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Background: Standardized methods for mapping the complex blood flow in vessels are essential for 
processing the large data volume acquired from 4D Flow MRI. We present a method for systematic and 
efficient analysis of anatomy and flow in large human blood vessels. To attain the best outcomes in cardiac 
surgery, vascular modifications that lead to secondary flow patterns such as vortices should be avoided. In this 
work, attention was paid to the undesired cancelation of vortices with opposite directions of rotation, known 
as Dean flow patterns, using hemodynamic parameters such as circulation and helicity density. 
Methods: Our approach is based on the multiplanar reconstruction (MPR) of a multi-dimensional 
feature-space along the blood vessel’s centerline. Hemodynamic parameters and anatomic information 
were determined in-plane from the reconstructed feature-space and from the blood vessel’s centerline. A 
modified calculation of circulation and helicity density and novel parameters for quantifying Dean flow were 
developed. To test the model performance, we applied our methods to three test cases. 
Results: Comprehensive information on position, magnitude and interrelation of vascular anatomy and 
hemodynamics were extracted from 4D Flow MRI datasets. The results show that the Dean flow patterns 
can be efficiently assessed using the novel parameters. 
Conclusions: Our approach to comprehensively and simultaneously quantify multiple parameters 
of vascular anatomy and hemodynamics from 4D Flow MRI provides new insights to map complex 
hemodynamic conditions.
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Introduction

As an advancement of 2D phase contrast MRI techniques (1),  
four-dimensional phase contrast (4D Flow) flow mapping has 
emerged as a rich source for assessment of hemodynamics 
(2-4). Post-processing of 4D Flow MRI allows measuring 
several quantitative features that characterize the secondary 
flow patterns in the aorta and pulmonary artery (5-18).  
Turbulence, helical flow patterns, eccentricity and 
other secondary flow patterns are associated with many 
cardiovascular diseases (5-12). The impact of turbulent flow 
patterns on hemodynamics and blood vessel walls has been 
recognized long before cardiac MRI (CMR) became clinically 
available (13). Turbulence negatively affects the red blood 
cells (RBCs) and endothelial cells, and plays an important 
role in thrombogenesis and plaque formation (14,15). Flow 
eccentricity—quantified by flow displacement—is associated 
with aortic dilatation and may serve as predictor for the 
development of aneurysms (10). 

Reduction of secondary flow patterns and related clinical 
complications plays an important role in optimization of 
surgical procedures (19-21). In particular, detection of pairs 
of counter-rotating vortices, referred to as the Dean flow 
patterns (22) as well as vortices with retrograde flow, have 
been used as markers to validate and compare different 
types of sinus prostheses for aortic root replacement (23) 
mainly based on visual streamline analyses. A quantitative 
computational assessment of vortices using corresponding 
parameters such as circulation or helicity density may 
impede the detection of Dean flow patterns due to 
cancellation of counter-rotating vortices.

To comprehensively assess cardiovascular hemodynamics, 
advanced post-processing techniques are essential for analysis 
of 4D Flow MRI. Many clinical 4D Flow MRI studies 
have implemented semi-quantitative grading schemes to 
characterize secondary flow patterns such as vortical or 
helical flow (23). These studies have emphasized on the 
importance of a quantitative analysis tool for flow patterns 
and their relationship to vascular anatomy. Moreover, the 
computational costs to analyze a large number of quantities 
usually discourage the use of these parameters for clinical 
decision making given the limited computing resources in 
clinical settings. Consequently, a method that can attain 
and process a large quantity of hemodynamic and anatomic 
characteristics at a relatively low computing cost is highly 
desirable. 

We describe a methodological workflow for comprehensive  
analysis of vascular anatomy and hemodynamics based 

on 4D Flow MRI. This workflow includes the definition  
of a multi-dimensional feature space built from a few 
complementary building blocks to determine a large 
number of anatomic and hemodynamic parameters within a 
blood vessel. We also present instructions for quantification 
of Dean flow patterns. This article is presented according 
to the MDAR reporting checklist (available at http://dx.doi.
org/10.21037/cdt-20-767). 

