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Comparison of aortic blood flow rotational direction in healthy 
volunteers and patients with bicuspid aortic valves using 
volumetric velocity-sensitive cardiovascular magnetic resonance 
imaging
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Background: The rotational direction (RD) of helical blood flow can be classified as either a clockwise (RD+) 
or counter-clockwise (RD−) flow. We hypothesized that this simple classification might not be sufficient for 
analysis in vivo and a simultaneous existence of RD+/− may occur. We utilized volumetric velocity-sensitive 
cardiovascular magnetic resonance imaging (4D flow MRI) to analyze rotational blood flow in the thoracic 
aorta.
Methods: Forty volunteers (22 females; mean age, 41±16 years) and seventeen patients with bicuspid aortic 
valves (BAVs) (9 females; mean age, 42±14 years) were prospectively included. The RDs and the calculation 
of the rotating blood volumes (RBVs) in the thoracic aorta were performed using a pathline-projection 
strategy.
Results: We could confirm a mainly clockwise RD in the ascending, descending aorta and in the aortic 
arch. Furthermore, we found a simultaneous existence of RD+/RD−. The RD+/−-volume in the ascending 
aorta was significantly higher in BAV patients, the mean RD+/RD− percentage was approximately 80%/20% 
vs. 60%/40% in volunteers (P<0.01). The maximum RBV always occurred during systole. There was 
significantly more clockwise than counter-clockwise rotational flow in the ascending aorta (P<0.01) and the 
aortic arch (P<0.01), but no significant differences in the descending aorta (P=0.48).
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Introduction

The evaluation of fluid dynamics in human vessels is a fast-
expanding topic (1,2). With the emerge of time-resolved, 
three-directional, three-dimensional (3D) phase-contrast 
cardiac magnetic resonance imaging (MRI) [termed 
volumetric velocity-sensitive cardiovascular (4D flow) 
MRI], there is growing interest regarding hemodynamic 
phenomena, especially in the thoracic aorta (3-7). Recent 
studies have shown that flow phenomena like helical flow 
contribute to the distribution and intensity of wall shear 
stress (WSS), which is an important parameter in terms 
of understanding the development of aortic dilatation 
or type B dissection chirality (8-10). It has been shown, 
that in the setting of bicuspid aortic valve (BAV) and 
subsequent aortic dilatation, there are markedly elevated 
secondary flow parameters. One of these parameters for 
assessing helical flow is the rotational direction (RD) of 
flow, which was mostly classified as either a clockwise or 
counter-clockwise rotation (11,12). However, it could be 
demonstrated that in a curved pipe, like the human aorta, 
flow does not either show clockwise or counter-clockwise 
rotation, but more likely both RDs simultaneously. This 
behaviour of fluids was stated to be normal and could 
additionally already be proven in an experimental setting 
of closed curved pipes, completely filled with liquids (13). 
This suggests that a simple distinction between a clockwise 
or counter-clockwise flow rotations and description of its 
proportional distribution might be insufficient for a definite 
differentiation between physiological and pathophysiologic 
blood flow in the thoracic aorta.

4D flow enables the non-invasive assessment and 
visualization of cardiovascular blood flow. Besides absolute 
flow quantification, 4D flow allows the visualization and 
measurement of different flow parameters like helical 
flow or the analysis of the RD of flow (14). These new 

parameters might be useful for the surveillance of patients 
with aortic pathologies, help to adapt patient management, 
and finally identify the right moment for therapeutic 
interventions.

Furthermore, the identification of the main RD of 
helical blood flow might be needed, as well as absolute 
quantification. However, the clinical value of these new 
qualitative and quantitative flow parameters is still not 
clear, and therefore, they are not yet included in the clinical 
routine and decision-making process.

Thus, the aim of this study was to utilize 4D flow in 
order to elucidate the rotational flow direction and for 
the first time to absolutely quantify the rotational blood 
volume within the ascending aorta, in the aortic arch and in 
the thoracic descending aorta in healthy volunteers and in 
patients with different types of BAVs.

