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Abstract
Purpose—Changes in aortic geometry or presence of aortic valve disease can result in
substantially altered aortic hemodynamics. Dilatation of the ascending aorta or aortic valve
abnormalities can result in an increase in helical flow.

Methods—4D flow MRI was used to test the feasibility of quantitative helicity analysis using
equidistantly distributed 2D planes along the entire aorta. The evaluation of the method included
three parts: 1) the quantification of helicity in 12 healthy subjects, 2) an evaluation of observer
variability and test-retest reliability, and 3) the quantification of helical flow in 16 patients with
congenitally altered bicuspid aortic valves.

Results—Helicity quantification in healthy subjects revealed consistent directions of flow
rotation along the entire aorta with high clockwise helicity in the aortic arch and an opposite
rotation sense in the ascending and descending aorta. The results demonstrated good scan-rescan
and inter- and intra-observer agreement of the helicity parameters. Helicity quantification in
patients revealed a significant increase of absolute peak relative helicity during systole and a
considerably greater heterogeneous distribution of mean helicity in the aorta.

Conclusion—The method has the potential to serve as a reference distribution for comparisons
of helical flow between healthy subjects and patients or between different patient groups.
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Introduction
Phase contrast (PC) MRI has been widely applied to obtain information on morphology and
blood flow in cardiovascular disease (1,2). 4D flow MRI, i.e., ECG synchronized flow
sensitive 3D MRI with 3-directional velocity encoding, can be employed to acquire the
temporal evolution of complex flow patterns simultaneously with morphological data (3–5).
3D flow visualization and retrospective flow quantification has been used to investigate
changes in vascular hemodynamics associated with vascular pathologies such as aneurysms
and stenosis (6–10).

3D blood flow characteristics within the aorta are complex and dependent on the individual
geometry and shape of the aorta. Helical flow, a corkscrew-like motion about the principal
flow direction, is considered to be a normal feature in healthy subjects (11–15). Due to
altered aortic outflow resulting from aortic valve disease, helical flow has been shown to
increase (16,17), and is assumed to alter the distribution of shear forces at the vessel wall
(18). Previous studies have shown that changes in the wall shear forces along the vessel wall
can alter endothelial cell function and thus result in arterial remodeling (19). In the context
of aortic blood flow, previous studies (18,20) provide evidence that deranged flow, such as
helix formation, is associated with changes in regional wall shear stress and thus potentially
linked to the development of autophagy such as dilation or aneurysms.

Previous in vivo investigations of aortic helicity were based on the qualitative evaluation of
helical flow using 2D vector arrow plots (13) or 3D streamlines and 3D pathlines, which
provide a visual impression of the magnitude and sense of rotation (6,13,20,21). However, it
is challenging to visually analyze helix flow over the entire aorta and cardiac cycle. Helical
flow patterns can be overlooked in a visual inspection. Moreover, such an analysis and
classification of helical flow could remain observer-dependent. Recently, a quantitative
method using a global helical flow index based on pathlines was introduced (22,23). For
each point in a pathline trajectory, absolute values for the relative helicity were calculated
and a helical flow index was established by averaging over all points of the pathline
trajectory. To derive a measure of global helical flow, data from all pathline trajectories
were averaged. However, the method is spatially and temporally limited since pathlines do
not cover the entire aorta and the volume coverage of emitted pathlines during diastole is
strongly reduced. Therefore, a method for the reliable quantification of aortic helicity could
help to clearly identify the direction of rotation and the intensity of the helicity at specific
locations and time points within the cardiac cycle.

This work was primarily a proof of principle. The aim of this study was to test the feasibility
of quantitative analysis of helicity, using equidistantly distributed 2D planes and to quantify
the spatial distribution and temporal dynamics of helix flow in the entire thoracic aorta. The
evaluation of the method included three parts: 1) the helicity quantification in 12 healthy
subjects, 2) the evaluation of the test-retest reliability and 3) the comparison of helical flow
in healthy individuals to 16 bicuspid aortic valve (BAV) patients with fusion of the left-right
coronary cusp. BAVs are known to be prone to increased helical flow (17,18) which might
promote the development of aortic aneurisms in the ascending aorta that are unique to these
patients. The aim of applying helicity analysis for an objective (quantitative) assessment of
this flow pattern is to estimate the link between the severity of helical flow and the
development of aortopathy (e.g. progressive aortic dilation, development of aneurysms,
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dissection). A quantitative analysis of helical flow may be useful in longitudinal studies to
determine if the abnormal flow drives aneurysm growth, or if it is a consequence of the
aneurysmal geometry.

