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Abstract 

Endurance athletes, like cyclists can suffer from vascular problems (e.g. stenosis) in 
the iliac arteries, due to extreme hip flexion and hypertrophy of the psoas muscle. 
The purpose of this research was to retrospectively analyse MR examinations of 
endurance athletes to determine ditterences (both anatomical and functional) 
between healthy and affected arteries. 

The patient group consisted of endurance athletes suffering from severe vascular 
problems in the left external iliac artery. Reference values were obtained from a 
control group (endurance athletes with healthy arteries) and healthy volunteers (no 
history of endurance sports) . The MR exams included Phase Contrast Angiography 
(PCA) to obtain quantitative flow (QF) information. Various segmentation techniques 
were developed and tested to semi-automatically detect the arteries in the MR 
images, e.g. a threshold, and active shape technique. Following segmentation the 
velocity information in the arteries of interest was extracted and the diameter and 
cross sectional area of the arteries were calculated. 

The comparison of different segmentation techniques led to the choice of active 
shape segnientation as the preterred method for vessel detection. As most patients 
suffered from vascular problems in only one leg, a comparison could be made 
between the left and the right leg. The patient group showed a clear ditterenee 
between the stenosed and the healthy external iliac artery: In the first the cross 
sectional area of the vessel was smaller and the peak systolic velocity increased to 
compensate for the flow. Due to large inter-human variability in the evaluated 
parameters no comparison could be made between patients and controls. A 
volunteer study showed a substantial ditterenee in the parameters between different 
heart beats. Furthermore the error introduced by misalignment in the planning was of 
the same order as the variability between heartbeats. 

In conclusion, even slightly stenosed arteries display a reduced cross sectional area 
and increased velocity when compared to the healthy artery in the other leg of the 
same patient. However, large variation in the evaluated parameters between leftand 
right leg in controls and at non-affected regions of patients was observed, which 
makes the described method of PCA imaging and analysis unsuitable for individual 
diagnosis. From the volunteer study we can conclude that the current method of 
acquiring the PCA images is reliable. 

In further research we have to make the step from 2D PCA to 3D PCA and use the 
quantitative flow information in the whole stenosed part of the artery instead of in one 
slice. This will give more information concerning the seriousness of the vascular 
problem. 

i i 
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1 Sports-related flow limitations in the iliac arteries in 
endurance athletes 

Vascular problems in endurance athletes were first described in 1986 by Chevalier et 
al. [1 ]. They described a new disease, endofibrosis, an injury of the inner vessel wal I. 
Endofibrosis mainly occurs in well-trained cyclists. The patients have very typical 
claudication1-like complaints in the legs at maximum effort, like a powerless feeling or 
cramp. As a result of these complaints, they have to stop their sports activities. At 
rest the complaints disappear quickly within 1 to 4 minutes. The complaints 
predominantly occur in the left leg. Even in today's (sports) medical practice the 
diagnosis is aften missed, because a vascular problem is not expected in healthy 
athletes [1-3] . 
In this chapter a brief review will be given of these vascular problems in athletes. 
First the anatomy of the vessels, muscles and joints in the leg is described. Then a 
closer look at the aetiology causes will be presented tagether with an overview of the 
methods currently used for diagnosis. Finally the purpose and outline of this 
graduation thesis will be discussed. 

' ,. :. '>: 

1.1 Anatomy 
The aorta originates from the left ventricle of the heart; via the arch of aorta it bends 
ventral to the spinal column in the direction of the coccyx. At the level of the fourth 
lumbar vertebra it bifurcates in the right 
and left common iliac artery. In the 
pelvis bath arteries bifurcate again in 
the external and internal iliac arteries. 
The internal iliac artery transports 
blood predominantly to the muscles in 
the pelvis area, like the psoas muscle. 
Finally the external iliac artery 
becomes the femoral artery and 
provides the lower leg with blood. An Dtep 

c~ttumllt• •hat 

o<.--3.....,..._....,..- Sll9frlor mntnlltlt 

~~-Ron;l 

overview of these vessels and the ,.,.,.., ·~·;••t~•c -~~ 

bifurcations in the leg is shown in ~~~~êt::_:~coocyx .T Femor;l 
Figure 1.1 [4] . 
The iliac arteries are lying ventral to the 
hip joint, passing over the psoas 
muscle. During flexion of the hip the 

c 

arteries have to shorten (Figure 1.2 a Figure 1.1: Overviewofthe vessets and bifurcations [4] 

and b). Most of this shortening can be 
accomplished by the natural elasticity and smooth bending of the arteries. However, 
a pathological fixation of the arteries to tissues, e.g . the psoas muscle, can strongly 
limit the possibility of shortening , resulting in bending or even kinking of the arteries 
[5]. Kinking can also occur during extreme flexion (Figure 1.2 c) of the hips 
(aerodynamic position on the bicycle) , or due to hypertrophy of the psoas muscle, 
which farces the artery in a more ventral position (Figure 1.2 d). A combination of the 
causes for kinking, as described above, enlarges the risk of kinking. 
Natural fixations of the iliac arteries are the aorta bifurcation and the branching of the 
femoral artery in the groin. The bifurcation of the common iliac artery is mobile under 
normal conditions. During hip flexion the common iliac artery and the external iliac 
artery tagether accomplish the shortening. 

1 Allltalic printed wordsin !he lex! are Iranslaled and explained in !he terminology list (appendix 1) 
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(a) (c) (d) 

Fixatien points 

~ Hipjoint 

Psoasmusde 

lliac artery 

Figure 1.2: Schematic drawings of the hip: (a) stretched, (b) during flexion , (c) extreme flexion and (d) hypertrophy of the 
psoas muscle. 

1.2 Aetiology 
In athletes with flow limitations in the iliac artery, adhesions were observed at the 
bifurcation of the common iliac artery. In addition, fixations of the external iliac artery 
to the psoas muscle were observed [5]. These fixations disturb the natura! process of 
bending and shortening of the arteries. lf the artery cannot accommodate the 
excessive length anymore, this may result in kinking. 
Due to kinking the diameter of the vessel 
decreases. This results in an increase of 
flow to maintain the same blood supply to 
the vessels. Also the flow pattern will 
become more irregular and the 
hemadynamie load on the vessel wall will 
increase. This can result in damage to the 
intimal (Figure 1.3) of the vessel resulting 
in endofibrosis, which is defined as a 
thickening of the intimal of a vessel 
consisting of collagen, fibroblasts and 
smooth muscle cells. The medial and 
adventitial remain healthy [5]. In 90% of 
the patients (athletes with vascular Figure 1.3: Schematic representation of an artery, with 

1 the lumen, 2 intimal, 3 media/ and 4 adventitial. 
problems), endofibrosis is found in the 
external iliac artery, in 5% in the common iliac artery and in 10% in the femoral artery 
[5]. 
In literature two explanations are given for the complaints of the athletes. Both 
explanations pose that the complaints are caused by the limitation of the blood flow 
as a result of a stenosis. However, the cause of the stenosis is still subject of 
discussion. Chevalier states that the stenosis is caused by endofibrosis [1], while 
Schep showed that the stenosis could be caused by kinking, without intravascular 
damage [2, 3, and 5]. 

1.3 Sports related vascular problems in the iliac arteries 
The flow limitations in endurance athletes are related to their sports activities. 
Especially cycling and skating are endurance sports characterised by a large 
demand of blood in the legs, combined with intermittent hip flexion . Professional 
cyclists will cycle approximately 35,000 km a year corresponding with 8,000,000 hip 
flexions [5] . During exercise the demand for blood from the muscle increases. At 
maximum effort flow through the iliac arteries can reach up to 10 litres per minute 
resulting in a huge increase of the hemadynamie load on the vessels [2, 3, and 5]. 
The cycling position is also an important factor in the development of vascular 
problems in the iliac arteries. Competition cyclists are always searching for the most 
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aerodynamic position. This is accomplished by keeping the back as horizontal as 
possible, resulting in an increase of hip flexion. With increasing hip flexion the vessel 
has to achieve an excessive shortening, to fit in a smaller space. This can result in 
kinking. 
With the introduetion of the click pedal it became possible to combine a push (down) 
phase of a cycle with a pull (up) phase. In general, it is assumed that this leads to an 
increase of speed [5]. The pulling is done by hip flexors, of which the psoas muscle is 
the most important. This can result in hypertrophy of the psoas and an increase of 
the chance of kinking. From research of Coyle et al. [6] it was concluded that most 
professional cyclist don't use the pull phase, to gain more power in the push phase. 
So the pull phase is apparently nat really necessary, but can be harmful by the 
increased risk of kinking. 

1.4 Currently used methods 
At the moment several tests are performed on cyclists with the complaints described 
in the previous section. An examinatien starts with the evaluation of the patient's 
history and a short physical examination. Then a series of quantitative 
measurements start consisting of blood pressure measurements duriAg exercise, 
Echo-Doppier (ultrasound) and magnetic resonance angiography (MRA). By 
combining fhe results of these tests a diagnosis can be made. Th is sectien will briefly 
discuss these tests, tagether with several new methods, which are still in the 
research stadium. MRA will be explained in more detail in chapter 3. 

1.4.1 Patient historv 
Every examinatien of a new patient starts with an investigation of the patient's 
history. The patient is asked to fill in a questionnaire on basis of which the physician 
in sports medicine has a conversatien with the patient. The main goal is to find out 
where and when the complaints occur. lt is also important to exclude patients with 
problems other than vascular problems but with similar complaints like overtiredness 
or neurological pains. 

1.4.2 Physical examinatien 
During the physical examination, the physician listens to the groin artery with a 
stethoscope. This is done at two positions of the patients; with stretched leg and 
flexed hip. An irregular noise in the sound of the blood flow might be an indication of 
a stenosis. Furthermore the physician tries to get an impression of the symmetry of 
the hip joints during simple movements, like hip flexion and bending sideward. 

1.4.3 Blood pressure during exercise 
When the blood flow distal to a stenosis is insufficient, the local blood pressure will 
decrease. By camparing of the blood pressures close to the heart (arm) and after the 
presumed stenosis (ankle), the presence of a stenosis can be detected. In rest, the 
stenosis has to occupy at least 75% of the artery befare a difference in blood 
pressure can be measured [7] . For small stenosis this methad seems unsuitable. To 
solve this problem, blood pressure measurements are done after maximum exercise. 
During exercise the smaller arteries in the muscles expand. These expanded vessels 
can deliver more blood to the muscles than can be supplied by the stenotic artery. 
The amount of blood in the artery distal to the stenosis decreases fast, resulting in a 
drop in blood pressure. 
Non-invasive measurement of blood pressure during heavy exercise is difficult. At the 
moment these measurements are performed directly after the exercise. The blood 
pressure measured in the ankle divided by the blood pressure in the arm is denoted 
as the ankie-arm index. Chevalier et al. [8] considers an ankie-arm index of less than 
0.5 as an indicator for a vascular problem. Ankie-arm indices between 0.5 and 0. 7 
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are in the marginal area. Most of the patients with this index value were diagnosed 
later to have a vascular problem [9]. Currently Schep [7] uses an ankie-arm index of 
0.54 as a criterion for vascular problems. When a patient has unilateral complaints, 
comparison of the ankie-arm index on both sides has proved to be a very reliable 
indicator for a stenosis on the side of the complaints. 
Disadvantage of this method is the time delay between the maximum exercise and 
the actual measurement. Due to this time delay, the stenosis can be missed in the 
diagnosis. 

1.4.4 Echo-Doppier examinatien 
With Echo-Doppier the arteries can be visualised and blood flow veloeities can be 
calculated. The blood flow velocity can be used as an indicator for stenosis. Due to a 
stenosis the vessel diameter becomes smaller, which leads to an in increase in 
velocity. For stenosis occupying up to 20% of the lumen of a vessel, only small 
changes can be seen. However for stenosis occupying between 20% and 49% of the 
lumen, an increase of 30 to 100% of the peak systolic blood velocity (PSV) is 
observed, compared to a healthy artery [7]. Furthermore, ultrasound examinations 
can visualise a thickening of the vessel wall or kinking due to an excessive length. 
Ultrasound images of the external iliac artery in a healthy volunteer, an intravascular 
lesion and kinking are shown in Figure 1.4 a, b and c respectively. · ,., 

Figure 1.4 Examples of images made with ultrasound from (a) a healthy artery, (b) an artery with a stenotic lesion 
and (c) an artery with severe kinking. El A is extemal iliac artery [5]. 

