and less strongly on sex. When comparing
velocity, 3D-WSS, or helicity of patients with aortic disease to groups of healthy controls,
age-matched groups should be used. Furthermore, systolic aortic velocity, 3D-WSS, and
helicity demonstrate some level of correlation with left-ventricular function; care should be
taken if these factors are not controlled for. Normative values for velocity and 3D-WSS from
healthy populations enable the quantitative determination of where regions in patients with
aortic disease exceed specific confidence intervals. These results may aid in clinical
management and risk stratification of these patients in the future.
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FIGURE 1.
Global function and hemodynamic correlations. A, Four-dimensional flow MRI data were

preprocessed and a manual 3D segmentation of the aorta was generated. B, Velocity
information was used to calculate 3D wall shear stress (3D-WSS) on the entire surface of the
aorta. The aorta was divided into three segments (ascending aorta [AA0], arch, and
descending aorta [DA0]) by placing planes before the takeoff of the innominate artery and
after the left subclavian artery, and hemodynamic parameters were calculated for each
region. C, Endocardial and epicardial contours were drawn at peak systole and end diastole
on short-axis images to extract left-ventricular function metrics. D, Velocity and 3D-WSS
values from the 4D flow were correlated with the left-ventricular function metrics from the
short-axis cine images. 1-5, Age/sex-stratified hemodynamic atlas comparison: (1) The
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same 4D-flow MRI data and manual 3D segmentations were used. (2) A cohort of /=10
subjects (sex comparisons) or /= 20 subjects (age comparisons) were assembled. (3) An
ensemble average atlas geometry was calculated for the cohort. (4) Average velocity (shown
here as a maximum intensity projection [MIP]) and 3D-WSS (shown as a color-mapped
surface) were calculated for the cohort. (5) Velocity and 3D-WSS were compared between
different cohorts to generate ~value maps showing where the velocity and 3D-WSS differed
significantly between cohorts (showing £ < .05)
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FIGURE 2.

Top row: Voxel-wise P-value maps showing voxels where velocity was significantly
different (P < .05) between male and female cohorts of the same age. The percentiles below
each P-value map indicate the fraction of the aorta volume where the male cohort has
decreased (blue) or increased (red) velocities compared with the female cohort. Bottom row:
P-value maps for 3D-WSS, showing points on the surface of the aorta where the 3D-WSS
was significantly different between male and female cohorts of the same age (P < .05). The
percentiles below each AP-value map indicate the fraction of the aorta surface area where the
male cohort has decreased (blue) or increased (red) 3D-WSS compared with the female
cohort
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FIGURE 3.

Top row: Side-by-side comparisons of systolic velocity atlases (velocity MIPs) for each
cohort of 20 age-stratified controls (10 males + 10 females in each group). For each age
group, the atlas geometry was determined independently by registration of the 20 aortas. An
age-dependent reduction of aorta systolic velocities can clearly be appreciated. Bottom row:
Voxel-wise P-value maps calculated by pairwise registering the older to the younger cohort.
Regions in blue/red show aorta regions with significantly lower/higher velocity (P < .05).
The percentiles below each P-value map indicate the fraction of the aorta volume with
decreased (blue) or increased (red) velocities compared with the younger cohort
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Top row: Side-by-side comparisons of systolic 3D-WSS atlases for each cohort of 20 age-
stratified controls (10 males + 10 females), with the anterior view on the left and the
posterior view on the right. For each age group, the atlas geometry was independently
determined by registration of the 20 aortas. Bottom row: P-value maps at each point on the
aorta surface calculated pair-wise by registering the older cohort to the younger cohort.
Regions in blue/red show aorta regions with significantly lower/higher 3D-WSS (P < .05).
The percentiles below each P-value map indicate the fractions of the aorta surface area with
decreased (blue) or increased (red) velocities compared with the younger cohort
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Descending Aorta
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Regional systolic helicity in all /=100 healthy controls. Red markers indicate females,
whereas blue markers indicate males, with circles showing the median positive helicity in
the region and squares showing the median negative helicity in the region for each subject.
Dashed lines indicating a linear fit show decreasing systolic helicity magnitude with age for

both sexes
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FIGURE 6.
Example aorta divided into three regions. Regional analysis (A) of systolic velocity (B), 3D-

WSS (C), and median diameter (D) in the AAo, arch, and DAo by age. Each marker
represents the mean of /= 20 subjects (10 female and 10 male), with error bars showing £1
SD from the mean. The x-axis shows the cohort age in years. An asterisk (*) denotes a
significant difference between neighboring age groups using Mann-Whitney U'test with a =
0.05. All trends were significant by Kruskal-Wallis testing except for AAo maximum
velocity and AAo maximum 3D-WSS
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Increasing diameter in each aortic region is associated with decreasing mean velocity and
mean 3D-WSS magnitude in that region. Mean velocity in the AAo (A), arch (C), and DAo
(E) decreases as the normalized median diameter of the region increases. The mean 3D-WSS
in the AAo (B), arch (D), and DAo (F) also decreases with increased normalized median
regional diameter. Each point represents 1 subject (V= 100 per plot); the dashed line shows
a linear fit, with the associated /2 value and P-value also shown on the plot. Abbreviation:

BSA, body surface area
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