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Abstract

Objectives 4D flow MRI enables quantitative assessment of helical flow. We sought to generate normal values and elucidate
changes of helical flow (duration, volume, length, velocities and rotational direction) and flow jet (displacement, flow angle) as
well as wall shear stress (WSS).

Methods We assessed the temporal helical existence (THgy), maximum helical volume (HV ), accumulated helical volume
(HV o), accumulated helical volume length (HVL,..), maximum forward velocity (maxVy,,.), maximum circumferential velocity
(maxV,;.), rotational direction (RD) and maximum wall shear stress (WSS) as reported elsewhere using the software tool
Bloodline in 86 healthy volunteers (46 females, mean age 41 + 13 years).

Results WSS decreased by 42.1% and maxVy,, by 55.7% across age. There was no link between age and gender regarding the
other parameters.

Condlusion This study provides age-dependent normal values regarding WSS and maxVy,, and age- and gender-independent
normal values regarding THgx, HV 00, HV yees HVL yeey RD and 0, Ve

Key Points

* 4D flow provides numerous new parameters; therefore, normal values are mandatory.

» Wall shear stress decreases over age.

* Maximum helical forward velocity decreases over age.

Keywords 4D flow - Flow patterns - Helical flow - Aortic flow - Magnetic resonance imaging

Abbreviations HV,. Accumulated helical volume

4D Four dimensional HVL,.. Accumulated helical volume length
ascA Ascending aorta HV ax Maximum helical volume

BAV Bicuspid aortic valve maxV.,. Maximum circumferential velocity
dia Diastolic maxVy, Maximum forward velocity

FIA Flow jet angle min Minute
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ml Millilitre

mm Millimetre

MRI Magnetic resonance imaging
RD Rotational direction

SD Standard deviation

Sys Systolic

THgx Temporal helical existence
WSS Wall shear stress
Introduction

The aortic diameter is not a good predictor of complications of
aortic dilatation [1, 2]. The reason for using it is the law of
Laplace, which links the expansion rate with the diameter of a
vessel, but the biological genesis of aortic dilatation and dis-
section is more complex [3]. Other sources underlined that
aortic flow abnormalities can contribute to the progression
of dilatation [4, 5], e.g. in the setting of bicuspid aortic valve
(BAV) [6-8].

4D flow allows the visualization and measurements of
flow parameters like helical flow or analysis of the flow
jet and may provide deeper insights into cardiovascular
pathologies [9]. 4D flow might deliver new imaging bio-
markers for surveillance of patients with aortic pathologies
and may help to identify patients at risk for complication of
aortic dilatation such as rupture and dissection, and finally
to adapt patient management. This study is an extension of
previous works, which have shown that absolute quantifi-
cation of helical flow patterns, e.g. of helical volumes and
helical duration, can help to differentiate between physio-
logical and pathological flow patterns [10].

However, those new techniques are still neither an estab-
lished part of the evaluation of patients with aortic disease, nor
part of the decision-making process. Nevertheless, before it
comes to analysis of pathologies, it is necessary to identify the
normal range of these parameters. Thus, the aim of this study
was to utilize 4D flow in the aorta of healthy individuals to
generate normal values and elucidate changes of helical flow
and flow jet as well as wall shear stress (WSS).

Material and methods
Study cohort

Eighty-six healthy volunteers (46 females, 41 + 13 years) were
included. To investigate the influence of age, we included
various age groups: 19-30 (n = 20); 3140 (n = 21); 41-50
(n =21); 51-60 (n = 18) and > 61 years (n = 6). The local
ethics board approved the study and written informed consent
was obtained from all participants.
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Magnetic resonance image acquisition

4D flow datasets were acquired at 3 T using a 16-channel
surface-coil in combination with a 12-element spine-coil
(Magnetom Verio Dot, Siemens Healthcare). The used 4D
flow kt-GRAPPAS sequence was validated before [11, 12].
Imaging parameters were as follows: TR = 4.6 ms, TE = 2.8
ms, Flip angle 10°, FOV 320 x 240 mm with a mean temporal
resolution of 39.2ms and a spatial resolution of 2.5 x 2.5 x
2.5 mm, VENC 150 cmy/s.