1.4.5 MRA 
Magnetic Resonance lmaging (MRI) is animaging technique capable of imaging soft 
tissues of the body. The technique will be discussed in detail in chapter 3. Magnetic 
resonance angiography (MRA) is a MRI technique used to visualise the blood 
vessels. lts main advantage is that the blood vessels can be viewed in three 
dimensions from every angle. Various MRA techniques, used for the examinatien of 
cyclists and other endurance athletes with symptoms suggesting vascular problems, 
are also described in chapter 3. The most important MRA technique for this research 
is the phase contrast MRA. This provides both anatomical and quantitative flow (QF) 
information from the blood vessels. 

1.4.6 New methods 
Several new methods are currently investigated on their usefulness for diagnosing 
vascular problems in endurance athletes. Two examples are pedal force 
measurements and 0 2 consumption in the muscles, with near intrared spectroscopy 
(NIRS). Both methods are still in development and will not be further discussed. 
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1.5 Purpose 
The purpose of this research was to retrospectively analyse the MR examinations of 
endurance athletes by using quantitative flow (QF) information. The main research 
questions were: 
• Can significant ditterences be detected in the QF images between the vessel in 

the leg with a stenosis and the healthy leg? Parameters of interest are the 
change in diameter, cross sectional area, maximum velocity and flow during the 
heart phase. 

• Can the wall shear stress be determined from the velocity intermation of the QF 
images and is there a ditterenee between the healthy leg and the one with a 
stenosis? 

For a better understanding of the flow pattem in vessels with kinking or ether flow 
limitations, a review on vascular mechanics will be given in chapter 2. With a flow 
model predictions can be made about the hemadynamie lead on the vessel wall. 
Basic principles of MRI and the methad for acquiring QF images are described in 
chapter 3. To be able to answer the questions in this research, the velocity 
intermation has to be extracted from the QF images and an accurate image 
segmentation technique is needed. This image segmentation is a comptêx process 
that can be. performed in several different ways. In chapter 4, the various algorithms 
and the implementation of two of them will be discussed. 
Finally it is important to optimize the protocol used for MRI-scans. The advantages 
and disadvantages of different methods will be tested in a volunteer study. Chapter 5 
will discuss the results of bath the retrospective and the volunteer study. 
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2. Cardiovascular Fluid Mechanics 

Cardiovascular fluid mechanics (CFM) is a collective term for all mechanics involved 
in the vascular system. Because of the pulsatile flow, the branching and elasticity of 
the walls CFM is a very complex subject. This chapter will only deal with the basic 
concepts and the parameters of interest for the present research. More detailed 
information on the subject can be found in textbooks and lecture notes [10, 11]. 

2.1 Flow in arteries 
In this section a brief overview will be given on the theory of flow in arteries. Most 
endurance athletes have elongated, and therefore bended, vessels. After a brief 
introduetion on general fluid mechanics, the flow profile in curvatures is discussed: In 
this research we are primarily interested in the external iliac artery closely beyond the 
iliac bifurcation. For this reason we will also discuss the expected flow profile distal to 
a bifurcation. Furthermore the influence of the pulsatile nature of the flow on the 
velocity profile will be discussed. 

2.1.1 General fluid mechanica! considerations 
For understanding the flow in curvatures and bifurcations, as present in the human 
circulatory system, some understanding of the basic principles of fluid mechanics is 
needed. 
The fundamental principles of fluid mechanics are the conservation of mass and 
momentum. In most fluid mechanica! problems it is convenient to define parameters 
that scale with the volume; mass and force are replaced by density (p, mass per 
volume) and stress (force per unit area). Stresses can be further classified as 
pressure (P, normal stress) and shear stresses (t, tangential stresses). 
Fluids can be classified by their behaviour under stresses. Fluids with constant 
viscosity, not dependent of the rate of shear, are called Newtonian fluids. Although 
blood is generally not Newtonian due to its constituents, in large vessel 
hemodynamics it can be approximated as such, because of the negligible length 
scale of the blood cells with respect to the characteristic length of the arterial 
dimensions and the relatively high shear rates. Another important assumption in 
defining blood as Newtonian is the "no-slip condition", a fluid in contact with a solid 
does not move relative to the solid. Until now there are no reasans to doubt the 
applicability of this assumption to the arteriallining of endothelial cells [12]. 
A very important parameter in characterizing the flow is the Reynolds number (Re), 
which can be thought of as the dimensionless ratio of the inertial farces (order: pv2

) 

and viseaus farces (order: J.Nid) : 

R 
p·Vchar·d e = _ ___:::.:.:::.....__, (2.1) 

JL 

with p the density of blood (~1 - 1 03 kg/m3
), vchar the characteristic velocity, d the 

characteristic lengthand JL the dynamic viscosity of blood(~ 4-10-3 N-s/m2
) . When Re 

is very small, the viseaus farces dominate the flow. At very large Re the flow acts 
inviscid, except for boundary layers near walls. Re in the human circulation varies 
between 5·1 03 in large arteries, and 1·1 o-2 in small artericles [12] . 
Considering flow in a straight rigid tube, there is a phenomenon called entry flow. 
Starting with a uniform flow at the entrance it develops, due to the no-slip condition , 
to the familiar Poiseuille profile (Figure 2.1 ). 
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Figure 2. 1: Development of Poiseui/Ie profile, L = entrance [12] 

The entrance length L, needed to establish fully developed flow, depends on Re (with 
v char= mean velocity and d = the diameter of the tube): 

!:._ ~ 0.03 ·Re -4 L ~ 0.03 · p. v char • d
2 

(2.2) 
d ~ 

In the large arteries no fully developed flow will be seen, e.g. in the aorta a length of 
approximately 3 m would be necessary to let the flow develop. Therefore in most 
arteries no Poiseuille profile occurs, but a plug flow as shown on the left of Figure 
2.1. 
We take the same rigid tube with a restrietion in diameter now. Converging cross 
sectional area combined with the conservalion of mass requires an increase of the 
average velocity (Figure 2.2) resulting in narrowing of the boundary layer. In the 
diverging part, after the restriction , the opposite happens; the flow decajerates and 
the boundary layer thickens. This is the change in pattem that could be observed in 
vessels witli a stenosis or thickening of the intima (Section 1.2) . 

- .... ~ ,... 
Figure 2.2: Steady flow in a converging/diverging tube. The fluid aceeterales in the 
converging part (1-3) and deceterales in the diverging section (3-5) . [12 

2.1 .2 Flow in curvatures and bifurcations 
lf we consider steady flow in a curved tube, the flow will depend on an other 
dimensionless parameter, the Dean number (De): 

De = ~·Re, (2.3) 

with a the radius of the tube and R the radius of curvature. The Dean number is a 
measure for the turbulence in a curved tube and can also be related to the wall shear 
stress [13]. The original form of the Dean number was formulated for tubes of 
constant cross section and for fully developed steady flow. Neither of these 
conditions applies to the human circulatory system and therefore we can only use it 
here as a rough indication of the turbulence in arteries. De varies from nearly zero in 
relative straight arteries to the order of hundreds in more highly curved arteries (e.g. 
the aartic arch). 
Centrifugal farces play an important role in the development of a complicated velocity 
profile. Centrifugal force per unit of volume is defined as: 

2 p·v 
Fe=-- (2.4) 

r 

with p the density of the circular moving particle, v the velocity and r de radius of 
curvature. This force is greatest in the axial streams, because the fluid there is 
moving fastest and least near the walls, where the liquid is moving slow due to 
viseaus farces. The centrifugal force creates a change in pressure (pressure 
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gradient) along the cross sectien of the tube, 
with the highest pressure on the outside 
curve. In the boundary layer the force caused 
by the pressure gradient is not in equilibrium 
with the centrifugal force. This results in a net 
force along the wall from the outside to the 
inside curve (secondary flow). Conservation 
of mass demands a compensative flow in the 
core of the tube. Two secondary flows are set 
up within the tube separated by the medial 
plane in the line of the radius of curvature. 
This is shown in Figure 2.3; the side-view 
shows the displacement of the axial flow to 
the outer wall. Secondary flows are shown in 
the cross sectien (upper left) of Figure 2.3 
[14], with arrows denoting de direction of the 
flow. 
Besides curvatures, branching occurs in the 

( 

I 

_lfl 
Enuar.(;e 

Figure 2.3: Velocity profile in a curvature [14]. 
The side view shows the displacement of the 
axial flow and the cross section (upper left) 
shows the secondary flows. 

vascular tree. The fluid mechanica! description of a bifurcation is very cqmplex, even 
if we consider a symmetrie bifurcation. Even for a simplified descri~·mon much 
additional information is needed like branching angle, sharpness of flow divider 
(Figure 2.4) and geometry in the neighbourhood of the bifurcation. lt is not difficult to 
construct a qualitative picture of the expected flow profile after the bifurcation. lf we 
start with a Poiseuille profile in the parent tube, the flow is split in two streams by the 
flow divider. A new boundary layer is formed in both daughter tubes on the inside 
wall of the bifurcation, with maximum axial velocity just outside this boundary layer. 
Since both daughter tubes can be seen as branching off in a curvature, secondary 
flow profiles arise again. These flow phenomena in a bifurcation are all schematically 
drawn in Figure 2.4. 
More detailed information of flow in bifurcations can be found in a variety of articles, 
e.g. [15, 16]. 

Scparat ion 
region 

2.1.3 Pulsatile flow 

Figure 2.4: Qualilalive picture of 
flow downstraam a single 
bifurcation, with Poiseui/Ie flow in 
the parent tube. Direction of 
secondary motions, new 
boundary layer and separation 
region are indicated in the lower 
branch. In the upper branch the 
velocity profile in the plane of the 
bifurcation (continuous curve) and 
the normal plane (broken curve) 
are indicated. [17] 

Pulsatile or oscillatory flow, like in the human circulatory system caused by the heart 
beating, makes the velocity profiles and governing equations much more 
complicated. Womersley [18] laid the foundation of a linearized model for the 
analysis of pulsatile flow in straight tubes. He assumed that motion was limited to the 
axial direction. These assumptions finally lead to an expression for the velocity profile 
in axial direction. An important parameter in his theory is the Womersley number, a, 
defined by: 
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(2.5) 

with a the radius of the tube and m the frequency of the pulsatile flow. When a is 
small the flow can be considered quasi-steady. At large a, the viscous effects are 
confined to the region near the tube's wall (Figure 2.5). In the circulatory system a. 
varies from the order of 1 0 in large arteries to the order of 1 o-3 in arterioles. The 
Womersley number is a very important parameter in analyzing unsteady flows and is 
proportional to the ratio of the radius of the tube and the thickness of the boundary 
layer near the tube's wall (ö) . The boundary layer thickness is defined as: 

5 - /P 
~-;;; 

~'·~~:~,>·~~\\ i .'/ ·!{';> 
A />~ ~ -/~~YJ i\\;.\~~:;:·' 

; 
; 

c f : 

(2.8) 

Oscillatory flow in a curved tube is more difficult to 
describe, since the velocity is no longer in the 
direction of the pressure gradient caused by the heart 
beating. This introduces nonlinear terms in the 
equation and only several particular cases can be 
solved [19]. 

Figure 2.5: Womersley flow for a sinusoidal pressure gradient in a 
straight tube of circular cross section. The different curves represent the 
velocity profiles at different times and are displaced for clarity. The zero 
for each curve is given by the points at the wal/. The flow is shown for 
only half ofthe cycle. A-+a=1, B-+a=4, C-+a=B. 

2.1.4 Predietiens for the iliac arteries 
In most people the iliac arteries are relatively straight, e.g. see Figure 2.6. In these 
vessels the approximation of a straight tube can be used. After the bifurcations (aorta 
and iliac bifurcation) flow profiles, as sketched in Figure 2.4, are expected. Figure 2.7 
shows a profile as measured in the same volunteer as shown in Figure 2.6. The slice 
was chosen perpendicular to the right external iliac artery approximately 2 cm below 
the iliac bifurcation. The expected asymmetrie velocity profile is recognisable in this 
figure. 

