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Abstract 

Background and Purpose

     CFD has been proven valuable for assessing blood fl ow 

in intracranial aneurysms, which may add to better rupture risk assessment. 

However, this technique suffers from several drawbacks such as long com-

putation times, which may hinder its clinical implementation. 3D PC-MRI is 

an alternative technique that enables fast measurements of blood fl ow. The 

purpose of this study was to compare fl ow patterns based on 3D PC-MRI 

with CFD estimates. 

Methods

Eight intracranial aneurysms were studied. 3D PC-MRI data was 

acquired at 3T with 0.8 mm isotropic resolution for 10 cardiac phases. Pa-

tient-specifi c infl ow boundaries for CFD were measured with a separate 2D 

PC-MRI sequence at high temporal and spatial resolution. 3D PC-MRI and 

CFD were quantitatively compared by calculation of differences between ve-

locity vector magnitudes and angles. Differences in fl ow patterns expressed 

chapter 4
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as the presence and strengths of vortices were determined by calculation of 

singular fl ow energy.

Results

In peak systole, fl ow features such as vortex patterns were similar. In 

end diastole, 3D PC-MRI measurements appeared inconsistent due to low 

velocity-to-noise ratios. The average relative difference in velocity magnitude 

was 73.6±56.7% in systole and 35.6±26.2% in diastole. For singular energy 

this was reduced to 21.9±16.3% and 21.2±19.7%, indicating better agreement 

between 3D PC-MRI and CFD when fl ow patterns are considered instead of 

velocity magnitude. 

Conclusion

  In systole, a good agreement between 3D PC-MRI and CFD on fl ow 

pattern visualization and singular energy calculation was found. However, in 

diastole fl ow patterns of 3D PC-MRI differed from those obtained from CFD 

due to low velocity-noise ratios.
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4.1 Introduction

  Despite a decrease of case fatality of subarachnoid haem-

orrhage as a result of intracranial aneurysm rupture in recent years [1], this 

devastating event is lethal in one-third [2] to fi fty percent [3] of the patients. 

Moreover, one-third of the surviving patients are disabled and need recovery 

treatment [2]. Treatment of incidentally found unruptured aneurysms con-

sist of endovascular coiling or surgical clipping, with procedure-related mor-

bidity and mortality rates slightly in favor of the former [4]. Since the risks 

of treatment potentially outweigh the risk of rupture [5], treatment decision 

should be based on as much available information on the individual aneu-

rysm as possible. It is widely believed that intra-aneurysmal hemodynamics 

contribute substantially to rupture risk assessment and treatment planning 

assistance [6]. Many studies showed promising results when conducting 

assessment of risk factors such as intra-aneurysmal fl ow patterns and wall 

shear stress using patient-specifi c CFD [6-17]. A drawback of performing 

CFD is the diffi culty in converting large numbers of patient-specifi c data into 

workable models [18]. Without patient-specifi c data for infl ow and outfl ow 

boundary conditions, assumptions have to be made regarding heart rate and 

blood fl ow, the shape of the inlet velocity profi le and fl ow division ratios in 

the outfl ow branches [19]. Further drawbacks are the need for large compu-

tational power and extensive calculation time. Despite these drawbacks, CFD 

has recently been used to associate intra-aneurysmsal hemodynamics with 

rupture [7, 15, 18, 20]. 

The enormous advancements in MRI technology in the past decade now 

allow direct measurement of intra-aneurysmal fl ow, using time-resolved 

3D PC-MRI (3D PC-MRI) [21-23]. This technique has been proven useful 

in large vessels such as the aorta [24-28] and the carotid arteries [29-30]. 

3D PC-MRI was also used in intracranial aneurysms [31-36] with promising 

results. Moreover, the technique was validated against CFD in an up-scaled 

model at 1.5T [37] and at 3T in a real-size phantom [38]. However, clinical 

application of 3D PC-MRI in intracranial aneurysms is complicated by the 

requirements for high resolution, high SNR and realistic scanning times. In 

this study, a 3D PC-MRI sequence with a scan duration of approximately 10 

minutes, and therefore clinically feasible, was applied to eight intracranial 

aneurysms. The results were compared with patient-specifi c CFD in which 

spatial and temporal boundary conditions obtained from a separate time-re-

solved 2D PC-MRI (2D PC-MRI) acquisition were applied. The purpose of 
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this study was to assess if the results of 3D PC-MRI and patient-specifi c CFD 

are comparable and if 3D PC-MRI is able to measure important quantitative 

and qualitative features of intra-aneurysmal fl ow.

