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Abstract 
In the human body, turbulent flow is associated with many complications. Turbulence 
typically occurs downstream from stenoses and heart valve prostheses and at branch points of 
arteries. A proper way to study turbulence may enhance the understanding of the effects of 
stenoses and improve the functional assessment of damaged heart valves and heart valve 
prostheses. 
 
The methods of today for studying turbulence in the human body lack in either precision or 
speed. This thesis exploits a magnetic resonance imaging (MRI) phenomenon referred to as 
signal loss in order to develop a method for estimating turbulence intensity in blood flow.  
 
MRI measurements were carried out on an appropriate flow phantom. The turbulence 
intensity results obtained by means of the proposed method were compared with previously 
known turbulence intensity results. The comparison indicates that the proposed method has 
great potential for estimation of turbulence intensity. 
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  Chapter 1 - Introduction 

1 Introduction 

1.1 Formulation of the problem 
Turbulence, lacking a precise definition, is described by its main characteristics that are 
irregularity in time and space 1. In hydromechanics, turbulence is referred to as chaotic 
movement superimposed on the flow of a fluid 2.  
 
In the human body, turbulence typically arises in flows through heart valve prostheses and 
vascular or valvular stenoses 3, 4, 5. There has been no proper way of examine such flow which 
has been limiting the possibility to understand certain flow related problems in the human 
body. A way to study turbulence would for example enhance the understanding of the effects 
of stenoses and improve the functional assessment of damaged heart valves and heart valve 
prostheses. 
 
Phase contrast magnetic resonance imaging (PC-MRI) is a tool for performing studies of the 
velocity of flowing tissues, such as blood. A well-known phenomenon within PC-MRI is that 
turbulent flow causes signal loss 6. Due to this, MRI-based examinations of areas with 
turbulence lacks in precision. When evaluating the effects of reconstructive valve surgery and 
studying the efficiency of different prosthetic heart valves for example, turbulent flow is 
limiting the possibility of performing a precise examination of the pressure field in the area of 
the valves 7, 8. Improvements of this type of pressure calculations require a method for 
considering turbulence. 

1.2 Aim of the thesis 
The aim of this thesis is to develop a method for estimating turbulence intensity in blood 
flow. A closely related quantity to turbulence intensity is standard deviation. A large extent of 
this thesis will therefore concentrate on estimating the standard deviation of flow velocities 
using PC-MRI. 
 
The focus will lie on turbulence created by stenoses. MRI measurements are carried out on a 
flow phantom in order to validate the proposed method. 
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  Chapter 2 - Background 

2 Background 
In this chapter some relevant theory is presented to give the reader background information on 
the topics of the thesis. 

2.1 The cardiovascular system 
The heart and the blood vessels constitute the vital system for circulation of blood in the 
human body. There are three types of vessels named arteries, veins and capillaries. Arteries 
are the vessels transporting blood from the heart and veins are those that lead the blood back 
to the heart. Capillaries, who maintain the exchange of gas (such as oxygen), nutrients and 
waste products between blood and surrounding tissues, connect the arteries and veins. 
Cardiovascular diseases that affect the circulation of blood are the leading cause of death in 
Sweden 9. Common pathological states in the cardiovascular system are vascular and valvular 
stenoses.  

2.1.1 Arterial stenoses 
Regarding vessels, the term stenosis refers to a narrowing of an artery resulting in a reduction 
of flow capacity distal to the stenosis. The most frequent cause of stenosis is atherosclerosis 
10. Atherosclerosis leads to that the arteries are narrowed and hardened by the buildup of 
plaque within the arterial wall. The building blocks of plaque are substances in the blood like 
fat, cholesterol and calcium 11. Areas with great inclination of developing atherosclerosis are 
branch points and bifurcations of arteries 12. Depending on the severity, a stenosis may be 
significant at rest or during exercise when the demand of oxygen distal to the stenosis is 
increased 13. 

2.1.2 Heart valve prosthesis 
There are four valves in the human heart (figure 2.1) named the tricuspid, pulmonary, aortic 
and mitral valve. The main function of these valves is to ensure unidirectional blood flow in 
the heart 14.  
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vena cava
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valve
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ventricle
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Left
atrium

Mitral
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Left
ventricle

 
Figure 2.1 A schematic cross section image of the human heart.  
 
Pathological conditions as stenosis (figure 2.2) and regurgitation (leaking) of the heart valves 
decreases their functionality and results in a higher workload on the left ventricle 15. 
Circumstances that may cause these pathological conditions are rheumatic fever (nowadays 
uncommon in the western world due to antibiotics), calcification, bicuspid aortic valve (two 
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2.1 - The cardiovascular system   

cusps instead of the normal three cusps) and infections (endocarditis). Mostly, the damages 
can be corrected by valve repair but a number of valves are so damaged that replacement is 
unavoidable. In the USA, more than 60000 heart valve replacements are performed each year 
16 and in Sweden the corresponding number is 1000 17. The major part of these replacements 
is performed on aortic valves 17.  
 

 
 

Figure 2.2 On the left hand side: an image of a healthy heart valve. On the right hand 
side: an image of an excised stenotic heart valve. 

 
The most common cause for valve replacement is calcification in older patients. This is 
expected to keep on being the main cause due to the increased life span of the population in 
the western world 18.  
 
The substitute of a severely damaged heart valve is a heart valve prosthesis. Heart valve 
prostheses can be divided into two main groups that are biological and mechanical. The 
biological ones either are homographs, i.e. natural valves from human donors, or modified 
natural valves from animal donors (porcine and bovine). Mechanical heart valve prostheses 
are available in different types like ball, disc and bileaflet valves. The different designs give 
rise to characteristic flow downstream from the prosthetic valves. Of the heart valves in 
demand of measure, about 50% are replaced by mechanical prosthesis, 40% are replaced by 
biological prosthesis and 10% are repaired 19. These numbers are Norwegian but the 
proportion is about the same in Sweden. Figure 2.3 show four types of heart valve prostheses. 
Three comprehensive review articles on the topic of heart valve prostheses that would give 
the reader further information are written by Bloomfield 16, Rahimtoola 20 and Akins 21.  
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Mechanical heart 
valve prostheses 

Biological heart 
valve prostheses 

 
Figure 2.3 Schematic images of different types of heart valve prostheses 22. The upper two 

  are mechanical and the lower two are biological.

2.2 Turbulence 
The flow of a fluid can appear in two ways, namely laminar and turbulent. As mentioned in 
the introduction, there is no strict definition of turbulence. While laminar flow is well 
structured and characterized by movement only in the direction of the flow, the characteristics 
of turbulent flow are irregularity and fluctuations of velocity 1. 