Figure 2. 6: MRI images of blood vessels in a healthy volunteer. Front Figure 2. 7: Velocity profile as measured 
view (a) and side view (b) . lndicated are: 1) Aorta, 2) Aorta in the same volunteer as Figure 2.6. 
bifurcation, 3) Common iliac, 4) 1/iac bifurcation, 5) lntemal iliac and 
6) Extemal iliac 
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An example of a cyclist with extended vessels is shown in Figure 2.8. These vessels 
show more curvatures, even in stretched position. This increases the risk of kinking 
in endurance athletes. The many curvatures also cause complex flow profiles and 
even some turbulence, due to high Dean numbers. Secondary flows and vertices will 
occur. A velocity profile as shown in Figure 2.7 is ditticuit to make tor these vessels, 
because they appear very spiky as a result of the complex flow and turbulence. With 
the MR method used in this study the velocity is only measured perpendicular to the 
chosen slice and velocity in ether directions can not be visualised. Using the 
simplified equations presented in the previous sections is no longer allowed here and 
predicting the flow has become more complex. lt requires meshing, CFD package, 
large computers etc. An overview of the current possibilities in this field can be found 
in [20]. 

2.2 Wall shear stress 

Figure 2.8 Example of 
extended and curved blood 
vesse/s in an endurance 
athlete. Front view (a) and 
side view (b). 

The formation of endofibrosis (section 1.2) is thought to be closely related to the 
physical torces acting on the interface between the flowing blood and the arterial 
wall. The main hemadynamie factor is probably the wall shear stress. Wall shear 
stress is the term for mechanica! stresses on the vessel wall exerted by the flowing 
blood [21]. 

a ui T= ;..t-
8 r wal/' 

(2.9) 

with 1: the wall shear stress (WSS), ll the dynamic viscosity and 8u/8r the shear rate 
(change in velocity unit per change in radial distance unit). The correlation between 
WSS and atherosclerosis has been investigated [22] and it has been reported that 
atherosclerosis is likely to develop in regions with low or asciilating WSS. Although 
endofibrosis does not resembie atherosclerosis in composition and initiatien factors it 
is thought to develop under similar stress conditions [5] . 

2.2.1 Effect of wall shear stress on the endothelial cells 
In a study on atherosclerosis it has been shown that WSS can change the 
morphology and orientation of the endothelial cell layer [22]. Endothelial cells 
subjected to elevated levels of WSS tend to elongate and align in the direction of 
flow, whereas these experiencing low or oscillatory WSS remain more rounded and 
have no preterred alignment pattern. Furthermore, the levels of vasoactive 
substances released by endothelial cells are strongly influenced by wall shear stress. 
Non-pulsatile high wall shear stress promotes the release of factors from endothelial 
cells that inhibit coagulation, migration of leukocytes and smooth muscle proliferation, 
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while simultaneously promoting endothelial survival [22]. These are probably the 
basic principles of endofibrosis formation. 

2.2.2 Determination of the wall shear stress 
Quantitative flow (QF) images made with the PCA (an MRI technique described in 
section 3.2.1) technique make it possible to measure WSS in vivo, non-invasively. A 
method for determination of WSS, within PCA images is described by Oyre et al. 
[21]. The accuracy of this method depends on the accuracy with which the velocity 
profile can be measured at the vessel wall and the exactness of determining the 
position of the vessel wall within a pixel (sub-pixel edge detection, Figure 2.9 a). 

Figure 2.9: (a) To the right an example of a 
greyscale picture of the aorta with velocity 
data as measured by Oyre et al. [21}. . The 
square represents the data selected for 
WSS determination, which is extended tot 
the left. Dark grey shading visualizes the 
first pixel inside the lumen, while light grey 
shading shows the ed(Je ..,;pixels. (b) An 
example a vessel cross section in our study 
of the iliac arteries in endurance athletes. 

(b) 

The application of this method by Oyre is only possible when high resolution PCA 
images are available. Oyre et al. used PCA images of the aorta, with a pixel size of 
0.25 mm2

• The images of endurance athletes available for this project have a pixel 
size of 1 mm2 and the vessels are relatively small compared to the aorta (Figure 2.9 
b) . Further optimization of the imaging sequence to image on a higher resolution was 
not possible since the SNR was too low and taking more averages not possible in the 
available scan time. Furthermore a very accurate detection of the blood vessel in the 
MR images is needed. As will bedescribed in chapter 4, this is still difficult. Applying 
this method on the images in this project would give very inaccurate results . 

2.3 Arterial stiffness 
Another parameter of interest for this research is the local arterial stiffness, which is a 
dynamic property based on vascular tunetion and structure and depends on arterial 
pressure [23] . Two important indices of arterial stiffness are arterial distensibility (D) 
and arterial camp/ianee (C), both expressed with their corresponding coefficient. The 
compliance coefficient (CC) is defined as the change in cross-sectional area (M) per 
unit of pressure (~P) and can be calculated as follows [23]: 

CC= M = n(2d - ~d+~d2 ) 
M 4M ' 

(2.14) 

with d the diameter and ~d. the change of diameter during the heart cycle 
(distension). Likewise the distensibility coefficient (DC) is defined as the relative 
change in cross-sectional area (!lA/A) per unit of pressure (~P) . 
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(2.15) 

ilP during the heart cycle is equal to the Pulse Pressure (PP) and calculated as 
systolic blood pressure (SBP) minus diastolic blood pressure (DBP). Diameter and 
change in diameter can be determined reasonably reliable from MR images and will 
be described in chapter 4. A major souree of error using this method may be the 
accurate assessment of the local PP. The PP should be measured at the site of the 
distension measurements and preferably non-invasive. In most parts of the human 
body this is very difficult. Various methods for PP assessment and determining the 
arterial stiffness are discussed by Bortel et al. [23] . 
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3 lmaging techniques 

This chapter will start with a brief introduetion into MRI. Then various angiography 
techniques will be discussed in more detail. For detailed intermation about MRI the 
reader is referred to textbooks [24 - 26]. 

3.1 Magnatie Resonance lmaging 
A nucleus abundant in the human body is the hydragen nucleus (a single, positively 
charged proton). This spinning charged partiele possesses a magnetic moment. lf 
protons are placed in an external magnetic field, they will line up with that magnetic 
field, either parallel or anti-parallel, resulting in a net magnetization parallel to ·the 
external magnetic field . The magnetic moment of the proton will precess around the 
direction of the external magnetic field (figure 3.1 ), defined in z-direction. The rotatien 
frequency is given by 

' ··." "' 
(3 .1) 

with roa the .Larmor frequency, Ba the strength of the external magnetic field and y the 
gyromagnetic ratio (y I 21t = 42.67 MHz/T, for hydrogen). The net magnetisation can 
be brought out of its equilibrium position by applying a RF pulse. A RF pulse is a 
magnetic field applied perpendicular to the external magnetic field and matching the 
Larmor frequency. The strength and duration of the RF pulse determines the flip 
angle of the magnetisation according to: 

e = r· B1 .,, 
(3.2) 

with 8 the flip angle, B1 the strength of the RF pulse and t the duration of the RF 
pulse. 
After turning off the RF pulse the spins return to their original alignment. The 
magnetisation precessing at Larmor frequency in the x-y plane induces a current in a 
coil positioned parallel to Ba (Figure 3.2), this is the MR signal we measure. At time 
t=O, the moment the RF pulse is turned off, the signal is at maximum and then 
decays according to: 

FID=efr; ·cos(m·t), (3.3) 

with FID the Free lnduction Decay,m the precessing frequency and T2* a relaxation 
time, which will be discussed in the next section. 

Bo 

Figure 3. 1: Spins precessing in an ex tema/ magnetic field 8 0 [9] 
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Figure 3.2: Precessing magnetization (M) 
induces current in a coil. 



To create an image, information is necessary about where the signal is coming trom 
in the body. This process is called spatial encoding and it requires the use of 
gradients, which are additional magnetic fields that are linearly dependent on the 
position. This results in a position dependent Larmor frequency. Gradients, created 
by gradient coils, are used for position encoding in three dimensions. 

3.1.1 Relaxation times T 1, T 6 and T 6 * 
The term relaxation refers to the spins relaxing back to their equilibrium state. 
Relaxation times are inherent properties of tissues. T1 is called the longitudinal- or 
spin-lattice relaxation time because it refers to the time it takes the spins to reeover 
the initia! longitudinal magnetisation (M0). During this recovery the spins transfer the 
energy they obtained trom the RF pulse to the surrounding lattice. The rate at which 
the z-component of the magnetisation (Mz) reeovers to the initial magnetisation (M0) 

is given by: 

(3.4) 

T 2 is the transverse- or spin-spin relaxation time. lt describes the decay of the 
transverse magnetisation vector Mxy according to: 

• <; 

M (t)=M ·e-){ 
xy 0 

(3.5) 

The transverse relaxation occurs primarily due to spin-spin interactions, which cause 
the spins to dephase partially. The transverse relaxation occurs 5 to 10 times taster 
than the longitudinal recovery. lnhomogeneities in the external magnetic field 
increase the dephasing, resulting in an even shorter relaxation time, called T2*. T1 

recovery, T2-and T2* decay are drawn tagether in Figure 3.3. 

A 

Time~ 

3.1.2 Pulse sequence 
The steps of basic hardware activity incorporated in a pulse sequence are schematic 
illustrated in a time diagram. Along the horizontal axes the time during the execution 
of the sequence is indicated. Each line in the diagram represents a different 
hardware component. The first line denoted by RF is for the radio frequency 
transmitter. Subsequently there is a line for each gradient (Gs = slice selection 
gradient x, G4r = phase encoding gradient y, Gt = frequency encoding gradient z, also 
called readout gradient). All three gradients give spatial information for one of the 
three dimensions. Finally a line is added for the recorded signa! (s) . 
Figure 3.4 shows the timing diagram of the Spin Echo, the most frequently used 
pulse sequence. The first RF pulseis a go· pulse, which flips the magnetisation over 
an angle of go·. The second RF pul se is a 1ao· pul se at time TE/2 used for rephasing 
the spins. The slice selection gradient is turned on during both RF pulses, to make 
sure these pulses are experienced by the right set of spins. The phase encoding 
gradient is increased gradually each time the cycle is repeated. 
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Figure 3.4: Time diagram of Spin Echo Figure 3.5: Time diagram of Gradient echo 

Echo time (TE, see Figure 3.4) is defined as the time between the go· RF pulse and 
the measurement of the maximum signal. Another time of interest is the repetition 
time (TR), defined as the time after which the cycle is repeated. TE and TR tagether 
with the earlier mentioned relaxation times T1, T2 and T/ are the major factors in MRI 
that determine the contrast in an image. Table 3.1 summarizes the imágê' weighting 
factors for $pin Echo images. 
Figure 3.5 shows the timing diagram of the Gradient Echo pulse sequence. The RF 
pulse is usually a go· pulse. The slice selection gradient shows bath a positive and a 
negative lobe. The first is for the slice selection and the second for rephasing of the 
spins. Again, the phase encoding gradient is increased gradually each time the cycle 
is repeated. The frequency encoding gradient provides us with the spatial information 
during read out. 

Short TR 
Long TR 

Short TE 
T 1-weighted 

Proton density weighted 
Table 3.1: Image appearance as a tunetion of TR and TE forSpin Echo images. 

Lon TE 
Mixed contrast 

Tr weighted 

Another name for Gradient Echo is Field Echo and used with a short TR (TR ~ T 2) 

and a flip angle < go·, it is called Fast Field Echo (FFE). FFE can be performed in 
different varieties and is mostly used for Magnetic Resonance Angiography (MRA), 
which will be discussed in more detail in the next section. Various other pulse 
sequences are possible with different features and advantages, e.g. the (fast) spin 
echo and echo planar imaging. For more information about these techniques I will 
refer again to the earlier mentioned textbooks [24 - 26]. 

3.2 Magnatie Resonance Angiography 
The term Magnetic Resonance Angiography (MRA) describes a variety of MRI 
methods used to image blood vessels. Currently 3 methods for MR Angiography are 
frequently used: time-of-flight (TOF) techniques, Contrast Enhanced MRA and 
phase-contrast angiography (PCA). The first two methods will be briefly discussed 
befare we go into more detail about PCA. 

3.2.1 lnflow (Time Of Flight) technigues 
Time-af-tlight angiography is based on the Spin Echo sequence. The basic principle 
is that the goo and 180° pulses are given in different slices, by the use of different 
slice selection gradients. These gradients have to be chosen in such a way that the 
flowing blood experience bath RF pulses. With the proper choice of TE (Table 3.1 ), 
blood will appear bright, while the static tissue appears dark, since it does nat 
experience bath pulses. 
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3.2.2 Contrast enhanced MRA 
When a paramagnetic contrast agent (for example gadolinium) is injected into the 
blood the T1 relaxation time of the fluid in the blood vessels is reduced . When the 
data is collected using pulse sequences with a short TR value, the signal contribution 
of the surrounding tissues is negligible, due to their relative long T1, whereas the 
blood with shortened T1 will give a large contribution. This technique produces high 
quality imaging but it requires injection of the contrast fluid in the patient. Furthermore 
it is not useful quantitative flow information. 