Methods

A 4D Flow analysis platform was developed using the 
medical image processing and visualization framework 
MeVisLab (Mevis Medical Solutions, MeVisLab version 
2.8.2). We processed 4D Flow MRI data of three exemplary 
test cases: a normal control (51-year-old female subject), 
a pathologically-shaped neo-aorta in a patient with 
hypoplastic left heart syndrome (HLHS) two years after 
completion of the Fontan circulation (11-year-old male 
subject) (24), and the aorta of a patient after surgical 
correction of the aortic root aneurysm by Valve-Sparing 
Aortic Root Replacement (VSARR) with sinus prosthesis 
(61-year-old male subject). Analysis of turbulent energy 
was performed only for the HLHS patient. The data of the 
normal control subject and the VSARR patient were used to 
quantify Dean flow pattern. The post-processing of data was 
performed on an iMac computer with 3.5 GHz Intel Core 
i9 processor with 32 GB RAM. The study was conducted in 
accordance with the Declaration of Helsinki (as revised in 
2013) and was approved by institutional ethics board of Kiel 
University’s Faculty of Medicine (A168/07) with informed 
consent taken from all individual participants.

Workflow

The methodological workflow implemented in the analysis 
platform is illustrated in Figure 1 and described in detail 
below. For determination of inter-observer variability, two 
independent observers analyzed the data.

Data acquisition
Our method uses 4D Flow MRI data and provides post-
processing according to common guidelines (25). For the 
test cases, CMR data were acquired on a 3.0 Tesla MR 
systems (Philips Healthcare, Best, Netherlands). The slab 
of the measurement covered the aorta from the aortic arch 
down to the diaphragm.

http://dx.doi.org/10.21037/cdt-20-767
http://dx.doi.org/10.21037/cdt-20-767
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Data reconstruction, calculation of feature space, and 
segmentation 
Data reconstruction
Seven datasets were reconstructed covering the time-
resolved collection of CMR data: four datasets comprising 
magnitude data [1–4], one with velocity-compensation, 
i.e., no velocity sensitivity S0 [1] and three datasets with 
velocity encoding along the three spatial directions S1, S2, S3 

[2–4], as well as three datasets for phase contrast data with 
velocity-encoding along the three spatial directions [5–7]. 
Correction of phase offset errors was performed on the MR  
scanner by a local phase correction (LPC) filter provided 
by the manufacturer to subtract the phase offsets due to 
the eddy currents and concomitant gradients, referred to as 
Maxwell terms.  
Composition of feature space
A 7-dimensional feature space was assembled from velocity 
(3-dimenional), vorticity (3-dimensional) and turbulent 
kinetic energy density (1-dimensional). Vorticity was 
computed from the velocity vector field υ(r,t) with r and t 
referring to a vector with the spatial coordinates in time, 
respectively: 

( ) ( ) ( )1, = , ,r t s rot r t r tω υ υ−  = ∇×   [1]

where ∇ (or nabla operator) is the discrete vector differential 
operator numerically approximated with the central 
differencing scheme (26). Turbulent kinetic energy density 
(TKE) was calculated from the magnitude data in the four 
scan segments, S0, S1, S2, S3 (5-8,27,28) such that: 
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Segmentation
Segmentation of the blood vessel of interest was performed 
as fol low: a  Phase Contrast  Magnetic Resonance 
Angiography (PC-MRA) was reconstructed from the 
product of absolute velocity and average magnitude 
(S0+S1+S2+S3)/4 of the four scan segments averaged over all 
cardiac time frames. An iso-surface was calculated from the 
PC-MRA by applying a neighboring cells algorithm based 
on a user-defined threshold (29). The volume included in 
the iso-surface was used as the segmented volume. 