2.2.1 Reynolds number 
At high flow rates, laminar flow breaks down into turbulent flow. Osborne Reynolds (1842-
1912) was the first to, in a precise manner, describe under what circumstances transition from 
laminar to turbulent flow occurs. Reynolds found the critical point for transition to be 
dependent on the diameter, the mean velocity of the flow and the kinematical viscosity of the 
liquid. These quantities together form the dimensionless quantity called the Reynolds number: 
 

ν
DU

=Re  [-] (2.1) 
 

In the Reynolds equation, U [m s-1] is the average velocity of flow across the tube, D [m] is 
the diameter of the tube and ν [m2 s-1] is the kinematical viscosity of the liquid. The standard 
critical Reynolds number for flow in a straight tube is 2300 but laminar flow can occur even 
at higher Reynolds numbers and has been observed up to Re = 40000 5. The same exception 
applies in the other way. That is, flow might be turbulent even at Reynolds numbers below 
2300 5. 
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2.2.2 Turbulent flow in the human body 
As described in the previous section, turbulent flows arise in areas where flow loses its 
laminar characteristics. In the human body, such areas typically occur downstream from 
stenoses and heart valve prostheses 3, 4, 5 and at branch points of arteries 5. Stenoses reduce the 
vascular or valvular area and cause thereby correspondingly high blood velocities. As fluid 
leaves the constricted area, it encounters a sudden area expansion. This causes the formation 
of a jet, which result in turbulent mixture of the fluid 23. 
 
Turbulent blood flow is unwanted in the human body and causes problems such as significant 
losses in pressure and post-stenotic dilation 24. In recent years, the effect of turbulent flow on 
endothelial cells has brought attention. Endothelial cells are a cellular layer that constitutes 
the inner wall of both the vessels and the heart. It has been shown that hemodynamic shear 
stress (the frictional force created by flowing blood) has an important role in the regulation of 
endothelial cell functions 12, 25. While the high shear stress caused by laminar flow promote 
endothelial quiescence, turbulent flow give rise to low shear stress which promote processes 
in the endothelial cells that increases the risk of developing atherosclerosis 12, 25, 26.  
 
The methods of today for studying turbulence in humans lacks in either precision or speed. In 
MRI-studies of turbulence, two different methods exist. The first method uses a phenomenon 
referred to as signal loss in order to study vascular stenoses by making use of the fact that 
turbulent flow results in signal loss appearing in the MR images. Measurements have shown a 
significant correlation between the proportion of MRI signal loss and the percentage stenosis 
diameter 27. Signal loss depends on many parameters, however, and provide in itself no 
precise picture of the impact of a stenosis 28. The other method for studying turbulence with 
MRI is by means of Fourier velocity encoding 29. This method, however, is very time 
consuming. By investigating the causes and actions of signal loss, it should be possible to 
obtain a more suitable tool for studying turbulence such as in post-stenotic flow.  

2.3  Magnetic resonance imaging 
Magnetic resonance imaging is a method for producing high-contrast, high-resolution images 
of two-dimensional slices as well as three-dimensional volumes. MRI is also capable of 
quantifying flow related quantities such as velocity. 
 
Thanks to its ability of measuring velocity, MRI is suitable for examination of blood flow in 
vessels and heart. One of the advantages of MRI, compared to other methods for studying 
flow such as Doppler ultrasound, is the possibility to obtain flow velocities in all three spatial 
directions. 

2.3.1 Physics 
The physical phenomenon that lies behind the concept of MRI is a fundamental property of 
nature called spin. This phenomenon is referred to as the nuclear magnetic resonance (NMR) 
phenomenon. Spin exist in atomic particles like electrons, protons and neutrons. The human 
body is abundant in hydrogen and the hydrogen nucleus (1H) consists only of one proton. Due 
to these factors, hydrogen in the human body is favorable to study from a magnetic resonance 
point of view. 
 
As illustrated in figure 2.4, the spin of a particle, for example a proton, can be seen as a tiny 
magnet with a north- and a south pole. Placing a particle with spin in an external magnetic 
field forces the spin magnetization vector of the particle to align with the magnetic field just 
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as a magnet would. There are two alternative alignments where the north pole of the spin 
faces either south of the external field or vice versa. The state where the north pole is facing 
south of the external field is the lowest energy state. By adding energy, that matches the 
energy difference between the two states, it is possible to cause transition from the lower to 
the higher state.  
 
For simplicity, the spins are usually not looked upon one by one but as spin packets that 
represent all spins within a certain area. In each spin packet, a magnetization vector represents 
the sum of magnetization from all included spins. The sum of all these magnetization vectors 
is the net magnetization vector, M. Normally, the spins align randomly and the net 
magnetization is zero. The influence of an external magnetic field, B0, however, causes a net 
magnetization in the same direction as the magnetic field (figure 2.4). This has to do with the 
magnetic characteristics of spin. The magnetic field causes the particles with spin to precess 
at a frequency, ν, known as the Larmor frequency and the precessing particles align in 
direction with the external magnetic field B0 as discussed above. The frequency of precession 
depends on the gyro magnetic quote, γ, of the particle according to equation 2.2, the Larmor 
equation. 
 

0Bγν =  [s-1]. (2.2) 

S

N
B0 M

z

x

yS

N

 
Figure 2.4 An illustration of the effect of an external magnetic field, B0, on a particle with 

spin and on the net magnetization vector, M.  
 
If an external radio frequency (RF) pulse that matches the precessing frequency is applied to 
the particles, they will absorb energy in form of photons. The added energy causes transition 
of the spins into the higher energy state as described above and the equilibrium ruptures. At 
this state, the net magnetization flips into the transverse plane (the xy-plane in figure 2.4).  
 
When the applied RF-pulse is switched off, the system returns to equilibrium while the energy 
absorbed from the wave is re-emitted. For the M-vector, this means it returns to its original 
position in the B0-, or z-, direction. As the M-vector returns, it induces a time-varying signal 
known as free induction decay (FID) into coils that convert the magnetization into a current. 
This current is the MR-signal. 

2.3.2 Imaging principles 
Since the precessing frequency is dependent on the magnitude of the applied magnetic field it 
is possible to locate the position of spinning particles by letting each region of spin experience 
a unique magnetic field strength. This is accomplished with a magnetic field gradient. If a 
linear magnetic field gradient is applied along the z-axis in a magnetic field B0 the magnetic 
field strength increases in the z-direction as can be seen in figure 2.5. By applying this kind of 
one-dimensional magnetic field gradient during the period that the RF-pulse is applied one 
obtains slice selection. Since each region of spin experience a unique magnetic field strength, 
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and thereby a unique Larmor frequency, only spins within the slice with matching precessing 
frequency absorb energy and flip to the transverse plane. 

z

Magnitude

 
Figure 2.5 The principle appearance of a magnetic field gradient. The magnitude of the 

magnetic field increases in the x-direction. 
 
There are different types of imaging principles. One of the first forms to be described is the 
back projection imaging 30. The dominating imaging principle of today is the Fourier 
transform imaging 31. A description of that imaging principle follows below. 
 