Methods
Study Population

After obtaining ethical approval for the study and written informed consent, 12 healthy
subjects (age: 25±3 years, 4f/8m) were examined. Repeated MR imaging and analysis in 10
of the 12 healthy subjects (age: 26±4 years, 3f/7m) was performed after 1 year to analyze
test-retest reliability. Furthermore one healthy subject was scanned with five venc values
(1.0 m/s, 2×1.5 m/s, 2.0 m/s and 2.5 m/s) to analyze the effect of high vencs and thereby
investigate the influence of SNR on the results of helicity quantification. The repeated
measurement for venc: 1.5 m/s was used to test the effect of time and possible changes of
parameters such as heart rate, maximum velocity, cardiac output, etc. between
measurements on the repeatability of helicity analysis. All scans for the venc analysis were
acquired sequentially.

In addition, 16 patients with bicuspid aortic valve (BAV, left-right coronary leaflet fusion,
age: 51±20, 4f/12m) were recruited and examined, including 4 patients with a normal-sized
aorta, 6 patients with a stenotic aortic valve (AoV; 4 mild, 1 moderate and 1 severe), 4
patients with a dilated ascending aorta (AAo), and 2 patients with a stenotic AoV (1
moderate, 1 severe) and dilated AAo (table 1) (24). A dilated aorta was defined as having a
diameter > 4.0 cm in the AAo.

The BAV sample corresponds in part to a recently published study (18). Severity of the
valvular lesion was graded as mild, moderate and severe according to current guidelines
(25). The grading was based on information either from transthoracic echocardiography
(peak and mean pressure gradient, effective orifice area) or from CMR (planimetry of the
orifice area) or both. AAo size measurements were obtained from axial SSFP images of the
thorax on the level of the midpoint between the sinotubular junction and the origin of the
innominate artery (26). BAV patients were selected for this study due to the fact that most of
these patients show an increase in helical flow.

Data Acquisition
For all subjects 4D flow MRI was performed using a sagittal oblique 3D volume covering
the entire thoracic aorta. All healthy subjects were scanned on a 3 T system (MAGNETOM
Tim Trio, Siemens, Erlangen, Germany). The scan parameters were as follows: TE = 2.5 ms,
TR = 5/5.1 ms, flip angle = 7°, temporal resolution = 40/40.8ms, spatial resolution = 1.7 ×
2.0/2.2 × 2.2/2.4 mm3, and velocity sensitivity = 150 cm/s. Patient examinations were
performed on both 1.5 T (MAGNETOM Avanto, Siemens, Erlangen, Germany) and 3 T
systems (MAGNETOM Tim Trio, Siemens, Erlangen, Germany) using the following scan
parameters: TE = 2.4 – 2.5 ms, TR = 4.9 – 5.1 ms, flip angle = 7°/10°/15°, temporal
resolution = 39.2– 40.8 ms, spatial resolution = 2.0 – 2.6 × 1.7 – 2.1 × 2.0 – 3.0 mm3, and
venc = 150 – 250 cm/s. Note that flow measurements at 1.5 T and 3 T show the same
accuracy and precision in velocity data; the improvement in SNR for 3 T allows for higher
temporal and spatial resolution (27).