4.2 Materials & Methods

4.2.1 Population

     The study was approved by the local medical ethics com-

mittee. All patients supplied written informed consent. Age of the patients 

ranged between 44-65 years. Five patients were female, 3 patients were male. 

Locations and size of the aneurysms were determined on a 3D TOF MRA 

sequence and are listed in table 4.1. 

4.2.2 MR imaging 

  The protocol consisted of three MRI sequences that were 

conducted on a 3T scanner (Intera, Philips Healthcare, Best, The Nether-

lands) using an 8-channel head coil. 

First, a high resolution 3D TOF MRA sequence was performed with a 

scan resolution of 0.39 mm x 0.6 mm x 1 mm, interpolated to 0.39 mm x 

0.39 mm x 0.5 mm. Imaging parameters were: TE / TR / FA: 4.2 ms / 21.4 

ms / 20°; Field of view: 200 mm x 200 mm x 92 mm; parallel imaging fac-

tor: 2.5; scan time: 6.16 min.

Second, to acquire 2D PC-MRI data that served as infl ow boundary 

conditions for CFD, a slice was placed perpendicular to the parent artery 

proximal to the aneurysm. The acquisition was retrospectively gated using 

Aneurysm Location Size
(mm, length x 
width x height)

Isotropic 
voxel size
3DRA 
(mm3)

Mesh
volume 
(mm3)

Number 
of mesh 
Elements

Element 
density
(elements / 
mm3)

Input fl ow (mL/s)

2D PC-MRI 3D PC-MRI

1 Left MCA 13.1 x 7.6 x 8.1 0.22 554 1.765.310 3186 1.6 3.0

2 BA 8.7 x 6.3 x 7.4 0.22 272 1.422.476 5230 2.2 2.4

3 Right MCA 14.7 x 8.1 x 9.6 0.25 732 2.608.270 3563 2.1 4.3

4 Right MCA 7.2 x 5.4 x 6.3 0.10 261 1.467.689 5623 2.0 2.7

5 Right MCA 10.5 x 5.5 x 6.1 0.17 260 1.168.002 4492 1.9 3.2

6 BA 9.8 x 8.6 x 12.5 0.22 588 2.313.009 4282 2.0 2.7

7 Left MCA 12.1 x 9.3 x 10.1 0.22 674 2.238552 3934 2.3 2.9

8 BA 9.4 x 9.0 x 11.5 0.22 687 2.559.296 3725 2.6 3.6

Table 4.1 Locations and size of the aneurysms; 

voxel size of the 3D-RA datasets; volumes, 

number of elements, element density of the 

meshes and input flows measured by 2D and 

3D PC-MRI.
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either ECG or PPU. Scan resolution was 0.64 mm x 0.65 mm x 3 mm. Fur-

ther imaging parameters: TE / TR / FA: 5.7 ms / 8.5 ms / 10°; Field of view: 

200 mm x 200 mm x 3 mm in one slice; parallel imaging factor: 2; for an-

eurysm 5 the VENC was 70 cm/s in all directions, for the others 100 cm/s in 

all directions. To keep the scan time close to 3 minutes and 30 seconds, the 

number of measured cardiac phases, i.e. temporal resolution, depended on 

heart rate and ranged between 23-36 cardiac phases. The view sharing factor 

for the retrospective sorting of acquired k-lines was set to 1.8 [39].

Third, the 3D PC-MRI acquisition was retrospectively gated using either 

ECG or PPU at an acquired resolution of 0.8 mm x 0.8 mm x 0.8 mm. Fur-

ther imaging parameters: TE / TR / FA: 3.0 ms/ 5.8 ms/ 15°; Field of view: 

200 mm x 200 mm x 20 mm in 25 transversal slices; parallel imaging factor 

of 3; the velocity encoding was 70 cm/s in all directions for aneurysm 5 and 

100 cm/s in all directions for the others; scan time: 10.22 min at 60 beats/

min. The number of acquired cardiac phases was 10. 

For aneurysm 1, the 2D PC-MRI measurement was performed 9 months 

later than the 3D PC-MRI measurement, due to a failed initial attempt to 

acquire the 2D PC-MRI sequence.