Consider a matrix of spins as in figure 2.6, for example a slice of tissue from a human body. 
Alternatively, each spin can be considered as representative of a spin packet. Either way, this 
is a simplified picture of the reality. According to the slice selection principle explained 
above, all the spins within the slice precess at the same frequency. Before the addition of 
external energy, the spins align randomly. When an RF-pulse is applied, all the spin vectors 
will align in the same direction according to the theory presented in section 2.3.1. Since the 
external magnetic field is unchanged, the precessing frequency is the same as before (figure 
2.6). 

x

y

Before influence of  RF-pulse After influence of RF-wave

 
 
Figure 2.6 Schematic image of the alignment of spins before and after the influence of an 

RF-pulse. Note that the description is a simplified picture of the reality. 
 
Two concepts that are essential in the understanding of Fourier transform imaging are phase 
encoding and frequency encoding. In order to separate the columns of vectors from each other 
a phase encoding gradient is applied in the x-direction. The phase encoding gradient will 
cause vectors within different columns to precess at different frequencies. As a result, when 
the phase encoding gradient is turned off, there will be a known degree of phase difference 
between vectors in different columns (figure 2.7). 
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x
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yy

 
 
Figure 2.7 The result of a phase encoding gradient: A known degree of phase difference 

between spin vectors in different columns.  
  
The second and final step of the encoding sequence is to apply a frequency-encoding gradient 
in the y-direction. This causes the vectors within different rows to precess at different, 
predefined, frequencies. 
 
After these two actions, all magnetization vectors within the slice have different phase and 
frequency. Thanks to this, it is possible to localize the origin of the signals received in the 
readout. When the external magnetization fields are turned off, the magnetization vectors 
relax toward the original equilibrium. At this state, coils pick up a signal containing the raw 
data of the image that is stored in an image space known as the k-space. In the reconstruction 
process, the Fourier transform of the k-space results in the magnetic resonance image (figure 
2.8). 
 

 
 
Figure 2.8 Raw data image (k-space) to the left and the corresponding MRI image after 

reconstruction by Fourier transformation (showing a transactional image of a 
human chest where the heart is seen in the middle). 
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2.3.3 Phase contrast magnetic resonance imaging 
PC-MRI 32 is a tool for measuring velocities in moving particles with spin, e.g. blood flow in 
vessels. A related method, not used in this work, is time-of-flight (TOF) 33 that rather images 
the contour of the vessels than their content.  
 
This work exploits how turbulent flow affects the magnitude of a PC-MRI image voxel. An 
image voxel is the smallest building block in a three dimensional MRI image. To get a picture 
of the origin of an image voxel, consider the object of examination as divided into small 
cubes (e.g. 1x1x1 mm). Each such cube has a corresponding voxel in the resulting PC-MRI 
image. An image voxel can thus be seen as a representation of the behavior of the spinning 
particles located in the corresponding cube during the imaging process.  
 
In PC-MRI, bipolar magnetic field gradients are used. As the name suggests, a bipolar 
gradient consist of two gradients with the same magnitude where the first one is turned on in 
one direction and the second one in the opposite direction for an equal amount of time. 
Thanks to this uniformity, a bipolar gradient has no net effect on stationary spins. In moving 
spins, however, a phase shift will be induced (figure 2.9).  
 

t

Magnitude of 
the bipolar 
magnetic 
gradient

Stationary 
spin

Flowing 
spin

Reference spin

x

 
 
Figure 2.9 The effect of a bipolar gradient on a stationary and a flowing spin compared to 

a reference spin not affected by the bipolar gradient. The x-axis illustrate that 
the flowing spin moves in a spatial direction and the t-axis illustrate that the 
magnetic gradient changes with time. 

 
There are different ways of encoding PC-MRI data 32. In principle, so-called pulse sequences 
composed of sets of bipolar gradients in different combinations ensure collection of enough 
MRI-data to obtain velocity information in all three spatial directions. Each set of bipolar 
gradients results in an induced phase shift, φ, containing velocity information. The most 
common method for encoding PC-MRI data is Hadamard, or Hadamard alike, encoding 34. 
Another encoding method is the Simple four-point method 32. 
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By reasons that are obvious later, the Simple four-point method is of great interest for this 
work. Simple four-point method uses one gradient with zero magnetization in order to provide 
a phase reference φ0. Bipolar gradients in all three directions provide the phase information 
associated with the flow in the x-, y- and z-direction respectively as φx, φy and φz. The 
velocity information is obtained by subtracting φ0 from φx, φy and φz. By subtracting the 
reference raw data from the gradient encoded raw data, the signals from the stationary spins 
will cancel and only the signals from the flowing spins will remain (see figure 2.10). 

Stationary
spin

Flowing
spin

φx φ0

 
 
Figure 2.10 A schematic image showing the effects of subtraction of MR-signals obtained 

with velocity encoding using the Simple four-point method for velocity 
encoding. Subtraction of the signal obtained by a bipolar gradient pulse from 
the signal of the reference pulse results in cancellation of the signals from the 
stationary spins. 

 
The MR-signal obtained with this method will be directly proportional to the amount and 
velocity of flowing spins. Because of this, PC-MRI voxels imaging areas with few moving 
spins or spins with low velocity will have low magnitude while image voxels of areas with 
many fast flowing spins will have high magnitude. Due to a phenomenon referred to as signal 
loss, however, the voxel magnitude may be low even in areas with a high density of flowing 
spins. The cause of this is disordered flow. In disordered flow, the spins within a voxel are 
moving in spatially varying directions. This causes a destructive combination of signals from 
spatially varying moving spins, resulting in reduced voxel magnitude. This phenomenon 
typically occurs in PC-MRI images of stenoses flow due to turbulent flow. 
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3 Methods and material 
This chapter provides a comprehensive description of how the theory has been processed in 
this work and how the theory was validated. Section 3.1 shows some statistics relevant for the 
theoretical derivation in section 3.2, leading to the proposed method for estimating turbulence 
intensity. Section 3.3 presents the materials that have been used for the measurements of this 
study and describes the validation process of the method proposed in section 3.2. 

3.1 Statistical tools 
Studying turbulence of flow is usually done by examining the extent of fluctuations 
superimposed on the mean velocity. Small and fast velocity fluctuations are characteristics of 
turbulent flow 1. 
 
For the flow of a fluid in a tube, the fluctuation of velocity can be described as: 
 

iii UUu −=  [m s-1] (3.1) 
 

where  is the fluid velocity and iU iU  denotes the mean value of the velocity across the tube. 
The index i represents any of the three spatial directions. By means of the standard deviation, 
one can obtain the intensity of velocity fluctuations in different directions 1: 
 

( ) 2/1
2
ii u=σ  [m s-1]. (3.2) 

 

The standard deviation of the velocity fluctuations in equation 3.2 above shows how much the 
velocity is varying about its mean value and is a commonly used indicator of turbulent flow 1. 
By taking the root mean square-value of the fluctuation of velocity, i.e. the standard deviation 
of velocity, and divide it by with the mean velocity one obtains the turbulence intensity  6, 35, 

36, TI [-], in any direction i: 
 

i

i
i U

TI
σ

=  [-]. (3.3) 
 

The turbulence intensity (equation 3.3) is the quantity of turbulence that will be used in this 
work. 

3.2 From turbulent flow to estimated turbulence intensity 
In order to estimate turbulence in flow measured with PC-MRI, the influence of the velocity 
fluctuations in turbulent flow on PC-MRI data must be investigated.  
 