Data Analysis
4D flow MR images were corrected for eddy currents, Maxwell terms and velocity aliasing
(28–30). Time averaged phase-contrast angiography (PC-MRA) data was calculated using
pixel-wise squared absolute velocity values with magnitude weighting (31). PC-MRA was
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used for anatomic orientation in 3D (EnSight, CEI, USA) and to position equally spaced
(distance = 10mm) analysis planes along the entire thoracic aorta. The first analysis plane
(0) was positioned directly distal to the left subclavian artery (see Fig. 2 - dotted red line), in
order to define a common geometric landmark. Distal to plane 0 and downward from the
descending aorta planes were labeled +1 (1 cm distal), +2 and so forth. Proximal in the
direction towards the heart, and down the ascending aorta the planes were labeled −1 (1 cm
proximal), −2, and so on. The first analysis plane in the ascending aorta (AAo) and the last
plane in the descending aorta (DAo) were placed at the same level.

Helicity calculation
If a fluid additionally rotates about an axis parallel to the main direction of flow, it will have
a helical flow component. The helicity in fluid flow is defined as the integrated scalar
product of the local velocity vector u(r,t) and the vorticity vector ω(r,t) in three dimensional
Euclidean space (R3) (32,33).

The vorticity vector field is defined as the curl of the velocity vector field.

Helicity is a conservative quantity and remains unchanged for incompressible fluids with
zero viscosity and homogeneous density. The dot product of the velocity and vorticity
vectors describes the helicity density Hd:

Both the helicity and helicity density are pseudoscalar quantities. In the case of forward flow
(i.e. directed from the heart to the aorta), the signs provide information on the direction of
rotation of the fluid (either clockwise or counter-clockwise). The angle α between the
velocity and vorticity vectors is referred to as the relative helicity or relative helicity density
Hr:

This angle α can have values in the range [0°, 180°] resulting in relative helicity values
between −1 (maximum counter-clockwise rotation when viewed in direction of flow) and +1
(maximum clockwise rotation). High values of relative helicity reflect regions where the
velocity and vorticity are aligned (the angle between the velocity and vorticity is 0° or 180°).
It should be noted that the specified definition of helicity direction is valid for forward flow
only. In case of diastolic retrograde flow (e.g. in case of valve insufficiency) the sign of the
time resolved relative helicity <Hr(t)> will reflect inverted rotation directions (−1 =
clockwise, +1 = counter-clockwise).

For each analysis plane and for all time-frames, the aortic lumen was manually segmented
(MATLAB, The MathWorks, Natick, MA, USA) (34) to analyze relative helicity and
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helicity density. The temporally resolved mean relative helicity <Hr(t)> and mean helicity
density <Hd(t)> were calculated by averaging over the segmented aortic lumen. The
temporal evolution of the mean relative helicity over the cardiac cycle was thus derived for
all analysis planes. The mean relative helicity <Hr>avg and mean helicity density <Hd>avg
were additionally averaged over all time frames in each plane. The absolute peak relative
helicity |Hr,peak| represents the absolute peaks of <Hr(t)> during the cardiac cycle. Both
scalars are meaningful in magnitude (intensity) and sign (rotation direction). Relative
helicity is the ratio of the actual helicity to the maximum helicity possible. Helicity density
is a good indicator for speed of the helicity.

Statistical Analysis
Statistical analysis was performed using MATLAB. Temporally resolved data are presented
as a mean ± standard deviation. Agreement between repeated 4D flow acquisition and planar
helicity analysis was assessed by a Bland-Altman comparison (35) and Pearson’s correlation
coefficient r; a correlation was considered significant for p < 0.001. A two-tailed Student’s t-
test was performed for the comparison of healthy subjects and the different patients groups
for absolute peak relative helicity |Hr,peak|. Only datasets with more than 2 patients were
used for this comparison. This applies to the stenotic AoV, the dilated AAo and the normal
AAo patient group. Additionally, an inter- and intra-observer reproducibility for <Hr(t)> was
performed in 3 analysis planes (AAo, AA, DAo) for 3 healthy subjects and 3 patients to test
the reproducibility of the post processing using Bland-Altman analysis. Furthermore, a
statistical analysis was performed on the effect of different vencs (1.0 m/s, 1.5 m/s, 2.0 m/s
and 2.5 m/s) for one healthy subject on <Hr(t)> and <Hd(t)> using box plots.

