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Abstract 
Due to the complex anatomy of the heart, heart valves and aorta, blood flow in the aorta is 

known to be complex and can exhibit a swirling, or helical, flow pattern. The purpose of this 

thesis is to implement methods to quantify and visualize both the speed of helicity, referred to 

as the helicity density, and the direction of helicity, which is measured by the localized 

normalized helicity. Furthermore, the relationship between helicity and geometrical aorta 

parameters were studied in young and old healthy volunteers. Helicity and geometrical 

parameters were quantified for 22 healthy volunteers (12 old, 10 young) that were examined 

using 4D Flow MRI. The relation between helicity and the geometry of the aorta was explored, 

and the results showed that the tortuosity and the diameter of the aorta are related to the 

helicity, but the jet angle and flow displacement do not appear to play an important role. This 

suggests that in healthy volunteers the helical flow is primarily affected by the geometry of the 

aorta, although further trials should be performed to fully characterize the effects of aortic 

geometry. The results also show that the helicity changes with age between the two age groups 

and some of the geometrical parameters also has a significant difference between the age 

groups. 

Keywords: Helical flow, Helicity density, LNH, 4D Flow MRI, geometry of the aorta 
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1 Introduction 

The heart is an incredibly durable, yet powerful pump that supplies the entire body with oxygen 

and other nutrients. The large volume of blood that is being pumped through the body exits the 

heart at high velocity, and sometimes has a spiral shaped flow, also known as helical flow (1). 

The flow enters the aorta through the aortic valve, where the velocity increases due to the 

small cross-sectional area that the blood has to pass through. In this high pressure system, 

helical flow can be created. The characteristics of a helical flow is that is has a helical structure, 

which for instance is also found in a DNA molecule, and the rotation around an axis parallel to 

the main direction of the flow. The flow does not only depend on the ventricular output jet, but 

it also behaves differently depending on the shape, stiffness and age of the aorta (1). This thesis 

will investigate the impact of aortic geometry, age and the ventricular outflow jet on helical 

flow.  

To be able to study the blood flow, the geometry of the aorta has to be considered. Magnetic 

resonance imaging (MRI) is able to provide functional and anatomical information, and this 

combination allows for excellent diagnostic ability. However, analysis of MRI data can yield 

many parameters to process and analyze (2). The blood flow characteristics are dependent on 

the specific subject’s geometry and shape of the aorta. Therefore, one major challenge is to 

select which parameters to evaluate and calculate to cover as much as possible of the shape, 

size and aortic outflow jet for every individual, the chosen parameters will be further described 

in the background and method.  

This thesis will focus on healthy volunteers to understand the characteristics of a healthy aorta, 

but in the future this information could be used as a point of comparison for patients who have 

aortic pathologies.   

1.1 Aim and objective 

The aim of this project is to implement and test methods for quantification and visualization of 

helicity in the aorta, using 4D Flow MRI. Methods for the quantification of helicity allow for 

comparisons between subjects, and help explain the relationship between helicity and the 

aortic geometry. The objectives are: 

1. Calculate measurements of helicity in the aorta 

2. Explore visualization techniques 

3. Calculate geometrical descriptions of the aorta 

4. Explore the relationship between helicity and the geometry of the aorta 

- Compare the two age groups with each other for both helicity and the geometry 

of the aorta.  
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2 Background 
This chapter gives a technical background of MRI and 4D flow, followed by an introduction to 

helical flow, and measurements of the aortic geometry. Different ways to visualize the helical 

flow and results from previous studies are presented at the end of the chapter. 

2.1 Magnetic Resonance Imaging 

MRI is used clinically to assess the function and anatomy of the cardiovascular system. With  

MRI, a magnetic field is generated over the body, which excites the fundamental spin property 

of the atoms. If a magnetic field is applied on a volume, a magnetization vector will represent 

the net spin within the volume. When a pulse is applied in the radio frequency range, the spin  

will reverse direction. When the pulse is removed the spin will go back again, and the time it 

takes to go back is called the relaxation time. Returning to an upspin costs energy, and when 

returning to downspin, energy will be released. The net energy that is generated when the 

radio frequency is turned off is measured and analyzed in order to determine the properties of 

the body (3). 

2D phase-contrast (PC) MRI measures the blood flow across a plane, placed perpendicular to 

the direction of the aorta. The spin can either be stationary, or shifted in phase. The velocity 

encoding (VENC) is the maximum velocity possible for not get aliasing, and changes the 

strength of the gradients, and therefore changes the relation to the noise. With a high VENC, 

aliasing will be avoided in the image, but a low VENC will reduce the noise and improve the 

quality of the image. Therefore, a compromise has to be made, and some noise will always be 

left in the image. To compensate for this, post-processing the image is necessary (3). 

2.2 4D Flow MRI 

4D Flow MRI is an extension of the 2D PC MRI technique that allows for the acquisition of 3-

dimensional, 3-directional, time-resolved velocity data. Using this rich dataset, the flow can be 

quantified and described in a variety of ways (2). 

4D Flow MRI is commonly used to analyze the complex blood flow in the cardiovascular system. 

For each subject multiple time-resolved image stacks are acquired, including: magnitude 

volumes, describing the anatomy; three velocity volumes, describing the velocity in each 

principal direction; and, three turbulence intensity images, describing the variations in velocity 

in each voxel, a voxel is a three dimensional pixel. One of the main advantages of 4D Flow MRI 

is that information for the whole volume during one cardiac cycle is collected  during one 

acquisition, allowing for retrospective analysis (2,4). 

2.3 Blood flow circulation of the heart and aorta 

Figure 2.1 shows how the blood flows through the heart to the left, and the anatomy of the 

aorta to the right. Systole is when the heart is contracting and via the aortic valve pumps blood 
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to the whole body through the aorta and all the connected branches. The high pressure system 

will affect the outflow jet from the left ventricle, and therefore the jet can influence the aortic 

flow patterns (5). The outflow jet could be hard to mark on an image, but this plane is defined 

as distal to the coronary artery, and it is also distal to the sinutubular junction that is the 

anatomical landmark for this jet plane (6). Moreover, the properties of the aortic valve will 

affect the blood flow, and previous studies have shown an increase of helical flow with bicuspid 

aortic valve (BAV) patients (1,7). In this study, it will be investigated how the helical flow is 

affected by the healthy aortic valves of every subject, by calculating the eccentric flow at the jet 

plane distal to the aortic valve. The geometry of the jet plane may also affect the blood flow, 

which is why the diameter of the jet plane and the whole aorta is calculated and investigated. 