In an article by James Pipe 37, the author proposes a method for estimating standard deviation 
in MR image voxels in order to obtain an indicator of wall shear stress. This work exploits the 
estimate of standard deviation in order to estimate turbulence intensity. To understand the role 
of turbulence in flow measurements with PC-MRI, the theory behind the estimate of standard 
deviation is thoroughly investigated. 
 
As mentioned in section 2.3.3, turbulent flow causes signal loss in PC-MRI due to great intra-
voxel velocity differences. By investigating how and why signal loss arises in the MR-signal, 
it is possible to reveal information about the turbulent flow. 
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3.2.1 The MR-signal 
The MR-signal S(kv), where kv = π / venc (velocity encoding range), represents the magnitude 
of the MR-image in each voxel. As explained in section 2.3.3 the use of the Simple four-point 
method for velocity encoding results in one dataset that is not velocity encoded. That dataset 
constitute a reference in the study of turbulence and is represented by the MR-signal S(0) 
(since kv = π / venc, this dataset can be considered as collected with a velocity encoding range 
equals infinity). Besides S(0), velocity encoding by means of the Simple four-point method 
results in three MR-signals S(kv), velocity encoded in three mutually perpendicular directions. 
Subtraction of each of the S(kv) from S(0) results in a signal containing velocity information 
in the encoded direction. In this work, however, that is not the use of those signals. Instead, 
this work will exploit the consequences of turbulent flow on signals obtained with and 
without velocity encoding.  
 
In PC-MRI measurements, all the spins within a voxel contribute to the MR-signal that 
represents that particular voxel. As described in section 2.3.3, PC-MRI uses magnetic field 
gradients for velocity encoding. Considering S as the MR-signal of one voxel, velocity 
encoding in any direction results in a complex signal that consists of two parts: 
S = Ss + Sm. Ss is the part of the signal that originate from stationary spins and spins that move 
in other directions than the velocity encoded. Sm, on the other hand, is a complex signal that 
originates from moving spins in the direction of velocity encoding. The reason why the signal 
is complex has to do with the velocity-encoding gradient. The gradient moment in the 
direction of velocity encoding causes an induced phase shift, φ, in spins moving in that 
direction. The phase shift depends on the flow velocity, v (hence the velocity of the spins) and 
on the velocity encoding range as seen in equation 3.4 32. 
 

encv
vπϕ =   (3.4) 

 

Each moving spin contributes to Sm with a signal of type . If there in total are n spins that 
move in the direction of velocity encoding, the signal from moving spins in a voxel is 
consequently the sum of all the spin signals, indexed j (equation 3.5). 

ϕies ⋅

 

ji
n

j
jm es

n
S ϕ∑

=

=
1

1  (3.5) 

 
By using minimum (zero) gradient moment for collecting the reference signal, one obtains a 
signal where the spins have no induced phase difference. Even if the spins move, they obtain 
no phase shift since the magnetic field gradient has zero strength. This type of gradient 
moment is used in the Simple four-point method when collecting the reference dataset, S(0). 

3.2.2 The impact of turbulent flow on the MR-signal 
Figure 3.1 schematically describes how the flow velocity of spins in the x-direction, under the 
influence of a velocity-encoding gradient in the same direction, affects the MR-signal. 
Normally each MR-signal that represents a voxel is a result of signals from many spins but for 
convenience, the fictitious voxels used here include only two spins each. The lengths of the 
arrows in the voxels represent the velocities with which the spins are moving in the x-
direction. 
 
This explanation of how turbulence affects the MR-signal handles two different velocity 
encoding ranges. The velocity encoding range considered as low (low venc) is somewhat 
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greater than the standard deviation of velocity in the voxel. This implies that the induced 
phase-difference in spins within a voxel will be in the range of 2π. The high velocity encoding 
range (high venc) is about the same as the maximum flow, or spin, velocity. As equation 3.4 
implies, there will be greater phase differences between spins when the velocity encoding 
range is low. Consequently, the difference in magnitude from voxels containing various spin 
velocities becomes greater when the velocity encoding range is low.  
 
In the first case of figure 3.1, the flow is laminar. Both spins within the voxel move in the 
same direction and both of them therefore obtain the same degree of induced phase shift. 
Consequently, when summing the signals from the spins to the MR-signal, the MR-signal will 
have a large magnitude (the length of the resulting arrow). In turbulent flow, the spin might be 
moving in spatially varying directions and may therefore have smaller velocity components in 
the x-direction (case two in figure 3.1). Due to that, the degree of induced phase shift will not 
be the same in all spins. When summing up the signal from the two spins in case two (both 
scenarios), the magnitude will not be as great as in case one where the spins were moving in 
the same direction.  
 
To illustrate the effect of different encoding velocities, case two contains two scenarios. A 
high velocity encoding range results in less phase difference between the two spins. 
Consequently, the difference in magnitude between case one and case two is greater when the 
lower velocity encoding range is used. From that perspective, it is favourable to use a low 
velocity encoding range in the MR measurements. The use of a low velocity encoding range, 
however, is associated with some complications that will be discussed in chapter 5. 
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Figure 3.1 A schematic view of how the intra-voxel velocity differences due to turbulent 

flow affect the MR-signal. The reference signal to the right shows how a spin is 
represented in MR theory. 
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3.2 - From turbulent flow to estimated turbulence intensity   

With the insight of the theory explained above, it might be educational to study the result of a 
“normal” voxel that contains many spins. If all spins move in the same direction, the resulting 
signal will of course, regardless of how many spins that contribute to the signal, have the 
same principle appearance as shown in case one in figure 3.1. In presence of turbulent flow, 
the velocity distribution of the spins might result in a signal built up by the contributing 
signals as seen in figure 3.2. It is assumed in figure 3.2 that the phase-shifts are distributed in 
such manner that the resulting signal has zero magnitude, that is S(kv) = 0.  
 

 
Figure 3.2 The contributions of all the spins in a voxel provide a resulting magnitude. If 

the phase differences between the spins are evenly distributed within the same 
range as the velocity encoding range, the resulting signal has zero magnitude, 
S(kv) = 0. 

3.2.3 An estimate of standard deviation 
The theory explained above is the basis for the method proposed in this work. The estimate of 
standard deviation that is used in this study relates each of the signals S(kv) with the S(0)-
signal according to: 
 

( ) ( )( )
2

/0ln2

v

vi
i k

kSS
=σ  [m s-1] (3.6) 

 

where the index i denotes the direction of velocity encoding. Equation 3.6, applied on for 
example Si(kv) obtained by velocity encoding in the x-direction, provides an estimate of the 
standard deviation of flow in the x-direction, xσ . One gets a hint of that it is reasonable to 
assume that this equation provides an estimate of the standard deviation of flow velocity by 
studying what happens when the flow become turbulent. While S(0) is un-affected by 
turbulence, S(kv) gets less magnitude as the turbulence gets more intensive and a low value of 
S(kv) implies a high standard deviation. 