Results
An example of the difference between normal helical flow in a healthy subject and that of a
patient with BAV disease is depicted in figure 1. The healthy volunteer (figure 1, top) shows
normal helical flow in the ascending aorta and the aortic arch during peak systole while the
BAV patient (figure 1, bottom) reveals strong helical flow across the entire aorta. For the
quantitative analysis of aortic helicity, the total number of analysis planes for healthy
subjects and patients was 840 (average per healthy subject = 21.2±1.8; average per patient =
23.4±1.2). A range of 19 to 25 analysis planes covered the ascending aorta, the aortic arch,
and the proximal descending aorta.

Healthy Volunteers
Figure 2 depicts time-resolved mean relative helicity <Hr(t)> averaged over all 12 healthy
subjects for five selected analysis planes (# −9, # −4, # 0, # +4, # +8). In the first part of the
ascending aorta (# −9), <Hr(t)> shows mainly a counter-clockwise rotation (blue arrow).
Further along the ascending aorta clockwise rotation during systole (red arrow) increased (#
−4) with a maximum in the aortic arch (# 0) while diastolic counter-clockwise helicity
decreased in magnitude. Additionally the peak of the clockwise helicity is slowly delayed in
time relative to the distance from the aortic valve. The aortic arch mainly showed high
clockwise rotation during systole and almost no diastolic helical flow. Downstream in the
descending aorta (# +4, # +8), diastolic helical flow reappeared, however with an opposite
sense of rotation compared to the ascending aorta: systolic counter-clockwise helicity and
diastolic clockwise helicity. The top graph in figure 2 shows the temporal evolution of
helicity (<Hr(t)>) averaged for all planes in the ascending aorta (AAo, black), the aortic arch
(AA, green) and the descending aorta (DAo, blue). The three curves illustrate the different
dynamics of helicity over the cardiac cycle with a pronounced positive peak in the AA
during systole.
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Figure 3 shows relative helicity along the aorta averaged over all volunteers during early
systole, peak systole, late systole and mid-diastole. A temporal increase of clockwise
rotation with a maximum during peak systole in the AA is evident. During peak systole and
late diastole, counter-clockwise rotation was increased in the DAo.

Test-Retest Reliability
Figure 4a summarizes the test-retest analysis in 10 volunteers. The comparison of time-
resolved mean relative helicity <Hr(t)> between repeated measurements in the AAo, the AA
and the DAo demonstrated good agreement as shown in figure 4 (top, left). Bland-Altman
analysis (figure 4, top right and bottom row) of mean relative helicity <Hr>avg for all
analysis planes in the AAo, AA and DAo confirmed low mean differences
(0.002/−0.001/0.001) but moderate limits of agreement (±0.05/±0.06/±0.06). Pearson
correlation demonstrated significant agreement (r ≥ 0.59) for the reproducibility.

Figure 4b presents the test-retest Bland-Altman analysis for <Hr>avg for one volunteer with
a sequentially acquisition of measurements. The mean difference was −0.007 with limits of
agreements of ±0.07. Results are similar to the healthy subjects with one year between
measurements. The Pearson correlation revealed a significant correlation (r = 0.9) between
both measurements.

Helicity in Patients with Bicuspid Aortic Valve
A comparison of the temporal evolution of mean relative helicity <Hr(t)> of all healthy
subjects (12) with 2 selected BAV patients and the corresponding velocity graphs are shown
in figure 5. The patients show higher <Hr(t)> over the cardiac cycle than the healthy
subjects. For all healthy subjects the range of <Hr(t)> was −0.40 to 0.42. Both BAV patients
show retrograde flow during diastole. In particular BAV#1 shows strong retrograde flow
during the duration of the entire diastole.

Figure 6 shows color coded mean relative helicity <Hr>avg and <Hd>avg over all analysis
planes during systole and diastole for all healthy subjects (top) and BAV patients (bottom).
Healthy subjects demonstrated a similar distribution of relative helicity and helicity density
along the aorta during systole with clockwise helical flow (red) and maximum helicity
within the aortic arch as well as the proximal descending aorta. Blue denotes counter-
clockwise rotation. During diastole healthy subjects show less and lower relative helicity.