3.2.3 Phase Contrast MRA 
Phase contrast MR Angiography (PCA) is based on the fact that the phase (<t>) 
obtained by flowing blood through a gradient is proportional to its velocity (v). The 
most common method for PCA is by the use of bipolar gradients (figure 3.4 a). This 
process is called flow encoding. Because the two lobes in the bipolar gradient have 
equal area, the second gradient rephases the effect of the first and no net phase 
change is observed by stationary tissues (figure 3.4 b) However flowing blood will 
experience a net phase (<t>) shift proportional to its velocity (v, assuming constant 
flow velocity) : 

r/J= fw ·dt= f{r·G·v·t}dt=-}·r·G ·v· t2 
(3.12) 

The pulse sequence for PCA is similar as the one for Gradient Echo, with bipolar 
gradients added between the RF pulse and the phase encoding gradient. 

Bipolar Flow-encoding Gladient 
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Figure 3. 4: A bipolar flow-encoding gradient 
(A) induces no phase change in stationary 
spins and a net phase change proportionaf to 
their velocity in flowing spins (8) {9] 

Figure 3.5: Example of a biplor gradient 
(bottom) constructed by subtraction of two 
other gradients (top). 

A single measurement is not sufficient for quantitative assessment of the velocity 
since phase shift depends not only on the gradient, but also on field inhomogeneities. 
To cancel out the field inhomogeneities a method called phase ditterenee method is 
used . With this method two measurements are done with different gradients G1 en 
G2, chosen in such away that subtraction leads to a bipolar gradient ~G (Figure 3.5) : 

(3.13) 

The resulting phase ditterenee (~$) depends on the gradient alone, no longer on the 
field inhomogeneities, and is directly proportional to the velocity of the blood flow. 
Since M is defined between -1t and 1t, the maximum velocity that can be measured is 
determined by ~G and can be chosen as a parameter when performing a MRI scan. 
This parameter is called Vene (velocity encoding value). Choosing Vene to low will lead 
to aliasing, which will be discussed in the next section. 
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The blood velocity can be calculated by: 

f..r/J 
v=-·venc 

7'C 
(3.14) 

The two measurements with different gradients result in two different signals, S1 and 
S2, which can be represented as vectors: 

(3.15) 

with A the amplitude, ~ the phase and x= 1 or 2. From these veetors various images 
can be constructed. For this research the FFE/M (Fast Field Echo I Modulus) and the 
PCAIP (Phase Contrast Angiography I Phase) are important. The FFEIM image gives 
anatomical information and is defined as the mean of the amplitudes of both sign~ls : 

FFE/M: jslj+jSzi =Al +Az (3.16) 
2 2 

The PCAIP image is used to gain quantitative flow information and defined as the 
phase ditterenee between the two signals: 

(3.17) 

Examples of phase and amplitude images will be shown in the next chapter. 

3.3 Artifacts and limitations 
There are several factors affecting the accuracy of the PCA technique. The most 
important for this research aliasing, misalignment and partial volume effects, will be 
discussed in this section . 

3.3.1 Aliasing 
Because the nature of phase is cyclic, there is a 
natura! limitation to the measurement range of 2 1t 

radians (between -7t and 1t) . Therefore the velocity 
measurement, which is directly related to the 
phase, is similarly limited. An absolute phase shift 
larger than 1t will be recorded as a phase shift 
between -7t and 1t . In the constructed image this 
can lead to white spots blood vessels that should 
appear dark (Figure 3.6). 
With the right choice of Vene. larger than the 
maximum measured velocity, aliasing can be 
prevented. 

3.3.2 Misalignment 

Figure 3.6: Example of a/iasing in a PCA image 

When in a PCA image the chosen slice is not perpendicular to the blood flow of 
interest, misalignment occurs. This introduces an error in the measured flow and 
cross sectional area. The relation between the measured flow (Fmeas) and true flow 
(Firue) is relatively simple: 

Fmeas = cosB · F;,u. , (3.18) 

with e the angle of misalignment. Generally e is of the order 5°, causing an error of 
less than 1%. 
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3.3.3 Partial volume effects 
Since the pixels in an image can not be made infinitely small, it is possible that at the 
edge of a blood vessel the signa! in one pixel has contributions of both stationary and 
moving spins. This is called partial volume effect. lt is most apparent for small 
vessels. Due to different relaxation times of blood and the surrounding tissues, the 
phase of the moving spins has a larger influence on the measured Ll~ than the phase 
of the stationary spins. Th is can lead to overestimation of the velocity in edge pixels. 
However the velocity at the vessel wall is small (see chapter 2) and the effects can 
be neglected, unless the pixel size is large compared to the vessel diameter. 
Furthermore it is difficult to determine the exact location of the vessel wall, due to 
partial volume effects. Again, the error is small when the pixels are made small 
enough. 

3.3.4 Turbulence 
lf turbulence occurs in the blood flow, an error is made in measuring the velocity with 
the PCA technique. Due to the turbulence the velocity in one pixel is not distributed 
homogeneous, in both magnitude and direction. This results in a smaller signal if we 
sum all spins together. 

. ·:::-~ 
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4. Materials and methods 

This chapter describes the materials and methods used for obtaining images, vessel 
detection and analysis. The vessel detection and analysis methods are implemenled 
in Mathematica Q (version 5.0, Wolfram Research). 

4.1 lmaging Methods 
In the previous chapter the basic principles of MRI were discussed. Here we will 
discuss in more detail the protoeals for obtaining the images we used for analysis. 

4 .1 .1 R~!rq~ .R~ç!ix~ -~tl!<JY_ wi!b _ ~nq ~ r~nç~ _ ~!b !EJ!EJ~. . 
In this study 14 endurance athletes were examined, 9 patients and 5 controls. 
Patients were selected based on their determined vascular problems. All patients 
showed kinking at hip flexion and intravascular damage. The controls were 
endurance athletes with no complaints or possible vascular problems. 
The images were made with a standard whole body scanner (Philips Gyroscan NT 
1.0T, Figure 4.1) using a Synergy Body Coil (Figure 4.2) for signal detectton. First a 
TOF angiogram was acquired and used for further planning (Figure 4.3) The 
quantitative flow scans were made at 3 locations: 2 cm below aorta bifurcation, 2 cm 
below iliac bifurcation and 2 cm above femoral bifurcation. All three locations were 
measured in two positions: stretched legs and flexed hips, but only the images with 
stretched legs we re usabie for further analysis. The scans we re implemenled as a T 1-

FFE sequence with the following scan parameters: TR!TE/a=15/9/20°, FOV 256 mm 
(RFOV 70%), Matrix size 256, slice thickness 7 mm. Velocity encoding is done 
perpendicular to the chosen slice. The velocity encoding parameter, Vene is chosen 
100 cm/s or 125 cm/s in the patient images. Bath va lues appeared to be to small in 
most and controls. 

Figure 4.1: Philips Gyroscan NT, 1.0 T Figure 4. 2: Synergy body coil positioned on a volunieer 

4.1.2 ~Q!IJ[I!~~r: ~!!:J_qy 
This study was done to investigate the influence of the 
way of planning MRI scans on the measured velocity, 
flow, diameter and cross-sectional area in a quantitative 
flow image. Also the variability in these parameters 
between different heart beats is tested for. Four 
volunteers, with no history of endurance sports, were 
examined. 
The images were acquired with the same equipment as 
mentioned in the previous section (Section 4.1.1, Figure 
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4.1 and 4.2). After a first survey scan an inflow san was made to create MIP 
(Maximum lntensity Projection) images (Figure 4.3). These images are used to plan 
the 5 series of PCA images, for the actual analysis. Only one location (2 cm below 
iliac bifurcation) in one position (stretched legs) is measured. The first series were 
planned as perpendicular as possible to both vessels (straight line in Figure 4.3). 
This method of planning will further be denoted as the MMC-classical method, since 
this is still the most commonly used method in the Máxima Medica! Centrum. Three 
series were made with exactly the same planning to investigate the variability 
between different heart beats. The fourth en fifth series were planned perpendicular 
to the right and left (dotted lines) external iliac artery, respectively. This method will 
be further denoted as the perpendicular method. The scans were again implemenled 
as a T1-FFE sequence with the following scan parameters: TR/TE/a=14/8.8/20°, FOV 
256 mm (RFOV 70%), Matrix size 256, slice thickness 7 mm. The velocity encoding 
is done perpendicular to the slice and Vene = 200 cm/s for all volunteers in first 
instance. Some volunteers appeared to have much lower velocity and Vene was 
reduced to 150 cm/s. The images acquired in this study were only analysed with the 
active shape segmentation method, as will bedescribed in sectien 4.2.3. 
Ta be able to calculate arterial stiffness as described in sectien 2.3 blood pressure 
measurements are needed. After the MRI scans the blood pressure o.n poth arms 
and ankles was measured at the volunteers, while they were still lying down. A full 
automatic sphygmomanometer was used. With these blood pressure measurements 
we can calculate the compliance and distensibility coefficient as described in sectien 
2.3, Formula 2.14 and 2.15. For the pulse pressure (~P in the heart phase) at the 
external iliac arteries we use the mean of the pulse pressure measured at the arm 
and at the ankle. The area change (M) is the ditterenee between maximum and 
minimum area in a heart phase. The relative area change is ~A, with A the mean 
area during the diastole. 

4.2 Methods of vessel detection 
As mentioned in the previous chapter (3.2.3), MR images made with the PCA 
technique produce anatomical images (amplitude, FFE/M) and quantitative flow (QF, 
PCA/P) images (phase) simultaneously. Figure 4.4 (a) and (b) show the amplitude 
and phase image respectively. In this example the blood vessels during systole are 
well recognizable in bath phase and amplitude image. 

Figure 4.4: Images made with the PCA technique. (a) The magnitude image and (b) the phase image, indicated are 
the artery (during systole) and vein, 2 cm above femoral bifurcation 

To obtain information about the velocity of the blood and the changes in shape of the 
vessel during a heart cycle all phase and amplitude images were imported in 
Mathematica. The algorithm is set up in such a way that it first automatically detects 
the artery of interest from the amplitude image and then uses these coordinates to 
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extract information from the phase image, since the arteries are not visible in all 
phase images. 
Various methods are available for vessel detection; three of the most promising will 
be discussed. The first method uses a threshold to detect vessels and erosion and 
dilation for removing the structures that do not beleng to the vessels of interest. The 
secend method is based on contour detection, drawing contours through points with 
matching grey levels. Both the grey levels of the original anatomical image and the 
so called Gaussian derivatives are used. The final method discussed in this sectien is 
called active shape segmentation. A shape (e.g. a circle) starts growing or shrinking 
from the inside or outside the vessel and stops when it reaches the border. 

4.2.1 Threshold, erosion and dilation 
In all anatomical images, the vessels appear white. A threshold selects all the 
coordinates with a grey level above a certain value. Since not all image series are of 
the same quality, this threshold value has to be adapted manually for each patient. A 
standard threshold value calculation (e.g. using a threshold value at % maximum), 
did notworkin this study, due to the large variability in image quality. 
Not only arteries but also veins, fat and some ether tissues appear white on the 
amplitude images. To ensure that only the vessel of interest is selected( a target area 
is manually defined in one image of the series. After the threshold procedure, only 
the part inside this target area is used for further analysis. The threshold procedure is 
depicted in Figure 4 .5. 

Figure 4.5: (a)The original image, (b) the selected coordinates after threshold and (c) the selected coordinates in 
the target area. 

The detected vessels as shown in Figure 4.5 c appear to be correct, but there is still 
some noise. Erosion and dilation are used for more precise detection of the arteries 
of interest. Erosion and dilation are both basic morphological operations and 
described in more detail in [27] . Mathematica! morphology is a tooi for extracting 
image components that are useful for representation and description of regions. 
Befere these techniques can be understood, somebasic mathematica! definitions are 
needed. 
Let A and B besets in Z2

, with components a= (a1, a2) and b = (b1 , bz). respectively, 

Bx the translation of B by x and B the reflection of B around the centre. 
Then the erosion of A by B is defined as: 

A8 B = {xi(Bt cA} (4.1) 

In words; theerosion of A by Bis thesetof all points x such that B, translated by x, is 
contained in A. Set B is usually referred to as the structuring element. 
The dilation of A by B is defined as: 

(4.2) 

In words; the dilation of A by B is the set of all x displacements such that Band A 
overlap by at least one nonzero element. 
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There are some variations known on the above equations for erosion and dilation. 
The ones mentioned here are usually favoured in practical implementations of 
morphology. The actual effect of erosion and dilation is shrinking and expanding the 
image respectively. 
Erosion is used here to remave the little spots around the actual artery. Dilation is 
then used to reconstruct the artery without the artefacts. Dilation is necessary since 
in the erosion process also parts of the artery are removed. This is shown in Figure 
4.6, for the same patient as shown in Figure 4.5. The final result is a set of 
coordinates definin all the · corners within and at the edge of a vessel. 