3.2.4 An estimate of turbulence intensity 
In order to obtain the turbulence intensity in any direction i, the estimate of the standard 
deviation of velocity is non-dimensionalised by means of the mean velocity iU  in accordance 
to equation 3.3. 
 

i

i
i U

TI
σ

=  [-] (3.7) 
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In this way, the link between turbulent flow and measured turbulence intensity is completed 
which is clarified by figure 3.3.  

Turbulent flow
Intra-voxel velocity differences

Signal loss in PC-MRI
Simple four-point method provide S(0), S(kv)

Estimated standard deviation, σ.
Estimated turbulence intensity, TI.

 
Figure 3.3 The link between turbulent flow and estimated turbulence intensity. Turbulent 

flow cause spins within voxels to flow in spatially varying directions. This in 
turn, causes signal loss in PC-MRI due to the destructive combination of 
signals from the spins within a voxel. The use of the Simple four-point method 
for encoding velocities ensures the collection of suitable data for estimating 
standard deviation by means of equation 3.6. Knowing the estimated standard 
deviation, equation 3.7 gives the estimated turbulence intensity. 

3.3 Validation 
Validation of the proposed method in a reliable way is one of the most important tasks of this 
work. The final purpose of the proposed method is in-vivo clinical use. At this stage however, 
in-vitro validation is to prefer due to better possibilities of performing valid comparisons with 
previous results. The gold standard within flow measurements is laser Doppler anemometry 
(LDA). Therefore, a comparison of the results obtained by the proposed method with 
previously known results from LDA measurements is the basis of the validation process. 
 
The validation demands convenient PC-MRI data of turbulent flow encoded with the Simple 
four-point method. MRI measurements performed on an appropriate flow system constructed 
for this purpose fulfills that demand. The flow system contains a flow phantom and a 
surrounding system that deliver the flow. 

3.3.1 Flow phantom 
The choice of flow phantom was based upon the possibility to compare data with previously 
available results from LDA measurements. Another demand on the phantom was the size. A 
small phantom would give rise to high SNR (signal-to-noise ratio) in the MRI measurements 
and on the other hand; a large diameter phantom would demand a very long entrance length 
(in order to ensure fully developed flow) and a flow greater than could be obtained by the 
pump available for the measurements. 
 
The flow phantom used in this study is a 14.6 mm diameter circular Perspex® tube with a 75% 
area reduction cosine shaped stenosis (figure 3.3). With the origin of a cylindrical coordinate 
system in the center of the stenosis, its contour is described by equation 3.8. In order to 
achieve fully developed flow, the entrance length of the phantom (upstream from stenosis) is 
1.5 meters. Downstream of the stenosis, the length of the phantom is 0.5 meters. 
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Figure 3.3 On the left-hand side a schematic drawing of the 75% area reduction cosine 

shaped stenosis and on the right-hand side an image of the phantom. 
 
The same type of phantom has previously been used by for example Deshpande and Giddens 
35, Ahmed and Giddens 36 and Siegel et al 38. Ahmed and Giddens performed in 1983 LDA 
measurements on this type of phantom. They examined turbulence intensity in axial and 
circumferential direction caused by 25%, 50% and 75% stenosis at Re = 500, 1000, 2000. 
Their results for the 75% stenosis are used as a reference for the validation.  
 
The diameter of the Ahmed and Giddens phantom was 50.8 mm. Such a diameter would 
require an entrance length of about 5 meters in order to ensure a fully developed flow, more 
than there is available space in the MRI scanner. Furthermore, the flow needed to supply 
sufficient amount of fluid, for the Reynolds numbers used in their study, in such a large 
diameter phantom is greater than what the available pump could deliver. Due to these factors, 
a downscaling of the phantom was unavoidable and the chosen size is adapted to the 
maximum flow capacity of the available pump, i.e. 0.3 dm3/s.  
 
By regarding all the long measures of the phantom as proportional to the non-constricted tube 
diameter, they can be looked upon as dimensionless quantities. In order not to change the 
physical properties of the phantom, all the dimensionless long measures were scaled by the 
same factor and the contour of the constriction were kept intact. Changing the dimension of 
course affects flow velocities since the Reynolds number is kept constant. It is not the 
velocities themselves however, that are of interest in this work. Since the examined quantity 
i.e. the turbulence intensity (equation 3.7) is dimensionless, the uniform downscaling should 
not affect it and therefore the comparison with the Ahmed and Giddens results is valid.  
 
Besides the possibility of comparing measurements with previously available LDA-results, 
the phantom also has the advantage of being comparable to a true human medium-sized vessel 
stenosis. 
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3.3.2 Flow system 
Figure 3.4 shows a schematic diagram of the flow system. A MR compatible displacement 
pump (figure 3.5) (CardioFlow 1000 MR Flow System, Shelley Medical Imaging 
Technologies) produces the flow. Plastic hoses maintain connections between the pump and 
the flow phantom. At the entrance of the phantom, thin pipes were placed in order to 
eliminate eddies. 
 

PumpPump ReservoirReservoir
 

 
Figure 3.4 A schematic drawing of the flow system. A pump controls the flow of fluid 

through the constricted phantom. 
 
The fluid used in the experiments is a blood mimicking solution of glycerol and water. The 
fluid is 63% glycerol maintained at a temperature of 33ºC by means of a thermostat-
controlled heater. These parameters give the fluid a kinematical viscosity, υ, of 0.12 stokes 
and a T1-relaxation time of 512 ms. 
 

 
 

Figure 3.5 The MR-compatible displacement pump. 

 19



3.3 - Validation   

3.3.3 MRI measurements 
MRI measurements were performed at three different flow situations. The MR-compatible 
pump was programmed to maintain Reynolds numbers 1000, 500 and 0 in the un-constricted 
part of the flow phantom. These Reynolds numbers corresponds to flow velocities of 0.86, 
0.43 and 0 m/s respectively.  
 
A clinical 1.5T MRI scanner (Philips Intera Achieva) was used to acquire the phase contrast 
data from the flow experiments. Table 3.1 lists some important imaging parameters. Velocity 
encoding by means of the Simple four-point method ensured the collection of suitable data. 
The data consist of the reference data set obtained with a phase encoding gradient with zero 
magnitude and three data sets with phase encoding in three different directions mutually 
perpendicular.  
 
Parameter Value 
venc 0.3 [m s-1] 
Echo time (TE) 4.5·10-3 [s] 
Repetition time (TR) 20·10-3 [s] 
Flip angle 16° 
Voxel size 2·10-3 x 2·10-3 x 2·10-3 [m] 
 

Table 3.1 A list of important imaging parameters. 
 
The choice of a velocity encoding range of 0.3 m/s showed to affect the results in a 
considerable way (see section 5.1.2). The velocity encoding range is perhaps the parameter 
that has affected the results most and will be the subject of many discussions in the remaining 
part of this thesis. 
 
The magnitude data of the image resulting from the phase reference measurement of the 
Simple four-point method is S(0) (confer equation 3.6). The magnitude data of each of the 
remaining three sets of data from the Simple four-point method provide Si(kv) (confer 
equation 3.6) for the three directions. 