In BAV patients, the distribution of <Hr>avg and <Hd>avg showed strong variations in
direction of rotation and helicity magnitude during systole and diastole. Additionally, there
is high relative helicity and for a few patients high helicity density during diastole. The BAV
patients show different behavior in <Hr>avg and <Hd>avg.

Absolute peak systolic and diastolic helicity |Hr,peak| were further compared between healthy
subjects and BAV patients in figure 7. BAV patients demonstrated higher variability and a
significant (*** p<0.001) increase in |Hr,peak| during systole and diastole compared to
healthy subjects.

Intra- and inter-observer analysis
Figure 8 shows the test-retest reliability using Bland-Altman plots performed for three
planes in three healthy subjects and three patients which reveal moderate agreement for
intra- (mean difference = −0.004, limits of agreement = ±0.08) and inter-observer analysis
(mean difference = −0.002, limits of agreement = ±0.07).
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Influence of venc selection
Results are shown as box plots for <Hr(t)> and <Hd(t)> for different vencs: 1.0 m/s, 1.5 m/s
2.0 m/s and 2.5 m/s in figure 9. For all vencs, the median was the same for <Hr(t)> and
<Hd(t)>. For <Hr(t)>, the variance of the data and the 1.5 times the interquartile range
reduces with higher venc although there are more outliers. For <Hd(t)>, the variances and
the 1.5 times the interquartile range show an expected increase with higher venc with many
outliers present. For venc 1.0 m/s aliased and unwrapped data is presented. For both helicity
parameters the box plots appear to be similar. The aliased data shows more outliers for
negative values for helicity density.

Discussion
The aim of the study was to develop and apply an adequate analysis protocol to reliably
quantify helical flow. 2D planes were equally distributed along the aorta and <Hr(t)>,
<Hd(t)>, <Hr>avg, <Hd>avg, and |Hr,peak| was calculated for each plane.

Healthy subjects showed consistent directions of rotation over the entire aorta with high
clockwise helicity in the aortic arch. A <Hr>avg analysis over the aorta at different time steps
revealed the expected increase of clockwise rotation during peak and late systole in the AA
and counter-clockwise rotation in the DAo. This behavior was also observed by Kilner et al.
(13) and Bogren et al. (11).

Repeated 4D flow MRI and analysis revealed a significant repeatability of <Hr(t)> within
the AAo, AA and DAo. Bland-Altman analysis performed for <Hr>avg in these three
sections of the aorta demonstrated a moderate repeatability of the helicity quantification
with low mean difference of 0.002 and limits of agreement of ±0.06. Results of the test-
retest reproducibility for one healthy subject acquired successively during one day
demonstrate that time between measurements and possible involved changes of variables
that could influence helicity are not crucial factors for the repeatability of the method. Both
scan and rescan with varying time present similar results using Bland-Altman analysis
(mean difference: 0.002 (AAo), −0.001 (AA), 0.001 (DAo)).

The remaining differences might be explained by shifted and tilted slice positioning since all
analysis planes had to be manually placed along the aorta for both acquisitions. Future
studies might thus benefit from a more automated and fully three-dimensional analysis
which would avoid manual user interaction as a source of inaccuracy.

We further assume that the moderate results for the test-retest repeatability of the helicity
data is due to the sensitivity of our helicity calculation method to small changes such as
noise, the position of the analysis plane and even the segmentation of the vessel, as shown in
the inter- and intra-observer analysis. Application of a median filter or smoothing of the
helicity data could help to reduce this sensitivity. However, the influence of higher vencs
and therefore reduced SNR is marginal. For relative helicity, the effect of higher vencs is
even lower than for smaller vencs. Errors regarding the unwrapping of the data are not
expected. Unwrapping is performed in the velocity data prior to vorticity and helicity
calculation.