Data analysis

Vessel segmentation, blood flow visualization
and pre-processing

All processing steps were carried out using the software
Bloodline (University of Magdeburg, Germany) [13-16].
The ascending aorta (ascA) was defined as the volume of
the aorta between the aortic valve and the origin of the bra-
chiocephalic trunk and the thoracic aorta as the volume be-
tween the aortic valve and the diaphragm.

Bloodline enables the analysis of defined regions, e.g. the
ascA, and provides the volume as well as the length of the
segmented vessel and visualizes blood flow using time-
resolved pathlines [17]. We corrected for phase wraps, eddy
currents and background noise as described previously [18, 19].

Measurements and flow quantifications

The automatic identification of complex flow patterns utilizes a
recently described relative pressure calculation [10, 20]. Those
parameters were evaluated recently [10]. Additionally, blood-
line enables a fully automated, adaptive extraction of time-
resolved flow jet information [16] and uses filtering techniques
to extract the pathlines within the regions of helical flow to
visualize them separately from the pathlines with non-helical
flow as described by Kohler et al [17].

The parameter temporal helical existence (THE,) was in-
troduced earlier [10]. This parameter describes the duration of
helical flow throughout the cardiac cycle. This parameter was

Fig. 1 3D visualization of the evolution of a helix in the ascending aorta p>
during the entire cardiac cycle of a healthy individual (left column) and a
patient with BAV (female, 39 years old, right column). (a) At early
systole, the helix occupies only the very proximal part of the ascending
aorta in die healthy volunteer and a big part in the patient. (b) At mid-
systole, it has grown in volume and length and reached its maximum—
the maximum helical volume (HV ,,,,). (¢) At end-systole at 300 ms, most
of the helix vanished. (d) The summation of all volumes that contributed
to the helix during the entire cardiac cycle is the accumulated helical
volume (HV ,..), and its length is the accumulated helical volume length
(HVL4eo)
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Fig. 2 Visualization of
measurements of helical
velocities. (a) The maximum for-
ward velocity (maxVi,,) in me-
tres per second (m/s) describes the
maximum helix velocity in
downstream direction (blue ar-
row). (b) The maximum circ-
umferential velocity (maxV ) in
m/s describes the maximum
cross-sectional helix velocity in
circumferential direction within
the axial measuring plane (blue
arrow)

given as an absolute value in milliseconds (ms) and as a rela-
tive value in percentage (%) of the cardiac cycle.

The size and length of a helix were assessed with different
parameters, introduced earlier [10]:

1. The maximum helical volume (HV ,,,,) as an absolute
value in millilitres (ml) and the relative value in percent
(%) of the volume of the thoracic aorta and of the ascA at
a definite timepoint of the cardiac cycle (Fig. 1 a—c).

2. Furthermore, the accumulated helical volume (HV 4..)
was defined as a summation of all volumes that con-
tributed to the helix during the cardiac cycle. This
parameter can be described as a roadmap of the he-
lix. It is given as an absolute value in milliliters (ml)
or relatively in percent (%) based on the volume of
the ascA (Fig. 1 d).

3. According to the HV,.., we assessed the accumulated
length of a helix with the accumulated helical volume
length (HVL,..). This parameter describes the length of
the roadmap of a helix. It is given as an absolute value in
millimetres (mm) or relatively in percent (%) based on the
length of the ascA (Fig. 1 d).

Helical flow velocities were assessed as follows:
1. The maximum forward velocity (maxVy,.) of helices in

metres per second (m/s) describes the maximum helix
velocity in downstream direction (Fig. 2 a).
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b)

2. The maximum circumferential velocity (maxV;..) of he-
lices in m/s describes the maximum cross-sectional helix
velocity in circumferential direction (Fig. 2 b).