3.3.4 Processing data 
The data obtained by the MR-measurements were reconstructed and stored in DICOM 
(Digital Imaging and Communications in Medicine) format. In order to present the results, the 
DICOM data were post-processed in MATLAB. The standard deviation of flow was 
calculated by means of equation 3.6, presented in section 3.2.3. The mean velocity needed in 
equation 3.7 to go from standard deviation to turbulence intensity is the flow velocity, pre-
defined in the pump configuration.  
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4 Results 
This chapter presents the main findings of this work. Due to the close relation between 
standard deviation and turbulence intensity (equation 3.7), most of the results is presented in 
form of standard deviation of velocity. This has the intent of being facilitating for the reader 
since turbulence intensity might be a more unusual quantity. In section 4.1, some measured 
magnitude values from the MRI measurements are shown. Section 4.2 contains results 
concerning the estimate of standard deviation and section 4.3 contains the results related to 
the validation. 

4.1 Magnitude 
The plots in figure 4.1 below show the magnitude values along the centerline of the center 
plane of the flow phantom. S(0) and S(kv) represents the magnitude of the reference dataset 
and the magnitude of the dataset with velocity encoding in the feet to head direction (the 
direction of flow) respectively. These are the measured magnitude values used in equation 3.6 
to calculate the estimate of standard deviation. 
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Figure 4.1 The centerline magnitude of the dataset encoded in feet to head direction, 

S(kv), in comparison with the magnitude along the centerline for the reference 
dataset S(0). The comparison is presented for three different Reynolds 
numbers; Re = 1000, Re = 500, Re = 0. These measured magnitude values are 
the one that are used when calculating the estimate of standard deviation. The 
non-dimensional long measure Z, show the distance from the center of the 
stenosis which is located at Z = 0. Z is in dimension of tube diameter  
(Z = 1  14.6 mm). The direction of flow is in increasing Z-direction. 
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4.2 Standard deviation 
The estimate of standard deviation of flow velocities is presented for three different Reynolds 
numbers; Re = 1000, Re = 500 and Re = 0. For each Reynolds number, the standard deviation 
of flow velocities have been calculated in three mutually perpendicular directions FH, RL and 
AP. σFH, σAP and σRL are consequently standard deviations in three mutually perpendicular 
directions. FH denotes feet-head and is here the direction of flow. σFH is therefore the 
standard deviation in direction of the flow while σAP and σRL are standard deviations in 
directions perpendicular to the flow. When looking at the images in section 4.2.1 from above, 
RL is the right to left direction and AP is the anterior to posterior direction. 

4.2.1 Maps of standard deviation 
The images in this section (figures 4.2 - 4.4) show the estimate of standard deviation for each 
voxel in the center plane of the flow phantom. The coordinate system of the images has its 
origin in the center of the stenosis. In the axes, the non-dimensional quantities Z and X denote 
the distance from the stenosis. Those quantities are used in order to facilitate comparison with 
similar studies such as Deshpande and Giddens (1980), Ahmed and Giddens (1983) and 
Siegel et al (1995). Z = 1 (or X = 1) corresponds to a distance to the center of the stenosis 
equal to the tube diameter of the phantom in the un-constricted part of the tube, that in this 
work is 14.6 mm.  
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Figure 4.2 Standard deviation of flow velocity in three directions for Re = 1000 which 

corresponds to a mean velocity in the un-constricted part of the phantom of 
0.86 m/s. σFH, σAP and σRL are the standard deviation in three mutually 
perpendicular directions. σFH is the standard deviation in direction of the flow. 
The non-dimensional long measures Z and X, show the distance from the 
center of the stenosis which is located at the point where Z and X equal zero. Z 
and X are in dimension of tube diameter (Z = 1  14.6 mm,  
X = 1  14.6 mm). The direction of flow is in increasing Z-direction. 
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Figure 4.3 Standard deviation of flow velocity in three directions for Re = 500 which 

corresponds to a mean velocity in the un-constricted part of the phantom of 
0.43 m/s. σFH, σAP and σRL are the standard deviation in three mutually 
perpendicular directions. σFH is the standard deviation in direction of the flow. 
The non-dimensional long measures Z and X, show the distance from the 
center of the stenosis which is located at the point where Z and X equal zero. Z 
and X are in dimension of tube diameter (Z = 1  14.6 mm,  
X = 1  14.6 mm). The direction of flow is in increasing Z-direction. 
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Figure 4.4 Standard deviation of flow velocity in three directions for Re = 0 (no flow). 

σFH, σAP and σRL are the standard deviation in three mutually perpendicular 
directions. The non-dimensional long measures Z and X, show the distance 
from the center of the stenosis which is located at the point where Z and X 
equal zero. Z and X are in dimension of tube diameter (Z = 1  14.6 mm,  
X = 1  14.6 mm).  

 

 25



4.2 - Standard deviation   

4.2.2 Centerline standard deviation 
The following plots (figures 4.5 - 4.7) show the standard deviation of flow along the 
centerline of the flow phantom, i.e. along the center transversal coordinate of the images 
above.  
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Figure 4.5 Centerline standard deviation of flow velocity in FH-direction (direction of 

flow) for Re = 1000 (mean velocity 0.86 m/s), Re = 500 (mean velocity 0.43 
m/s) and Re = 0 (no flow). The non-dimensional long measure Z, show the 
distance from the center of the stenosis which is located at Z = 0. Z is in 
dimension of tube diameter (Z = 1  14.6 mm). The direction of flow is in 
increasing Z-direction. σFH is the standard deviation in direction of the flow. 
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Figure 4.6 Centerline standard deviation of flow velocity in RL-direction (direction 

perpendicular to the flow) for Re = 1000, Re = 500, Re = 0. The non-
dimensional long measure Z and X, show the distance from the center of the 
stenosis which is located in Z = 0. Z is in dimension of tube diameter  
(Z = 1  14.6 mm). The direction of flow is in increasing Z-direction. σRL is 
the standard deviation in a direction perpendicular to the flow. 
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Figure 4.7 Centerline standard deviation of flow velocity in AP-direction (direction 

perpendicular to the flow) for Re = 1000, Re = 500, Re = 0. The non-
dimensional long measure Z show the distance from the center of the stenosis 
which is located in Z = 0. Z is in dimension of tube diameter  
(Z = 1  14.6 mm). The direction of flow is in increasing Z-direction. σAP is 
the standard deviation in a direction perpendicular to the flow. 