Figure 4.6: Image of tigure 4.5 (c), (a) after erosion and (b) after 

4.2.2 Contour detection and Gaussian Derivatives 
Contour detection is a pre-programmed operatien in Mathematica, which connects 
identical grey values in a picture. lt could be used directly on the amplitude image to 
find the edge of the blood vessel by connecting identical grey values. For some 
pictures this works very well (Figure 4.7 a), but in a lot of cases the images are not 
accurate enough and wrong contours will be detected (Figure 4.7 b). 

a b 

Figure 4. 7: Example of an image where 
defection of the vessel on basis of identical grey 
values in the amplitude image a) does work and 
b) does notwork. 

Convolution of the so-called Gaussian derivative kemel with the image produces 
gradient images, which are more suitable for contour detection and will be used here 
to detect the blood vessels. Since blood vessels appear white (or light grey) in a dark 
environment on the MRI-images there is a maximum in the gradient of the image at 
the border of a blood vessel. A maximum in a gradient can be determined by the zero 
crossings of the Laplacian (L1) . That is what we will use here. 

c 

• 

g 

Figure 4.8 Defection of blood vessels with Gaussian derivatives: a) the original image, b) area of interest, c) second 
Gaussian derivative plot of b, dj corresponding quantitative flow image, e) Anatomical image with contours at zero
crossing of second Gaussian derivative, f) the contours of zero-crossing of second Gaussian derivative in the 
derivative image, g) as e and fin QF image 
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Figure 4.8 shows the second Gaussian derivatives (Gaussian Laplacian) image and 
the contour at zero crossing as detected by Mathematica. 
From the detected contours edge points can be extracted and with Mathematica all 
the pixels within the contour can be found resulting again in a set of coordinates of all 
the pixel corners within and at the edge of a vessel. 
This detection methad is based on scale space theory. A short introduetion on this 
subject will be given here, a detailed description can be found in the Front-End Vision 
book [28] . Scale space theory is the theory of apertures through which we and 
machines abserve the world. To extract information trom image data,. we need an 
operator to interact with the data. Various derivations were made to find this operator, 
all leading to the Gaussian Kernel [28] : 

x' I --
g(x;o-)= e lu', (4.3) 

~27ro- 2 
with a the width of the kernel, in scale space theory shortly denoted as scale. 
Equation 4.3 gives the Gaussian kernel in 1 dimension, but it can easily be extended 
to N dimensions. When we take spatiál derivatives (with respect to x) of the Gaussian 
kernel repetitively, we see a pattern emerging. Every next derivative consists of 
Hermite polynomials of increasing order, multiplied with the original Gaussian 
function. The order of the Hermite polynomial equals the order of differentiation and 
also the number of zero crossings of the derivative. 
The effect of convolution of the Gaussian kernel with a test image (Figure 4.10 a) can 
be seen in Figure 4.10 b, the image is blurred and the edges are smoothed. The 
second order derivatives in x- and y-direction are shown in Figure 4.10 c and d 
respectively. Finally the Laplacian as used in this report is shown in Figure 4.10 e. 

Figure 4.10: Effects of Gaussian 
kemel and its derivatives on a test 
image [29]. 
a) Input (test) image 
b) Conva/ution with the 

Gaussian kemel 
c) Derivative in x-direction 
d) Derivative in y-direction 
e) Laplacian 

In this example the edge detection by connecting equal grey-levels in the Laplacian 
works well , since there is a large ditterenee in greyscale between the blood vessel 
and the surrounding tissue. Unfortunately this is not the case in all the images. An 
example of an image where this detection methad does not work, because another 
bright structure appears close to the artery, is given in Figure 4.9. 
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a 

4.2.3 Active Shape segmentation 

b 

Figure 4.9: Example of an image where the 
described deleetion methad does nol work, 
due to a low gradient in the grey scale at 
part of the vesse/ wal!. a) The original 
anatomical image. b) The second 
Gaussian derivative image. 

Active shape segmentation is based on a theory first introduced by Kass et al. [30]. 
The active shape can be compared to an elastic band, which is stretched out and 
wants to contract back to its original shape, against a force. The shape, mostly called 
snake or contou r, is the elastic band and the force is derived from the image or a 
derivative of the image. Force equilibrium between the internal farces of the contour 
and the external farces of the image gives the desired solution . The starting position 
of the contour has to be placed nearby the image feature, e.g. an edge, which has to 
be detected. 
When we choose a parametrie representation V(s) =(X(s),Y(s) }, the movement of the 
contour under influence of farcescan berepresentedas [31] : 

av r- = Fext (V )+ F:nt (V ), (4.4) 
àt 

with ra constant which can be used to control the importance of the image features, 
Fext the external farces and Fint the internal farces werking on the snake, given by the 
following equations: 

(4.5) 

a av 82 o2V 
F.nt (V)= às a (s )a;-- às2 fJ(s) 8s2 

(4 .6) 

Ga(x,y) is the earlier mentioned Gaussian kernel , l (x,y) represents the image, a and fJ 
are parameters to control the continuity (equidistance of the parameterization points) 
and curvature (rigidity) of the contour respectively. Various ether representations of 
active contour models are available in literature. Advantage of this representation is 
that additional farces can simply be added in equation 4.4. 
lmplementation of this technique in Mathematica has been performed by Panday 
[31] . Most of his algorithm is copied and adapted for the images in this study. The 
major ditterenee with Panday's methad is the image on which the snake operates. He 
used the gradient magnitude image, while in this research it was chosen to let the 
snake operate on the inverse of the Gaussian Laplacian of the image, since the 
edges of the blood vessel are more distinct in this image. Furthermore his goal was 
to detect organs in MRI images of a mouse, while this research is concentrated on 
detecting arteries in MRA images of endurance athletes. 
As starting position of the snake 20 parameterization points in a circle or ell ipse are 
manually defined in the neighborhood of the vessel wall. The algorithm checks for 
every point if there is a neighboring point with a lower value. lf a lower value is found 
nearby, the point will move to that value. This process is repeated until the points 
stop moving. The maximum number of steps for the snake is set to 101. 
For most images the best results were acquired with a = 0.35, ~ = 0.65 and y = 1.5. 
In some exceptional cases these parameters had to be manually adapted to be able 
to detect the contour. Panday [31] showed the effect of varying the parameters, to 
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extreme values (e.g. zero) . This results in a snake, with extreme shapes or no 
movement of the snake at all. The choice of the parameters in this research was 
done by trial and error. The detection of a vessel wall by active snake in 3 steps is 
shown in Figure 4.11 . The number of steps needed for detection depends strongly on 
the image quality and the definition of the starting position. 

Figure 4. 11: Defection of the vesse/ wal/ by the Active Snake method. The green dots denote the new coordinates 
per step, whi/e the pink dots denote the starting coordinates trom the previous image 

Projection of the result (right image in Figure 4.11) on the anatomical and velocity 
image shows the detection (Figure 4.12). 

Figure 4. 12: Projection of the 
snake result of Figure 4. 11 on 
the anatomica/ (left) and velocity 
image (right) 

The post processing following the active snake methad is similar as described for 
contour detection in the previous chapter. First the end points of the snake are 
rounded to integer coordinate values and then the internal coordinates are 
determined. 

4.3 Analysis 
Following detection of the vessels, parameters of interest have to be extracted. All 
described segmentation methods result in a set of coordinates. These coordinates 
can be used to obtain the relevant intermation trom the quantitative flow image. 

4.3.1 Diameter 
lf a circle is fitted through the detected vessel , 
the radius of this circle is a goed approximation 
of the radius of the vessel. The radius of this 
circle can be calculated by taking the mean of 
all distances between the centraid (red dot in 
Figure 4.13) and the edge coordinates of the 
vessel (denoted as green lines in Figure 4.13) . 

Figure 4.13: Schematic representation 
of diameter determination. 
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The centroid (x) of the detected vessel area is calculated by [32]: 

~n,dgt 

- L..,;=I X; 
x= - '--'-- , 

(4.8) 

nedge 

with xi the set of edge coordinates. The approximated vessel diameter (D) is now 
calculated by: 

'"'n,d,, {x -x) (4.9) 
D = 2 . L..i=l I , 

4.3.2 Cross sectional area 
In the total set of coordinates, resulting from segmentation, both internal and edge 
coordinates are included. The edge coordinates (cyan dots in Figure 4.13) can be 
determined with Mathematica cernmand RegionBorder. The coordinates define 
corners of pixels. lf we should simply multiply the total number of coordinates (n 101) 

with the area of one pixel (apixe1) an error is introduced, because the border pixels 
contain partly "outside" information. A more accurate approach is given by: . 

a vessel = (n total -+ n edge ) . a pixel , (4 .7) 

with avessel the cross sectional area of the vessel and n edge the number of edge pixels. 
In this research all the images have a pixel area of 1 mm2

. 

4.3.3 Velocity 
The gray level in the QF image is directly proportional to the velocity and thus the 
velocity can easily be extracted from the images, with the coordinate sets left after 
segmentation. 
The parameter of interest in the velocity determination is the peak systolic velocity. 
Just taking the maximum of all veloeities in all pixels during the heart phase is not 
very reliable since this maximum could be an outlier. Therefore we have chosen to 
calculate in each image the mean velocity of the ten pixels with the highest value. 
And determine the peak systolic velocity by taking the maximum of these means in a 
heart phase. The number of ten pixels is not chosen arbitrarily, but can be derived if 
we assume plug flow in the arteries. This derivation is explained in Appendix 2. 

4.3.4 Flow 
Finally the velocity data can be used to calculate the flow according to: 

F '"' nlolol 

= a pixel · L.., ;=I vi' 
(4.1 0) 

with v; the velocity in pixel i. 
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4.3.5 Analyzed parameters as a function of the heart phase 
Figure 4.14 shows the measured cross sectional area, diameter, velocity and flow as 
a function of the heart phase, for one patient in the external iliac artery. More results 
will be shown and discussed in the next chapter. 
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Figure 4.14: Example of 
information extracted trom 
the QF images during one 
heart phase of one patient. 
On the horizontal axes the 
image in the heart phase is 
denoted and on the vertical 
axes 
a) Cross sectional area 
(mm2

) 

b) Diameter (mm) 
c) Maximum velocity (cÎnls) 
d) Flow (I/min) 
lnformation for iliac arteries 
in both legsis shown: 
• = Left leg (pathological) 
• = Rightleg 



5 Results and discussion 

In the previous chapters the methods of image acquisition and processing were 
discussed. Th is chapter will present the results of the various studies that we re done 
as parts of this research. First the different methods of automatic vessel deleetion will 
be discussed with all advantages and disadvantages. These deleetion methods were 
also compared with a manual deleetion method. The next section will deal with the 
results of the retrospective study on endurance athletes. Finally the results of the 
volunteer study will be presented. 

5.1 Methods of vessel detection 
Three segmentation methods for (semi-) automatically deleetion of the vessel have 
been presenled in section 4.2. Two of them are worked out in more detail ; the 
threshold-erosion-dilation methad and the active snake method. The methad of 
contour deleetion is not further investigated due to the poor results of the first try out. 
The two methods are compared to a third method: manual detection. Manual 
deleetion means manually detecting the contour by selecting points at the edge of 
the artery in each image of each series. This is a very time consuming deleetion 
methad and subject to inter-observer variability. After presentation of the results, the 
different methods will be discussed. The advantages and disadvantages are weighed 
against each other and our choice for Active Shape as the preferential methad is 
founded. 

5.1.1 Results 
Figure 5.1 shows the result of the different deleetion methods for one artery in one 
patient at one moment (Patient 1, right artery, image 10 I 47 in heart phase). The 
manual deleetion methad and threshold, erosion and dilation were performed on the 
amplitude images, as shown in Figure 4.4 a. The Active Snake was performed on 
subsections of the images for the arteries of interest, as shown in Figure 4.8 b. 