3. General forward flow velocity of helical and non-helical
flows as a “2D parameter” in the ascA in m/s.

The rotational direction (RD) was subdivided into left-
handed (RD-) and right-handed (RD+) as described by
Meuschke et al [20, 21].

The flow jet was defined as suggested by Kohler et al:
Aortic flow can be assumed as laminar. It follows the vessel
course and the highest velocities—the flow jet—is usually
located in the vessel’s centre; therefore, the flow jet represents
the area with the highest velocities within the parabolic flow
profile [16]. Furthermore, we evaluated the angle between the
vessel’s centreline and the flow jet—the flow jet angle (FJA)
[5] in the ascA.

Additionally, we assessed the normalized flow d-
isplacement (FD) in peak systole in the ascA as a rela-
tive, cross-sectional parameter. It is the relative distance
between the fastest pixel in peak systole and the
centreline normalized to the vessel radius, where 0%
means that the fastest pixel lies on the vessel’s centreline
and 100% means that the fastest pixel was located at the
vessel wall [22].

Furthermore, we assessed the maximum wall shear stress
(WSS,,..r) Within the ascA as an absolute value in pascal (Pa)
as reported previously [23] (Fig. 3).
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Statistical analysis

All results were given as their median values and quartiles
(1%/3™). Statistical analysis was performed using the sta-
tistical software package SAS 9.4 (SAS Institute Inc.).
Binary outcome variables were investigated in logistic
regression analyses with age and gender as potential re-
gressors. For the metrical outcome variables, the depen-
dence of the target variables on age and gender or the
interaction of both was checked in type II regression
models using the procedure SAS/TRANSREG that auto-
matically includes a Box-Cox transformation of the target
variables to obtain approximately normal distributions of
the residuals. As there were no significant dependencies
on the interaction of age and gender, only the p-values of
the tests for the main effects of age and gender are report-
ed here. If the Box-Cox transformed target variable did
not show significant dependencies on age in the corre-
sponding two-sided linear model tests at an error level
of 5%, then reference ranges for the transformed variables

Surface: Wall Shear Stress [Pa)
0.0 08

were derived as (mean £ 1.96 - standard deviation) where
mean and standard deviation were obtained from the total
sample or separately by gender depending on the signifi-
cance status for the influence of gender in the above re-
gression model. In case of age dependencies, age-
dependent reference ranges were obtained as (predicted
value = 1.96 x SQRT (residual variance)), where the re-
gression parameters were taken from the above regression
model with two regressors if the influence of gender was
significant, too, or from a reduced regression model with
only age as regressor otherwise. Finally, the mean and the
limits of these reference ranges were reverse transformed
with the inverse Box-Cox transformation yielding esti-
mates for the median and the limits of the reference range
of the original variables. Variables with a range including
negative values were shifted before the above-described
procedure with a corresponding back shift of the reference
limits and the centre at the end. The obtained reference
ranges should cover approximately 95% of the healthy
population.

Fig. 3 3D visualization of wall shear stress (WSS) as a heatmap. (a) Heatmap of a healthy volunteer normal WSS distribution of max. 0.5 Pa. (b) WSS
heatmap of a patient with BAV with elevated WSS at the outer surface of the aortic arch of max. 0.8 Pa
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Table 1 Distribution of age-dependent (R = 0.629 and 0.406) and gender-independent normal ranges regarding the thoracic aortic volume and the
ascending aortic diameter

Parameter Age Gender Age Median Lower Upper
dependency dependency limit limit
Thoracic aortic volume (ml) Yes No 19-30 101.2 60.4 169.6
(R=0.629, p = 0.002) 3140 125.1 74.6 209.6
41-50 148.4 88.5 248.6
51-60 176.0 105.0 294.9
> 60 183.5 109.5 3074
Ascending aortic diameter Yes No 19-30 24.5 19.6 334
(mm) (R=0.637, p = 0.009) 31-40 29.7 21.7 37.6
41-50 31.2 233 39.2
51-60 32.8 24.9 40.7
> 60 332 253 41.1
Results

Volunteer characteristics

Eighty-six volunteers were included (46 females, mean age 41
+ 13 years). Mean body mass index was 24.1 + 5.2 kg/m” with
no significant differences between the age groups. The mean
resting heart rate during the examination was 69 + 16 beats per
minute, the mean cardiac output was 4.4 + 1.2 I/min.