In Figure 2.1 to the right the three regions of the aorta is shown, based on this image the aorta 

is segmented. 

 

Figure 2.1 The black arrows to the left is how the blood flow is propagating through the heart. Blue color symbolize 

deoxygenated blood and red color oxygenated blood in the heart. A more anatomical description of the aorta is found to the 
right, with the three regions the aorta is divided in. The anatomical landmarks for the aorta is the jet plane, which is distal to the 
right and left coronary artery, secondly the three branches in the arch and last the celiac artery branching  that ends the third 

region which is outside the image. (Right Figure: By Henry Vandyke Carter - Henry Gray (1918) Anatomy of the Human Body. 

Bartleby.com: Gray's Anatomy, Public Domain) 

2.4 Helical Flow 

To get an understanding of the helical flow, the first step is to define what a vortex is, as the 

helicity is a scalar product between the vorticity and the velocity. A vortex rotates around its 

own axis, it is important to distinguish between circulation and rotation. Rotation and 

circulation of a fluid is both perpendicular to the flow direction, but the difference is that 
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rotation spins around its own axis, as in Figure 2.2. The vorticity is a pseudovector where the 

sign of the rotation tells if the rotation is right of left handed. The helicity has the same 

properties as the vorticity and is also a pseudovector where a positive value will indicate that 

the rotation is counterclockwise and the rotation will fit with the right hand rule, and referred 

to as right handed curl or right handed helical flow, the opposite for left handed curl (1).  

 

Figure 2.2 If the behavior of a voxel is as to the left in the figure the fluid will start to circulate. But if the behavior of the voxel is 
as to the right in the figure the fluid will create a vortex. If a voxel in the flow is rotating, it creates a vortex in the flow.  
(Credit Tarquin from Wikipedia under the terms of cc-by-3.0) 

The helical flow is a broad term and can be described in different ways, two metrics describing 

the helical flow in every voxel is used in this thesis, both intensity and sign will be assessed in 

this report: helicity density (Hd) and localized normalized helicity (LNH). Hd is the scalar product 

between vorticity and velocity, and is an indication of the speed of the helical flow. LNH is the 

angle between vorticity and velocity, and is the direction of the helical flow against the velocity 

in that voxel. Depending on the purpose both speed and direction of the helical flow can be 

quantified or visualized (1). A left-handed helical flow in the ascending aorta (AsAo) is 

illustrated in Figure 2.3. In this thesis only the Hd and LNH will be calculated.  

 

Figure 2.3 Example of left-handed helical flow in the AsAo with the aorta from one volunteer. 
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2.5 Visualization 

In terms of visualization the focus in this report will be to visualize the scalar product of helicity 

in every voxel. To assess the intensity and the sign two methods will be tested. Both by 

thresholding the scalar product and to group the voxels together with isosurfaces. Isosurfaces 

create 3D surfaces with values outside thresholds by using contour lines. A movie can also be 

created to get an overview of one cardiac cycle (8). To visualize more specific areas 2D planes 

can be used, with the ability to scroll through images. With 2D and scroll functions it is possible 

to follow the blood flow in a closer view. 

2.6 Geometrical Parameters 

The aorta has a complex geometry, and to be able to understand how the blood flow is 

behaving the complex geometry can be quantified and studied. The relationship between the 

geometrical parameters and the helical flow is investigated in this work. 

Tortuosity, describes the shape of the aorta together with the behavior of the blood flow. The 

tortuosity is the ratio of a straight-line distance and the centerline distance of the aorta. Where 

the straight-line distance is approximately the shortest distance the blood flow can take and the 

centerline is approximately the path the flow is propagating. The aorta can have many different 

shapes, which indicates that the blood flow is propagating differently depending on the shape 

of the aorta. Figure 2.4 provides examples of common aortic shapes, where the straight aorta 

has the highest tortuosity. With a more tortuous aorta the vessel is longer and the flow 

therefore takes a longer and potentially more curled path.  This thesis hypothesize that a more 

tortuous vessel may create more helical flow. 

 

Figure 2.4 Different shapes of the aorta of three volunteers, with the rounded and  
the cubic shape is two old volunteers and the straight shape is a young volunteer. 

The size of the aorta is represented using the diameter of 2D planes located on the centerline. 

With a larger diameter the cross-sectional area increase, which will affect the propagation and 

the behavior of the blood flow. Therefore the diameter is chosen as one of the geometrical 

parameters to calculate and the hypothesis is that the diameter will be related to the levels of 

helical flow. 
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The blood flow’s behavior is affected by the outflow jet plane of the aortic valve, and this may 

affect the helical flow, which is the reason why the jet plane is studied. The jet plane is defined 

to be proximal to the AsAo, and the plane used to study this is manually placed as close as 

possible to sinutubular junction. Using this plane the mean velocity is calculated. If the mean 

velocity is not in the center of the aorta, the flow is eccentric. To measure how eccentric the 

flow is, both the distance and direction of the mean velocity against the center of the aorta are 

calculated. The flow displacement describes the distance to the geometric center, and the flow 

angle includes the direction of the mean flow at that specific plane. So, with larger flow 

displacement and jet angle the flow is counted as eccentric flow, if the flow is eccentric at the 

jet position the hypothesis is that eccentric flow can create helical flow further in the aorta (9). 

2.7 Previous Studies 

Helical flow has been investigated in previous studies in the aorta using 2D planes along the 

entire aorta, where the focus was on the direction of the helical flow, using LNH. The reported 

result was that LNH was predominantly right handed in the AsAo and Descending Aorta (DA), 

and in the Aortic Arch (AA) mostly left handed helical flow was found (1). 

A second study found that helical flow is related to a crook-shape arch, while individuals with a 

gothic or a cubic arch had less helicity and the subjects tended to be older. It was also found 

that helicity was less common with increased age, and also that the direction changed with age 

(10). 

Another study graded the forward flow at peak systole distal to sinutubular junction by normal, 

mildly or markedly eccentric flow. The result was that flow displacement and the jet angle was 

significantly elevated compared to the mild eccentric flow, and only the displacement was 

elevated with the markedly eccentric flow. The study was performed with BAV patients, which 

means that the patients has two leaves in the aortic valve instead of three. The difference will 

affect the aortic outflow jet and the propagation of the blood flow in the aorta (9).  
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3 Materials and Methods 
In this chapter the materials that was used is presented in the section Data, followed by the 

methods for both the helicity and the geometrical parameters. Last the method for the 

statistical analysis are presented. 