Figure 5. 1: Results of three segmentation methods for one artery, a) on the amplitude image, b) the result copied on 
the QF image. - =Manua/ detection; • =Threshold, erosion and dilation; - =Active Shape methad 

For one patient the arteries in one image series, acquired -2 cm below the iliac 
bifurcation , were detected with all three methods. The resulting graphs displaying 
values for cross sectional area, diameter, maximum velocity and flow are shown in 
Figure 5.2. For flow and maximum velocity we abserve similar shapes of the graphs 
and values of the same order. The graphs of the cross sectional area and diameter 
display only small variatien during the heart phase. However camparing the values 
obtained using the three methods show a clear difference. The values for cross 
sectional area (further shortly denoted as area) and diameter measured by the active 
shape methad are larger than measured manually or with the threshold method. 
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Figure 5. 2: Resulting graphs of three defection methods for patient 1. 
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The threshold method and the active snake segmentation have been performed on 
all images of all patients. In the images of the controls and volunteers, the arteries 
were only detected by the active snake method. 
T o investigate the reproducibility of the three methods the mean and standard 
deviation (cr, see Appendix 4, Sectien 4) of the cross sectional area were calculated 
during diastole where we expect no more changes in the area. Forthese calculations 
we used the last 25% of the heart phase. The results for patient 1 are shown in Table 
5.1. 

Left 
Right 

Manual 
57.50 ± 5.0 
66.00 ± 5.7 

Threshold 
50.50 ± 3.8 
75.33 ± 7.5 

Active sha e 
88.79 ±4.0 
141 .58±9.1 

Tab/e 5. 1: Mean and standard deviation tor the cross sectional area during diastole of patient 1. 

From Table 5.1 several things can be observed. To start with the variatien during 
diastole, the smallest relative variatien is seen for the active shape method. 
Furthermore the values, presented in Table 5.1, obtained by the three methods show 
ditterences. The ditterenee between the results obtained by using the manual methad 
and using the threshold methad are within the range of 2·cr . The values obtained by 
using the active shape methad are larger than using the other two methods and this 
ditterenee is· no langer in the 2·cr range. Another interesting observation of Table 5.1 
is that using the manual technique the ditterenee between left and right is smaller 
than 2·cr, whereas in the threshold methad and active shape technique larger 
ditterences are observed. 
For every patient the starting position of the snake in the active shape methad is 
adapted manually to the shape and size of the vessel. Results of active shape 
segmentation with wrongly chosen starting positions are shown in Figure 5.3. Figure 
5.3 a) shows a starting position not centred at the artery. The resulting snake is 
shown in Figure 5.3 b) , the vessel is nat detected. Figure 5.3 c) shows a starting 
position chosen toa large, which results in detection of nat only the external iliac 
artery, but the internal iliac artery was included with the snake toa, Figure 5.3 d). 
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Figure 5.3: Results of wrongly 
chosen starting positions in 
active shape segmentation. 
Images of patient one of the left 
ex tem al iliac artery; image 10 
(a and b) and 12 (cand d) of 47 
in heartphase. 
a) Starting position chosen, 

not centered at the artery 
b) Result after active shape 

segmentation with starting 
position a) 

c) Starting position chosen 
to large. 

d) Result after active shape 
segmentation with starting 
position c) 



5.1.2 Discussion 
Threshold, erosion and dilation 
The largest problem with this method is to define the right threshold value. In images 
with low contrast a low threshold is needed to be able to select the whole arteries in 
the region of interest. A low threshold value on the other hand can introduce a lot of 
noise, which cannot always be eliminated with erosion. Since all calculations are 
performed in loops for a whole series at once, the threshold had to be adapted to the 
image in the series showing the darkest vessel , which also can introduce redundant 
noise in the other images. 
The erosion and dilation steps experience similar problems. For all series the 
structuring element has to be checked and, if necessary, adapted . The same goes 
for the number of erosion or dilation steps. Too few erode steps can leave behind 
noise in the selected coordinates, while too many erode steps can make the area of 
interest fully disappear. For dilation it is the other way around. Just like the thresh.old, 
the parameters have to be adapted to the images with least quality, which can 
introduce inaccuracies in the other images. 
Since the threshold , erosion and dilation are done before all the other steps in 
analysis all further calculations can suffer from the incorrect vessel wall detection. 
For example when a selection area disappears during erosion, it will ·n.oi reappear 
during dilation. No accurate surface calculation can then be done for that series. 
When too many coordinates are selected as being inside the artery, too large a 
surface is calculated and the flow will be affected. 

Active snake segmentation 
The active snake method also has several limitations. A structural error is always 
introduced with this method in the cross sectional area and the diameter. The minima 
of the inverse Gaussian derivative image, which we use for detection, lie just outside 
the vessel (Figure 4.10 and section 4.2.3). For the patient shown in Figure 5.2, we 
can see that this error in the diameter is of the order 2 mm. For larger vessels the 
error becomes relatively smaller. 
The first error in the segmentation procedure can be introduced by choice of the 
starting position of the snake. This starting position is defined in one image and used 
in all images during one heart phase. Due to movement of the vessel, which is 
observed in endurance athletes, this starting position is not always suitable for all 
images. 
Furthermore the choice of the parameters a, p and y affects the measurement to a 
considerable extent. lt was determined by trial and error that for this research in most 
images the best choice of parameters is: a = 0.35, p = 0.65 and y = 1.5. When these 
parameters are slightly changed a small error is introduced in the detected contour. 
The effects of different values between 0 and 1 have been shown by Panday [31]. 
Errors in images with low contrtast occur significantly less than with the threshold 
method. Because of the Gaussian derivative, the image on which the snake operates 
is blurred and noise or extreme outliers play a less important role. The rigidity and 
continuity of the snake are provided for with the defined external torces and right 
choice of parameters. Because of the rigidity of the snake, little problems are 
experienced from other bright appearing structures in the neighbourhood of the artery 
of interest in this segmentation technique. 

Comparison of methods 
lf we campare the two methods described above with manual detection for one artery 
in one image (Figure 5.1 ), several things can be concluded. As already discussed, 
we abserve that the active shape method results in a overestimation of the area. 
Both the manual and threshold method show the opposite, a narrow detection. Not all 
velocity information is inside the detected edge. The manual detection as well as the 
threshold method is performed to find the edge of a bright appearing structure, the 
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artery. However at the edge of the artery there is grey shading, which belengs to the 
artery too and is not accurately detected by these methods. This can introduce errors 
in the measurement of the diameter and area. At the wall the velocity is low and 
therefore the error in the velocity and flow measurements will be small. 
The detection methods fora whole series of one patient at one location, as shown in 
Figure 5.2, show no large differences in magnitude and shape, except for the 
discussed deviation in the cross sectional area and diameter. 
From Table 5.1 we can conclude that the active shape method shows the smallest 
relative variatien in the area during systole and therefore is better reproducible. 
Furthermore the limitations and disadvantages of the threshold method outweigh the 
limitations of the active shape method. In images, where the arteries are hard to 
distinguish from the back ground, large mistakes are made with the threshold 
method. Arteries disappear in the erosion step and cannot be reconstructed. No 
artery is detected at all and novalues can be calculated. 
Since manual detection is not an option for analysing large groups of patients, 
because it is very time consuming, we have chosen active shape as the most 
suitable method for detection of the arteries in the images of this research. The two 
main reasens are higher reproducibility and still reasonable results in low contrast 
images. Because too many pixels in an image are classified as being inside the 
vessel a small error is introduced in the measured cross sectional area and 'diameter. 
lt has hardly any influence on the flow or velocity, since the velocity in the additional 
pixels is zero. 
Even though the goal was to (semi)-automatically detect the vessels, both methods 
still need user interaction. For the threshold method the threshold value, number of 
erode and dilate steps and the structuring element have to be adapted manually if 
the vessel was not detected correctly. In the active shape method all interim results 
were shown and if necessary the starting position of the snake and the parameters a, 
~ and y could be adapted manually if the snake did not detect the vessel wall 
correctly. 

5.2 Volunteer study 
The volunteer study in this research has been done for two major purposes: 

• To find a measure for the variability between heart beats in velocity, flow and 
cross sectional area 

• To determine the error caused by not perpendicular planning of the MRI 
images. 

Both are interesting for the way of planning MRI scans. The current method, taking 
the slice as perpendicular as possible to both vessels (further denoted as the MMC
classical method) has the advantage of imaging both vessels and acquiring their 
cross sectional area and velocity information at exactly the same time and the same 
heart beat. However since it is almest impossible to choose a slice exactly 
perpendicular to both vessels due to the human anatomy an error is made in the 
measured velocity and cross sectional area. Two series were measured exactly 
perpendicular to the left and the right artery respectively, which will further be 
referred to as the perpendicular method. 

5.2.1 Results 
Variability between heart beats. 
All images of the volunteers were analyzed in the same way as the patient images, 
resulting in series of numbers for cross sectional area, flow and velocity. The graphs 
of one volunteer are shown in Figure 5.4. The graph of the cross sectional area 
shows clearly a large variability, up to 15%, between heart beats (diamonds with 
different tints) and also a clear difference between the perpendicular series (star in 
light tint) and the three MMC-classical series. The perpendicular series shows an 
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almost straight line, since hardly any variation in area during one heart beat was 
observed, when analysing the artery in a slice exactly perpendicular to this artery. 

Left Right 

250 

200 

50 

I 0 15 20 25 30 35 

250 

200 

150 

100 fl I I 
j • 

50 

10 15 20 25 30 35 

-50 

10 

. . .. 
10 15 

-2 

* =Peroendicular measurement 

Figure 5.4: Graphs for volunteer 1 
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The variability between heart beats can be calculated by camparing the parameters 
in the three MMC-classical series image by image. For each image the mean and 
standard deviation of these three series is calculated . The mean of all standard 
deviations (as a percentage) over the whole series is a measure for the variability. 
The exact calculation methods are described in Appendix 3 and the results are 
shown in Table 5.2. 
In Table 5.2 the area shows variations of -10% and the maximum velocity of -16%, 
with a few outliers. The flow shows much larger values for the variation between 
heart beats. This can be explained by the fact that the flow during diastole is nearly 
zero and the variation in termsof percentage becomes very large then. 
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Volunteer: 1 2 3 4 AveraÇJe 

Area Left 5.8 13.6 11 .1 9.2 9.6% 
Right 6.9 11 .5 10.7 8.2 

Flow Left 141.4 10.0 527.4 63.0 124.3% 
Right 44.5 162.7 18.1 26.9 

Max. Left 12.0 20.5 13.0 16.5 16.2% 
Velocity Right 13.2 17.7 14.3 22.5 
Tab/e 5.2: Mean of the standard deviations in percentage between the three MMC·dassical series. 

Effect of the way of planning the MR images 
Since the perpendicular series does not necessarily have the same number of 
images as the three MMC-classical series we can not calculate the difference image 
by image. Therefore the values for area, maximum velocity and flow will be 
compared during systole, for the three pictures with the highest flow. The difference 
of these parameters between the mean of the three MMC-classical series and the 
perpendicular series is calculated in percentage. The mean of these percentages in 
the three pictures during systole is a measure for the effect of misalignment in the 
planning according to the MMC-classical method. The exact calculation methods are 
described in Appendix 3.Table 5.3 shows the results . • ..,.,, 

Volunteer: 1 2 3 4 (Ave rage( 

Area Left -1 1.0 1.8 24.0 13.2% 
RiÇJht -6.6 12.8 -17.7 18.8 

Flow Left -9.5 1.8 -0.3 4.6% 
Right -3.8 -8.0 -3.7 -5.4 

Max. Left 4.2 18.9 -0.9 9.3% 
Velocity Right 12.5 -7.1 10.2 11.5 
Table 5.3: Mean difference in percentage between the perpendicular series and the mean of the three MMC
classical series. 

Table 5.3 shows similar ditterences as observed in Table 5.2 tor area and maximum 
velocity. The values for the left leg of volunteer 2 are not available. Remarkable are 
the large positive area ditterenee between the perpendicular series and the MMC
classical series in volunteer 4. 

Arterial Stittness 
With the blood pressure maasurement at the end of the volunteer examination, we 
can estimate the distensibility and compliance coefficient of the external iliac arteries 
of the volunteer as described in section 2.3, Formula 2.14 and 2.15. 
Both A and !'::.A were taken from the mean of the three MMC-classical series. Table 
5.4 shows the parameters A, !'::.A, ~p and the calculated compliance coefficient (CC) 
and distensibility coefficient (DC). Area is expressed in mm2 and pressure in mmHg 
and kPa. mmHg is the standard unit for measuring blood pressure, but to be able to 
compare the results weneed CC and DC in units of mm2/kPa and kPa·1 respectively. 