Curved multiplanar reconstruction (MPR)
A curved MPR (30) of the multi-dimensional image data 
was performed in perpendicular planes spaced at equal 
distance increments of 1 mm along the blood vessel’s 
centerline. Anatomical landmarks were placed at the 
vessel’s cross-sectional center point using anatomic slice 
images (magnitude). A curved vessel centerline was defined 
as the natural cubic spline through the landmarks. To 
accomplish the above steps, a graphical user interface 
(GUI) was developed for 3D visualization of segmentation, 
centerline definition and MPR planes overlaying on top 
of the rendered anatomy. Visualization of the center line 
was performed in real-time to facilitate users defining and 
modifying the landmarks as needed. Image data were then 
resampled by projection into the planes using trilinear 

Figure 1 Flow diagram. The method comprises of four steps: [1] data acquisition; [2] data reconstruction and determination of a multi-
dimensional feature space composed of complementary fluid-dynamic data; [3] multiplanar reconstruction of the feature space along the 
course of the vessel in planes perpendicular to the vessel centerline; [4] calculation of hemodynamics and anatomic parameters reported in 
standardized diagrams.
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interpolation, a three-dimensional linear interpolation 
among the neighboring 8 voxels (31). The MPR resampling 
was limited to the segmented region. For example, an 
MPR plane in the ascending aorta may still intersect with 
the descending aorta. In our test cases, resampling was 
limited to a circular region around the aortic center with 
the diameter of 30 mm, just slightly above the maximum 
diameter of the aorta (28 mm). This parameter must be 
adjusted for each acquisition. Due to the multi-dimensional 
nature of the image data, the trilinear interpolation was 
performed multi-dimensionally, and thus each pixel 
in the resampled planes corresponds to a point in the 
7-dimensional feature space. After MPR, velocity, vorticity, 
and turbulent kinetic energy density were overlaid on each 
cross-sectional MPR plane. 

Model’s outputs
Results were based on the data of the resampled MPR 
planes and centerline. The resampled MPR planes were 
comprised of information of vascular hemodynamics as 
well as the cross-sectional anatomic information at a given 
position and time. As an important byproduct of the MPR, 
the centerline is used as the source for anatomic information 
about the vessel.

Computation of hemodynamics parameters and cross-sectional 
area: quantities related to vascular hemodynamics as well as 
the cross-sectional area were computed for each MPR plane 
position at each time frame. 

(I) The vessel’s cross-sectional area (A) was calculated 
from the sum of pixels in the MPR plane. The 
equivalent blood vessel diameter (d) was derived 
from the cross-sectional area according to 

4Ad
π

=  [3]

(II) Flow rate was calculated from the velocity field 
according to 
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Forward  Q fwd=Q + and  backward  Q bwd=Q - 
components of the flow rate were calculated by 
considering exclusively positive (+) and negative 
(−) contributions. 

(III) The retrograde flow fraction was calculated from 
the flow components according to

RFF QQ
Q Q

−
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−

 [5]

(IV) Circulation, as the fluid dynamics parameter that 
quantifies rotations in the cross sectional area was 
computed as (32): 

( )
2

,std
A

cm r t
s

ω
 

Γ = Γ = ⋅ 
 

∑A
n

 [6]

Circulation was independently calculated for 
positive (+) and negative (−) contributions 
corresponding to clockwise Γ+ and anti-clockwise 
Γ - rotations. Clockwise and anti-clockwise 
rotation refer to the direction of rotation observed 
considering forward direction. The magnitude 
of circulation was obtained by re-combining 
clockwise and anti-clockwise contributions:

abs + −Γ = Γ + Γ  [7]

(V) The asymmetry of clockwise and anti-clockwise 
circulation was quantified according to 

A + −
Γ

+ −

Γ − Γ
=
Γ + Γ

 [8]

(VI) Helicity density as a fluid dynamics’ parameter 
that quantifies the flow helical pattern, was 
computed from the distributions of velocity and 
vorticity in the cross-sectional area:

( ) ( )2

1 , ,std
A

mH H r t r t
s n

υ ω = = ⋅  
∑  [9]