3.1 Data 

Twelve healthy older (mean 70 ± 3 years) and ten health younger (mean 23 ± 2 years) male 

volunteers were included in this study. All volunteers underwent 4D Flow MRI acquisitions 

using a clinical 3.0 T scanner (Philips Ingenia) and a free-breathing, navigator gated 

sequence.  Scan parameters included: Candy Cane view adjusted to cover the whole aorta, 

VENC 100-180 cm/s, flip angle 10-15 degrees, echo time 2.5 s, repetition time 4.4 ms, and 

spatial resolution 2.1 x 2.1 x 2.5 mm. 4D Flow data was corrected for background phase offset 

errors using a 4th order correction method. 

For each dataset a binary mask was given to only cover and include the aorta. For calculations 

along the centerline of the aorta 2D planes was segmented perpendicular to the aorta for each 

subject. The mask and the 2D planes is not time resolved. 

3.1.1 Segmentation of the Aorta 

The whole aorta is segmented further into regions to allow for regional analysis  for the 

geometrical parameter, and to explore the relationship with the helicity in both the whole aorta 

and the segmented regions. The points that separate each region are chosen by hand for every 

subject using anatomical landmarks. To make is easier to find the landmarks for each subject a 

mask and a magnitude image is visualized together with the centerline of the whole aorta , 

where a point on the centerline that is the closest to the anatomical landmark is creating the 2D 

plane that separates the regions. The first point is selected distal to sinutubular junction, which 

represents the start of the AsAo, and is referred to as the jet position. Next point is defined as 

the end of the AsAo and the beginning of AA, proximal to the first arterial branch, 

brachiocephalic trunk. The AA is ending distal to the third branching, left subclavian artery, 

where the DA begins. The fourth point is placed proximal to celiac artery branching and is 

defined as the end of the DA. The aorta is segmented in regions with the anatomical landmarks 

according to Figure 3.1 (6).  
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Figure 3.1 An example of the regionally segmented aorta. The blue color represents the ascending aorta,  
yellow the aortic arch, and green the descending aorta, according to the anatomical landmarks.  

3.2 Helicity 

To measure the helicity, vorticity has to be calculated first and it is based on equation 3.1, 

which is the gradient of the velocity vector. Hd is defined as the scalar product between velocity 

and vorticity, which is calculated in three dimensions in every voxel according to equation 3.2 

(1).  

�⃗⃗� (𝑟 , 𝑡) = ∇ × �⃗� (𝑟 , 𝑡)      3.1 

𝐻𝑑 = �⃗� (𝑟 , 𝑡) ∙ �⃗⃗� (𝑟 , 𝑡)      3.2 

�⃗� (𝑟 , 𝑡) is the local velocity vector and �⃗⃗� (𝑟 , 𝑡) is the vorticity vector, 𝑟  is a vector with three 

dimensional position, and t is time. Hd is calculated for each voxel that has three dimensions, 

and then the mean of all voxels is calculated for each region. 

The angle between the velocity and the vorticity can be calculated and is referred to as the 

LNH, α: 

𝐿𝑁𝐻 =
�⃗⃗� (𝑟 ,𝑡)∙�⃗⃗⃗� (𝑟 ,𝑡)

|�⃗⃗� (𝑟 ,𝑡)||�⃗⃗⃗� (𝑟 ,𝑡)|
= cos 𝛼.     3.3 

It is the LNH that is calculated in this thesis and the range of the inverse function of cosines is 

between 0 to 180 degrees, therefore the max value of LNH will be 1 and the min value -1. 
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Equation 3.3 represents the ratio between Hd and a normalization by the local velocity and 

vorticity in every voxel (1). The average of all voxels is calculated over both the whole volume 

and specific regions of the aorta, which will get the mean Hd and mean LNH to be able to 

compare the helicity with the geometrical parameters. 

The noise in the image can be worsened when calculating the derivative of the velocity (7). This 

problem is solved by post-processing the image. The volumes were filtered to remove outliers 

and extremely low values using histogram-based methods. Voxels in the lowest five percent of  

two and a half of the standard deviation of Hd are removed and counted as noise. The voxels 

that are removed are the same in Hd and LNH, since LNH depends on Hd. The volume of helical 

flow with right and left handed curl was calculated and normalized by the total volume. 

3.2.1 Visualize Helicity 

A graphical user interface (GUI) was created to allow users to semi-automatically calculate and 

visualize helical flow in the aorta. LNH and Hd can be visualized in 2D at each slice and 

timeframe. Isosurfaces of LNH can also be viewed for every timeframe. 

Maximum, minimum and average values are presented for LNH and Hd, at each timeframe in 

the GUI, as well as the temporal average. The contrast of the images (the range of the color 

bar) is based on the maximum of the absolute values for all timeframes. 

The noise is only removed in the calculation for helical flow not when the visualization is done, 

instead the values are smoothed. A Gaussian filter with a 3x3x3 kernel was used to smooth the 

data. Gaussian filter is an averaging filter with significant more weight on the value in the 

center of the kernel (11).  

A threshold can also be used to distinguish between right or left handed helical flow. The 

threshold is chosen as a percentage between 1-100 % of the maximum for the filtered LNH 

volume. A movie showing the isosurfaces for one cardiac cycle can also be created.  

3.3 Geometrical Parameters 
This section discusses how the shape, size and outflow jet are quantified. 

3.3.1 Tortuosity 

Tortuosity is calculated using the same anatomical landmarks used to regionally segment the 

aorta. The tortuosity is calculated by the ratio of the straight-line distance between these 

landmarks, and the centerline distance from the first to the last landmark. Figure 3.2 shows the 

straight-line route created using the anatomical landmarks, and represents the shortest 

distance between the points. With a high tortuosity the straight-line distance is approximately 

the same as the centerline distance, larger difference correspond to a decreased value of 

tortuosity. 
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Figure 3.2 The four red points placed according to the anatomical landmarks, and the red line is the shortest distance between 
the points. The black parts of the centerline is outside the AsAo-DA and is not counted for, due to the tortuosity is only calculated 
for the region AsAo-DA. 

As the anatomical landmarks are placed manually, a sensitivity test was performed to assess 

how much variations in these points affected the tortuosity calculation. The landmarks were 

first shifted randomly ± 2.0 mm from the original placement. This represents a 4.0 mm interval 

of the anatomical landmark on the centerline of the aorta. The test was also performed with a 

larger intervals for landmark placements, specifically 8.0 and 12 mm. One anatomical landmark 

was placed randomly at the time, where the other ones was at its original place. 