~p ~p M A cc DC 
(mmHg) (kPa) (mm2

) (mm2
) (mm2/kPa) (kPa'1) 

Volunteer 1 Left 71 9.443 40.3 113.5 4.29 37 .6 · 10~ 
Right 75 9.975 39.5 105.0 3.99 37.6·10'3 

Volunteer 2 
Left 55 7.315 20.3 85.5 2.78 32 . 3 · 10~ 
Right 61 8.113 27.2 88.8 3.38 37.6·10'3 

Volunteer 3 Left 56 7.448 43.7 136.8 5.87 42 . 9 · 10'~ 

Right 60.5 8.047 59.2 162.2 7.37 45.1·10'3 

Volunteer 4 Left 73 9.709 47.7 105.7 6.39 60 . 9 · 10'~ 

Right 78.5 10.441 36.7 99.0 4.59 45.9·10'3 

Tab/e 5.4: Results of distensibility and compliance ca/cu/ations for volunteers 
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Remarkable in Table 5.4 was the large variation in CC and DC between volunteers. 
Furthermore all volunteers showed differences in Compliance between their left and 
right leg. 3 out of 4 volunteers showed a difference in distensibility between the left 
and right leg. The largest differences between left and right for all parameters in 
Table 5.4 were found in volunteer 4. 

5.2.2 Discussion 
Variability between heart beats. 
To start with the variability between heart beats, it is relatively large as can be 
concluded from Table 5.2. Variations of -10% are seen in the area and -16% in the 
maximum velocity. From the large values in the variation of the flow no conclusions 
can be drawn, since they are caused by the nearly zero flow during diastole. 

Effect of the way of planning the MR images 
During systole when the velocity is largest, the largest difference is expected due to 
misalignment. In Table 5.3 we abserve that the difference between the perpendicular 
image series and the MMC-classical series in percentage is of the same order as the 
variability between heart beats. The area shows a slightly higher variation (-13%), 
while the maximum velocity shows a lower value (-9%). From this result we can state 
that the error due to misalignment in the MMC-classical methad does nat weigh up 
against the· opportunity to measure bath vessels at the same time during the same 
heart beat. Furthermore the flow only shows little variation (- 5%) as can be expected 
since the same blood passes through the vessel, independent of the cross section 
we look at. 
For the perpendicular series we expect smaller area and larger velocity than the 
MMC-classical series. Therefore we would expect predominantly negative values for 
the area and positive values for the maximum velocity in Table 5.3, but this is nat 
observed. Most differences observed, bath positive and negative are within the range 
of variability between heart beats. Volunteer 4 however shows a larger area in the 
perpendicular than in the MMC-classical series, outside the calculated variability 
between heart beats. This may be a result of the asymmetry in his iliac arteries, 
which made the planning of the perpendicular images very difficult. 

Arterial Stiffness 
Little literature is available concerning compliance and distensibility coefficient in 
endurance athletes. Bartel et al. [231 shows that in the systemic arteries in healthy 
volunteers values between 28·10- and 32·10-3 kPa- are measured for the 
distensibility coefficient. Our volunteers show values between 32·10-3 and 45·10-3 

kPa-1, with one peak to 60·1 o-3 kPa-1. These large val u es in our study for the 
distensibility coefficient could have several causes: Overestimation of the cross 
sectional area by our active shape segmentation methad or underestimation of the 
blood pressure. Bartel also had very strict inclusion criteria for the volunteers in his 
study in order to exclude confaunding factors that could have influence on the blood 
pressure in this measurement, e.g. no smoking and no beverages containing 
caffeine. These inclusion criteria were nat applied to the volunteers in our study and 
this certainly had influence on the results of our measurements. Further investigation 
on this subject is needed to be able to state if these coefficients are suitable for 
recognising vascular problems in endurance athletes 

5.3 Retrospective study on MRA images 
All patients in our study group suffered from kinking and intravascular damage, 
resulting in a stenosis in the left external iliac artery. The exact location is nat known 
during MR planning but the quantitative flow images were made in or very close to 
the stenosis. In the images of bath the patients and the controls the vessels were 
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detected by active shape segmentation and the parameters of interest were 
calculated as described insection 4.3. 

5.3.1 Results 
All three locations were analysed: 2 cm below aorta bifurcation, 2 cm below iliac 
bifurcation and 2 cm above femoral bifurcation, denoted as Common, External and 
Femoral respectively. The results are from the images acquired with stretched legs, 
since the images made with flexed hips did nat always show the arteries of interests 
or the slices were taken in a curvature of the artery and were therefore hard to 
analyse. The investigated parameters were cross sectional area, diameter, (peak) 
flow and peak systolic velocity. The diameter will nat be further discussed, because it 
is directly related to cross sectional area and shows similar results. The ditterences in 
the parameters between the left and right leg during systole (in percentage) were 
calculated by the methods described in Appendix 4. Figures 5.5 a and b show the 
results for peak systolic area and velocity, respectively. 
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Figure 5.5: Differences between /eft and right in termsof percentage for the peak systolic area (a) and velocity (b) . 
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In these graphs the horizontal axes denotes the differences between Left (L) and 
right (R) in terms of percentage. For the area we use the percentage L<R with 
respect to R, denoted as PL<R and for the maximum velocity the percentage L>R with 
respect to R, denoted as PL>R· The light grey area denotes the area were the 
differences between left and right are nat significant (<1 0% for area and <15% for 
velocity) . These significanee boundaries are chosen on basis of the outcome of the 
volunteer study on variation between heart beats. The green area denotes a 
significant ditterenee between left and right: (R-L)/R>10% for the area and (L
R)/R>15% for the velocity. The red area denotes a significant ditterenee in the 
opposite direction. Appendix 5 shows a table with the calculated numbers and the 
same colour indication as the graphs of Figure 5.5. 
In Figure 5.5 we see that 5 out of 8 patients show significant smallervalues for left 
compared to right for the area and significantly largervalues for left compared to right 
for the maximum velocity at the external iliac arteries. Significant differences arealso 
seen at other locations of the patients: 
• 4 out of 9 in bath the camman iliac artery and femoral artery show significant 

smaller area left compared to right. 
• 5 out of 9 in the camman iliac artery and 1 out of 9 in the femoral artery show 

significant larger velocity left compared to right. 
• 3 out of 9 in the camman iliac artery and 1 out of 9 in the femoral artery show 

significant larger area left compared to right. 
• 1 out of 9 in the camman shows significant smaller velocity left compared to right. 
Significant ditterences in bath directions for all three locations are also observed in 
the controls, a total of 12 out of 30 measurements . 
Appendix 6 shows the graphs for the area, flow and maximum velocity in the external 
iliac arteries of the patients. The large differences as seen in Figure 5.5 can also be 
observed in the graphs in Appendix 6. Images of the external iliac artery of patient 8 
were nat available and therefore no results could be calculated. 

5.3.2 Discussion 
Due to the stenosis in the external iliac artery of the patients we expect the velocity to 
be higher in the left leg than in the right leg at the location of the stenosis. For the 
injured artery a decrease in elasticity is expected, which means that the cross 
sectional area and diameter are expected to be higher in the healthy (right) artery, 
especially during systole. 
The results presented in the previous section show the expected result for the iliac 
artery in 5 out of 8 patients: Patient 1, 4, 5, 6 and 7 show significant (>10%) smaller 
area in the external iliac artery and Patient 1, 3, 4, 6 and 7 show significant (>15%) 
velocity in the external iliac arteries. In literature [5] research on the relation between 
area decrease and velocity increase was described on basis of observations with 
Echo-Doppler. For stenosis up to 20% reduction of lumen diameter (~36% reduction 
in lumen cross sectional area) only subtie changes in the velocity could be 
measured. Stenosis occupying 20-49% of the lumen diameter showed a 30-100% 
increase in peak systolic velocity . The decrease in area in the stenosed arteries in 
our study group was less then 36% in all patients as can be seen from Figure 5.5, 
which corresponds toa decrease in lumen diameter less than 20%, in comparison to 
the healthy leg. Still we could measure increase in peak systolic velocity up to 61%. 
Th is suggests that with this methad even slightly stenosed arteries can show 
significant differences in the area and velocity in comparison to healthy vessels. 
However in 3 out of 8 patients with stenosed external iliac arteries no significant 
differences were found in area or velocity. From this it seems that the methad of 
quantitative flow imaging and the analysis as described in this report is nat very 
sensitive. 
In the camman and femoral artery no obvious pattern can be seen . Because the 
stenosis is in the external iliac artery, no significant differences between left and right 
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are expected in these arteries. However 7 out of 9 patients show significant 
ditterences between left and right in the camman iliac artery in bath directions in the 
area (4/9 L<R and 3/9 L>R). Significant ditterences for velocity in the camman are 
observed in 6 out of 9 patients (5/9 L>R and 1/9 L<R). In literature, studies were 
found on the asymmetry and non-planarity of the aorta bifurcation in humans [33], 
which could cause these differences. This asymmetry and non-planarity were 
measured with MR methods and showed large variations of branching and toroidally 
curvatures out of plane of bath iliac arteries, but more camman on the right side. 
The femoral artery does nat show many significant ditterences between left and right. 
For velocity only 1 out of 9 showed a ditterenee larger than 15% (L>R). For the area 
4 out of 9 patients showed significant ditterences between leftand right in the femoral 
artery (3/9 L<R and 1/9 L>R). To our best knowledge no previous research has been 
done on naturally occurring asymmetry in the femoral arteries. No values were 
available to campare our results with. There is a chance that some of the ditterences 
measured in the femoral artery are still an effect of the stenosis in the external iliac 
artery. The images we denote as femoral were made just above the femoral 
bifurcation, close to the external iliac artery. 
For the controls, endurance athletes with no history of vascular problems, no 
significant ditterences between left and right were expected either. Frorn figure 5.5 
however we do see differences. In the camman iliac artery 3 out of 5 controis showed 
significant ditterenee in the area (L>R) and 1 out of 5 contra Is for the velocity (L <R). 
This could be a result of the earlier mentioned asymmetry of the aorta bifurcation in 
humans [33]. In the external iliac artery 3 controls showed significant ditterences in 
the area (2/5 L>R and 1/5 L<R) and 2 controlsin the peak systolic velocity (1/5 L<R 
and 1/5 L>R). Finally in the femoral artery only significant ditterences were found in 
the area, of two controls (1/5 L<R and 1/5 L>R). Forthese ditterences in the external 
iliac artery and the femoral artery no plain explanation can be given. No values from 
literature are available to campare the results to and we have to interpret it as natural 
human asymmetry. Due to this asymmetry our methad of quantitative flow imaging 
and analysis appears to show a low specificity. 
In the diameters and velocity measured with Echo-Doppier (section 1.4) in the 
camman and the external iliac artery (proximal and distal tot the stenosis) of our 
patients similar asymmetry is observed, no clear ditterences between leftand right in 
one direction. This suggests that our measurement methad is accurate, but indeed 
has a low specificity due to natural human asymmetry 
The stenosed arteries was expected to be less elastic, however arterial stiffness 
calculations as performed in the volunteer study were nat possible, since no values 
for t:1P were available. As described in section 1.4 blood pressure measurements 
were done during exercise. From these measurements only the ankie-arm indices 
were available for all patients in our study group. The values of this index was 
significant larger in the right leg than in the left leg for all patients, but from these 
results it is nat allowed to assume a larger pressure in the right leg compared to the 
left leg. 
The reliability of the described methad depends for a great deal on the accurateness 
of the segmentation method. lf the artery of interest is nat detected accurately, toa 
much or toa little information is taken into account and errors are introduced in the 
calculated parameters. In this research user interaction was required during the 
segmentation and for all detected arteries the resulting snake was visually checked. 
Therefore we expect small errors due to the segmentation technique, but the user 
interaction lowers the reproducibility. 
Another limitation of the methad described in this research is the imaging technique. 
The exact location of the imaged slices was nat known, but it was chosen in the 
stenosis, if visible. Images that were nat made exactly in the stenosis can result in 
measurements of unexpected values in area and velocity. Furthermore we image just 
one slice and measure the velocity only perpendicular to that slice. Secondary 
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velocity profiles, which could influence the flow and the impression of the velocity 
profile, cannot be measured. For curved arteries, as they occur in endurance 
athletes, the planning of the slice is difficult. 
In this retrospective study the MMC-classical methad (Section 4.1.2) was used, both 
arteries were measured as perpendicular as possible in one slice and on that 
accounts no error was introduced due to variability between heart beats. On the other 
hand with the MMC-classical an error methad could be introduced due to 
misalignment. From the volunteer study we learned this is nota large error (- 13% in 
area and - 9% in maximum velocity) . 