Helicity density is defined as helicity (33) per lumen 
volume, and in contrast to helicity, it is not explicitly 
depending on the size of the lumen volume. Helicity 
density was calculated considering the positive (+) 
and negative (−) contributions in conjunction with 
the velocities in forward (fwd) and backward (bwd) 
directions ,fwdH + , ,fwdH − , ,bwdH + , ,bwdH −  and re-
combined to obtain clockwise , ,

+ = fwd bwdH H H+ −+  
a n d  a n t i - c l o c k w i s e  , ,= fwd bwdH H H− +

− +  
components. The magnitude of helicity was 
obtained by re-combining clockwise and anti-
clockwise contributions: 

absH H H+ −= +  [10]

(VII) The asymmetry of clockwise and anti-clockwise 
helicity was calculated according to 
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(VIII) The angle between velocity and vorticity vectors 
is referred to as the ‘relative helicity’ density (33):
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(IX) Turbulent kinetic energy density (27,28) in the 

MPR plane tot
TKEρ  was computed by averaging the 

turbulent kinetic energy density TKEρ  over the 
cross-sectional area

1tot
TKE TKE

An
ρ ρ= ∑  [13]

(X) Flow displacement (9) as the fluid dynamics 
parameter that quantifies the eccentricity of 
vascular flow in the cross-sectional area is defined 
as the distance between the center of velocity and 
the centroid of the lumen and was calculated as 
fraction of the vessel diameter d according to 
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where r is the position in the cross-sectional area. 
Computation of curvature, torsion and effective torsion from 

the centerline: in our test cases, the path of the centerline was 
divided into segments of 1 mm length defined by a segment 

vectors, the arc length s = s , and a unit tangent vector 

=
st
s

. Curvature κ and torsion τ are defined according to 

d
ds

κ =
t  [15]

and

; 0

0; 0

d if
ds

if

κ
τ

κ

 − ⋅ ≠ =  
 = 

n b
 [16]

whereas the principle normal vector /d
ds

κ=
tn  and the 

binormal vector = ×b t n  are unit vectors. Thereby, 
curvature (and torsion) is defined in units of the inverse 
length (L-1). According to the sign convention used in 
Eqs. [9] and [10], positive torsion corresponds to a helix 
with clockwise rotation (right-handed helix) and negative 
torsion corresponds to a helix with anti-clockwise rotation 
(left-handed helix). The curvature-weighted torsion κ∙τ is 
referred to as ‘effective torsion’. 

Results

All datasets were processed with an average post-processing 
computation time of 8±2 minutes. Quantitative results on 
the normal control subject, HLHS patient and VSARR 
patient are presented in Figures 2-5 and in Table 1. 

The aorta of the normal control subject is characterized by 
low peak curvature (κ=0.45 cm−1) and effective torsion (κ∙τ 
=0.16 cm−1), a Dean vortex in the ascending aorta with low 

Figure 2 Graphical visualization of path lines of the HLHS patient. The patient exhibits a strong kinking at the highest point of the neo-
aortic arch, which coincide with a clockwise helical flow pattern. HLHS, hypoplastic left heart syndrome.
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circulation magnitude Γabs =144.0 cm2/s and helicity density 
magnitude Habs =27.6 m/s2, a vortex asymmetry of AΓ =0.11 
and AH =−0.03 and a low peak retrograde flow fraction of 
QRFF =0.04 (Figure 5, right). 

Segmentation and centerline of the neo-aorta in the 
HLHS patient exhibit a strong kinking at the highest 
point of the neo-aortic arch, 90 mm distal to the neo-
aortic valve (Figures 2,3), with a prominent clockwise 
turning vortex visible in vicinity of the kinking (Figure 2).  
Curvature and effective torsion as parameters of the kinking 
reached maximum values of κ=0.53 cm−1 (κ∙τ =0.41 cm−2)  
in the neo-aortic arch, 92 mm (88 mm) distal to the aortic 
valve and 7 mm (8 mm) proximal to the highest point 
of the neo-aortic arch, Table 1. Regions of high vorticity 
in vicinity of the kinking were related to regions of high 
TKE, as shown in Figure 3. In vicinity of the kinking, 
circulation, helicity density, cross-sectional turbulent kinetic 
energy density, peak turbulent kinetic energy density, 
and root mean-square of turbulent kinetic energy density 
coincide with maximum values, see Figure 4 and Table 1.  
Relative helicity density and flow displacement reach 
their maximum values 41–42 mm distal to the kinking. 
The peaks of both vorticity-related quantities (Γ,Hd) 
as well as the turbulence-related quantities (TKE, the 
root mean square TKERMS and peak values TKEmax) were 
asymmetrical with a steep increase at rising curvature 
in the ascending aorta and with a long tail at decreasing 
curvature in  the descending aorta .  TKE densi ty 
reached its maximum of 275 J/m3 at a position 18 mm  
distal to the aortic arch (b), as shown in Figure 4. The 