3.3.2 Diameter 

The aorta is divided in 2D slices to estimate the diameter of each location, the 2D slices is 

placed perpendicular to the aorta, which gives the cross-sectional area of the aorta according to 

Figure 3.3. To measure the diameter a circle is fitted to the slice as shown in Figure 3.3. As the 

segmentation is not time resolved the diameter is only calculated once for each slice. The 

average of all diameters is calculated for all slices, one average diameter for each region is 

calculated. 
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Figure 3.3 A circle based on the smoothed segmentation for slice 1  
with a red center point and two blue edge points at the same horizontal plane.  

3.3.3 Flow Displacement 

The flow displacement is the distance between the center of the aorta and the mean velocity 

vector for forward flow. The positive values of the magnitude of the forward flow in only 

counted for. The forward flow is according to the normal vector of that slice. The center of 

velocity, 𝐶𝑣, is calculated by equation 3.4. 

𝐶𝑣 =
∑𝑟 ∗𝑢

∑𝑢
       3.4 

u is the magnitude of the flow in the direction of the normal of the 2D plane and 𝑟  is the two 

dimensional position in the plane. 𝐶𝑣 is the position of the mean forward flow in two 

dimensions (9). 

The flow displacement is normalized to the diameter of the aorta for each slice. Therefore the 

displacement can take a value between 0 and 0.5. If a slice has no forward flow the 

displacement is set to zero (9). 

3.3.4 Jet Angle 

The jet angle is the angle where the blood flow is entering the aorta from the left ventricle, and 

it is defined at the beginning of the AsAo. The jet angle is calculated as the angle between the 

normal vector to the 2D plane and the mean velocity vector for forward flow, normalized by the 

length, using equation 3.5. Only the forward flow is counted for, which is calculated by 

projecting the velocity to the normal vector of the 2D plane. The three dimensional velocities 

are extracted to get the velocity in three dimensions in every slice, to be able to calculate the 

mean in each direction (9). 

cos𝜃 =
𝑢∙̅ �̂�

|�̅�||�̂�|
       3.5 

𝜃 is the definition of the flow angle and �̅� represents the mean velocity for forward flow and �̂� 

is the normal vector to that plane. If there is no forward flow in that  slice the angle is set to 
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zero. The jet angle is calculated for the average of systole ± 3 timeframes, where the peak 

systole is defined as the highest value of the mean velocity. The focus of calculating the angle is 

on the jet position, but the angle is calculated on the same way for the whole aorta and 

referred to as the flow angle. 

3.4 Statistical Analysis 

The scalar product of helicity and geometrical parameters were compared using one-way 

analysis of variance (ANOVA) to compare categorical variables, e.g. age groups and direction of 

helical flow. The groups were compared to see if they have a common mean. A value of P < 0.05 

was considered statistically significant. The groups are assumed to be approximately normal 

distributed. 

Linear regression was used to assess the relationship between the helical flow and the 

geometrical parameters, i.e. tortuosity, the diameter, flow displacement and jet angle. The 

coefficient of determination, R2, was calculated for right and left handed values separately, as 

well as the total.   
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4 Results 
The results for helicity and the geometrical parameters are presented in the following sections. 

Within each section, comparisons between young and old volunteers are made, and their 

differences and similarities are presented. Finally, the relationship between the helicity and the 

geometrical parameters are investigated, using linear regression. The results are calculated 

with mean ± standard deviation (SD), if nothing else is specified. 

4.1 Helicity 

In Table 4.1 the average of the entire region for right and left handed curl for all volunteers is 

presented for the whole aorta, the segmented parts and at the 2D jet plane.  

Table 4.1 The helicity result, mean ± SD for LNH and Hd for all volunteers. 

 Right LNH [-] Left LNH [-] Right Hd [m/s2] Left Hd [m/s2] 

Whole aorta 0.28 ± 0.04 -0.31 ± 0.03 0.017 ± 8e-3 -0.018 ± 9e-3 

AsAo-DA 0.28 ± 0.05 -0.29 ± 0.04 0.016 ± 9e-3 -0.016 ± 0.01 
AsAo 0.36 ± 0.05 -0.26 ± 0.05 0.020 ± 8e-3 -0.014 ± 7e-3 
AA 0.33 ± 0.04 -0.37 ± 0.05 0.011 ± 6e-3 -0.014 ± 9e-3 

DA 0.21 ± 0.05 -0.27 ± 0.05 0.014 ± 0.03 -0.016 ± 0.01 
Jet plane 0.35 ± 0.06 -0.32 ± 0.06 0.018 ± 0.01 -0.016 ± 0.01 
 

Table 4.1 shows the mean is approximately the same when studying the whole aorta and the 

AsAo-DA for both LNH and Hd separately. The difference is shown in the divided regions of the 

aorta, where both LNH and Hd has stronger values for right handed helical flow in AsAo as well 

as at the jet plane. In the AA and the DA the left handed helical flow is predominant. 

Figure 4.1 shows an image of the Hd and LNH. Figure 4.2 shows the filtered version of LNH as 

well as the isosurfaces of LNH. A threshold at 0.186 is added on Figure 4.2 and can be seen in 

Figure 4.3. 
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Figure 4.1 Helicity density to the left and LNH to the right for one volunteer at one slice and timeframe systole. The maximum of 
the absolute value is referred to the highest value on the color bar of both figures, where the red values referred to right handed 

helical flow and blue values is left handed helical flow. The color bar to the left is the helical density [m/s2] and to the right LNH 
[-]. 

                       

Figure 4.2 LNH with Gaussian filter visualized with no unit at the color bar, for the scalar product to the left and with isosurfaces 
to the right with a threshold at 0.186, both at timeframe systole. The maximum of the absolute value is referred to the highest 
value on the color bar of the figure to the left, where the red values referred to right handed helical flow and blue values is left 
handed helical flow for both figures. 
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Figure 4.3 The filtered LNH with a threshold at 0.186 visualized, to the left the scalar product with values outside ± threshold is 

visualized. To the right isosurfaces is visualized where only values over the threshold is shown , gives only right handed helical 
flow, both images at systole. The maximum of the absolute value is referred to the highest value on the color bar of  the figure to 
the left. The red values referred to right handed helical flow and blue values to left handed helical flow for both figures.     

The first statistical analysis was made between right and left handed curl with the P-value 

presented in Table 4.2. The percentage of the volume for right and left handed helical flow 

normalized by the volume after the noise is removed, is included in the table. 

Table 4.2 The one-way ANOVA analysis with the represented P-value for right handed curl versus left handed curl for LNH and 
Hd. 