4.2.3 MRI Postprocessing

      Phase images were corrected for background phase 

offset errors by subtracting the average phase in a static region of inter-

est near the aneurysm. Phase correction was performed for every velocity 

encoding direction and cardiac phase individually [40]. The segmentation of 

the vessel and aneurysms was performed with the use of a level set evolu-

tion algorithm [41] applied in the magnitude images of one of the complex 

phase contrast datasets, further referred to as the phase contrast magnitude 

images. This was done for every cardiac phase separately. Velocity values in 

pixels that were located outside the segmentation or suffered from partial 

voluming were set to zero. Pixels in the regions of interest that suffered from 

velocity aliasing were manually corrected in all three directions. The cardiac 

cycles were reordered such that the systolic phase occurred at the end of the 

cardiac cycle. These post-processing steps were performed with custom-built 

software in Matlab (Mathworks, Natick, MA, USA) and took about 4 hours 

to conduct. To calculate the fl ow ratios of the outfl ow branches, the data was 

imported into GTFlow (Gyrotools, Zürich, Switzerland). 
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4.2.4 CFD setup

     The geometric vascular models used for CFD simulations were 

created from 3D-RA. Images were acquired with a single-plane angiographic 

unit (Integris Allura Neuro, Philips Healthcare, Best, The Netherlands). Con-

trast agent consisting of 320 mg I/mL of iodixanol (Visipaque, GE Health-

care, Cork, Ireland) was injected through a 6F catheter positioned in the ICA 

or VA. One hundred images were acquired during a 240° rotational run in 8 

seconds with 15-21 mL of contrast agent at 3 mL/s. A 256 x 256 x 256 matrix 

image of the region of interest was reconstructed on a dedicated workstation. 

The resolution of the images of the individual aneurysms is given in table 4.1.

These images were imported into VMTK [42]. With the use of a level set 

algorithm, isosurfaces were created which were subsequently meshed using 

an average edge length of 0.1 mm, with a minimum of 0.1 μm and maximum 

0.4 mm.   

Meshes were created consisting of 1.168.002 to 2.608.270 tetrahedral 

elements with a mesh density of at least 3000 elements per cubic millimeter, 

in accordance with other studies [6, 43]. The sizes of the meshes are listed in 

table 4.1. All CFD simulations were performed in FLUENT 6.3 (ANSYS, Can-

onsburg, PA, USA). Blood density was set to 1060 kg/m3, dynamic viscosity 

to 0.004 kg/m∙s. The pipeline for imposing velocity inlet boundary condi-

tions in the CFD simulations is visualized in fi gure 4.1. First, the aneurysm 

in the TOF MRA measurement and the proximal vessel in the 2D PC-MRI 

slice were manually selected (fi gure 4.1a). Subsequently, the 2D PC-MRI data 

was positioned on the TOF MRA data using rotation and translation matrices 

extracted from DICOM headers (fi gure 4.1b). The CFD mesh was constructed 

(fi gure. 4.1c) and a rigid registration of the TOF MRA measurement on the 

CFD mesh was conducted in FLIRT [44] (fi gure 4.1d). The velocities mea-

sured with 2D PC-MRI were rotated and translated likewise and interpolated 

onto the nodes of the CFD infl ow boundary (fi gure 4.1e). The interpolated ve-

locity vectors are shown in fi gure 4.1f. The velocity at the nodes at the edge of 

the vessel was set to zero.  Steps E and F were performed for every measured 

cardiac phase in 2D PC-MRI. These steps were performed with custom-built 

software in Matlab (Mathworks, Natick, MA, USA).

CFD iterations were continued until the residual of the continuity 

equation was below 0.001. The CFD estimates were resolved at fi xed time 

intervals equal to the measured RR interval divided by the number of cardiac 

phases used for the 2D PC-MRI measurement. Three heart cycles were sim-

Figure 4.1 Schematic overview of the workflow 

for imposing the boundary conditions on CFD. A: 

The aneurysm in the TOF MRA measurement and 

the vessel of interest in the slice that was used 

for the 2D PC-MRI measurements were manually 

selected. B: Subsequently, the 2D PC-MRI data 

was positioned on the TOF MRA data. C: The CFD 

mesh was introduced. D: a rigid registration of 

the TOF MRA measurement on the CFD mesh was 

conducted. E: The velocities measured with 2D 

PC-MRI were rotated and translated likewise and 

interpolated onto the nodes of the CFD inflow 

boundary. Note that the velocity in the nodes 

at the edge of the vessel was set to zero. F: 

The resulting CFD input with superimposed MRI 

boundary conditions (right).
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ulated to eliminate transient effects. The third of these cycles was used in the 

comparison with the 3D PC-MRI results.

Flow through the outfl ow vessels of the CFD model was prescribed 

according to outfl ow measurements at every cardiac phase of the 3D PC-MRI 

data averaged over time. If an outfl ow vessel was too small to quantify fl ow, 

a combination of measured fl ow and Murray’s law [45] was applied. The 

average simulation time was 36 hours per aneurysm. 