The <Hr>avg and <Hd>avg values during systole and diastole provide information of the
overall distribution of helicity and whether a single rotation direction is more prominent than
the other in certain parts of the aorta (e.g. clockwise rotation in the aortic arch). In the
ascending and descending aorta, there appears to be insignifant or minor <Hr>avg and
<Hd>avg during systole. As expected <Hr>avg and <Hd>avg are reduced during diastole.
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Temporally resolved mean relative helicity <Hr(t)> demonstrates opposite rotation behavior
between the AAo and the DAo, which is supported by the findings of Kilner et al. (13) and
Bogren et al. (11). The formation of the positive and negative peak in <Hr(t)> may be due to
the reflected pressure wave from the distal vasculature similar to time-resolved relative
pressure mapping (36). These positive and negative peaks which are observable in <Hr(t)>
in the AAo and DAo may cancel out for <Hr>avg. This might lead to false conclusions about
helical flow within the aorta. However, it is important to note that for retrograde flow the
sign of <Hr(t)> reflects inverted rotation behavior due to the inverted flow direction. In these
cases it would be essential to analyse helicity dependent on the main flow direction or to use
only absolute values of helicity.

Quantification of helicity in patients with bicuspid aortic valve disease revealed the expected
significant increase for <Hr>avg, <Hd>avg and |Hr,peak|.

Compared to healthy subjects, results of patients with aortic valve disease showed a
considerably more heterogeneous distribution of <Hr>avg and <Hd>avg during systole and
diastole over the aorta and in between the patient groups. There is also a difference between
<Hr>avg and <Hd>avg in comparison to the healthy subjects where both helicity parameters
show similar color coding. This is due to much higher values in helicity and speed during
systole and diastole. Furthermore the plot demonstrates that in patients helical flow is also
present during diastole.

Analysis and interpretation of temporally resolved helicity can be misleading during
retrograde flow. Rotation direction of helicity is defined for forward flow only; with
retrograde flow rotation direction inverts. However, the intensity of helicity remains the
same. For analysis of temporal helicity it is thus crucial to additionally investigate the flow
direction within the aorta. In subjects with retrograde flow rotation direction should be
adapted to the flow direction or a helical flow analysis independent on the rotation direction
should be performed. The evaluation of helicity parameters has the potential to serve as a
biomarker to understand the development of aortopathies such as aneurysms. The
quantification of helicity parameter allows an objective (quantitative) assessment of this
flow pattern which can in future studies be used to investigate the link between the severity
of helical flow and the development of aortopathy (progressive aortic dilation, development
of aneurysms, dissection).

Results in figures 6 suggest that BAV patients with a normal AAo have increased helical
flow leading to the conclusion that the orifice and the functioning of the aortic valve plays
an important role in the formation of helical flow. However, to draw a final conclusion about
the results of this data an analysis in more BAV patients with the same number of patients in
each subgroups and a statistical analysis are necessary.

Therefore, future evaluations should investigate the influence of aortic valve/morphology of
healthy subjects and patients on helical flow based on the assumption that the aortic valve
and geometry of the aorta is important in the formation of helicity. In addition, the effect of
eccentric and altered inflow pattern due to aortic valve diseases should be further
investigated. Furthermore, the influence of age on helical flow formation should be analyzed
since the elasticity of the aorta reduces with age which might affect 3D flow characteristics
(37). Previous studies (11,38) have shown age dependent changes of hemodynamics.

Frydrychowicz et al. (38) shows an increase of the number of vortices with increasing age
using qualitative helicity analysis. Moreover, helicity quantification used in combination
with wall shear stress (WSS) data may be a valuable strategy for the prediction of aneurysm
development or even aneurysm rupture. We speculate that an increase of helicity is
dependent on specific changes in the geometry of the aorta, the aortic wall or the aortic
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valve. An increase of helicity can also result in secondary pathologies. Stronger helical flow
exerts a stronger force on the vessel wall and creates a higher friction of blood relative to the
vessel wall with the consequence of increased WSS. Depending on the individual
physiological properties of the aortic vessel wall, this can involve changes in the geometry
of the aorta. Additionally, the analysis of helical flow formation in already existing
aneurysms with different shapes, sizes and locations within the aorta could provide insights
in the growth of aneurysms.