We found a good positive correlation between age and
aortic volume (R = 0.629, p = 0.002) and aortic diameter (R
=0.637, p = 0.009), indicating a steady growth of ascA with
increasing age (Fig. 4 and Table 1). The correlation coefficient
R between the aortic volume and gender was 0.406 (p =
0.003), revealing a bigger aorta in men.

The median length of the thoracic aorta was 390mm (260/
20 40 60 80 . . . .
e 420). There was no significant correlation between the aortic
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Fig. 4 Relationship between age and geometric aortic parameters. Top:
ascending aortic volume (ml), bottom: ascending aortic diameter (mm),
both show a strong trend to increase with age. The grey dotted lines mark Fig. 5 3D visualization of helices in the ascending aorta and in the aortic
the 2.5% and 97.5% percentiles; the grey solid lines mark the median arch. Note the gap between both helices
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Table 2 Distribution of age- and
gender-independent normal ranges Parameter Age Gender Median Lower Upper
regarding the femporal helical ex- dependency dependency limit limit
istence (THy), THE, begin and
THp, end Temporal helical existence (THE,) No No 231.1 54.6 487.6
ms
Teinpo)ral helical existence (THE.) (%) No No 25.7 4.1 45.7
TH, begin (ms) No No 80.4 21.0 2972
TH, begin (%) No No 6.5 25 31.6
THE, end (ms) No No 337.8 137.8 7213
THE, end (%) No No 35.8 16.4 69.6

length and age (R =0.101, p = 0.353) or between aortic length
and gender (R = 0.047, p = 0.777).

Presence of helices in the ascending aorta

We detected at least one helix in all 86 participants, only one
within the ascA in 70/86 (81%) subjects. The helix started right
downstream from the aortic valve and evolved through the ascA
towards the aortic arch. Helices in the early systole were small
(Fig. 1a), while they reach their maximum volume and length
around mid-systole (Fig. 1b). In 16/86 (19%) participants, we
found an additional helix in the distal ascA or the aortic arch: 7
female, N = 3 19-30 years, N = 4 31-40 years, N = 4 41-50
years, N =4 51-60 years, N = 1 > 60 years. Visually, the helix in
the aortic arch started right where the helix in the ascA ended
(Fig. 5). We found no helices in the descending aorta.

Duration of helical flow in the ascending aorta
throughout the cardiac cycle (THp,)

The median TH, in all participants in the ascA was 231.1ms
(145.9/321.4), which was 25.7% (18.5/33.3) of the cardiac
cycle. The helices began at 80.4 ms (68.7/134.5) (6.5% (3.1/

13.2)) and ended at 337.8 ms (260.0/403.4) (35.8% (25.6/
44.0)), indicating that helices in healthy volunteers mainly
occurred during mid-systole and vanish in early diastole.
There was no strong link between TH, and age (R = 0.366)
or gender (R = 0.259) (Table 2).

Maximum (HV ,,,,.) and accumulated (HV ,..) helical
volumes

The median absolute HV,,,, was 8.4 ml (4.8/13.4), which was
6.0% (4.9/12.3) of the volume of the thoracic aorta and 14.5%
(9.1/28.2) of the volume of the ascA. We found a weak cor-
relation between the measurements and age (R = 0.301; p =
0.106) and gender (R = 0.308; p = 0.048) in both vessel
sections.