4.2.5 Data quantification and visualization 

       Calculations of the SNR of the 

phase contrast magnitude images at peak systole and end diastole of the 3D 

PC-MRI measurements were performed as described by Plein et al. [46], see 

Chapter 5 or Chapter 6. As region of interest for the SNR calculation, the 

total aneurysm with infl ow and outfl ow vessels was taken. VNR equals the 

product of SNR and velocity divided by VENC. VNR is not calculated sepa-

rately.

During postprocessing, the number of cardiac phases of CFD was 

reduced to equal the number of cardiac phases of the 3D PC-MRI measure-

ment. 

To quantify differences between 3D PC-MRI and CFD, the CFD data 

were registered and linearly interpolated to the 3D PC-MRI data. To take 

aneurysm pulsatility in the 3D PC-MRI data into account, registration was 

conducted for every cardiac phase separately. Peak systole and end diastole 

were defi ned as the cardiac phase where the spatially averaged velocity mag-

nitude was maximal and minimal, respectively. 

Further comparison consisted of visualization of the location and quan-

tifi cation of magnitude of vortices, by calculation of singular energy of the 

intra-aneurysmal fl ow [47], see Chapter 7. The technique used in the current 

study extends the original 2D approach to 3D by including the singular ener-

gy for the transverse, sagittal and coronal 2D slices. The singular energy was 

calculated according to:

( , ) ( , ) ( , )E x A x A xsig v s
2 2v v v= +t t      (4.1)
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where x is the location in the fl ow fi eld, σ is the scale, Av
t  and As

t  are the 

normalized dimensionless projection coeffi cients describing vortices and 

sinks and sources respectively:

( , )
( , )

( ) ( , )
A x

A x

F x x
v

l

v,
v

v

z v
=t      (4.2)

and

( , )
( , )

( ) ( , )
A x

A x

F x x
s

l

s,
v

v

z v
=t      (4.3)

where F is the fl ow-fi eld, vz  and sz  are basis fl ow functions representing 

regional and scale dependent vortex fl ow and sinks and sources respectively 

[48]. A
l
 represents the magnitude of the laminar fl ow and is determined by:

( , ) ( ) ( , )A x F x xl l,v z v=      (4.4)

A scale σ of 4 voxels (3.2 mm) was used. All quantifi cation and visual-

ization was performed with custom-built software in Matlab (Mathworks, 

Natick, MA, USA). Pathline images were created and fl ow quantifi cation 

in the infl ow vessel of the 2D and 3D PC-MRI was performed in GTFlow 

(Gyrotools, Zurich, Switzerland). The input fl ow values for the aneurysms are 

given in table 4.1.

4.2.6 Statistics 

     The difference in velocity magnitude and singular energy be-

tween CFD and 3D PC-MRI was determined for every voxel and subsequent-

ly averaged over space to yield a mean paired difference (MDif) at every 

cardiac phase:

MDif N

MRI CFDn n

n

N

1=
-

=

/
      (4.5) 

where N is the number of voxels. The standard deviation of the paired 

difference (SDif) was calculated as well. Its signifi cance was tested with a 

paired t-test; p<0.05 was considered statistically signifi cantly different. A 

relative difference in velocity magnitude between both methods was based 

on the mean CFD velocity magnitude per subject:
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( )

RDif

N

CFD

MDif

n

n

N

1

=

=

/
      (4.6)

Differences in fl ow direction were calculated from the angle difference 

between corresponding velocity vectors. Since these differences are positive 

by defi nition, median rather than mean values were calculated. Bland - 

Altman plots for the velocity magnitude and singular energy at systole and 

diastole were created.

4.3 Results

    The averaged SNR of the 3D PC-MRI velocity measurements of 

all aneurysms was 13.5±2.2 in peak systole and 10.6±1.9 in end diastole.

Figure 4.2 shows intra-aneurysmal fl ow patterns in the aneurysms. In 

systole, the circular motion in the vortices and the direction of infl ow jets was 

qualitatively similar for both methods. This can further be appreciated from 

the pathlines in fi gure 4.3. In fi gure 4.2, in systole the maximum infl ow jet 

velocity magnitude of aneurysm 1 and 4 was almost two times lower in CFD 

than in 3D PC-MRI. In diastole, the vortices of the 3D PC-MRI measurement 

appeared disrupted and irregular in most aneurysms. 

