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ABSTRACT — Data from Magnetic Resonance Angiography car-
ries information about the structure of blood vessels in the human
brain. Thanks to proper segmentation methods, this information
can be used in diagnosis. However, the correct assessment of these
algorithms is troublesome. We have proposed a new concept of val-
idating segmentation results. The idea is to create an MRA Simu-
lator. The output images can then be compared with the pattern,
which would not be possible using real data. This paper explains
how various physical phenomena were modeled to simulate blood
flow. The proper assortment of these parameters will be used to
obtain images similar to those that come from the Time of Flight
method.

KEyworDps — Magnetic Resonance Imaging, image segmentation,
blood vessel network, blood flow modeling

I.  INTRODUCTION

Magnetic Resonance Imaging (MRI) is one of radiology
techniques used to visualize the internal structure of the
human body [1]. Modern MRI scanners can receive high
resolution 3D images with good contrast between different
tissues. In comparison to traditional X-rays or Computer
Tomography, MRI is noninvasive because it does not use
ionizing radiation. Another advantage is the number of
different sequences. Using angiographic techniques such as
Time of Flight [2] and Susceptibility Weighted Imaging [3]
methods combined together, results in a full map of veins and
arteries [4]. Such a map carries important information about a
patient’s health and can be used in diagnosis and planning
surgical operations.

Anomalies, such as clots at latter stage of diseases or
neoplasmic diseases, are clearly visible and can be detected by
radiologists without difficulty. But is it possible to spot
narrowings in small vessels and clots in early stages of
diseases? Because of the high complexity of the vessel
networks there is a significant risk of omitting those areas.

In these situations image segmentation and visualization
methods can be useful [5][6]. Separating vessels from other
tissues allows to show arteries and veins as a 3D model (Fig.
1). Data in this form is much easier to be analyzed than 2D
cross-sections [7]. Additionally segmentation allows to

automatically search for risk regions based on vessel diameter.
As shown above, benefits of segmentation are significant.

Figure 1. Results of brain vessels segmentation and visualization.

II.  VALIDATION METHODS

Every image processing method, before used in a hospital,
must be validated first [8][9]. It is necessary to give medical
doctors a reliable tool to make correct diagnoses. How many
vessels were detected? Were diameters and shapes
reconstructed correctly? Were artifacts resulting from the
imaging acquisition technique minimized? In order to validate
the segmentation algorithm it is necessary to answer these
questions.

Usually results are compared with the pattern. This time
the pattern is the brain vessel network. It is not possible to
properly measure such a complex structure inside a human
skull. In this case, the validation process is different.

The easiest method of validation is based on a medical
knowledge and subjective assessment made by doctors [10].
However, gathered information cannot be used as a reliable
pattern due to uncertainty and poor reproducibility.

Second group of validation is based on physical phantoms.
These artificial structures are mainly used to calibrate MRI
scanners, but can also be used to test results of segmentation
methods. This time, the pattern is familiar and comparison can
be made. This method of validation is much more accurate,
but has its drawbacks. Physical phantoms are expensive and,
so far, there is no structure similar to the real blood network.
This is a result of complicated topology and small vessel
diameters.
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The third group consists of digital phantoms [11].
Similarly to physical structures they are a familiar pattern. A
complex geometrical shape is much easier to create using
computer 3D graphics. What is more, they are much faster and
cheaper to create. They can be duplicated with different
parameters and can be used to create large set of test objects.
The only disadvantage is that it is not possible to use these
phantoms in a real MRI scanner.

To solve this problem, and make digital phantoms usable,
we must create an MRI simulator. Using this program we
should be able to obtain images similar to this from a real
scanner (with noise and distortion caused by imaging
sequence). A properly implemented simulator working on
digital phantoms will create an effective and objective
criterion of validation for image segmentation methods.

III. MRI SIMULATOR

Simulating the physical phenomena of an MRI scanner is a
complex problem. Only a few attempts to this issue can be
found in the literature [12][13][14][15], but they work only for
invariable objects. In case of angiographic imaging, these
methods cannot be used because sequences such as Time of
Flight (ToF) and Susceptibility Weighted Imaging (SWI) are
based on blood flow in arteries and veins. In ToF, image
contrast is acquired by unsaturated molecules of blood which
flows through acquisition volume in a given time moment.
SWI depends on blood oxygenation and uses amplitude and
phase gradient echo, with compensated blood flow effect.

As it was shown above, in order to simulate MRA
sequences, there is a need to determinate fluid flow parameters
in an artificial blood vessel network.

IV. MODEL SETUP:

Appropriate simulation of blood flow is a crucial issue for
the whole project. Only the right model and its positive results
will provide the possibility of using MRI simulator as a
reliable validation tool. To determine the flow parameters we
use COMSOL Multiphysics environment [16]. Results will be
validated using real phantoms. After the comparing process,
parameters will be ready to implement in the system.