In the present literature observations of helical flow are based on qualitative visual analysis
such as the existence of clockwise and counter-clockwise rotation in the three parts of the
aorta (AAo, AA and DAo) and the visual grading of helicity magnitude. This, however, is
strongly observer dependent. Kilner et al. (13) and Bogren et al. (11) performed a visual
analysis of helical flow within the healthy aorta using vector arrows (Kilner et al. (13)) or
streamlines (Bogren et al. (11)). The results presented in our study agree with the overall
findings of their studies including: the predominant clockwise rotation in the AA, the mainly
opposite rotation direction in the AAo and DAo, the persistent helical flow during diastole
and the change of rotation direction over the cardiac cycle. However, a quantification of
helical flow provides the opportunity to present helicity values for diagnostic and
comparative purposes with respect to helicity intensity and rotation direction.

Mobiducci et al (22,23) provided the first quantitative analysis of helical flow based on
particle traces. A helical flow index (HFI) was calculated using the points of the particle
traces for each time interval during systole. The method allows for the three dimensional
coverage of the aorta, but is limited by length of the particle trace trajectories over a certain
time interval. Therefore, the quantification of helicity is generally restricted to a short
section of the aorta. Additionally, the particle trace generation is restricted to time intervals
during systole and results are shown in absolute values of relative helicity which do not
include information on clockwise or counter-clockwise rotation. In contrast, the method
presented in this study allows for a large coverage of the entire aorta and over the entire
cardiac cycle. This was particularly important for the helicity quantification in our patient
cohort revealing strong helical flow during diastole. Furthermore, the HFI revealed values
between 0.3 and 0.5 for five time points during systole of the five healthy subjects. Our
study revealed much lower values for relative helicity in healthy subjects e.g. |Hr,peak| during
systole was between 0.1 and 0.2.

Clough et al. (39) recently published a report where helicity was quantified by the
assessment of the amount of rotation. However, the described helicity analysis is based on a
semi-quantitative visual observation of the rotational movement of particle traces over time.
As a result, the described methodology works well for pronounced and clear visible helical
flow but is not truly quantitative and may thus be limited by observer variability.
Unfortunately, the work of Clough et al. also does not provide any information on observer
dependent variability of their helicity analysis. Further, Clough et al. showed the degree of
rotation, but no information of the temporal evolution of helical flow was provided.

In addition, the study does not provide any results in healthy subjects or any comparison
between patients and healthy subjects. Previous work (11–15) and results provided in our
work show that helical flow is present in healthy subjects. For a clinical study a comparison
between healthy subjects and patients is thus important to distinguish between normal and
abnormal rotational flow behavior. The quantification strategy proposed in our work can be
time consuming by placing several 2D planes over the aorta. However, the 2D analysis
planes for helicity quantification can provide additional information such as velocity, flow
or other metrics of aortic hemodynamics.
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Limitations of the present study include the analysis of the three-dimensional helicity
parameter by two dimensional cross sections distributed over the aorta. Depending on the
distance between the cross sections, small local helical flows may remain undetected.
Furthermore, our analysis strategy does not allow for the detection of different helicity
formations such as duplex helical flow or small helical flow at the vessel wall due to the
averaging process over all pixels in the cross section. Future development should thus
include a full 3D and pixel-wise analysis of helical flow characteristics. Another limitation
of this study is the absence of an age-matched control group. Nevertheless, our study clearly
demonstrated the possibility of quantifying aortic flow helicity and illustrated the sensitivity
of this parameter to identify altered helix flow in patients with aortic valve disease.

Additionally, in some of the patient measurements a large venc was chosen to capture the
high velocities in the AAo which resulted in a poor SNR. This could be improved by a better
adaptation of the venc to the actual velocities.

We assume that our approach could also be applied to vessels and branch vessels with
aneurysmal disease. However, this is dependent on the size of the vessels, the type of
aneurysm and the flow within the aneurysm. We speculate that, based on the spatial
resolution of our methods, helicity analysis in vessels below 5–8 mm remains challenging.
Changes in pulse sequence parameters, intra-vascular contrast agents and the application of
new spatio-temporal imaging acceleration techniques such as k-t undersampling or
compressed sensing may help to improve resolution of the assessment of helicity in smaller
vessel. Future studies are warranted to evaluate the potential of these methods for the
accurate assessment of hemodynamics in smaller vessels.