For most aneurysms, the 3D PC-MRI measurements resulted in higher 

velocity magnitude values than CFD (MDif in table 4.2). This is a result of 

the higher velocities in the infl ow vessel in 3D PC-MRI than in 2D PC-MRI 

(table 4.1). These differences were most prominent in systole, as can be 

seen in the spatially averaged velocity magnitude curve displayed in 4.4. In 

most cases, the SDif and the RDif were higher in systole than in diastole and 

differences in estimated local fl ow direction were found primarily in diastole, 

see table 4.2.
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Figure 4.3 Pathlines over the entire cardiac cycle 

depicting similar complex flow in aneurysm 

volumes (gray background) of aneurysm 1, 4, 5 

and 7 for 3D PC-MRI (top row) and CFD (bottom 

row).

Figure 4.2 Velocity vector images in a 

characteristic slice depicting the main vortex 

in all aneurysms and inflow jet in most of the 

aneurysms. The images depict the aneurysms at 

peak systole and diastole in isosurfaces (gray) 

for 3D PC-MRI and CFD.
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In fi gure 4.5, the locations with singular energy magnitude higher than 

half the maximum are displayed for four aneurysms.  For aneurysm 2 and 3 

the locations and magnitudes of the maximum singular energy were similar. 

For aneurysms 8, the vortex center location was different for 3D PC-MRI 

and CFD, in agreement with the different intra-aneurysmal fl ow patterns 

that were shown in fi gure 4.2. For aneurysm 6 and 8, the magnitude of the 

singular energy was twice as low for CFD. 

RDif averaged over all aneurysms in systole was a factor three smaller 

for singular energy than for velocity magnitude. Better correspondence in 

singular energy than in velocity magnitude in systole can also be observed in 

the Bland-Altman plots in fi gure 4.6.

Aneurysm MDif   (cm/s) SDif  (cm/s) RDif  (%) Median angle (°)

SDif  (cm/s) Diastole RDif  (%) Diastole Systole Diastole Systole Diastole

1 21.1* 2.0* 12.7 6.3 161.8 17.8 20.6 26.5

2 0.2 -0.0 17.1 8.5 0.6 0.1 16.9 24.7

3 9.2* 5.2* 18.0 9.6 61.0 62.1 37.3 52.6

4 19.5* 4.9* 17.9 10.2 99.4 33.4 26.3 30.3

5 10.4* 2.8* 20.0 11.9 42.2 16.1 26.6 27.2

6 4.8* 4.8* 14.2 12.2 24.4 34.3 27.2 48.4

7 14.7* 7.4* 13.1 11.1 143.4 81.8 36.2 45.4

8 10.9* 5.0* 19.8 13.0 55.6 39.3 34.4 49.7

Average 11.4±7.0 4.0±2.3 16.6±2.9 10.4±2.2 73.6±56.7 35.6±26.2 28.2±7.3 38.1±11.9

Table 4.2 Differences between velocity fields as 

determined with 3D PC-MRI and CFD. Indicated 

are MDif and SDif, RDif and the median angle, 

as determined on a voxel basis and averaged 

over the whole aneurysm and connecting 

vessels, between 3D PC-MRI and CFD. * indicates 

significant difference.

Figure 4.4 Spatially averaged velocity magnitude 

for all aneurysms during the cardiac cycle for 3D 

PC-MRI and CFD.
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Aneu-
rysm

MDif SDif RDif  (%)

Systole Diastole Systole Diastole Systole Diastole

1 0.02 -0.05* 0.66 0.55 1.3 4.4

2 0.02 0.01 0.64 1.01 1.3 1.1

3 -0.08* -0.11* 0.83 1.24 7.6 9.7

4 0.16* 0.30* 0.60 1.12 25.6 43.8

5 -0.39* -0.13* 1.43 0.86 30.8 12.6

6 -0.31* 0.08* 0.97 0.94 27.4 8.2

7 0.33* 0.41* 0.85 1.09 41.9 47.9

8 0.33* 0.26* 1.13 0.76 39.0 41.7

avg 0.01±0.27 0.10±0.20 0.89±0.28 0.95±0.22 21.9±16.3 21.2±19.7

Figure 4.6 Bland-Altman plots for (left) velocity 

magnitude difference and (right) singular energy 

at peak systole and diastole for all aneurysms.

Table 4.3 Differences between singular energy 

fields as determined with 3D PC-MRI and CFD. 

Indicated are MDif, SDif and RDif as determined 

on a voxel basis and averaged over the whole 

aneurysm and connecting vessels, between 

3D PC-MRI and CFD. * indicates significant 

difference.

