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Abstract

Straight-forward quantifi cation of variations of fl ow patterns within 

aneurysms fails to accurately describe fl ow patterns of interest. We applied a 

multi-scale decomposition of the fl ow in well-defi ned patterns to detect and 

quantify fl ow patterns in an aneurysm phantom that was studied with three 

different modalities: PC-MRI, CFD, and PIV. The method intuitively visual-

izes main patterns such as locally uniform fl ow, in- and outfl ow, and vortices. 

It is shown that this method is a valuable tool to quantitatively compare 

scale-dependent complex fl ow patterns in aneurysms.
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3.1 Introduction

  Intracranial aneurysms are found in approximately 5 per-

cent of the population. Because the mortality rate after rupture is high [1], 

patients are monitored with extreme caution. The decision to treat is based 

upon careful consideration of risk of rupture since treatment is associated 

with a small but signifi cant chance of morbidity and mortality. Blood fl ow 

patterns within aneurysms are believed to be associated with the growth and 

risk of rupture. 

Currently, there are two approaches to assess the fl ow within an intra-

cranial aneurysm: phase-contrast MRI (PC-MRI) and Computational Fluid 

Dynamics (CFD) simulations [2-5].

Despite the increasing quality of fl ow measurements using PC-MRI, 

measuring fl ow patterns in intracranial aneurysms is still challenging [4-5]. 

On the other hand, errors in the used geometrical model of the aneurysm [2] 

or simplifi cations such as Newtonian fl uid behavior may generate errors in 

the computed CFD fl ow [4].

The accuracy of CFD and PC-MRI fl ow measurement and calculations 

remains uncertain. At low resolutions some promising results have been 

presented [4-6]. However, hemodynamic fl ow patterns are present at a broad 

range of spatial and temporal scales. 

The quantifi cation of differences in fl ow patterns is not straight-forward: 

differences in magnitude and direction of the fl ow fi elds only represent vari-

ations in the locally uniform, or laminar, fl ow and do not intuitively describe 

variations of typical fl ow patterns such as vortices. Furthermore, differences 

in magnitude and direction give no information on the scale of the fl ow 

patterns. 

We present a multi-scale description of locally uniform and singular fl ow 

patterns for visualization and quantitative comparison of fl ow patterns in 

an intracranial aneurysm phantom using PC-MRI, CFD, and particle image 

velocimetry (PIV) measurements. The description of local fl ow as presented 

here, allows quantifi cation of fl ow patterns by location and scale.
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3.2 Materials and Methods

3.2.1 Phantom

    Based upon a 3D Rotational Angiogram, a volume image data 

of an intracranial aneurysm located in the anterior communicating artery, a 

glass reproduction was manually created (fi gure 3.1). The luminal diameter 

of the in- and outfl ow arteries was 2.1 mm. The maximal dimensions of the 

dome were approximately 6, 4 and 9 mm in the x, y, and z direction respec-

tively.  The phantom was connected to a fl ow loop. 

3.2.2 Imaging 

    PC-MRI data were obtained using a four point method on a 3T 

MR scanner (Philips Medical Systems, Best, the Netherlands). A solenoid 

rat coil (Philips Hamburg, Germany) with a diameter of 7 cm was used. Addi-

tional scanner specifi c settings were previously reported in [7] and Chapter 

2. The measurement was performed within 15 minutes. A 3x3x3 median fi lter 

was applied to reduce noise. Spatial resolution was 0.2 x 0.33 x 0.2 mm3. 

Additionally, PIV [8] was performed to measure the velocity. For these 

measurements, the phantom was fi xed in a transparent plastic box and 

submerged in a fl uid with the same refraction index as the glass of the model. 

Full details of the implementation are presented in [9]. The spatial resolu-

tion was 0.33 x 0.33 x 0.21 mm3. The PIV measurements only assessed the 

in-plane velocity components. 

The CFD simulations (Fluent 6.3, ANSYS, Canonsburg, USA) were 

performed on a model based upon 0.16 x 0.16 x 0.16 mm3 3D Rotational 

Angiogram. This image was segmented with a level set algorithm [10]. The 

mesh consisted of 742.316 tetrahedral cells with an average node spacing of 

0.14 mm. The 3D velocity profi le of the infl ow as measured in the PC-MRI 

measurements was applied as boundary condition. After computation, the 

CFD data was interpolated to an isotropic 0.1 mm grid.

The three data sets were registered using a rigid transformation allowing 

a voxel-wise comparison. After registration of the PC-MRI images, all the 

data were interpolated on an isotropic 0.1 mm3 grid. 

Because 2D fl ow characterization is much better described in the lit-

erature, we focus here on analyzing in-plane fl ow, which is defi ned as fl ow 

within a single slice. Also, the dynamic aspect of the fl ow patterns is in this 

study not taken into consideration and we analyse a steady fl ow.
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3.2.3 Scale space 

  Scale-space techniques originate in the context of image pro-

cessing in the fi eld of computer vision. Its potential for fl ow visualization has 

been explored only on a limited scale. Here, we follow the method developed 

by [11] and [12] to describe fl ow fi elds locally with scale-dependent basis 

functions. The local 2D vector-fl ow fi eld F(z=z
0
+Δz) in the neighborhood of 

z
0
=(x+iy) with i=√(-1) and at scale σ is represented as a linear combination 

of complex basis functions:
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where the notation Δz is used to denote that the fl ow is described in 

the neighborhood of z
0
. The local support size is controlled by a zero-mean 

Gaussian function G(z,σ) with standard deviation σ forming scale dependent 

orthogonal basis functions:
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Without loss of generality we omit the underscore in z
0
 in the following. 