A. Geometry

As mentioned earlier, model geometry should be identical
to the physical phantom in order to perform validation. This
phantom should have a familiar geometry accuracy and fluid
flow must be possible in it. From among several models, we
chose the Flow Phantom Set (Fig. 2) produced by Shelley
Medical Imaging Technologies [17]. This Model is compatible
with the high class CompuFlow 1000 MR pump [18].

This Phantom Set consists of 4 straight and 1 U-bend
tubes. Diameters are between 5-8 millimeters. There is no
fluid leek through the walls and no deformation caused by
flow. This simplification makes the model easier to
implement.
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The 3D model of a simple cylinder can be constructed with
COMSOL drawing Tools. To create more complex shapes
including sinusoidal stenosis and bifurcations it is necessary to
create geometry in the outside program. Models in this article
were constructed using the Visualization Toolkit for C++ [19].
We also tested geometry created in Google Scatchup [20]. In
each case, models were interpreted correctly by COMSOL.

Figure 2. Phisical phantoms made of sylicon [17[. Left: Stright cylinders
with stenosis. Right: U-bend tube.

B.  Fluid

After creating geometry, vessels must be filled with blood.
Two main parameters describing this liquid are viscosity and
density. Based on literature these values were set to 1060
Kg/m® (density) and 0.005 Ns/m® (dynamic viscosity) [21].
These two parameters are sufficient to model the flow.

Blood transport in vessels is generally modeled using
laminar flow equations [22]. This model assumes that fluid
flows in parallel layers. Each layer has its own speed and
slides past one another so there is no lateral mixing. For
simulating blood flow in a pipe with ideal circular cross-
section, this model is sufficient. Blood flows in one direction.
Velocity is greatest in the middle of the cylinder. The value
decreases as we approach the vessel wall.

Real vessels are not ideal tubes. Diameter is not a constant
value. It can change gradually or rapidly in stenosis.
Bifurcations are another obstacle for laminar flow; when one
cylinder is divided into 2 smaller ones with different
directions. In those type of situations fluid is no longer
flowing in layers and turbulence appears. However, the vast
majority of attempts of blood flow simulations in vessels relay
on a laminar model. The main reason for this is the complexity
of turbulent flow phenomenon. In this paper we modeled flow
in vessel bifurcation using the laminar and turbulent model.
Our goal is to compare these two results and decide if the idea
of simplifying calculations is justifiable.

COMSOL Multiphysics gives possibility to simulate both
types of flow. Laminar flow is generated by solving
incompressible Navier-Stokes equations [23]. To simulate
turbulences one of three Reynolds-averaged Navier-Stokes
(RANS) model can be used [24].

A very interesting package was added to COMSOL since
the 4.2a version. The name of this module is Particle Tracing
[25]. Its main feature is an estimation trajectory of a chosen
molecular. We have been looking forward to it since it was
announced. The reason to this was the fact that information
about direction and speed of blood particles is necessary to



FRIDAY, SEPTEM\BER 28

= SESSION 5: IMAGE PROCESSING AND BIOMEDICAL APPLICATIONS

simulate such sequences as ToF or SWI. Now the version 4.2a
has been released, it can be tested and validated.

V. RESULTS

To test the described modules, we used 3 types of digital
phantoms (Fig. 3). Straight cylinder, tube with stenosis and
simple bifurcation model. First two were created in the
likeness of the synthetic model. After positive test results, both
phantoms can be compared. The third model is a brunch which
divides into two smaller tubes according to the rule of
bifurcation.

Figure 3. Three digital models. From left: Stright tube, tube with stenosis,

bifurcation. Arrows indicate the direction of blood flow.

A. Straight tube

Straight tube is a perfect model to simulate Laminar flow.
The geometrical shape of all orthogonal cross-sections is an
ideal circle. The diameter is set to 8 mm and the length of a
tube is equal to 100mm. Fluid flow is forced by setting
pressure difference between input and output boundaries.
There is no slip allowed through phantom walls. This
assessment was made for three reasons:

e In vessels with 8mm diameter blood transfer through
the wall is negligible.

e  Synthetic phantom has no slip.

e It simplifies calculations.
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Figure 4. Preasure distribution in straight tube. Preasure range is 11.208-
11.148 Pa

The results of simulation can be visible on Figure 4 and 5.
According to the theory of laminar flow, highest velocity is

obtained in the center of the tube (bright color). Moving
towards the wall this value decreases.

0 ||

vo

Figure 5. Velocity magnitude in straight tube. Value range is 0.0-0.37 m/s

Based on the laminar flow solution, particle tracing was
performed. The Number of molecules was set to 128. All of
them were defined by density and diameter. At the beginning,
all particles are located at input boundary. With time, each
element moves towards the exit (Fig. 7, top 3 pictures). All
trajectories are straight lines parallel to the main axis of the
vessel. The fastest particles reach its goal in less than one
second; ones next to the wall are over five times slower.
Results from this study are relevant to values obtained in
laminar flow simulation. What is very important, besides
getting visually attractive animations, the user is able to save
3d coordinates of all particles in chosen time steps as a
spreadsheet file. There is also a possibility to analyze and
process this data using output programs.