 Right handed 
[%] 

Left handed 
[%] 

P-value 
LNH 

P-value 
Hd 

Whole aorta 43 57 * NS 
AsAo-DA 44 56 NS NS 

AsAo 66 34 * * 

AA 35 65 * NS 

DA 37 62 * NS 
*=statistically significant P<0.05 
NS=Not statistically significant P>0.05 

 

The result in Table 4.2 have a significant difference between the amount of left and right 

handed LNH for the whole aorta, AsAo, AA and the DA, but only a significant difference for Hd in 

the AsAo. With the same indications as in Table 4.1 for which rotation curl that is 

predominantly. 

The second analysis for helicity was with respect to the subject’s age, old versus young healthy 

volunteers. With the mean value of helicity for both young and old volunteers is presented in 

Table 4.3 for LNH and in Table 4.4 for Hd. 
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Table 4.3 The one-way ANOVA analysis with the P-value for old versus young volunteers for LNH, with the corresponding mean 
values for each age group. 

LNH Mean Old 
[-] 

Mean Young 
[-] 

P-value 

Whole aorta 0.309 0.272 * 

AsAo-DA 0.308 0.248 * 
AsAo 0.317 0.309 NS 

AA 0.366 0.327 * 
DA 0.276 0.197 * 

Jet plane 0.342 0.320 NS 
*=statistically significant P<0.05 
NS=Not statistically significant P>0.05 
 

Table 4.4 The one-way ANOVA analysis with the P-value for old versus young volunteers for Hd, with the corresponding mean 
value for each age group. 

Hd Mean Old 
[m/s2] 

Mean Young 
[m/s2] 

P-value 

Whole aorta 0.0123 0.0233 * 

AsAo-DA 0.0100 0.0234 * 

AsAo 0.0126 0.0220 * 
AA 0.0066 0.0188 * 

DA 0.0085 0.0235 * 

Jet plane 0.0107 0.0251 * 
*=statistically significant P<0.05 

 

Table 4.3 shows that it is almost a significant difference in the whole aorta and all segmented 

regions, except for LNH in the AsAo, including the jet plane. Where the LNH is increased with 

older volunteers, and Table 4.4 for the Hd is decreased with older volunteers and have a 

significant difference in all regions of the aorta. 

4.2 Geometrical Parameters 
The results of the geometrical parameters shown in the respective section for each parameter.  

4.2.1 Tortuosity 

The result for all volunteers is 0.87 ± 0.034. The ANOVA test for tortuosity showed a near 

significant difference for young versus old volunteers. The result show that the aorta gets more 

tortuous with age, which means that the value is lower due to the center distance is longer, see 

the boxplot for the differences between the age groups in Figure 4.4. 
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Figure 4.4 Tortuosity for young verses old volunteers. The values in the boxes is 25-75 % of the standard deviation of  
respectively test and the red line is the median. The mean for young volunteers is 0.885 and for old volunteers 0.857.  The reason 

why the 75 % quantile is folded and is close to the median is because the lowest 25 % is excluded and the red plus in the image is 
not counted for. It is only counted for when calculation the lowest 75 % and therefore the 25 % line has a larger distance to the 
median. 

The sensitivity test for representing the variation in manual selection of the anatomical 

landmark points on the aortic centerline used 1000 iterations, to cover a large range of cases. 

The result is presented as mean ± standard error (SE) and is presented in Table 4.5, for changing 

the position ± 5.1 mm from the anatomical landmarks, the first point correspond to the first 

anatomical landmark which is the jet plane etc. When one point is random the other points is 

placed at the anatomical landmark. 

Table 4.5 Tortuosity with mean ± SE for all random points and when one point at the time was placed randomly within a 10 mm 
interval, the test was performed on one of the subjects. 

Random points Mean ± SE 

All points 0.9133 ± 2.42e-04 
First point 0.9143 ± 2.16e-04 

Second point 0.9133 ± 8.39e-05 

Third point 0.9140 ± 7.01e-05 

Fourth point 0.9142 ± 3.63e-06 
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Figure 4.5 shows the results of the sensitivity analysis as a boxplot. The result is most sensitive 

to the placement of the first point. With larger intervals (± 10 and ± 15 mm from the anatomical 

landmarks) of allowed positions gave the same result where the first point is the most sensitive 

to changes, the standard error gets higher for a larger interval but in the same order of 

magnitude. For the interval of ±10 mm the first point give a standard error on 3.97e-4 and the 

interval at ± 15 mm gives a standard error on 6.39e-4. With a low standard error and a mean 

close to the original value with no random points, gives the result that the method is not 

sensitive to changes. 

 

Figure 4.5 Boxplot for Tortuosity for the different random points with step size ± 5.0 mm. The values in the boxes is 25-75 %  
of the standard deviation of respectively test and the red line is the median. The test is performed on one volunteer. 

4.2.2 Diameter 

Figure 4.6 demonstrates the diameter for the whole aorta, and for each region in the aorta for 

one volunteer. Approximately at slice 200 there is a sudden due to the celiac artery branching, 

which causes an error in the diameter calculation because both the arteries are counted at that 

slice. This problem does not occur in the AsAo-DA section because the DA has been defined to 

end before the branch point. The average for all volunteers is shown in Table 4.6. 

Table 4.6 The mean ± SD of the diameter in all regions of the aorta for all volunteers 

 Whole aorta AsAo-DA AsAo AA DA 

Diameter [mm] 29.3 ± 3.6 29.4 ± 3.6 37.8 ± 4.3 34.1 ± 4.2 27.4 ± 3.3 
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Figure 4.6 The diameter for all slices in the aorta for one volunteer. The black is the  
region outside the AsAo, blue is the AsAo, yellow is the AA and green is the DA. 

The result for the analysis for the diameters against the age groups is shown in Table 4.7, where 

there is a significant difference between old and young volunteers in all regions of the aorta.  

The diameter increases with the older age group. 

Table 4.7 The differences in the diameter for all regions in the aorta between old and young volunteers, with the corresponding 
P-value.  

 Mean Old 
[mm] 

Mean Young 
[mm] 

P-value 

Whole aorta 31.2 27.0 * 

AsAo-DA 31.4 27.0 * 
AsAo 40.5 34.6 * 
AA 36.3 31.5 * 

DA 29.1 25.4 * 
*=statistically significant P<0.05 
 

4.2.3 Flow displacement and Jet Angle 

The result for all volunteers is shown in Table 4.8, both for the timeframe representing systole 

and an average of systole ± 3 timeframes is shown. The result can be visualized in  Figure 4.7, 

where the mean flow’s displacement and direction is shown for each 2D slice, and it is zoomed 

in at the AsAo and AA at systole for one volunteer. In the Figure it is easy to see how the flow 

displacement according to the center point of the 2D plane, and how the mean velocity is 

related to the normal vector of that slice. 
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Table 4.8 The mean ± SD for flow displacement and flow angle with an average of systole ± 3 timeframes, and average at only 
systole for all volunteers. 