The projection coeffi cients A
(k,l)

 (z,σ)  are calculated with a cross-correlation 

of the global fl ow fi eld F(z) and the basis functions ( , )z,k lz v :

( , ) ( ) ( , )A z F z z, ,k l k l,v z v=       (3.3)

with ,  the cross-correlation operator.

Figure 3.1 (a) Phantom of an intracranial 

aneurysm. (b) The in-plane flow field as 

simulated with CFD in a single slice through the 

phantom. (c) The same flow field as measured 

with PC-MRI.
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3.2.4 Feature extraction

     Locally uniform fl ow, which is associated with 

non-singular fl ow, sometimes called laminar fl ow [13], is represented with 

the two coeffi cients A
0,1

 and  A
0,2

. Singular points in vector fi elds are locations 

where the fl ow fi eld vanishes, i.e. F(z)=0, which implies that A
0,1 
= A

0,2 
= 0. 

The local fl ow fi eld at a singular point can be approximated with the basis 

functions with k larger than 0, which is therefore referred to as the singular 

base. The singular energy is defi ned as the contribution of the fl ow as given 

by the singular base as the squared sum of the singular projection coeffi -

cients:
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Previously, this expression has been applied to search for local maxima 

in scale and location of the singular energy in fl ow patterns of meteorological 

data [11]. We propose three additions to this approach to enable the accurate 

description of fl ow patterns in a cerebral aneurysm.

First, because there is a large range of fl ow magnitudes, a straight-for-

ward implementation of this approach may obscure important low magni-

tude, singular fl ow patterns such as vortices: large velocity gradients have 

a non-zero energy projection on the singular base and may dominate the 

singular coeffi cients. This effect has already previously been described [14] 

in which a line integral convolution method to qualitatively and visually en-

hance fl ow features with low magnitudes is presented. We normalize the fl ow 

by its scale-dependent locally uniform fl ow in the calculations:
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with k>0. 

Second, because the fl ow is only present in a restricted part of the image, 

the velocity magnitude is zero in the larger part of the image. Therefore, 

straight-forward implementation of this approach results in leaking of 

energy outside the phantom. Consequently, the magnitude of the coeffi cients 

( , )A z,k l vt  within the phantom decreases with increasing scale, which hinders 

the selection of an optimal scale. We here propose an alternative optimal 

scale selection in which the convolution is only performed within the aneu-
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rysm, in practice this is achieved by normalizing the base of its contribution 

within the aneurysm:

( , ) ( , ) ( , )z z z dz, , ,k i k i k i

2

mask

$z v z v z v=
X

#      (3.6)

where Ω
mask

  is the mask of the aneurysm and is defi ned by the non-zero 

fl ow pixels. 

Finally, we choose to detect local maxima of each ( , )A z,k l
2 vt  rather than 

the summed singular energy to focus on the specifi c fl ow patterns. The sin-

gular pattern scales are selected as extremes of the coeffi cients both in scale 

and spatial position using the SIFT descriptor [15], which includes downs-

ampling of the data for larger scales. 

3.3 Results

    In fi gure 3.2 the coeffi cient representation of fi rst four basis func-

tions at σ=0.2 mm is shown. The A
0,1

 coeffi cients represent the fl ow in the 

x-direction and show that at this scale the fl ow on the left half in the aneu-

rysm is mainly directed to the left, and in the right half is to the right with a 

small area with the opposite direction. The A
0,2

 coeffi cients represent the fl ow 

in the y-direction and shows that fl ow is mainly directed in the positive y-di-

rection. The A ,1 1
t  coeffi cients represent sources and sinks in which the fl ow 

is directed into or out of the plane. Figure 3.2c shows that the main infl ow 

is at the base of the phantom. Finally, the A ,1 2
t  coeffi cients represent vortices 

where the sign describes the angular direction. There is a large vortex in the 

clockwise direction just before the right artery and a smaller more proximal 

vortex with a counterclockwise direction. We suggest comparing this fi gure 

with the original basis functions [12] to enhance interpretation.

Figure 3.3 illustrates the scale dependency of the singular energy. This 

fi gure shows that on a small scale the infl ow at the base of the phantom and 

the larger vortex dominate the singular fl ow (fi gure 3.3a), whereas at a larger 

scale the rotation of the fl ow corresponding with the fl ow into the right distal 

artery dominates the singular energy (fi gure 3.3c).
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We detected a number of typical fl ow pattern features in the PC-MRI 

and CFD data, which are depicted in fi gure 3.4 for the CFD data. Table 3.1 

shows a number of characteristics of these features for both modalities. The 

strongest vortex is found in both data sets close to each other. The scale of 

this vortex is in the CFD data slightly smaller and its magnitude weaker. 