vortex is represented by high helicity H and Γ, whereas 
the positive signs of peak values and asymmetries indicate 
the dominance of clockwise direction of rotation. The 
asymmetries AΓ (0.84) and AH (0.62) in the vicinity of peak 
circulation and helicity given in Table 1 more accurately 
describe the extent of dominance.

The VSARR patient exhibits a strong kinking with high 
curvature (κ=0.55 cm−1) and effective torsion (κ∙τ=0.38 cm−2) 
at the distal anastomosis between the prosthesis of 6 cm  
length and native tissue. The in-plane flow pattern is a pair 
of counter-rotating cells, referred to as Dean vortices (5,34) 
35 mm distal to the kinking, as in Figure 5 (left, C). The 
rotation-separated components Γ+, H+ and Γ-, H- shown in 
Figure 5 (left, panels 2 and 4) resolve the contributions of 
different directions of rotation and are compared with the 
magnitude of rotation Γabs, Habs. The asymmetries AΓ (−0.18) 
and AH (0.03) are low in the vicinity of peak circulation 
and helicity, as shown in Figure 5 (left, B), which can be 
interpreted as a pattern with an approximately symmetric 
pair of counter-rotating vortices. In association with the 
kinking, a peak retrograde flow fraction of QRFF=0.17 was 
detected.

Inter-observer variability ranged between 0% and 14% 
as listed in Table 1.

Discussion

We successfully developed a new analysis system for the 
comprehensive quantitative assessment and analysis of 
complex 4D Flow MRI data including secondary flow 

Figure 3 Graphical visualization of the interrelation of vorticity (left) and turbulent kinetic energy density (right) of the HLHS patient. 
Peak vorticity and turbulent kinetic energy coincide with kinking of the neoaortic arch. HLHS, hypoplastic left heart syndrome.
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patterns. Multiple studies described the pathophysiological 
impact of secondary flow patterns (5-12) such as helicity. 
However, the parameters quantifying secondary flow 
patterns in blood vessels have not been well integrated in a 
uniform analysis scheme to allow a comprehensive diagnostic 
assessment and to facilitate the correlation of secondary flow 
patterns with anatomic anomalies as found in congenital 
heart diseases. The present study aims to address this clinical 
unmet need through MRI-based analysis of the flow. 

Previous MRI studies with assessment of hemodynamics 

in blood vessels focused on the determination of distinct 
quantities derived from the velocity field map without 
a concordant longitudinally-resolved quantification of 
anatomic conditions (33,35). 

Our approach allows an objective evaluation of the link 
between geometric changes and hemodynamics. 

Several studies have applied manual positioning of 
a single or a few MPR planes within a vessel (9,10,36). 
However, successful detection of the peak values or other 
hemodynamic features with a single manually-positioned or 

Figure 4 Selected quantities in peak systole for the HLHS patient. The results are presented diagrams showing functions of the vessel 
position. The position along the aorta is represented on the horizontal axis by the centerline path length measured from the aortic valve 
position. Illustrations of the neo aorta are shown above the diagrams superimposed on the MPR planes to indicate the positions: aortic valve 
(A), aortic arch (B), descending aorta on valve level (C) and descending aorta on diaphragm level (D). The upper four panels show anatomic 
quantities (diameter d, curvature κ, torsion τ, effective torsion κ∙τ) and the lower seven panels show fluid-dynamic quantities (circulation Γ, 
Helicity density Hd, relative Helicity Hrel, TKE, TKERMS, TKEmax, flow displacement ϵ. The color of the curves ranging from blue via green 
to yellow indicates the position in the cardiac cycle. The solid black curve indicates the time-averaged distribution whereas the dashed black 
curve indicates the distributions during peak systole. HLHS, hypoplastic left heart syndrome.