411208
|{11200
11190
11180
11170
11160

11150

11140 |
11130

11120
*11117

Figure 6. Tube with stenosis. Left: Preasure distribution (range is 11.208-
11.148 Pa). Right: Velocity magnitude 0.0-0.43 m/s

B.  Straight tube with stenosis

Another phantom created based on the synthetic model is
similar 8mm diameter tube but with 50% sinusoidal stenosis
by diameter. Parameters of the flow are the same as at the first
test. Due to this narrowing, pressure distribution is not so
linear as in the first test (Fig. 6). This time, pressure force
applied on the particle before reaching stenosis is almost
constant and it equals the input parameter. The pressure
changes rapidly and reaches output value. In these conditions,
velocity values are also different. For the first straight tube the
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fastest particles have constant speed over 0.35 m/s. They reach
the goal in less than 0.1 s. For cylinder with sinusoidal
narrowing, the velocity value changes between the input and
the output. Through the first half of the tube particles in the
middle will not reach 0.20 m/s. In the region of a stenosis they
double their speed for a while to slow down once again. Time
of the flow is almost twice as long. After the narrowing, the
density of particles is higher because they do not return to
their previous positions (Fig. 7).

Figure 7. Particle tracing for two phanthoms with the same length and

diameter.

C. Bifurcation model

The third phantom consists of 3 tubes: the one with the
largest diameter is called the ancestor branch, the other two —
descendent branches with smaller radius based on bifurcation
rule. The center point of a base is common for all tubes. the
deviation angle for both descendent branches is identical. In
this way a simple bifurcation model was created with one
input and two outputs. For this object two types of flow were
implemented.

Figure 8. Preasure distribution in bifurcation model. Left: Laminar flow
(range 11.208-11.148 Pa). Right: Turbulent flow (range 11.239-11.111 Pa).

For laminar flow, pressure distribution is linear (Fig. 8, left

picture), similarly to the first phantom. the Velocity magnitude
values are also consistent with the theory. In the ancestor
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branch, the direction of the velocity field is in line with the y
axis. After ramification, this direction consists of two
component vectors(x and y). These components have the same
absolute values for both descendent brunches (Fig. 9, left
picture).

Pressure and velocity values for turbulent flow are
different from those obtained using the laminar model.
Pressure distribution changes rapidly in the center of
bifurcation. Velocity values are no longer dependant on the
distance from the center of a container. In the descendent
branches, blood flows according to the law of inertia, along
centre walls.

For the both models particle tracking analysis was
performed (Fig. 10). Trajectories from laminar flow in the
ancestor branch are similar to that in straight tubes but due to
different pressure at the end they move slightly towards the
central axis. After bifurcation, particles travels in both tubes in
the middle of the vessel. This flow is no longer laminar;
velocity direction is different for every particle.

Trajectories obtained from the turbulent model of flow can
be seen at figure 10. At first, all molecules have the same
speed and direction. After dividing them into two groups
particles move in a disorderly way.

Figure 9. Velocity magnitude in bifurcation model. Left: Laminar flow
(range 0.0-0.32 m/s). Right: Turbulent flow (range 0.0-0.44 m/s).

VI. PROBLEMS

Results are satisfactory and the obtained data is useful,
however, there are a few problems. In our case we want to
trace all particles from the beginning to the end with short
timeframes (39 us). For phantoms with 10 cm length or more,
it takes almost 5 seconds for all molecules to reach output. If
we divide that value by timeframes, we obtain over 25.000.
Each moment consists of X,y,z coordinates for all 128
particles. In result, huge amount of data is generated which is
difficult to compute even by modern computers. Also the
COMSOL interface was not created to handle big datasets and
widgets simply stop working. The only way to deal with this
situation is to divide created study into few smaller ones and
connect them outside the COMSOL.

There is also a problem with the trajectory of particles near
vessel walls. If a single molecule travels close enough to the
edge of a cylinder, its velocity is inherited from the boundary
wall. This value is 0, so the examined particle stops at one
point. It happened only when input geometry was read from
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the output file and cylinder orientation wasn't set along the
main axis. The reason lies in limited mapping accuracy for
rounded objects.

The Final problem is associated with the interpretation of
results. Values obtained in the descendent branches in
bifurcation model raise our concerns. There is a need to
simulate these phenomena using other tools and compare
results.

Figure 10. Particle tracing based on Laminar (left) and Turbulent model
(right).

VII. CONCLUSION:

The goal of this paper was to carry out a simulation of
blood flow in selected tubular objects. This task was
successfully completed. Two types of flow were tested in
different digital models. Expected values were obtained.
Based on these simulations particle tracing was performed. 3D
coordinates in time for each molecule was gathered. These
values will be used in an MRI simulator to produce images
similar to ToF. Due to the fact that Particle Tracing is a new
module, several limitations and errors were found during the
project. We proposed a way to deal with them.
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