 Disp. [-] Disp. Systole 
[-] 

Angle [°] Angle 
Systole [°] 

Whole aorta 0.065 ± 0.01 0.059 ± 9e-3 21.4 ± 2.6 20.6 ± 2.4 

AsAo-DA 0.059 ± 9e-3 0.055 ± 8e-3 20.7 ± 2.4 20.1 ± 2.1 

AsAo 0.074 ± 0.024 0.066 ± 0.026 25.0 ± 4.0 24.5 ± 3.7 

AA 0.061 ± 0.024 0.057 ± 0.02 49.4 ± 9.6 50.0 ± 11 

DA 0.057 ± 9e-3 0.053 ± 8e-3 16.4 ± 2.9 15.6 ± 2.8 

Jet plane 0.090 ± 0.039 0.082 ± 0.055 25.7 ± 14 25.3 ± 15 

 

 

Figure 4.7 The blue arrows represent the direction of the mean flow, starting from the red circles that is the flow displacement. 

The green arrows is the mean normal vector from the center point at that slice. The small image to the left is for the whole aorta 
and to the image to the right is a zoomed in version of the black box from the whole aorta. The image is for one volunteer at 
timeframe systole. 
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Figure 4.8 shows the mean velocity for one slice and the distance from the center of the mean 

forward velocity. The distance is normalized by the diameter to get the displacement. 

 

Figure 4.8 The mean velocity and distance for one slice, for one volunteer. The two blue dots is the center of the aorta and the 
mean velocity for forward flow. The color bar represents the mean velocity [m/s]. Only the forward flow, values over zero, is 
counted for. 

A statistical analysis between the age groups was made for both flow angle, Table 4.9, and flow 

displacement Table 4.10. 

Table 4.9 The differences in the flow angle for all regions in the aorta including the jet position between old and young 
volunteers, with the corresponding P-value. 

Flow angle Mean Old [°] Mean Young [°] P-value 
Whole aorta 23.0 19.4 * 

AsAo-DA 22.2 18.95 * 

AsAo 25.41 24.5 NS 

AA 45.0 54.8 * 
DA 18.3 14.2 * 

Jet plane 30.6 19.9 NS (0.0638) 
*=statistically significant P<0.05 
NS=Not statistically significant P>0.05 
 

Table 4.10 The differences in the flow displacement for all regions in the aorta including the jet position between old and young 
volunteers, with the corresponding P-value. 

Flow displacement Mean Old [-] Mean Young [-] P-value 
Whole aorta 0.063 0.066 NS 

AsAo-DA 0.060 0.058 NS 

AsAo 0.085 0.061 * 

AA 0.067 0.053 NS 
DA 0.055 0.059 NS 

Jet plane 0.094 0.086 NS 
*=statistically significant P<0.05 
NS=Not statistically significant P>0.05 
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There is a significant difference between the age groups for the flow angle in all parts of the 

aorta except in the AsAo including the jet position. Where the older has a larger flow angle in 

the whole aorta, AsAo-DA and the DA, and the young volunteers has a larger flow angle in the 

AA. The flow displacement is almost the opposite where the only region of the segmented 

aorta that has a significant difference is the AsAo, excluding the jet position where the flow 

displacement increases with older age group. 

4.3 Statistical Analysis 

Linear regression analysis was used to assess the relationship between parameters describing 

the shape of the aorta and the helical flow. Figure 4.9 shows the correlation with tortuosity and 

helical flow (with LNH in the upper Figure and Hd in the lower Figure), and Figure 4.10 shows 

the relation between the diameter in the AsAo-DA and the helical flow.  The diameter of the 

AsAo-DA is the region that has the highest correlation with helical flow. R2-values are shown in 

Table 4.11. 

 

Figure 4.9 Linear regression for the Tortuosity against LNH in the upper image and Hd in the lower image. Where the red line is 
for the total helicity, the circles is only right handed helical flow and the stars is only left handed helical flow, with the 
corresponding R2-value. 
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Figure 4.10 Linear regression for the AsAo-DA Diameter against LNH in the upper image and Hd in the lower image. Where the 

red line is for the total helicity, the circles is only right handed helical flow and the stars is only left handed helical flow,  
with the corresponding R2-value. 

Table 4.11 Table for the linear regression Tortuosity and Diameter against helical flow, with the value of R2 for the total helicity, 
and for right and left handed helical flow separately. 

 R2-both 
LNH 

R2-right 
LNH 

R2-left 
LNH 

R2-both Hd R2-right Hd R2-left Hd 

Tortuosity 0.48 0.53 0.44 0.045 0.025 0.068 

Diam. Whole 0.48 0.70 0.43 0.17 0.095 0.25 
Diam. AsAo-DA 0.62 0.63 0.61 0.18 0.14 0.24 

Diam. AsAo 0.14 0.25 0.27 0.23 0.23 0.30 

Diam. AA 0.34 0.42 0.42 0.27 0.23 0.33 

Diam. DA 0.37 0.62 0.47 0.12 0.074 0.19 
 

The correlation with the flow displacement against helical flow for every region and the jet 

plane was investigated, but no correlation was found. The highest correlation had an R2-value 

of 0.15. How the flow displacement at the jet plane correlates with the helicity in the AsAo was 

investigated as well, but no correlation was found either. Both Hd and LNH was investigated 

with the same results. 

The same test was used for the flow angle against the helical flow and the highest correlation 

had an R2-value of 0.34, but that was in the DA where the flow angle is not clearly defined. 

Focus for the flow angle will be at the jet plane, and no correlation at the jet plane was found. A 

linear regression between the jet angle and the helicity in the AsAo was made, with no 

correlation found. Both Hd and LNH was investigated with the same results.  
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5 Discussion 
In this chapter the results are discussed and the hypothesis that aortic geometry is a predictor 

of helicity assessed. Finally, limitations and future work is discussed. 

5.1 Helicity 

The difference in direction and the speed between the right and left handed helical flow are 

relatively small for the whole aorta and AsAo-DA. When studying the direction of helicity, LNH, 

the flow is predominantly right handed in the AsAo including the jet plane, and more to the left 

in the AA and DA. The speed of the helicity, Hd, follows the same pattern as LNH. The result for 

LNH in the AsAo and AA is in agreement with previous studies (1). The DA has the opposite 

result, as previous wok has suggested that there is more right handed curl in the DA (1). 