A B C D
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sparsely-positioned MPR planes is less reliable as a-priori-
knowledge about flow changes is usually not given. By 
applying the present method, peak values can easily be 
extracted from the data. 

A recent study (23) reported that two counter-rotating 
helices, also known as Dean vortex, are typically found 
in the ascending aorta of healthy subjects. In contrast to 
healthy subjects, Dean vortices in VSARR patients are 
always associated with retrograde flow. We propose a 

method for visual grading, but emphasize on the lack of a 
quantitative analysis tool. Previous works on quantitative 
analysis of flow patterns with in-plane vortices in terms of 
circulation or helicity (11,33) did not take into account the 
possible cancellation effects due to counter-rotating pairs 
of vortices. Using suitable parameters, our method allows 
for quantification of helical flow patterns corroborating the 
previously described visual findings. 

The disadvantages of the circulation (Eq. [6]) and 

Figure 5 Selected quantities in peak systole for a patient after valve sparing aortic root replacement (left) and in a normal control subject 
(right) similar to Figure 5. Illustrations of the neo aorta are shown above the diagrams. The panels show curvature κ, circulation Γ, AΓ, 
helicity H, AH, flow displacement ϵ as functions of the position along the aorta. For the patient, the following positions are indicated: aortic 
valve (A), kinking at the distal anastomosis between the prosthesis of 60 mm length and native tissue (B), associated peak values of magnitude 
vorticity and helicity 3.5 cm distal to the anastomosis (C), descending aorta on diaphragm level (D). The in-plane flow patterns at (C) besides 
the illustration of the aorta show a pair of symmetric Dean vortices. For the normal control subject, the following positions are indicated: 
aortic valve (E), ascending aorta (F), aortic arch (G), descending aorta on diaphragm level (H). 

A EB FC G HD
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helicity density (Eq. [9]) are their insensitivity to symmetric 
Dean flow patterns as shown in Figure 5. Symmetric Dean 
vortices cancel out due to opposite signs of the vortices. 
The components Γ+, H+ and Γ-, H- resolve the contributions 
of different directions of rotation and, in conjunction 
with circulation and helicity magnitudes Γabs, Habs, allow 
appropriate quantification of Dean vortices, see Figure 5 
and Table 1. Numerical calculations suggest that different 
degrees of vortex asymmetries may develop depending 
on vessel torsion (17,37). As illustrated in Figure 5,  
we propose quantification of asymmetric Dean flow patterns 
by using circulation or helicity asymmetries (Eqs. [7] and 
[9]) thereby, a perfectly symmetric Dean flow pattern (A=0) 
can be distinguished from patterns with dominant clockwise 
(A>0), or anti-clockwise (A<0) vortices.

The Reynolds decomposition of the velocity field into 
the average and fluctuating components allows simplifying 
the Navier-Stokes equations to extract the flow’s laminar 
and turbulent contributions (38). Reynolds decomposition 
is practically adopted in 4D Flow MRI by providing the 
average velocity field and the intravoxel standard deviation 

(IVSD) corresponding to laminar and turbulent components 
as separate, complementary quantities of the same 
acquisition (27,28). Alternatively, vorticity measured by MRI 
only quantifies laminar components of the rotations (39).  
In the measured data, velocity and IVSD refer to the sub-
voxel distributions, whereas vorticity describes a pattern 
of the environment related to the central voxel. Velocity, 
IVSD, and vorticity can be considered as complementary 
components from which secondary flow patterns are 
composed. 