 28 



  Chapter 4 - Results 

4.3 Comparison of turbulence intensity results 
The comparison of the estimated turbulence intensities and the Ahmed and Giddens results is 
shown in figure 4.8. The upper plot shows the results from the MR-measurements while the 
lower plot shows the results from the LDA measurements performed by Ahmed and Giddens. 
In the plots, TI is the centerline turbulence intensity according to equation 3.7 and Z is the 
non-dimensional axial coordinate measured from the center of the stenosis as before. Ahmed 
and Giddens has presented their results up to Z = 6.5 but in order to reveal the principle lateral 
movement as the Reynolds number changes and to show the entire turbulence intensity plot 
for the Reynolds number of 500, the windows stretches up to Z = 9. The reason why the 
turbulence intensity for Reynolds number 1000 does not reach higher levels than for Reynolds 
number 500 is discussed in section 5.1. 
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Figure 4.8 The centerline turbulence intensity obtained by the MRI measurements 

followed by the results by Ahmed and Giddens 36. Z = 0 corresponds to the 
center of the stenosis. The non-dimensional long measure Z show the distance 
from the center of the stenosis which are located in Z = 0. Z is in dimension of 
respective tube diameter (14.6 mm in this work, 50.8 mm in the Ahmed and 
Giddens phantom). The direction of flow is in increasing Z-direction. 
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5 Discussion 
Section 5.1 deals with the results and presents some ideas about factors affecting them. Some 
prospects of the proposed method will be discussed in section 5.2 whereas section 5.3 
presents some ideas of how the theory of this work can be further investigated. In section 5.4 
some ideas for future work are presented. 

5.1 Interpretation of the results 
The tendency of the results indicates that the proposed method has great potential for 
estimation of the standard deviation and the turbulence intensity.  
 
The maps (figures 4.2 - 4.4) and plots (figures 4.5 - 4.7) of standard deviation for Re = 500 
and Re = 1000 show some interesting results. Reynolds number 0 is included in order to show 
the influence of noise. By comparing the maps and plots for Reynolds number 1000 and 500, 
one can clearly see that the area with highest standard deviation appears later in the case when 
the flow velocity is lower. This course of events is in accordance with turbulence theory and 
former results on this type of phantom 35, 36, 38. A likely reason why the maximum standard 
deviation in the case where Re = 1000 appears to be lower will be discussed in section 5.1.2. 
 
Notable in figure 4.2 (and 4.3 with reservation for the comments in section 5.1.3) is that the 
estimated standard deviation in direction of flow (FH) upstream from stenosis appears to be 
larger close to the wall. Pipe 37 interprets this as a robust indicator of wall shear stress. 
 
From the validation results presented in figure 4.8, it is clear that the estimated turbulence 
intensity has the same order of magnitude as in the LDA-results reported by Ahmed and 
Giddens 36. Compared to the Ahmed and Giddens results the turbulence intensity curves for 
the different Reynolds numbers appear to be laterally displaced and the maximum turbulence 
intensity for Reynolds number 1000 seems to be underestimated. A number of contributing 
factors that partly explain these differences are presented in the following subsections (5.1.1 – 
5.1.4). 

5.1.1 Lateral displacement 
A contributing factor to the lateral displacement is an unfortunate chosen MR setting. In the 
MR-measurements, the direction of frequency encoding was chosen to be in the same 
direction as the flow. It has been shown that this causes lateral displacement artefacts 39. This 
phenomenon will not be further discussed here but more information can be found in 
Thunberg et al 39.  

5.1.2 Velocity encoding range 
As hinted before, the choice of velocity encoding range is crucial in the ambition of obtaining 
good estimates of standard deviation and turbulence intensity. Pipe 37 has analytically studied 
the impact of the velocity encoding range on the estimate of standard deviation. This 
discussion handles the issue in a different way. 
 
A velocity encoding range that is lower than the true standard deviation limits the possibilities 
of estimating the standard deviation. As explained in section 3.2.2, if the standard deviation of 
spin velocities within a voxel is about the same as the velocity encoding range the resulting 
phase-shifts will be in a span of about 2π. The result of that is a signal, S(kv), with a 
magnitude close to zero. Imagine a region where the highest standard deviation of spin 
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velocity is higher than the velocity encoding range. The resulting phase-shifts from the voxels 
in the region where the deviation of spin velocity is higher than the velocity encoding range 
will all be in the span of about 2π. Consequently, the resulting signal magnitude from these 
voxels will be close to zero and give rise to about the same estimated standard deviation.  
A velocity encoding range higher than the maximum standard deviation prevents that 
scenario. 
 
A velocity encoding range higher than the maximum standard deviation is thus necessary for 
estimating the standard deviation. A high velocity encoding range might at the other hand 
cause its own problems. As mentioned in section 3.2.2, a high velocity encoding range results 
in less phase difference between the spins. That implies that the difference in estimated 
standard deviation between two voxels decreases when the velocity encoding range increases 
since the differences in signal magnitude becomes smaller. Consequently, high velocity 
encoding ranges make the differences in estimated standard deviation small resulting in a less 
accurate estimate.  
 
Now consider the plots in figure 4.1. Of interest for the following discussion are the regions 
where S(kv) approaches zero. Study the curve showing the magnitude of S(kv) for Reynolds 
number 1000. The region where the magnitude value is close to zero implies that something is 
wrong. More precisely, it reveals that the velocity encoding range was lower than the 
maximum standard deviation. As stated in section 3.3.3 the velocity encoding range used in 
the measurements had a considerable impact on the results. More precise, it constituted a 
limiting factor on the estimate of standard deviation in the flow situation with Reynolds 
number 1000.  
 
This explains why the curves in figures 4.5 - 4.7 showing the estimated standard deviation 
does not contain the same type of peak for Re = 1000 as for Re = 500. Consequently, it also 
explains why the estimated turbulence intensity for Re = 1000 in figure 4.8 reaches only  
30 %. As seen in the plot for Reynolds number 500, the turbulence intensity reaches almost 
60%. That result, in combination with the discussion in this section, suggests that the 
estimated turbulence intensity for Reynolds number 1000, in absence of the limiting factor 
(velocity encoding range lower than the maximum standard deviation), should be higher. By 
comparing with the Ahmed and Giddens results, one can expect it to reach a peak value of 
higher turbulence intensity than for Reynolds number 500.  
 
Generally speaking, a velocity encoding range higher than the maximum true standard 
deviation prevents the S(kv)-curve from reaching zero. An increase of the velocity encoding 
range brings the S(kv)-curve such as the ones in figure 4.1 closer to the S(0)-curve and thus 
makes the quotient between S(0) and S(kv) smaller. Since this quotient is used in equation 3.6 
when estimating the standard deviation, it cannot be allowed to be too small. 
 
To choose a proper velocity encoding range is an important and difficult task. The most 
important thing is to use a velocity encoding range higher than the maximum standard 
deviation, which implies that it has to be known. Another alternative it to perform 
measurements with different velocity encoding ranges until the magnitude curves as described 
above obtain proper appearance. 
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5.1.3 Effects of noise and other artefacts 
The estimate of standard deviation (equation 3.6) implies that if the quotient of the absolute 
values of S(kv) and S(0) is less than one, the estimate of standard deviation becomes 
undefined. The nature of the Simple four-point method should prevent that scenario, i.e. S(0) 
should always be greater than or equal to S(kv). Agreement should theoretically occur in areas 
without flow disorder. Due to noise and magnetic field in-homogeneities, this is not true in 
practice. In figure 4.1, this can be observed for Reynolds number 500 in the area Z < 3. Being 
able to consider such areas in a proper way should be of great value. In the calculations of this 
work, areas where only noise seems to distinguish S(kv) from S(0) has for simplicity been 
regarded as containing undisturbed flow with zero standard deviation of velocity.  