Methods

Study cohort

Forty healthy volunteers with no history of cardiovascular 
disease (CVD) (22 females; mean age, 41±16 years) 
and seventeen patients with BAV (9 females; mean age,  
42±14 years) were included in this study. We characterized 
the different types of BAV as suggested by Sievers  
et al. (15), a commonly used classification in the clinical 
routine. The BAV morphology was assessed by MRI. 
The blood pressure was measured at the beginning of the 
MRI scan. The stage of aortic regurgitation and stenosis 
was determined by MRI and classified according to the 
American College of Cardiology (ACC)/American Heart 
Association (AHA) guidelines, where stage A means no 
regurgitation volume and no flow acceleration >2 m/s (16). 
Additionally, we characterized the types of the aortic arch 
as suggested by Zhang et al. (17): the aortic arch can be 

Conclusions: A simultaneous occurrence of RD+/RD− indicates that a simple categorization in either of 
both is insufficient to describe blood flow in vivo. Rotational flow in the ascending aorta and in the aortic 
arch differs significantly from flow in the descending aorta. BAV patients show significantly more clockwise 
rotating volume in the ascending aorta compared to healthy volunteers.
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divided into three types according to the ratio between 
the diameter of the common carotid artery to the distance 
between the horizontal line through the top of the arch 
and the horizontal line through the orifice of innominate 
artery. Patients with other abnormalities or impaired 
left ventricular function were excluded. The study was 
conducted in accordance with the Declaration of Helsinki 
(as revised in 2013). The study was approved by the 
institutional ethics committee of the University of Leipzig 
(No. AZ 443/16-ek) and informed consent was taken from 
all the patients.

Magnetic resonance image acquisition

The 4D flow datasets were acquired at a 3-T scanner 
using a 16-channel anterior surface coil in combination 
with a 12-element-spine coil (Magnetom Verio Dot, 
Siemens Healthcare GmbH, Erlangen, Germany). Imaging 
parameters were: repetition time (TR) =3.2 ms, echo time 
(TE) =2.8 ms, flip angle 10°, acquisition matrix 320 mm × 
240 mm with a mean temporal resolution of 39.2 ms and 
a spatial resolution of 2.5×2.5×2.5 mm3, velocity encoding 
(VENC) 150 cm/s, phase encoding direction anterior 
to posterior, slice number 24. The used sequence was 
evaluated before (18,19).

Cardiac magnetic resonance data analysis
Vessel segmentation, blood flow visualization, and pre-
processing
We corrected for phase wraps, eddy currents and 
background noise as described previously (20,21). All 
processing and measurement steps were carried out 
using the custom-made software tool “Bloodline” (22). 
The segmentation of the aorta and the placement of the 
centreline was performed automatically as described by 
Köhler et al. (22). The ascending aorta was defined as the 
volume of the aorta between the aortic valve and the origin 
of the brachiocephalic trunk, the aortic arch was defined as 
the volume between the origin of the brachiocephalic trunk 
and the left subclavian artery, and the thoracic descending 
aorta was defined as the volume between the origin of 
the left subclavian artery and the diaphragm. Bloodline 
enables the analysis of defined regions of interest, e.g., the 
ascending aorta, the aortic arch or the thoracic descending 
aorta and provides the volume of the segmented vessel  
(in mL). Aortic blood flow was visualized using time-
resolved pathlines.