Conclusion
This study provides a fully quantitative analysis and detailed evaluation of the spatial and
temporal distribution of helical flow (main direction and intensity of helicity) within the
aorta of healthy subjects and BAV patients. We illustrated that the quantification of helical
flow is feasible. The study showed a good inter-individual agreement and repeatability of
the method in healthy subjects and considerable increased helical flow in BAV patients.

The method has the potential to serve as a reference distribution for comparisons of helical
flow between healthy subjects and patients or between different patient groups. This study
does not allow a determination of the causal factor, i.e. whether an increase of helicity
creates changes in the aortic morphology/valve or vice versa. Rather, the sole research of
helicity quantification or together with other 3D flow characteristics could help to
understand and predict the development of aortic diseases involving modifications of the
vessel wall or the aortic valve.
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Fig. 1.
Comparison of streamlines and the formation of helical flow during peak systole.
top: Healthy subject shows helical flow as a normal feature in the aorta.
bottom: Patient with strong helical flow within the entire aorta.
The enlarged sections indicate various helical features of the flow pattern.
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Fig. 2.
<Hr(t)> averaged over all 12 healthy subjects for 5 selected 2D planes (red) out of a
maximum of 24 analysis planes distributed along the aorta. In the AAo, positive mean
helicity during systole indicates clockwise rotation (red arrow), which changed to counter-
clockwise rotation during early diastole (blue arrow). The AA showed only high clockwise
rotation during systole but no diastolic helix flow. Further downstream in the DAo, diastolic
helical flow reappeared with opposite direction of rotation compared to the AAo. The top
plot shows averaged <Hr(t)> over all slices for the ascending aorta (AAo, black), the aortic
arch (AA, green) and the descending aorta (DAo, blue) for healthy subjects. Standard
deviations provided by the bars reflect inter-individual variations.
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Fig. 3.
Curves along the aorta during early systole, peak systole, late systole and mid-diastole
averaged over all healthy subjects.
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Fig. 4.
Fig. 4a. Test-retest performance of <Hr(t)> (left) averaged over 10 healthy subjects and all
2D planes in the AAo (black), the AA (green) and DAo (blue) for both sets of measurements
(measurement 1: solid line; measurement 2: dotted line). The Bland-Altman plot (right) was
performed for <Hr>avg. Time between measurements was approximately one year. The same
number of planes was placed along the aorta at approximately the same position. The
temporal resolution was 40.8 ms for each measurement. The Bland Altman analysis for
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<Hr>avg in the AAo, the AA and the DAo shows a moderate repeatability of time-resolved
mean helicity. The Pearson correlation was significant (***, p<0.001) with the coefficient, r,
shown in the gray box.
Fig. 4b. Test-retest reproducibility of one volunteer for <Hr>avg. Both measurements were
performed successively. The Pearson correlation was significant (***, p<0.001) with the
coefficient, r, shown in the gray box.
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Fig. 5.
<Hr(t)> over all 2D planes in the AAo (black), the AA (green) and the DAo (blue) for the
comparison of the average of 12 healthy subjects to two individual BAV patients with strong
helical flow within the aorta. The corresponding velocity time curves are also illustrated.
The bars indicate standard deviations. Note the increase of helicity during systole and
diastole for all patients.
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Fig. 6.
Color coded and interpolated <Hr>avg and <Hd>avg for systole and diastole over the entire
aorta for all 12 healthy subjects and the BAV patients. Clockwise rotation is indicated by red
color, counter-clockwise rotation by blue color.
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Fig. 7.
Comparison of |Hr,peak| between healthy subjects and the different patient groups shows a
significant increase for the BAV patients groups during systole and diastole (** p < 0.01,
*** p < 0.001).
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Fig. 8.
Bland-Altman plots for inter- and intra- observer reproducibility for 3 analysis planes (AAo,
AA, DAo) in 3 healthy subjects and 3 patients.
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Fig. 9.
Effect of different vencs on the results of helicity quantification demonstrated by box plots
of mean relative helicity in comparison to different vencs (1.0 m/s, 1.5 m/s, 2.0 m/s and 2.5
m/s). Additionally for venc 1.0 m/s, aliased and un-wrapped data is presented.
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