.. • ~' <;; 

39 



6 Conclusion and recommendations 
The purpose of this study was to investigate whether vascular problems in endurance 
athletes can be detected using MRI and in particular a QF technique. Different 
segmentation techniques were used for vessel detection. Manual detection was not 
suitable for analysing larger groups of patients, because it was very time consuming. Two 
possible alternatives were the threshold method and active shape segmentation, which 
were both developed and tested in this research. Active shape segmentation had a high 
reproducibility and it experienced little difficulties with low contrast images where the 
vessels were hard to distinguish from the background or with images where ether bright 
structures appear close to the vessel of interest. However a small error was always 
introduced in the detected area. The threshold method on the ether hand had much more 
difficulties with low contrast images. lf the vessel was hard to distinguish from the 
background, it disappeared during the erosion step and no vessel was detected at all. 
Other bright structures close to the vessel of interest were detected with the threshold too 
and did not always disappear during erosion, resulting in a detected area much larger than 
the vessel of interest. Weighing these advantages and disadvantages, active shape 
segmentation was chosen as the preterred method for vessel detection in this research. 
Following segmentation the velocity intermation in the arteries of interest was extracted 
and the diameter and cross sectional area of the arteries were calculated. ' 

From a volunteer study we concluded that the error introduced by selecting a slice not 
exactly perpendicular to the arteries, in imaging both arteries at the same time is of the 
samemagnitude as the variability between heart beats, for all investigated parameters. 

The patient group in the retrospective study consisted of endurance athletes all suffering 
trom serieus vascular problems in the left external artery. Due to large inter-human 
variability the best comparison could be made in one patient between the healthy and the 
stenosed extern al iliac artery. Most patients showed a clear ditterenee between the 
stenosed and the healthy artery. Even slightly stenosed arteries showed decreased cross 
sectional area and increased peak systolic velocity, although not all patients with a stenosis 
showed clear ditterences between the left and right leg and the described method 
appeared to have a low sensitivity. 
A large variatien in the evaluated parameters between the left and the right leg in controls 
and at non-affected regions of patients was observed too. This made the quantitative flow 
images and the described analysis technique unsuitable for individual diagnosis, because it 
appears not to be specific. 

Further research is needed to investigate whether new techniques could improve the 
examinations. We advise a further exploration of 30 PCA. Using quantitative flow 
intermation in the whole stenosed part of the artery instead of one slice is likely to give 
more intermation concerning the vascular problem. Another interesting subject for further 
investigation are the coefficients for arterial stiffness. More accurate measurement of the 
local blood pressure is needed for reliable calculation of these coefficients. 
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Appendix 1 Terminology list 

In this list the italic printed words in this report are translated and/or explained in Dutch 

Ad hesion 
Aetiology 
Atherosclerosis 
CFO 

Claudication 

Coccyx 
Compliance 
Distal 
Distensibility 
Groin 
Hermite polynomials 

Hypertrophy 
In vitro 
In vivo 
Lesion 
Laplacian 

Lumbar vertebra 
Non-invasive 
Polygon 

Proximaal 
Psoas musc/e 
Spinat column 
Stenosis 
Systole 
Unilateral 
Ventral 

Verkleving 
De leer der ziekte-oorzaken 
Aderverkalking 
Computational Fluid Dynamics, de tak van wetenschap die zich 
bezighoudt met het kwantitatief voorspellen van (complexe) 
vloeistofstroming 
Afsluiting van arteriën, welke ischemie van de beenspieren 
veroorzaakt 
Stuitbeentje 
Compliantie, rekbaarheid 
Het verst van de oorsprong, in dit geval van het hart 
Distensibiliteit, uitzetting 
Lies 
Hermite polynomen (Hn(x)) is een set van orthogonale polynomen 
over het domein (-oo,oo) . De eerste 5 Hermite polynomen zijn [32]: 

Ho(x)=l } 
HJ(x)=2x 
Hlx)=4x2-2 (A1 .1) 
HJ(x) =8x3 -12x 
H.J(x) = 16x 4 -48x2 + 12 
Sterke ontwikkeling van weefsels of organen (in dit geval spier) 
Buiten het lichaam 
In het lichaam zelf 
Beschadiging 
Laplace operator. De 2D Laplace operatoor in Cartesische 
coördinaten word gegeven door [32]: 

aztjJ aztjJ 
f...t/J =-+- (A1.2) 

8x2 al 
Lende wervel 
Niet inwendig, er hoeven geen instrumenten de huid te passeren 
Een gesloten vlakke figuur, opgebouwd uit verschillende lijn 
segmenten die verbonden zijn. 
Het diehts bij de oorsprong, in dit geval het hart 
Psoas spier, belangrijkste spier bij heupflexie 
Wervelkolom 
Stenose, vernauwing 
Samentrekking van de hartkamers 
Éénzijdig 
Ventraal, aan de buikzijde 
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Appendix 2 Plug flow 

When the bifurcations and curvatures, leading to complex flow profiles, are not taken into 
account a plug flow can be assumed in arteries. The general formula for plug flow is (34]: 

v(r)= v.~(~-(~n 
(A2.1) 

with v the velocity, vmax the maximum velocity, R the radius of the vessel, r the distance form 
the centre of the vessel (r 5{ R) and ka constant that can be calculated by: 

( 
k ) V ---V 

mean - k + 2 max, 

with Vmean the mean velocity over the artery. 

lf we take va lues for Vmax and Vmean as measured in a patient: 
Vmax = 130.5 Cm/S 
Vme01i = 88.0 Cm/S 

We can calculate k by formula A2.2, resulting in: 
k= 4.15 

The plug flow according to formula A2.1 is shown Figure A2.1 

140,---~-~-~-~-~---, 

HIJ 

r 
Figure A2. 1: Expected plug flow in an artery 

(A2.2) 

Figure A2.1 shows that the velocity profile is practically flat within a radius of 2 mm. The 
area corresponding to a radius of 2 mm is: 

a11a1 =7r·r 2 =7r · 22 =I2.6mm 2 

Since the pixels of the images in this research have an area of 1 mm2
, the velocity profile is 

flat within a radius of at least 12 pixels. lf the mean of 1 0 pixels with the highest value is 
taken to calculate the maximum velocity, this is justified. 
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Appendix 3 Calculation methods volunteer study 

Like for the retrospective study also for the volunteer study some recapitulating numbers 
are needed. We are interested in the variatien between heart beats and the ditterenee 
between the slice selection exactly perpendicular to one artery or as perpendicular as 
possible to both arteries. 

A3.1 Variation between heart beats 
The variatien in the parameters between heart beats is calculated from the three equally 
acquired image series. These series all have the same length and the comparison can be 
made image by image. The methad is the same for all three parameters of interest; area, 
flow and maximum velocity, the general procedure will be described here. We can define 
the three series of one parameter for left and right by: 
Measurements left: a1 = (a 11, a12, ... , a1n), a2 = (a:;1, a22, ... , a211) and a3 = (aJ,, an ... , a3n) 
Measurements right: b, = (b1 ~, b12, ... , bln), h2 = (b21 , b22, ... , b2n) and h1 = (b31, b3z, ... , b3n) 
For each image we can calculate the mean and standard deviation of the three series 
according to: 
Mean: 

Standard deviation: 

- a, +a1 +a3. 
a . _ I I I 
I-

(J = a, 

3 
(A3.1) 

(A3.2) 

This standard deviation gives an absolute deviation of the mean. In terms of percentage it 
becomes: 

CJ: = ((Ja) aJ 100% (A3.3) 

The mean of these standard deviations is a measure for the variability between heart beats 
and is calculated according to: 

%_1~ %. (Ja -- L.,(Ja 
I n /:I I 

(A3.4) 

A3.2 Effect of misalignment 
lf the exact perpendicular series had the same number of images as the three equally 
acquired series the calculation of the effect of misalignment could be done by the methad 
described in the previous section. However the number of images in the exact 
perpendicular series is of the volunteers mostly smaller. Therefore the bestoption is to take 
in both series the three images where the flow is highest, systole, and campare these. 
lf we take the measurements for flow of one leg we can define the following notation: 
Mean of the measurements of the three series: a= (ä 1, ih .. . , än) 
Measurements perpendicular: b= (b 1, b1, ... , bn) 
From these series we take the 3 highest values and create new series: 
3 highest va lues of a: amax=( ä mi. ä ml. ä m3) 
3 highest values of b: hmax=(bm!. bml. bm3) 
The ditterenee series is then defined as: v=hmux-amax=( bmr ä mi. bmr ä ml· bmr ä m3) 
Since we are interested in ditterences in terms of percentage, we have to dfine a ditterenee 
series according to: 

% =(2 3._ 21_]·100°/ V -,-,- ;ro 
ai al aJ 

(A3.5) 

lf we calculate the mean of this series we will have a number for the error due to 
misalignment in terms of a percentage. The same can be done for the velocity and area, 
taking the same three images with maximum flow. 
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Appendix 4 Calculation methods retrospective study 

To be able to draw conclusions from the measurement results of the retrospective study, 
some recapitulating numbers are needed, in this case a number for the difference between 
left and right. This difference can be expressed as a percentage by which the parameter on 
one side is larger than the parameter on the other side. Since the largest ditterences can 
be seen during systole we will calculate the difference in the three pictures in the heart 
phase were the flow is largest. 

A4.1 Peak flow 
lf we take the measurements of one series we can define the following notation: 
Measurements left: a= (a1, a2, .. . , an) 
Measurements right: b= (bi. b2, ... , bn) 
From these series we take the 3 highest values and create new series: 
3 highest values left: Omax=(a",J, a",2, a",3) 
3 highest values right: bmax=(b",1, b",2, b",3) 
The mean of these series can be calculated according to: 

- a",t+a",2+a",J 
Umax = 

3 

and: 

-b - b",l +h",2 +h",3 max-
3 

(A3.1) 

(A3.2) 

Since the flow shows a lot of variatien during the systole and is relatively constant during 
the remaining time of a heart beat (Figure 4.13 d), the systole is the interesting part to 
campare left and right. For the peak systolic flow the difference between left and right is 
expressed in a percentage by which left is smaller than right (PL<R) : 

p =(bmax _;max]·lûûo/o (A3.3) 
L<R b max 

A4.2 Cross sectionat area 
For the cross sectional areawedefine the measurement series as in the previous section. 
From these series we take the values at the location were flow was largest. On these 
values Formulas A3.1 - A3.3 are applied again, resulting in a percentage by which the 
peak systolic area on the left is smaller than on the right. 

A3.3 Peak systolic velocity 
Like the flow and the area, the interesting part of the maximum velocity to compare left and 
right is during the systole. The definitions of the series and calculations of the mean are 
similar to the one for peak flow and area (Formulas A3.1 and A3.2). The difference is that 
we expect the velocity to be larger in the left (injured) artery. For this reason the difference 
between left and right is expressed as a percentage by which left is larger than right (PL>R) 
and equation A3.3 becomes: 

P,,, ~(•~b:- }100% (A3.5) 
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A4.4 Variation during diastole 

Another interesting number is the variation of cross sectional area during diastole. We 
expect not much change since velocity and flow are low during the last stage of the heart 
phase (the diastole). 
The series of measurement are defined again as in section A3.1: 
Measurements left: a= (a 1, a1, .. . , a") 
Measurements right: b= (b1, b2, .. . , bn) 
Now we define new series of the measurements during diastole: 
Diastole measurements left: adias=(a;, a;+J, , an) 
Diastole measurements right: bdias=(b;, b;+J, , bn) 
The value i is calculated by: i=[n/4], with the square brackets denoting the nearest integer 
value. Again we can calculate the mean and varianee by: 
Mean: 

Standard deviation : 

Likewise for series bdias 

- 1 n 

adias =--.I ai 
n-z J=i 

1 n - 2 

er = "(a . -ad. ) adi~ n - i - 1 7::: J ws 
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Appendix 5 Table of results of the retrospective study 

c=J =Nat significant ditterenee (< 10% for area and flow, <15% for velocity) 

c=J =Significant ditterenee ((L <R)>1 0% for area and flow, (L>R)>15% for velocity) 

=Significant ditterenee in eppesite direction ({L>R)>10% for area and flow, 
(L<R)>15% for velocity) 
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Appendix 6 Graphs of external iliac artery in patients 
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