Based on the known technique of curved MPR (30) and 
using a vessel centerline, we describe a new method for 
computation of secondary hemodynamic parameters from 
the MPR of the three complementary building blocks: 
velocity, IVSD, and vorticity. This method allows an 
efficient use of computing power. The geometric distortion 
due to vessel curvature prevents Euclidean calculation of 
vorticity from velocity after MPR. Therefore, vorticity 
is calculated before MPR. Combination of velocity and 
vorticity after MPR enables the calculation of average cross-
sectional vorticity, circulation, helicity density and relative 

Table 1 Numerical results for the normal control, a patient with hypoplastic left heart syndrome (HLHS) and a patient after valve sparing aortic 
root replacement (VSARR)

Parameter

Normal control HLHS patient VSARR patient

Value
Inter-observer 

variability
Location Value

Inter-observer 
variability

Location Value
Inter-observer 

variability
Location

Aortic length (mm) 366 0.5% 248 2.7% 323 1.0%

Highest position of aortic arch (mm) 149 1.3% 94 6.4% 179 3.6%

Average diameter d (mm) 30 3.3% 21 3.7% 29 4.7%

Peak curvature κ (1/cm) 0.45 3.2% 160 0.53 0.3% 87 0.55 2.9% 67

Peak eff torsion κτ (1/cm2) 0.16 12.6% 103 0.41 3.5% 86 0.38 1.1% 55

Peak QRFF 0.04 1.3% 168 0.11 5.3% 89 0.17 4.7% 78

Peak Γstd (cm2/s) 9.0 7.6% 59 177.4 3.1% 89 36.7 2.5% 78

Peak Γabs (cm2/s) 144.0 0.8% 69 211.2 5.9% 99 264.3 2.2% 108

AΓ at peak Γabs () 0.11 7.3% 69 0.84 1.8% 99 −0.18 6.3% 108

Peak Hstd (m/s2) 2.21 12.5% 227 41.4 8.4% 109 3.0 13.4% 108

Peak Habs (m/s2) 27.6 0.8% 69 66.8 2.8% 99 44.2 1.2% 88

AH at peak Habs −0.03 4.1% 69 0.62 3.3% 99 0.00 5.4% 88

Peak Hrel 0.33 2.0% 163 0.21 5.9% 128 0.17 11.3% 58

Peak e 0.10 12.3% 138 0.17 5.7% 129 0.21 0.0% 98

Hemodynamic quantities correspond to peak systole. The numbers in square brackets indicate at which location the particular value was 
detected, in mm distance from the aortic valve. 
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helicity density as well as all basic parameters based on 
through-plane velocities. 

The new method applies the known technique of 
curved MPR to a multi-dimensional feature space and 
simultaneously uses the centerline for both MPR and 
quantification of curvilinearity to facilitate analyses 
involving hemodynamic and anatomic quantification. As 
mentioned before, conventional circulation and helicity 
density are not suitable parameters for quantification of 
Dean flow pattern. We introduced the use of rotation-
separated components as well as circulation and helicity 
density magnitudes in conjunction with circulation 
and helicity density asymmetries for an appropriate 
quantification of Dean vortices. 

Limitations

Our method can currently only be applied for determination 
of hemodynamic and anatomic parameters in large blood 
vessels. Quantification of other parameters particularly in 
small blood vessels and in the heart is in process. 

Our method does not take into account the aortic wall 
motion during the blood vessel segmentation. However, the 
segmentation algorithm can be improved without affecting 
other components of the platform as they do not require a 
static vessel segmentation in all time frames. Supra-aortic 
vessels may partly affect the quantification of the aortic arch 
if the resampling region is larger than the arch. Thus, it is 
recommended that the size of the resampling region should 
be adjusted as close as possible. 

Conclusions

Our novel method allows systematic quantification of a 
large number of flow and anatomic parameters for clinical 
decision-making. We showed the performance of our method 
using three clinical test cases to reveal inter-dependencies 
between local anatomic and hemodynamic parameters along 
a blood vessel path. The separate consideration of rotational 
directions allows quantification of Dean flow patterns based 
on circulation and helicity density. 
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