Measurements and flow quantifications

All measurements were carried out by one observer with 
more than 7 years of experience in cardiac MRI (Ebel S).  
The aort ic  volume and diameter  were given out 
automatically by the software Bloodline and were defined 
as the volume in ml and the largest diameter perpendicular 
to the vessels’ centreline of the section of interest (e.g., 
ascending aorta, aortic arch, or descending aorta). The 
RD of helical flow was subdivided into clockwise (right-
handed, viewed in downstream direction—RD+) or counter-
clockwise (left-handed—RD−) flow. RD was assessed as 
described by Meuschke et al. (23) and Köhler et al. (24): 
for each point of the centre line of the aorta the software 
bloodline calculates a virtual xy-plane perpendicular to 
the vessels course (the centre line). The orientation of the 
first virtual plane (on the first point of the centerline) is 
determined using the cross product of the plane’s normal 
vector (i.e., the centerline) and global x-, y-, and z-axis 
of the MRI dataset. All subsequent planes are iteratively 
oriented based on the preceding plane and the rotation 
between it and the preceding planes normal vector, ensuring 
a consistent orientation between all planes. Each plane 
can be subdivided into four quadrants (Q1–Q4) (Figure 1). 
The RD was determined for each pathline segment that 
consisted of two successive points. The spacing between 
each point was approximately 1 mm and the temporal 
distance between singular pathline points is 5–7.5 ms. Both 
points are projected in the xy-plane of the first point. For 
these projected points, we identified the angle to the x-axis 
of the plane. This angle’s size indicates in which quadrant 
of the plane the points are located. For example, suppose 
the successive points are located in the first and second 
quadrants (Q1 and Q2). In that case they present an RD+ 
segment (Figure 1A). If the points are located in the third 
and fourth quadrants (Q3 and Q4), a left-handed or RD− 
segment exists (Figure 1B). If they are located in diagonal 
quadrants, the intersection between the connecting line and 
the y-axis is used to define a RD (Figure 1C). Depending on 
whether a pathline has more right or left rotating segments, 
it is classified as RD+ or RD−. Therefore, the RD depends 
on the amount of RD+ or RD− pathlines. Two points in Q1 
could be “missed” despite exhibiting a counter-clockwise 
rotation of 80 degrees. However, under the assumption that 
the flow is not highly chaotic, that the following pathline 
segment would display a similar counter-clockwise rotation, 
which would put the next point firmly into quadrant 
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Figure 1 Three examples for the determination of the rotation direction in the cross-sectional plane. The lines from the blue point (first) to 
the red point (second) are pathline segments that are projected into a plane. (A) The successive points are in the first and second quadrant (Q1 
and Q2), they represent a right-handed segment. (B) The successive points are in the fourth and third (Q4 and Q3) quadrant, they represent 
a left-handed segment. (C) The points are in diagonal quadrants (Q1 and Q4), in this case they represent a right-handed segment.

Q3, causing the segment to be recognized as a counter-
clockwise rotation. With this technique, pathlines with two 
consecutive points located within the same quadrant (e.g., 
Q1 and Q1) are not considered as rotating flow and are 
therefore ignored. Pathlines were generated as described 
elsewhere (22). This method extracts all kinds of rotating 
blood flow, not only helical or vortical flow. A helix is 
defined as a flow phenomenon of a rotational, corkscrew-
like pattern with an antegrade forward motion, whereas 
vortical flow is defined as a flow pattern with a revolving 
flow volume on the spot around a common axis without 
any forward motion. However, the differentiation between 
helical and vortical flow might be difficult because there is 
a smooth transition between both phenomena and definite 
cut-offs do not exist.

The absolute and relative volume in mL or % of 
clockwise and counter-clockwise rotating blood in different 
sections of the thoracic aorta was assessed as follows.

The averaged rotating blood volume (RBVav)
The clockwise or counter-clockwise RBV averaged over 
one cardiac cycle calculated as an absolute value in mL. 
Additionally, since this internally corrects for absolute 
volume of the vessel, we calculated the relative RBV in % 
based on the total flow volume in ascending aorta, the aortic 
arch or the descending aorta, respectively.

The RBV—occurrence
The temporal occurrence of peak RBV within the cardiac 
cycle was measured in ms and as a relative value in % based 
on the length of the cardiac cycle.

Additionally, the RD’s spatial distribution was assessed in 
a qualitatively using heatmaps of the aorta.

Statistical analysis

All analyses were performed using SPSS (SPSS Statistics 
V27, IBM, Armonk, NY, USA). Quantitative variables were 
expressed as mean values and standard deviations (SDs). 
For patients and volunteers, data were tested for normal 
distribution using the Shapiro-Wilk test. Once a Gaussian 
distribution was confirmed, paired correlations analysis 
comparing clockwise and counter-clockwise rotational 
volumes (RV) in patients and volunteers were performed 
using an independent sample t-test. For comparison of the 
different aortic arch types, Wilcoxon-Mann-Whitney test 
was performed. Additionally, Pearson correlation analysis to 
determine the relationship between RBV and aortic size has 
been performed. For P value adjustment after multiple t-test 
Bonferroni correction was performed. A P value <0.05 was 
considered statistically significant.