The second vortex, with a smaller scale and magnitude, is detected more 

proximal to the aneurysm base, which scale is determined as 0.36 and 0.30 

mm for CFD and PC-MRI respectively. The distance between the centers of 

this vortex is larger than the previous one. However, the scale and strength 

Figure 3.2 Cross-correlation of the CFD flow field 

of figure 3.1 and the first four basis functions �
k,i
 with 

�
=0.2 mm. A

0,1
 describes flow in the 

x-direction, A
0,2

 flow in the y-direction, Â
1,1
 

sources and sinks, and Â
1,2
 indicates vortices.

Figure 3.3 Scale dependency of the singular 

energy at 
�

=0.1mm (left), 0.65mm (middle), and 

1.3mm (right).
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are rather similar. The infl ow at the base is also described by a singular fl ow 

pattern. Here, the PC-MRI data suggest a slightly smaller scale than in the 

CFD computation. The position and magnitude are rather similar for both 

modalities.

Vortex 1 Vortex 2 Source

CFD Position (mm) 9.2, 14.2 10.6, 12.2 11.3, 10.7

Scale (mm) 0.62 0.36 0.27

Magnitude 1.4 0.52 1.4

MRI Position (mm) 9.2, 14.0 10.5, 13.1 11.6, 10.7

Scale 0.76 0.30 0.21

Magnitude 1.8 0.47 1.4

It was previously reported that the PIV measurements deviated some-

what from the PC-MRI measurements due to different viscosity of the fl uid 

and a skewed infl ow jet as a result of spatial restrains and slightly modifi ed 

angles of inlet and outlet ports in PIV [7] and Chapter 2. Despite the differ-

ences, similar patterns were observed [7] and Chapter 2. Figure 3.5 shows 

the analysis of a registered slice of the PIV and PC-MRI measurements. 

Figure 3.5a and b show a different pattern of the vortex fl ow pattern, where 

Figure 3.4 Singular flow fields; S: source at 

the base of the phantom; V1 large clockwise 

vortex; V2: smaller counterclockwise vortex. The 

color scale represents the singular energy at �
=0.3mm.

Table 3.1 Detected flow features
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the PIV measurement (fi gure 3.5a) shows an isolated maximum of the vortex 

coeffi cient, which is not found in PC-MRI (fi gure 3.5b). However, in a next 

slice of the PC-MRI data, a similar vortex pattern is observed (fi gure 3.5c) 

with a similar scale and strength.

3.4 Discussion

     We have presented a multi-scale fl ow feature extraction 

method to visualize and quantify fl ow patterns in an intracranial aneurysm 

phantom. In this approach, the aneurysm fl ow is locally represented as a 

linear combination of locally uniform background fl ow and singular fl ow 

contributions. Differences in locally uniform fl ow are accurately described by 

its difference in magnitude and direction. We have shown that the singular 

contribution of the fl ow can effi ciently be described with scale-dependent 

fl ow patterns. The extracted features are highly distinctive, allowing feature 

matching for fl ow fi eld comparison.

The scaling of the coeffi cients as we suggested here results in a visually 

improved representation of the singular fl ow contributions. To be able to 

select a scale for the singular fl ow patterns in this bounded fl ow area, we 

needed to exclude the region outside the phantom in the calculations. 

In contrast to previous studies, the dominant scales of the vortices can-

not be considered large as compared to the geometric structure [15-16]. 

The results show that there is a good correspondence between the 

PC-MRI and CFD measurements. Some subtle differences, such as scale 

and magnitude of the two vortices were found. Differences and similarities 

between fl ow patterns measured with PC-MRI and PIV, as described in [7] 

and Chapter 2 could also be detected with the presented method. 

Flow in an aneurysm is 3D, however, the analysis is restricted to 2D in 

the x-y plane and neglects the vertical fl ow component, perpendicular to the 

plane of consideration. The vertical fl ow is expected to have an important 

Figure 3.5 (a) Â
1,2
 coefficients in a PIV slice 

clearly indicating a vortex on the right. (b) in the 

corresponding, registered, MRI slice this pattern 

is not obvious. (c) Vortex feature detected in a 

slice above the slices of (a) and (b).
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contribution to the fl ow patterns. However, even the simplifi ed 2D approach 

is a valuable tool to effi ciently study fl ow patterns on multiple scales. The 

results presented here advocate that this approach should be extended to a 

3D description.  A simple extension could be to analyze the fl ow patterns in 

e.g. coronal or sagittal planes. However, we believe that a full 3D extension 

of the theory as presented here should be investigated. The results presented 

here are applied to steady fl ow. This approach is well suited to be applied to 

pulsatile fl ow measurements, which is planned for the near future.

3.5 Conclusion

     We applied a multi-scale evaluation of complex fl ow within 

a phantom of an intracranial aneurysm. The proposed method facilitates a 

scale-dependent comparison of singular fl ow patterns. We have shown that 

singular patterns are scale-consistent for multiple imaging modalities and 

occur at small scales compared to the structure.
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