Figure 4.5 Singular energy magnitude and 

location at peak systole in aneurysm volumes 

(gray) of aneurysm 2, 3, 6 and 8 for 3D PC-MRI 

(top row) and CFD (bottom row). For visualization 

purposes only the areas with singular energy 

above half the maximum value are indicated.
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4.4 Discussion 

     In this study, both 3D PC-MRI and CFD were applied in eight 

intracranial aneurysms. In systole, the results showed good qualitative agree-

ment for complex fl ow properties such as infl ow jet behavior and vortical 

fl ow patterns. In diastole the estimated intra-aneurysmal fl ow patterns were 

irregular due to decreased velocity to noise ratio in the 3D PC-MRI mea-

surements. Quantitative differences in velocity magnitude were observed 

in both systole and diastole. Vortex quantifi cation based on singular energy 

calculation demonstrated similar vortical fl ow behavior in fl ow patterns 

measured with 3D PC-MRI and simulated with CFD. In systole the vortex-re-

lated singular energy showed better quantitative agreement than the velocity 

magnitude and directions. 

Studies comparing 3D PC-MRI with CFD on a voxel-by-voxel basis in 

aneurysms at 3T are not available in the literature. One study compared 

3D PC-MRI with CFD in the aorta [49], and one study in fi ve intracranial 

aneurysms on 1.5T at relatively low spatial resolution [35]. Both studies 

found a good qualitative agreement between both techniques and a moderate 

quantitative agreement. 

The need for reliable patient-specifi c CFD simulations has been de-

scribed by many authors. However, the prescription of infl ow boundary 

conditions that produce accurate CFD results is still a matter of debate. Sev-

eral studies used fl ow rates that were measured with 2D PC-MRI in separate 

volunteers as infl ow boundary conditions in CFD. Based on these reference 

data and using the Womersley solution, fully developed velocity profi les 

are then created and subsequently scaled by the area of the infl ow vessel to 

obtain a mean wall shear stress of 15 dyne/cm2 [15, 20, 50]. Other studies 

applied uniform velocities on extended infl ow vessels [36, 51]. Spatial and 

temporal velocity vector values as measured with 3D PC-MRI at each node of 

the infl ow boundary have been applied at low resolution in only two studies 

[35, 49]. These last two studies used infl ow boundary conditions obtained 

from the same imaging sequence that they wish to validate. Furthermore, 3D 

PC-MRI needs to cover the entire head in anterior-posterior and right-left 

direction to avoid fold-over and thus has limited spatial and temporal reso-

lution compared to a 2D acquisition. Therefore, in the current study, spatial 

and temporal velocity vectors from a separate 2D PC-MRI acquisition were 

applied as infl ow boundary conditions for the CFD simulations. 
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The singular energy measure as presented in this study is introduced 

to facilitate the comparison between 3D PC-MRI and CFD. Singular energy 

provides a quantitative measure of fl ow patterns. It is unclear if it may lead 

to more insight in the nature of the aneurysm with respect to rupture, as has 

been discussed in the literature recently [52-53]. While this is an intriguing 

possibility, it was not the purpose of the current work to address the predic-

tive value of this quantity.  

While fl ow patterns between 3D PC-MRI and CFD agreed qualitatively, a 

mismatch in velocity magnitude between CFD and 3D PC-MRI was encoun-

tered. This mismatch can mainly be attributed to a discrepancy between the 

total infl ows measured by 3D and 2D PC-MRI, where boundary conditions 

were based on the latter. On average the 3D PC-MRI measurements resulted 

in 50% higher fl ow estimates than the 2D PC-MRI ones. Discrepancies 

between fl ow measurements from 2D and 3D PC-MRI (±18%) [24] or 2D 

and endovascular sonography (±15%) [54] have been reported in the liter-

ature earlier. Wentland et al. concluded that fl ow measurements in healthy 

volunteers in the renal vasculature revealed that 3D measurements tended 

to be more internally consistent than 2D measurements [55]. This difference 

may increase when small intracranial arteries are considered. One cause of 

the difference may be variation of the actual fl ows between the scans. The 3D 

PC-MRI was always performed fi rst, followed by the 2D PC-MRI, and some 

adaptation of fl ow might have occurred during the scanning session. Yet, 

cerebral fl ow is strongly autoregulated and it seems therefore rather unlikely 

that such fl ow variations would lead to 50% differences. Alternatively, the 

calculated infl ows for either 2D or 3D PC-MRI might systematically deviate 

from the true one. Without a ground truth, it is diffi cult to deduct which of 

the two methods causes this systematic difference. Possibly, the relatively 

large thickness (3 mm) of the 2D PC-MRI slice compared to the 3D mea-

surement (0.8 mm) induces averaging of measured velocities resulting in 

underestimation of fl ow.  