The median absolute HV,.. was 9.3 ml (4.8/13.4), which
was 7.6% (4.9/12.3) of the volume of the thoracic aorta and
19.4% (12.1/23.1) of the volume of the ascA. Although there
was a mediocre correlation between the measurements and
age, it was not statistically significant (R = 0.401; p =
0.101). Additionally, there was a weak correlation between
the measurements and gender (R = 0.040) in both vessel sec-
tions (Table 3).

Table 3  Distribution of age- and gender-independent normal ranges regarding the maximum helical volume (HV ,,,), the accumulated HELICAL
VOLUMe (HV ,..) and the accumulated helical volume length (HVL ,..)

Parameter Age dependency R Gender dependency R Median Lower limit Upper limit
Maximum helical volume (HV ,,,,) (ml) 0.301 0.308 8.4 1.5 27.9
HYV,,,. thoracic aorta (%) 0.298 0.211 6.0 0.8 13.7
HV,,,. ascending aorta (%) 0.308 0.308 14.5 2.0 354
Accumulated helical volume (HV ;) (ml) 0.401 0.040 93 1.97 39.6
HV . thoracic aorta (%) 0.389 0.015 7.6 1.88 23.7

HV .. ascending aorta (%) 0.451 0.051 19.4 2.72 50.2
Accumulated helical volume length (HVL,,..) (mm) 0.269 0.096 58 13 108
HVL,. thoracic aorta (%) 0.277 0.101 16.3 4.0 34.2
HVL,,. ascending aorta (%) 0.274 0.084 56.6 8.0 91.7
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Table 4 Distribution of age-
dependent and gender-
independent normal ranges re-

garding the maximum helical
SJorward velocity (Vy,,) and the
age- and gender-independent
maximum helical circumferential
velocily (Vcirc)

Parameter Age Gender Age Median Lower  Upper

dependency dependency limit limit

Maximum helical forward velocity ~ Yes No 19-30 589 20.8 96.2
(Vior) (cn/s) (R =-0.583, 31-40 532 145 89.7
p=0.038) 41-50  50.0 9.0 83.6

51-60 444 73 81.4
> 60 38.1 4.7 80.3

Maximum helical circumferential ~ No No - 70.1 18.9 103.1

velocity (V) (cm/s)

Accumulated helical volume length (HVL,,.) of helices
in the ascending aorta

The median absolute HVL,,.. overall was 58 mm (31/61),
which was 16.3% (11.6/21.5) of the length of the thoracic
aorta and 56.6% (32.9/75.2) of the length of the ascA. There
was a weak correlation between the measurements and age
(R =0.269; p = 0.022) and no correlation for gender (p =
0.096; p = 0.573) in both vessel sections (Table 3).

Forward (V) and circumferential (V ;) velocities
of helices in the ascending aorta

The median maximum Vg, and V. overall were 57.4 cm/s
(47.5/79.2) and 70.1 cm/s (60.6/83.4). V,, decreased by
55.7% across age (R = — 0.538) (p = 0.038), while there was
no link between V ;.. and age (R =0.272, p = 0.355) or gender
(R=0.211,p=0.793) (Table 4 and Fig. 6). Mean “2D forward
flow velocity” was 118.9 cm/s (96.2/177.1) in the ascA; it
decreased by 29.8% over age (R = —0.383, p = 0.028).

0.75

maximum helix forward velocity [m/s]

-0.25
20 40 60 80
Age

Gender e male e female « hoth

Fig. 6 Relationship between age and the helix forward velocity (Vy,,.)
(m/s), showing a strong trend to decrease with age. The grey dotted
lines mark the 2.5% and 97.5% percentiles; the grey solid lines mark
the median
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Rotational direction (RD) of helices in the ascending aorta

In 61 (71%) cases, helical flow was mainly right-handed, and
in 25 cases, we found mainly left-handed helical flow. There
was no significant correlation between RD and age (R =
0.228, p=0.748 and R = 0.212, p = 0.840) or RD and gender
(R=0.241,p=0.392 and R = 0.225, p = 0.572).