Results

Volunteer and patient characteristics

We included six subjects with BAV Sievers-type left 
coronary-right coronary (L-R), five subjects with type left 
coronary-non-coronary (L-N), and six subjects with type 
right coronary-non-coronary (R-N). BAV patients had no 
significant impairment of the aortic valve [no stage > A for 
aortic stenosis/regurgitation according to the ACC/AHA 
guidelines (16)] (P=0.21). Types of the aortic arch according 
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Table 1 Volunteer and patient characteristics

Characteristics Volunteers
BAV patients

Type L-R Type L-N Type R-N All types

N [female] 40 [22] 6 [4] 5 [4] 6 [1] 17 [9]

Age (years) 41±16 39±16 44±11 43±15 42±14

Resting heart rate (beats/min) 70±12 69±10 61±9 59±5 63±9

Blood pressure (mmHg) 117/82±7/6 128/76±9/3 119/81±7/4 122/65±6/6 123/74±7/9

Cardiac output (L/min) 4.2±2.9 4.4±3.1 4.5±1.8 4.3±1.0 4.4±1.7

BMI (kg/m2) 24.3±5.1 26.2±3.5 24.3±6.2 24.8±1.1 25.1±3.8

BSA (m2) 1.89±0.3 1.89±0.5 1.88±0.7 1.81±0.7 1.86

Data are presented as N [n], mean ± SD, or mean. BAV, bicuspid aortic valve; L-R, left coronary-right coronary; L-N, left coronary-non-
coronary; R-N, right coronary-non-coronary; BMI, body mass index; BSA, body surface area; SD, standard deviation.

to Zhang et al.: type I, (29 volunteers and 12 patients); 
type II (11 volunteers and 4 patients), III (0 volunteers and  
1 patient) (17). All participants had a left-sided aortic arch 
and descending thoracic aorta.

The mean resting heart rate and blood pressure 
during the examination was 70±12 beats/min and  
117/82±7/6 mmHg in volunteers and 63±9 beats/min 
and 123/74±7/9 mmHg in patients. The mean cardiac 
output was 4.2±2.9 L/min in volunteers and 4.4±1.7 L/min  
in patients. The mean body mass index (BMI) was  
24.3±5.1 kg/m2 in volunteers and 25.1±3.8 kg/m2 in 
patients, without significance, respectively (P=0.14, 0.20, 
0.15). The mean body surface area (BSA) of volunteers and 
patients were 1.89 m2 and 1.86 m2, respectively without 
significant differences (P=0.51). The mean volumes of the 
ascending aorta, the aortic arch, and the descending aorta 
in volunteers were 35.1±11.5, 17.4±5.8, and 34.1±11.4 mL 
and 84.1±17.9, 33.1±11.8, and 37.2±13.7 mL in patients, 
respectively. With significant larger values in patients 
in the ascending aorta and the aortic arch (P<0.001, 
respectively), while there were no significant differences 
regarding the descending aorta (P=0.67). The ascending 
aorta diameter in patients ranged from 34 to 45 mm (n=6 
with an ascending aorta diameter of <40 mm: n=1 with 
Sievers type L-R, n=2 with type L-N, n=3 with type R-N). 
The mean diameters of the ascending aorta and aortic 
arch were significant larger in patients as compared to 
volunteers (P<0.001) with 39±16 vs. 28±9 mm, while there 
were no significant differences in the aortic arch (27±8 vs. 
33±9 mm) and the descending aorta (28±9 vs. 29±6 mm) 
(P=0.54 and P=0.67). Volunteer and patient characteristics 
are given in Tables 1,2.

RBVav

In volunteers, the mean RBVav in the ascending aorta 
was 10.7±4.3 mL. And 6.4±1.2 mL rotated in clockwise 
direction (RBVav

+) while (RBVav
−) was 4.3±1.3 mL. That 

means that 31.2% of the blood volume in the ascending 
aorta of volunteers was rotating. There was no relevant 
correlation between size of the ascending aorta (r=0.23, 
P>0.05), aortic arch (r=0.28, P>0.05), and descending aorta 
(r=0.21, P>0.05), and RBVav in volunteers (see Table 2).