The infl ow boundary of the angiographic mesh used for CFD contains 

more points than the vessel area of the 2D PC-MRI contains pixels. The 

required upsampling of the measured velocity information to the infl ow 

boundary could result in lower velocity infl ow boundary conditions.  

To study the infl uence of the infl ow boundary conditions, a second series 

of simulations was performed with infl ow boundary conditions obtained 

from 3D rather than 2D PC-MRI. Six simulations were performed, in two 
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cases the infl ow of the CFD mesh was located outside the FOV of the 3D 

PC-MRI sequence. We have included these results in the supplement. This 

reduces the systematic differences in local velocity 5-fold for MDif and a 

factor 2.5 for RDif. Random differences (SDif) were similar for both infl ow 

boundary conditions. The results for the singular energy and the median an-

gle did not change signifi cantly. We therefore conclude that different infl ow 

boundary conditions have a large infl uence on magnitude of velocity values. 

However, velocity vector directions and locations and magnitude of vortices 

are fairly independent on infl ow boundary conditions.

Another limitation is the semi-automatic segmentation of the 3D-RA 

dataset, resulting in possible under- or overestimation of neck width [56]. 

Also limitations with regard to the 3D PC-MRI setup may contribute to the 

found discrepancies between both techniques. In our study SNR values 

within aneurysms were relatively low due to small voxel sizes and the use of 

parallel imaging [57]. Therefore, at low velocities during diastole, the velocity 

may be overestimated due to noise. It is clear that more accurate estima-

tion of intracranial aneurysm hemodynamics from 3D PC-MRI requires 

improved technology. With improvements in acquisition techniques such as 

varying velocity [58] or dual VENC encoding [59], suffi cient velocity-to-noise 

ratio may be obtained in diastole. Furthermore, with acceleration techniques 

such as radial undersampling [31] and compressed sensing [60], scan times 

of 3D PC-MRI may be shortened in the near future. Higher fi eld strengths 

can improve SNR [61]. One last recently developed promising technique to 

improve 3D PC-MRI measurement is divergence-reduction processing [62].

4.5 Conclusion

     In this study, high resolution 3D PC-MRI was compared with 

patient-specifi c CFD on a voxel-by-voxel basis in eight aneurysms. In peak 

systole, qualitative similarities in fl ow features such as vortical fl ow patterns 

and infl ow behavior were evident. In end diastole, the fl ow patterns of the 

3D PC-MRI measurements were different compared to those generated with 

CFD due to low velocity-to-noise ratio of the 3D PC-MRI measurements. 

Singular energy calculation revealed quantitative agreement between 3D PC-

MRI and CFD in systole.

Validation
75



4.6 Acknowledgements

     This work was supported by a grant from the Nuts 

Ohra Foundation, the Netherlands. A research grant for research into the 

role of hemodynamics in the rupture risk assessment of intracranial aneu-

rysms.

4.7 References

1 Nieuwkamp DJ, Setz LE, Algra A, Linn FH, de Rooij NK, Rinkel GJ. Changes 

in case fatality of aneurysmal subarachnoid haemorrhage over time, ac-

cording to age, sex, and region: a meta-analysis. Lancet Neurology 2009; 

8:635-642.

2 Greebe P, Rinkel GJ, Hop JW, Visser-Meily JM, Algra A. Functional outcome 

and quality of life 5 and 12.5 years after aneurysmal subarachnoid haemor-

rhage. Journal of Neurology 2010; 257:2059-2064.

3 Vega C, Kwoon JV, Lavine SD. Intracranial aneurysms: current evidence and 

clinical practice. American Family Physician 2002; 66:601-608.

4 Wiebers DO, Whisnant JP, Huston J, 3rd, Meissner I, Brown RD, Jr., 

Piepgras DG, Forbes GS, Thielen K, Nichols D, O’Fallon WM, Peacock J, Jae-

ger L, Kassell NF, Kongable-Beckman GL, Torner JC. Unruptured intracra-

nial aneurysms: natural history, clinical outcome, and risks of surgical and 

endovascular treatment. Lancet 2003; 362:103-110.