Important to note is that this article investigates 2D planes in the DA, and not the entire aorta 

as in this work. Another previously published work suggests that the curl in the DA depends on 

the shape of the arch and the dilation of the DA, which could be the reason why the result is 

not the same (12). The theory that the direction of the helical flow is affected by the shape of 

the aorta is strengthened, because the tortuosity has a moderate correlation to LNH. However, 

it does not specify if it is the arch or the size of the DA that affects the direction of rotation. 

To investigate the differences between right and left handed helical flow further, statistical 

analysis of LNH and Hd was performed. According to the result, there is a significant difference 

when comparing LNH in all regions of the aorta, except for the AsAo-DA. The total LNH includes 

both right and left handed curl, which may cancel out in the AsAo-DA region. One reason why 

the whole aorta gives a significant difference while the AsAo-DA does not, could be due to the 

differences outside AsAo-DA, in the celiac branching for example, and proximal to the jet plane. 

The focus is to study the results in the AsAo-DA, but if there is a difference in the result in the 

whole aorta that is discussed as well. So, the different regions has predominantly directions of 

the helical flow, to the right in AsAo and to the left in the AA and the DA, but added together 

there is no significant difference for the net direction in the AsAo-DA for LNH. 

The results of the Hd between right and left handed helical flow give no significant differences, 

except in the AsAo, where the right handed helical flow is stronger. The reason for that could 

be due to the high mean velocity in the AsAo compared to the velocity further in the aorta. In 

previous studies the result was that the mean velocity decrease from a 2D plane in the AsAo to 

a plane in the AA for health volunteers (12). This might has an effect on the speed of the helical 

flow as well. 

The result of the differences between right and left handed helicity can also be quantified by 

the volume of the aorta, where the whole aorta, AsAo-DA, AA and DA has a majority of left 

handed curl. As stated above there is more right handed helical flow in the AsAo, which is also 

seen in the percentage of the volumetric result. 
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A significant difference in levels of helicity was found between young and old volunteers in 

almost all parts of the aorta. Both the Hd and LNH agrees with trends from previous studies, 

which showed that the Hd decreases with age and LNH changes in direction (10). In this work, 

the LNH increased with the older age group compared to the young group. An interesting thing 

to explore would be the pulse wave velocity to measure the stiffness of the aorta, because 

according to other studies the stiffness of the aorta is increasing with age (13), which could be 

the reason why the helicity is changing with age (10). The speed of the helical flow cannot take 

advantage of the wall in the same way if it is stiff, and may be the reason for decrease Hd with 

age. One other interesting result to bring up is the increase of the diameter with age. With a 

larger diameter, the flow has more space to create the helical flow, and if the whole diameter is 

used to create the helical flow the direction may increase to a larger rotation, meaning that 

LNH could increase. The theory is strengthen by another interesting thing, instead of see the 

correlation with right, left and the total LNH against the parameter one other test has been 

performed when dividing the volunteers into age groups and compare the LNH for right, left 

and the total LNH. When dividing the LNH in age groups and investigate the curl it gives a 

higher correlation for both age groups. The correlation of the different age groups is not 

investigated further in this thesis, but this is something to build on and to add the pulse wave 

velocity as another parameter to investigate. So, the Hd is decreasing and the LNH is increasing 

with age, the speculation is that it can be affected by the pulse wave velocity and the diameter 

that also changing with age.   

Simple thresholding based on extreme values can be used to remove noise from the results. 

However, this can be problematic due to the same threshold may not be appropriate for every 

subject when the maximum value can variate. Instead the histogram´s standard deviation, 𝜎, is 

used to assess the range of values found in the result. The interval ±2.5𝜎 contains 

approximately 98% of the signal, and is used as a new range where the 5% in the middle is 

removed. The idea is that it will give the same effect as if the positive and negative values was 

studied separately and the lowest values of the positive values will be outside -2.5𝜎 and 

considered as noise. The same for negative values, where the values closest to zero is outside 

+2.5𝜎 and is considered as noise. Instead of the maximum value the interval ±2.5 𝜎 is used, and 

5% in the middle is removed, if positive and negative values are studied separately these values 

are likely to be considered as noise. 

Hd indicates the speed and LNH indicates the direction of the helical flow. Depending on the 

goal of visualization, Hd or LNH can be examined in the GUI. The GUI allows the user to select 

threshold which makes it easier to identify specific features of the helical flow. For example, left 

and right handed flow can be identified using a threshold. The GUI also allows the user to 

change the color mapping function, in order to give better contrast in the images. 
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5.2 Helicity with respect to Aortic Geometry 

The calculation of tortuosity is based of manually selected locations. However, a sensitivity test 

for manual placement of the points defining aortic regions showed that tortuosity is relatively 

robust to changes in these positions. The difference between old versus young volunteers for 

tortuosity is almost significant, where old volunteers have a more tortuous aorta than young 

volunteers. Generally, a young aorta is more straight compared to an old aorta that generally is 

more curved (10,13), an image of the shape of an old and young volunteer’s aorta is visualized 

in Figure 3.2 to exemplify. A moderate correlation is found when comparing LNH with 

tortuosity, both for right and left handed helical flow. The speed of the helicity, Hd, does not 

correlate with the tortuosity. 

The diameter is significantly different between the two age groups in each region of the aorta. 

With higher age, the aorta diameter becomes bigger, in agreement with previous studies 

(10,13). The correlation to LNH, right or left handed, has a R2-value higher than 0.43, except for 

the AsAo diameter that has the R2-value of 0.27. LNH correlate with the diameter, but the 

speed of helicity does not correlate well to the diameter of the aorta. The strongest correlation 

between diameter and the Hd is the diameter of the AA with a R2-value at 0.33.  

The reason why LNH correlate with the tortuosity and diameter could be that it gives the flow 

more space to develop in, the tortuous path may change the direction of the flow, which is 

changing the LNH. The low correlation between Hd and the two parameters tortuosity and 

diameter could be because the Hd correlates more to the stiffness of the aorta and not the 

shape and size, which is an interesting idea to explore in the future. 