In BAV patients, the mean RBVav was 36.3±4.2 mL, 
meaning that 43.6% of the blood volume of the ascending 
aorta was rotating, which is significantly more than in 
healthy individuals (P<0.01, respectively). This was also true 
for patients with an ascending aorta diameter of <40 mm. 
Interestingly, the RBVav in BAV patients with a normal-sized 
ascending aorta (<40 mm) is significant higher compared 
to volunteers (40.6%±9.1% vs. 31.2%±7.6%, P>0.05). The 
RD in the ascending aorta was also mostly clockwise and 
the mean RBVav

+ was significantly higher as compared to 
volunteers with 28.2±3.3 mL and the RBVav

− significantly 
less (P<0.01) with 8.1±3.1 mL. There was a moderate and 
significant correlation between size of the ascending aorta 
(r=0.73, P<0.05) and aortic arch (r=0.61, P<0.05) and RBVav 
in patients, but not for the size of the descending aorta 
(r=0.25, P>0.05) and RBVav.

In patients with BAV Sievers type L-R, the mean RBVav
+ 

in the ascending aorta was 25.1±4.6 mL and the mean 
RBVav

− was 8.3±1.9 mL. In patients with BAV Sievers type 
L-N, the RBVav

+ in the ascending aorta was 16.2±3.9 mL  
and the RBVav

− was 11.1±1.6 mL. In patients with BAV 
Sievers type R-N, the RBVav

+ in the ascending aorta was 
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Table 2 RBVs in volunteers and patients

Parameters Measurement ± SD
Maximum ascending aorta 

diameter ± SD (mm)
Correlation coefficient  

r/P value

Volunteers 289

Mean averaged rotating volume (mL) 10.7±4.3 0.23/0.53

Percentage of RBV (%) 31.2±7.6 0.28/0.47

Patients overall with ascending aorta diameter <40 mm 345

Mean averaged rotating volume (mL) 26.9±3.4 0.54/<0.05

Percentage of RBV (%) 40.6±9.1 0.58/<0.05

Patients overall 3,916

Mean averaged rotating volume (mL) 36.3±4.2 0.73/<0.05

Percentage of RBV (%) 43.6±17.1 0.77/<0.05

Patients subtype Sievers L-R 4,218

Mean averaged rotating volume (mL) 33.4±3.7 0.69/<0.05

Percentage of RBV (%) 40.8±19.0 0.74/<0.05

Patients subtype Sievers L-N 3,611

Mean averaged rotating volume (mL) 27.3±1.7 0.72/<0.05

Percentage of RBV (%) 39.1±23.6 0.77/<0.05

Patients subtype Sievers R-N 428

Mean averaged rotating volume (mL) 58.8±5.6 0.78/<0.05

Percentage of RBV (%) 56.6±21.7 0.81/<0.05

SD, standard deviation; RBV, rotating blood volume; L-R, left coronary-right coronary; L-N, left coronary-non-coronary; R-N, right 
coronary-non-coronary.

49.1±6.3 mL and RBVav
− was 9.7±3.3 mL. All patient 

subgroups showed significantly higher RBVav
+ and RBVav

− 
compared to volunteers and in subtype R-N we found 
significant higher RBVav

+ and RBVav
− as compared to patients 

overall and the other subtypes (P<0.001, respectively). 
There were no significant differences between the different 
morphologic aortic arch types.

The results indicate that there is generally more 
clockwise than counter-clockwise rotating flow in the 
ascending aorta in volunteers (P<0.01), which further 
increases in BAV patients as well as the absolute rotating 
volumes (P<0.01). Similar results could be achieved in the 
aortic arch (P<0.01, respectively) but not in the thoracic 
descending aorta. Detailed results are given in Tables 2,3.

Analysis of the spatial distribution of RBVav

A specific spatial flow distribution occurred in the aortic 
arch of all volunteers; counter-clockwise flow aligned at the 

outer surface of the vessel, right at the origins of the supra-
aortic vessels, while clockwise flow aligned at the inner 
surface of the aortic arch. No specific spatial distribution 
patterns of clockwise and counter-clockwise flow could be 
detected in the ascending and descending aorta (Figure 2). 
This was true for all morphologic aortic arch types.

In BAV patients, there was no such alignment of clock- 
and counter-clockwise flow in the aortic arch. The spatial 
distribution in all parts of the thoracic aorta seemed to be 
arbitrary. There were no differences regarding the spatial 
distribution of clock- and counter-clockwise flow between the 
different BAV subgroups. The spatial distribution of clockwise 
and counter-clockwise flow averaged over one cardiac cycle in 
a volunteer and a BAV patient are shown in Figure 2.