Flow jet angle (FJA )

The median FJA,, was 2.3° (1.6/3.5). There was no signifi-
cant link between the FJA and age (R =0.322, p =0.892) and
the FJA and gender (R = 0.029, p = 0.697) (Table 5).

Flow displacement (FD)

The median peak systolic normalized flow displacement
was 1.5% (0.9/2.1) with no significant correlation between
the measurements and age (R = 0.137, p = 0.480) or gender
(=0.011, p = 0.527).

Wall shear stress (WSS)

The median maximum WSS in the ascA was 0.61Pa (0.52/
1.01). There was a significant (R = — 0.514, p = 0.039) nega-
tive correlation between WSS and age, but no link between
WSS and gender (R = 0.198, p = 0.320) (Table 5): From 18 to
60 years, WSS decreased by 42.1%.

Discussion

Numerous 4D flow parameters were already described [19,
24-26]. These parameters were mostly assessed visually
only, which might limit the use in the clinical routine. We
are convinced that quantitative parameters, which can be
assessed in a highly standardized manner, might be one
way to overcome this limitation. We utilized 4D flow to
establish normal values regarding helical flow, the flow
jet and WSS in the ascA in a large cohort.
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Table 5 Distribution of age- and
gender-independent normal Parameter Age Gender Age Median Lower  Upper
ranges regarding the peak systolic dependency dependency limit limit
flow jet angle (FJAy,) the age-
dependent and gender_ Peak systolicﬂowjet angle No No - 2.3 1.9 3.5
independent maximum wall shear (FJA,) (°)
stress (WSS,na), R = 0.514 Maximum WSS (WSS) (Pa) Yes No 19-30 0.9 04 3.9
(R=-0514, 3140 0.6 0.3 2.6
p=0.039) 41-50 0.5 0.2 2.1
51-60 0.5 0.2 1.7
> 60 0.4 0.2 1.5

In line with other studies, we found that the ascA diameter
increased with age [3, 27]: Our calculations regarding the nor-
mal range of the ascending aortic diameter indicate an upper
limit > 40 mm in volunteers > 51 years, which could be
interpreted as an aortic ectasia [1, 2]. Since we only included
healthy subjects in this study, one possible conclusion—in line
with other sources—could be that the aortic diameter alone is a
poor parameter for the evaluation of aortic diseases [1, 3, 28].

Furthermore, we were able to detect at least one helix in the
ascA in all participants. Additionally, we found a second helix in
the aortic arch in 16 (19%) participants. Interestingly, the aortic
arch helices started right at the spot where the ascending aortic
helices ended. We state that this sharp separation of the helices is
most likely artificial due to the used technique of pressure-based
helix extraction. However, it shows that there seems to be a
“transition-zone” in between those two helices, right at the tran-
sition from the ascA to the aortic arch. In other words: There are
differences regarding pressure and flow characteristics between
the ascA and the aortic arch, which is in accordance with the
literature: Frydrychowicz et al found significant differences in the
distribution of WSS between the ascA and the aortic arch. The
authors stated that this is helpful for explaining why atheroscle-
rotic lesions predominantly develop and progress mainly at the
origins of the supra-aortic vessels [29]. Other sources underlined
that the flow abnormalities in the setting of BAV might extend
into the aortic arch (Fig. 1), which fits our observation [6].

We found out that in the ascA, helices mainly occur during
systole and vanish during diastole. This is in line with the litera-
ture: Kilner et al [30] described “spiral” flow predominantly
occurring during systole. Other studies investigated the evolution
of helical flow by visual analyses and demonstrated that helical
flow emerges mainly in peak systole [31].

Additionally, helices in the early systole were usually
small, while they reached their maximum volume and length
around mid-systole. We assume that some small helices were
missed due to the overlay of pathlines with laminar and helical
flow, while (semi)automatic analyses might enable the detec-
tion of even small helices.