In previous studies the jet angle and the flow displacement is studied for one 2D plane at the jet 

position (9). The focus of the angle is on the jet plane, and how it is affecting the helicity in the 

AsAo. One reason for that is due to the lack of previous studies distal to the jet plane. Another 

reason is that the flow angle is affected by the blood flow that is propagating towards the 

branches in the arch, which will affect the angle. The flow angle is not defined in the arch, the 

question is therefore, if only the blood flow that is propagating toward the DA should be 

counted for or all the blood in the arch not depending on the path. As can be seen in the result 

the average flow angle in the AA is much higher than in the rest of the aorta, which is with the 

mean forward flow counted for. How to analyze that is not in focus at in this report, but the 

result is presented for future studies to compare with and try to make a definition. An 

interesting aspect to study is the jet plane, which almost has a significant difference between 

old and young volunteers. However the spread is large between the volunteers, as can be seen 

in the standard deviation. With a larger study population, this will improve and possibly yield 

significant differences. The Hd decreases with age, and has a significant difference between the 

age groups in the AsAo for the flow angle. The reason for that could be the properties of the 
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valve which would be interesting to calculate and see the correlation with the helical flow in the 

AsAo, parameters that can be added for future work. 

There are few studies assessing flow displacement for the whole aorta, and so these results are 

something for future studies to compare with. The flow displacement was compared between 

young and old volunteers and there is a significant difference in the AsAo between the age 

groups, where the flow displacement increases with increased age. It is hard to draw a 

conclusion from this when the LNH increases and the Hd decreases with an older age group in 

the AsAo. 

The timeframe around systole is the primary focus of this report, because it is where the flow 

velocity is as highest in the aorta in one cardiac cycle. However, the systole is longer than one 

timeframe (5). Therefore the result was compared for flow displacement and jet angle between 

the single systole timeframe and for the average of systole ± 3 timeframes. There were very 

small differences; 0.008 ± 0.016 for flow displacement and 2.73 ± 1.1 degrees for the jet angle. 

Both the flow displacement and the jet angle have a mean difference of less than 1 %, between 

using these two analysis cases. So with only one timeframes it is more likely to miss information 

if systole is not perfectly identified, and with several timeframes the result will not change that 

much, which proves a more robust and forgivable method if systole is not found perfectly.  

The linear regression analysis was performed to compare helicity versus flow displacement and 

the jet angle. No strong correlations were found between helicity, and the flow displacement or 

the jet angle in the segmented regions of the aorta, or at the jet plane. The focus is on the jet 

position and one reason why no correlation was found could be the large range of jet angles 

and flow displacement values found in volunteers. The result gives no correlation with flow 

displacement and the jet angle against LNH and Hd. Previous studies have suggested that jet 

displacement is a better indication for more eccentric flow than the jet angle (9). The 

hypothesis was that the jet position would affect the flow in the AsAo, but the linear regression 

between both the flow displacement and the jet angle against the helical flow showed no 

correlation. 

The reason why the hypothesis was not proved could be that it is wrong or that more subjects 

are needed to be included. First of all, previous study did not include the same subjects as in 

this study, and the result may not be exactly the same as for healthy volunteers. The 

relationship between flow displacement and the jet angle was not the same in this thesis as in  

previous studies. The result for this thesis is that the average jet angle is high, related to the 

Sigovan et al. there would be marked eccentric flow. The average of flow displacement  would 

be between normal and mild eccentric flow according to the article. The results for the previous 

study show a higher flow displacement, where the flow displacement and the jet angle both has 

the same degree of eccentric flow. With these different relationships between the parameters 
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related to the patients groups can be a factor why no evidence to the hypothesis is found (9). 

On the other hand it could be that the helical flow is not correlated with the eccentric flow. 

The segmentation of the whole aorta can include parts that are proximal to the aorta valve, and 

parts after the celiac artery branching. Therefore both the whole aorta and the segmented 

region AsAo-DA were studied separately to see what differences these extra regions can make 

when calculating the helical flow and geometrical parameters. This helps examine the effects of 

different segmentations, as in the AsAo-DA the anatomical landmarks are chosen manually for 

every volunteer. 

5.3 Limitations and Future Work 

One limitation is that the landmarks defining aortic regions are placed manually and might not 

be at exactly on the same spot for every volunteer. However, the same anatomical landmarks 

are used together with both the mask and a magnitude image both with the centerline include 

to reduce this problem. The sensitivity test for tortuosity shows that the tortuosity is not 

strongly affected. The high standard deviation for the angle is implying that there is variation of 

the jet angle where the start of the AsAo has been placed. 

The tortuosity can measure how tortuous the aorta is, however, there is no indication which 

region of the aorta that is the most tortuous. In future developments the tortuosity can be 

presented for every segmented region of the aorta. Another solution can be to find a new 

parameter to identify which part of the aorta that is most tortuous. This will provide more 

information about the geometry of the aorta and more knowledge how the helical flow is 

affected. Similarly, future development to involve more geometric parameters can be 

performed and compared to the calculations of helicity that have been performed in this study.  

Pulse wave velocity and more geometry of the jet plane is some examples of parameters that 

had been interesting to analyze the correlation with helical flow. 

For future developments the noise can be removed in a more convenient way, if a better 

method exist for exactly decide what is noise can be used the result can be improved and more 

trustworthy. 
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6 Conclusion 
The aim of the thesis was to implement and test methods for quantification and visualization of 

helicity in the aorta, and compare helical flow with the geometry of the aorta. 

The helicity has been quantified using the Hd and the LNH, and different methods for 

visualization have been shown in this work. To get an overview of the helicity a visualization of 

the scalar product can be used. If the purpose is to visualize only right or left handed helical 

flow, or only the helicity with the highest speed, isosurfaces in combination with thresholding is 

a good method. A movie can also be generated to get an overview over the entire cardiac cycle. 

This study showed that there is a significant difference when comparing right handed helical 

flow against left handed for LNH, where there is predominantly right handed curl in the AsAo 

and more to the left in the AA and DA. Also, both the LNH and Hd changes with age. The LNH 

increases and the Hd decreases with age. 

Geometrical parameters such as tortuosity, diameter, jet angle and flow displacement were 

calculated for all volunteers. These metrics were brought together to explore the relationship 

between helicity and the geometry of the aorta. A positive correlation between LNH and 

tortuosity was found, with less tortuosity gave higher LNH. Similarly a positive correlation was 

found between diameter and LNH. The correlation of Hd was not found for tortuosity and a low 

correlation for the diameter. No correlation of helical flow was found with flow displacement or 

jet angle in this work. 

This study has provided more knowledge about helicity for future studies to build more on. 

Future work should include larger groups of volunteers to confirm these results and explore 

more parameters to help and develop the understanding of the helical flow in the aorta. With 

this further information of the correlation between the helical flow and geometry of the aorta, 

it might in the future be possible to conclude which parameters that is out of the ordinary and 

has to be rectified. This will help and even save patients with aortic pathologies in the future. 
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