Temporal occurrence of RBV within the cardiac cycle

In healthy volunteers clockwise peak rotational blood 
volume (RBV+) in the ascending aorta occurred on average 
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at 245.57±18.18 ms/27.07%±2.00% of the cardiac cycle. 
Counter-clockwise peak rotational blood volume (RBV−) in 
the ascending aorta occurred almost simultaneously with 
RBV+ on average at 236.20±22.53 ms/26.41%±2.48%, with 
no significant differences between RBV+ and RBV− (see 
Table 4). In the ascending aorta of patients (overall), RBV+ 
occurred on average at 241.33±17.92 ms/24.28%±1.80% 
of the cardiac cycle, RBV− occurred on average at 
233.17±19.21 ms/23.46%±1.93% of the cardiac cycle. There 
were neither significant differences between volunteers and 
patients (overall), nor between the different BAV subgroups 
(see Table 4). In summary, in all subjects RBV+ and RBV− 
occurred almost simultaneously during systole.

Discussion

4D flow enables the visualization of rotational flow and 
subsequently its categorization as either clockwise or 
counter-clockwise (11,12). With the introduced technique 
for extraction and analysis of rotating flow, we were able 
to quantify the exact volume of clockwise and counter-
clockwise rotating blood semi-automatically and were able 
to differentiate quantitatively rotating and non-rotating 
flow. We found significantly higher RBVs in the ascending 
aorta and the aortic arch in BAV patients compared to 
healthy volunteers, which is in line with other studies, that 
found elevated rotating flow in BAV patients (25). There 
are other techniques for extracting only helical and vortical 
flow, like the λ2 criterion or a pressure-based approach 
(26,27). The latter technique has been described and used 
for analysis of healthy volunteers and BAV patients and 
it has been stated that helices in BAV patients are larger 

and last longer compared to healthy volunteers (27). 
The proposed method for rotational flow analysis in this 
current study, considers all kinds of rotating flow: laminar, 
turbulent, helical, and vortical. The authors believe that 
not only one kind of flow or only one parameter can be 
held responsible for the occurrence of complications in 
BAV patients like the development of aortic aneurysms or 
dissection, but flow abnormalities “in toto”. We, therefore, 
assume that the proposed method to absolutely quantify 
RBV might give a more comprehensive picture of complex 
flow conditions in vivo.

Contrarily to an “either/or-classification”, we could 
demonstrate both—clockwise and counter-clockwise 
rotation—existing in healthy volunteers and in BAV 
patients.  These results aligned with experimental 
observations in closed, curved pipes completely filled with 
fluid in which clockwise and counter-clockwise flow also 
coincided whenever the fluid was pushed downstream (28).  
From a simplistic point of view, the aorta can also be seen 
as a closed pipe, whereas the ascending and the descending 
aorta are the straight and the aortic arch the curved part. 
However, we could also detect more clockwise than 
counter-clockwise RBVs in all parts of the thoracic aorta, 
which is in line with the 4D flow literature, in which right-
handed (clockwise) flow has been described as a non-
pathologic and the dominant flow feature in humans (29,30).

Furthermore, we demonstrated that in BAV patients, 
clockwise rotating blood flow was significantly elevated 
compared to healthy volunteers: The ratio between rotating 
and non-rotating flow in the ascending aorta in volunteers 
was about 30/70 while it was about 45/55 in BAV patients. 
These findings are consistent with other sources which 