We found a THgx 0f25.7% to be normal; previously, it has
been shown that THgy in BAV patients can be more than 2-
fold elevated [10], indicating that THgy can be helpful dis-
criminating normal and abnormal flow.

This current study extends previous attempts to utilize the
technique of pressure-based helix extraction to measure vol-
umes and lengths of helices. We found a HV .. of up to
39.6ml to be normal, whereas a recent study found a HV,,,.
of up to 236ml in BAV patients [10].

The helical maximum flow velocities within a helix in
healthy volunteers were generally lower than the general “2D
peak flow velocities”. We found a reduction of helical forward
velocity (V) by 55.7% with age (18 to 63 years), while there
was no link between age or gender and the circumferential
velocity (V..), and we found a general decrease of peak flow
velocity by 29.8% in the ascA. One possible explanation for
this finding could be the ascA diameter increases causing a
slower laminar and non-laminar flow in general. This is partial-
ly in line with the results of van Ooij et al [32]. They investi-
gated the maximum velocity of bulk blood flow and demon-
strated decreasing velocities with age. Although they did not
investigate helical blood flow, their findings fit our findings,
indicating decreasing forward velocities with age. Contrarily,
we found no correlation between the helices’ circumferential
velocity (V) and age or gender. To the best of our knowledge,
there is no study that has systematically evaluated the impact of
circumferential helical flow velocities, yet.

In line with Lorenz et al, we found both right- and left-
handed helical flows to be normal in healthy volunteers, sug-
gesting that this parameter cannot distinguish between healthy
and pathological flows [33].

Dyverfeldt et al stated that the normalized flow displacement
(FD) is a suitable parameter for identifying and risk-stratifying
patients who are likely to develop clinically significant aortic
dilation, but their study did not include healthy volunteers [34].
Later, Sigovan et al compared patients with BAV and seven
healthy volunteers and found the normalized flow displacement
(FD) to be of importance for distinguishing between physiolog-
ical and pathological flows [35]. We found a normalized FD of
0.02 to be normal; they found a mean normalized flow displace-
ment of 0.12 in patients while Dux-Santoy et al found a nor-
malized displacement of 0.05-0.08 in patients with BAV [6].
This suggests that the parameter “normalized displacement”
can distinguish between physiological and pathological flows.
As expected, we found that WSS was closely related to forward
velocity: Both parameters demonstrated a negative correlation
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with age. van Ooij et al investigated WSS in healthy volunteers
and found a decreasing WSS with normal aging [32, 36].
Additionally, they elucidated WSS in patients with BAV and
found a good correlation between abnormal velocities and WSS.
They found WSS of 0.8 to be normal for healthy adults < 30
years; in our study, we found 0.88 Pa to be normal for this age
group (the differences between those values occur due to slight-
ly different scan parameters).

They found significantly elevated WSS in BAV patients
using matched WSS maps [32, 36]; therefore, WSS could po-
tentially be an important marker for aortic dilatation. It is known
that WSS measurements depend strongly on the used scan pa-
rameters [26, 37]. This indicates that the here provided normal
values only apply when using the same parameters as reported.

One limitation of our study is that we did not differentiate
between helices and vortices. A visual, qualitative but also a
quantitative differentiation between both is often not possible.
There is a smooth transition between both phenomena and
definite cutoffs do not exist. Nevertheless, this differentiation
could be of interest because there is evidence that vortical flow
is a relevant factor, e.g. in aortic dissection, and should be
addressed in future research [38].

In conclusion, we demonstrated in 86 healthy volunteers
that strong correlations exist between age and the hemody-
namic parameters helical forward velocity and WSS at peak
systole. Interestingly, the “spatio-temporal helical
parameters” like volume, length and temporal existence did
not depend on gender and age. We elucidated that the param-
eters THy, the helical volumes and normalized displacement
enable to discriminate between physiological and pathological
flows. We provided normal ranges for all these flow parame-
ters, which might be an important presupposition for the as-
sessment of patients with aortic disease.
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