5.1.4 Measurement arrangement 
Another factor, besides those discussed in the previous sections of this chapter, that may have 
contributed to the differences to the Ahmed and Giddens results is the measurement 
arrangement. Due to different types of arrangements for the inflow, it is likely to believe that 
the flow profile upstream from the stenosis differs slightly from the Ahmed and Giddens 
measurements. This in turn might affect the length of the jet downstream from the stenosis 
and thus the position of the breakout of turbulence. On top of this, the exactness of the 
viscosity can be discussed. This applies for both the measurement made for this thesis and the 
Ahmed and Giddens measurement. The viscosity is highly temperature dependent and the 
temperature is hard to keep constant along the flow system. This might cause some variations 
of the Reynolds number along the flow system. The variations are probably small but perhaps 
they are significant enough to affect the comparison. 

5.2 Possible fields of application 
There is a wide range of prospects for the method proposed in this thesis. Some of them are 
discussed in the following sections. 

5.2.1 Turbulence as a diagnostic tool 
It is the general opinion that the ambition of the human body, in healthy condition, is to 
minimize the occurrence of turbulent flow of blood since turbulence give rise several negative 
effects. The possibility of detecting turbulent flow may therefore be used as a tool for 
indicating abnormal conditions in the human body such as vascular and valvular stenoses.  
 
There is plenty of theory suggesting that the fluid dynamics influences where atherosclerosis 
develops 12, 25. As mentioned in section 2.2.2, hemodynamic forces regulate endothelial cell 
functions and turbulent flow is suspected to promote endothelial processes that increases the 
risk of developing  atherosclerosis. By studying different flow situations and investigate the 
correlation between the turbulence and the reactions of the endothelial cells it might be 
possible to explain the relationship between fluid dynamics and endothelial response. 
 
When designing for example heart valve prostheses, the possibility of mapping the turbulence 
intensity opens the possibility of performing tests in order to find the optimal design. The 
possibility to supervise continuously how the turbulence map changes appearance when 
different designing parameters are changed would improve the understanding of how the 
parameters affect the efficiency of the prostheses. 
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5.2 - Possible fields of application   

5.2.2 Uncertainty of velocity measurements 
The possibility of taking the standard deviation and turbulence intensity into account opens 
new possibilities when visualising flows. In connection with flow visualisation, many flow 
related calculations are done. Being able to estimate the uncertainty of velocity is in those 
types of calculations of great value. The estimate of standard deviation can be used for such 
applications. Examples of methods of visualisation that can exploit this are streamlines and 
pathlines. 

5.2.3 Correct the impact of turbulence on pressure calculations 
Nasiraei-Moghaddam et al 40 have shown that the presence of turbulence decreases the 
accuracy of pressure calculations using Pressure-Poisson equation at PC-MRI data. They state 
that the error in pressure computations increases as the turbulence effects intensifies. The 
method of this work may promote a way to correct the impact of such effects. The estimate of 
standard deviation, in combination with for example Navier-Stokes equations 41 should make 
it possible to perform turbulence compensated pressure calculations. 
 
Being able to study the pressure field is important in many areas where turbulent flow might 
be present. Since the presence of turbulence causes signal loss in PC-MRI, the possibility of 
studying the pressure field in these areas a proper way has been limited. The method proposed 
in this work makes it possible to obtain a more correct pressure field in such areas. This may 
improve the evaluation of reconstructive valve surgery and the study of the efficiency and 
design of different heart valve prostheses.  

5.2.4 Computational fluid dynamics 
When making computational fluid dynamic (CFD) simulations of flow that contain 
turbulence, many assumptions about the turbulence have to be made. The use of data acquired 
by means of the method proposed in this work can possibly reduce the need of such 
assumptions. By considering the standard deviation or turbulence intensity, that type of CFD-
simulations may be improved. 

5.2.5 Non-medical use 
Elkins et al 42 have suggested that magnetic resonance imaging can be used to perform non-
invasive measurements of the velocity field in turbulent engineering flow. They introduce 
some ways of exploiting the advantages of MRI in comparison with other techniques that 
possibly can provide the same type of data. The method proposed in this work for estimating 
turbulence intensity may also be used for such applications.  
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  Chapter 5 - Discussion 

5.3 Future work 
This section presents some ideas of how the theory of this thesis can be further investigated. 
To begin with, some simple MRI-measurements will provide a better understanding of the 
considerations regarding the validation of the estimate of turbulence that has been discussed 
in this thesis. Such measurements should be carried out at for example Reynolds number 2000 
and at a low Reynolds number (somewhat greater than zero), the latter in order to ensure data 
of non-turbulent flow. The impact of different encoding velocities should also be tested. Due 
to an unfortunate breakdown of the MR-compatible displacement pump, these measurements 
were not possible to perform within the timeframe of this thesis.  

5.3.1 The impact of the velocity encoding range on the estimate of standard 
deviation 

An important task for the future is to improve the understanding of how to choose the velocity 
encoding range. This has partly been studied by Pipe 37 but more work has to be done. In that 
perspective, the velocity distribution of spins within a voxel is of great interest. The velocity 
distribution can be obtained by performing a number of Fourier velocity encoding 29 
measurements with different velocity encoding ranges. By knowing how the spin velocities 
are distributed, it is possible to choose an appropriate velocity encoding range analytically.  

5.3.2 Study the impact of artefacts on the estimate 
As discussed in section 5.1.3, it should be useful to be able to consider the artefacts that 
appear in figure 4.1 where the quotient of the absolute magnitude values of S(kv) and S(0) 
becomes less than one. In order to achieve that, the artefacts that cause this problem have to 
be further investigated. Noise and magnetic field in-homogeneities were in section 5.1.3 
suggested to be contributing factors. Perhaps there are more. 

5.3.3 In-vivo measurements 
The idea of estimating turbulence in blood flow is ultimately to improve clinical 
examinations. When the estimate of turbulence has been further investigated and the in-vitro 
validation is satisfying, in-vivo measurements should therefore be performed.   
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Sammanfattning 
Abstract 
 In the human body, turbulent flow is associated with many complications. Turbulence 

typically occurs downstream from stenoses and heart valve prostheses and at branch points 
of arteries. A proper way to study turbulence may enhance the understanding of the effects 
of stenoses and improve the functional assessment of damaged heart valves and heart valve 
prostheses. 
 
The methods of today for studying turbulence in the human body lack in either precision or 
speed. This thesis exploits a magnetic resonance imaging (MRI) phenomenon referred to as 
signal loss in order to develop a method for estimating turbulence intensity in blood flow.  
 
MRI measurements were carried out on an appropriate flow phantom. The turbulence 
intensity results obtained by means of the proposed method were compared with previously 
known turbulence intensity results. The comparison indicates that the proposed method has 
great potential for estimation of turbulence intensity. 
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