Vessel: Rotation Direction L/R [DEG]
−4.0 0.0 4.0

Volunteer Volunteer BAV 1 L-R BAV 1 L-R

Figure 2 Visualization of a RD map on the surface of the thoracic aorta and as pathlines. Please note that in the volunteer the aortic arch 
counter-clockwise flow aligns at the outer surface of the vessel, while clockwise flow aligns at the inner surface of the aorta, while there is 
no such alignment in the patient. In the ascending and descending aorta clockwise and counter-clockwise flow are not separated. In the 
volunteer the pathlines on the outer surface of the aortic arch seems to go predominantly into the supraaortic vessels. Volunteer: 29 years old 
female. Patient: 27 years old female, BAV type L-R. BAV, bicuspid aortic valve; L-R, left coronary-right coronary; RD, rotational direction.
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described an increased helicity or helical fraction index 
in BAV patients compared to healthy individuals (31,32). 
These results indicate that the absolute quantification 
of these newly introduced parameters might be suitable 
for further differentiation between physiological and 
pathological flow. Additionally, we found elevated RBV 
also in patients with a rather normal ascending aorta 
diameter of <40 mm, but RBV was greatest in patients with 
dilated ascending aorta, meaning that both factors, the 
dilatation of the aorta and the bicuspidity of the aortic valve 
are important factors. Based on these findings, one can 
hypothesize, that the flow alterations are causing dilatation, 
which might worsen the flow alterations which leads to 
more dilatation in a “downward spiral manner”.

The mean relative RBVav
+/RBVav

− ratio in the ascending 
aorta indicating the percentage of clockwise vs. counter-
clockwise flow was approximately 60%/40% in healthy 
volunteers and approximately 80%/20% in BAV patients. 
To the best of our knowledge, this is the first study 
describing this.

In 2012, Bürk et al. analyzed the rotational strength 
in healthy volunteers and patients with dilated ascending  
aorta (11). They subdivided rotational flow in small (<180°), 
moderate (180–360°), or “supra-physiological” flow 
(>360°) like suggested by Bieging et al. (33). Visual analysis 
by two experienced observers performed this grading. 
In this study, they found increased strength in patients 
compared to controls, fitting with our results. However, the 
described rotational strength analysis was based on visual 
observations of the rotational movement. This might work 
for clearly visible rotational flow but is not quantitative 
and might therefore suffer from inter-observer-variability. 
To overcome this issue other groups conducted techniques 
which include artificial intelligence (AI) and found that fully 
automated analysis of complex aortic flow dynamics like 
rotational flow from 4D flow is feasible using AI (34).

Additionally to the findings of previous 4D flow studies 
(29,30), we assume that both, right- and left-handed 
rotational blood flow can be pathological flow features. 
Therefore, we hypothesize that not the rotational flow 
direction itself, but the absolute or relative volume of 
rotating blood could be helpful to differentiate between 
physiological and pathological flow patterns. Those results 
partially fit with the literature: Bissell et al. analysed 3D 
flow phenomena in subjects with BAV and found “abnormal 
right-handed helical flow in the ascending aorta” compared 
to healthy volunteers (35). They concluded that flow 
abnormalities in BAV patients might be a major contributor 

to aortic dilatation. Similar results were conducted by Dux-
Santoy et al. describing increased rotational flow in BAV 
patients (36).

Contrary, to our findings at the ascending aorta and the 
aortic arch, we found no significant differences between 
patients and volunteers in the descending aorta. Therefore, 
it seems that the alteration of the rotating blood flow in 
the setting of BAV mainly affects the ascending aorta and 
the aortic arch. This could be an explanation, why aortic 
dilatation in BAV patients mainly occurs in the ascending 
aorta and the aortic arch, because it is known that there 
is a strong link between elevated rotational flow and 
elevated WSS and aortic root and arch dilatation (37-40).  
In our analysis, the Pearson correlation to investigate 
the relationship between RBV and the diameter of the 
ascending aorta demonstrated an overall good correlation 
between the absolute and relative RBV and the maximal 
aortic diameter of the ascending aorta in patients from 
0.69–0.81. Bollache et al. found that in BAV patients, 
increased WSS is significantly associated with elastic 
fibre thinning in the ascending aorta leading to aortic  
dilation (41). The authors assume that the parameter WSS 
measures the entirety of factors or forces, which act on the 
vessel wall: e.g., flow parameters like RBV, the shape of the 
aorta or blood pressure.

Further analysis revealed that in patients and in 
volunteers the maximum rotating blood flow occurred 
independently from its flow direction always during systole, 
which is in line with the findings of Kilner et al. (30), who 
found so-called “spiral” flow also predominantly during 
systole.

We could detect significant differences of the RBV 
between the ascending aorta and the descending aorta 
and between the aortic arch and the descending aorta 
in patients and in volunteers. Possible reasons for these 
observations could either be the higher peak velocities in 
the ascending aorta and the aortic arch due to the spatial 
proximity to the heart, and the curved shape of the left 
ventricular outflow tract, the ascending aorta and the aortic 
arch, while the descending aorta has a straight course. The 
latter explanation would be in line with the literature. Dean 
et al., e.g., demonstrated that there are more secondary 
flow patterns, like rotational flow in a curved pipe than in 
straight tubes (42,43). Another fact, that would underline 
the hypothesis that the loss of rotational flow in the 
descending aorta is due to the straight course of the vessel 
is, that in patients with abdominal aortic aneurysms there 
are elevated secondary flow patterns within the aneurysm 
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and closely distally to it (44). In other words, it seems that 
there is non-rotational flow in straight vessels while there is 
rotational flow in curved vessels.

Therefore, it emerges, that rotational blood flow was 
more pronounced and maybe more important in the 
ascending aorta and the aortic arch than in the thoracic 
descending aorta. One could hypothesize that the described 
rotational flow patterns are important for the filling of the 
coronary arteries and the supra-aortic branches: it has been 
shown that unique flow phenomena like vortical flow seem 
to be important for the filling of the coronary vessels, and in 
Figure 2 there seems to be a predominant flow of the outer 
pathlines into the supraaortic vessels, but there is no clear 
evidence for this hypothesis (29). Additionally, the group 
around Frydrychowicz et al. described vortices at the orifices 
of the supra-aortic branches in healthy individuals and 
patients after aortic coarctation repair (45). In our study, 
we also found that in volunteers counter-clockwise rotating 
flow seems to align at the outer surface of the aortic arch, 
right at the origins of the supra-aortic vessels. Interestingly, 
we found no such alignment of rotating flow in the aortic 
arch of BAV patients. Therefore, the alteration of RBVav 
in the ascending aorta seems to affect the distribution of 
rotating flow downstream. There was no significance of 
the different aortic arch types. Therefore, the authors 
hypothesize, that not the aortic arch type influences the 
flow patterns in the aortic arch but more the flow patterns 
and distributions in the ascending aorta.

One major limitation of this study is the rather small 
sample size of patients (n=17). This might be the reason for 
a largely even distribution of the three BAV subtypes, which 
differs from the prevalence in the literature. However, 
despite the small sample size a significant larger mean RBVav 
in the BAV Sievers R-N subtype compared to the other 
two could be demonstrated (Table 2). Additionally, we could 
only include one subject with an aortic arch type III, and 
therefore it was not possible to perform reliable statistical 
analysis. However, this first study was thought to be a proof 
of principle. Additionally, we only assessed the volume of 
rotating blood but not the rotational strength. As described 
in the methods section the technique used in this study 
considers only rotating pathline segments of rotational 
flow that exceeds a certain threshold. E.g., Garcia et al. 
conducted a study that analysed 65 healthy subjects and 50 
BAV patients and found elevated rotational strength using 
a quantitative approach (25). For future studies, combining 
both methods to analyse the RBVs and the rotational 
strength could be beneficial. Additionally, there are no 

repeatability data, but since we used an automated, software-
based approach for aortic segmentation, there should be no 
relevant inter-reader variance. In addition, the assessment 
of the RD’s spatial distribution was only performed 
qualitatively. This is because the used software tool is not 
capable of doing so, yet. To the best of our knowledge no 
commercially available tool allows for detailed, quantitative 
analysis of the spatial distribution of the RD within, e.g., 
the aortic arch. This should be addressed in future studies.

Conclusions

We could demonstrate that clockwise and counter-clockwise 
rotational flow occurs simultaneously in healthy volunteers and 
BAV patients. Furthermore, we showed that rotational flow 
in the ascending aorta and the aortic arch differs significantly 
from rotational flow in the thoracic descending aorta. 
Additionally, we demonstrated that the newly introduced 
quantitative parameter RBVav in the ascending aorta is 
significantly higher in BAV patients compared to healthy 

individuals and is positively correlated with the maximal aortic 
diameter in BAV patients. The physiological meaning of these 
observations has to be evaluated in further studies.

We state that not the rotational flow direction itself but 
the volume of rotating blood and the distribution of RD+/
RD− might help in the assessment of aortic pathologies.
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