5 Ford MD, Nikolov HN, Milner JS, Lownie SP, DeMont EM, Kalata W, Loth F, 

Holdsworth DW, Steinman DA. PIV-Measured Versus CFD-Predicted Flow 

Dynamics in Anatomically Realistic Cerebral Aneurysm Models. Journal of 

Biomechanical Engineering 2008; 130:021015.

6 Geers AJ, Larrabide I, Radaelli AG, Bogunovic H, Kim M, Gratama van 

Andel HA, Majoie CB, VanBavel E, Frangi AF. Patient-specifi c computational 

hemodynamics of intracranial aneurysms from 3D rotational angiography 

and CT angiography: an in vivo reproducibility study. AJNR American Jour-

nal of Neuroradiology 2011; 32:581-586.

76
Three-dimensional phase contrast MRI at 3T in intracranial 
aneurysms compared with patient-specifi c computational fl uid 
dynamics



7 Castro MA, Putman CM, Sheridan MJ, Cebral JR. Hemodynamic patterns 

of anterior communicating artery aneurysms: a possible association with 

rupture. AJNR American Journal of Neuroradiology 2009; 30:297-302.

8 Cebral JR, Castro MA, Appanaboyina S, Putman CM, Millan D, Frangi 

AF. Effi cient pipeline for image-based patient-specifi c analysis of cerebral 

aneurysm hemodynamics: technique and sensitivity. IEEE Transactions on 

Medical Imaging 2005; 24:457-467.

9 Steinman DA, Milner JS, Norley CJ, Lownie SP, Holdsworth DW. Im-

age-based computational simulation of fl ow dynamics in a giant intracranial 

aneurysm. AJNR American Journal of Neuroradiology 2003; 24:559-566.

10 Ford MD, Lee SW, Lownie SP, Holdsworth DW, Steinman DA. On the effect 

of parent-aneurysm angle on fl ow patterns in basilar tip aneurysms: towards 

a surrogate geometric marker of intra-aneurismal hemodynamics. Journal of 

Biomechanics 2008; 41:241-248.

11 Boussel L, Rayz V, McCulloch C, Martin A, Acevedo-Bolton G, Lawton M, 

Higashida R, Smith WS, Young WL, Saloner D. Aneurysm growth occurs at 

region of low wall shear stress: patient-specifi c correlation of hemodynamics 

and growth in a longitudinal study. Stroke 2008; 39:2997-3002.

12 Chien A, Castro MA, Tateshima S, Sayre J, Cebral J, Vinuela F. Quantitative 

hemodynamic analysis of brain aneurysms at different locations. AJNR 

American Journal of Neuroradiology 2009; 30:1507-1512.

13 Castro MA, Putman CM, Cebral JR. Computational fl uid dynamics modeling 

of intracranial aneurysms: effects of parent artery segmentation on intra-an-

eurysmal hemodynamics. AJNR American Journal of Neuroradiology 

2006; 27:1703-1709.

14 Sforza DM, Lohner R, Putman C, Cebral J. Hemodynamic Analysis of In-

tracranial Aneurysms with Moving Parent Arteries: Basilar Tip Aneurysms. 

International Journal for Numerical Methods in Biomedical Engineering 

2010; 26:1219-1227.

15 Cebral JR, Mut F, Weir J, Putman C. Quantitative characterization of the 

hemodynamic environment in ruptured and unruptured brain aneurysms. 

AJNR American Journal of Neuroradiology 2011; 32:145-151.

Validation
77



16 Rayz VL, Boussel L, Lawton MT, Acevedo-Bolton G, Ge L, Young WL, 

Higashida RT, Saloner D. Numerical modeling of the fl ow in intracranial 

aneurysms: prediction of regions prone to thrombus formation. Annals of 

Biomedical Engineering 2008; 36:1793-1804.

17 Sforza DM, Putman CM, Cebral JR. Hemodynamics of Cerebral Aneurysms. 

Annular Review of Fluid Mechanics 2009; 41:91-107.

18 Cebral JR, Castro MA, Burgess JE, Pergolizzi RS, Sheridan MJ, Putman CM. 

Characterization of cerebral aneurysms for assessing risk of rupture by using 

patient-specifi c computational hemodynamics models. AJNR American 

Journal of Neuroradiology 2005; 26:2550-2559.

19 Venugopal P, Valentino D, Schmitt H, Villablanca JP, Vinuela F, Duckwiler 

G. Sensitivity of patient-specifi c numerical simulation of cerebal aneurysm 

hemodynamics to infl ow boundary conditions. Journal of Neurosurgery 

2007; 106:1051-1060.

20 Mut F, Lohner R, Chien A, Tateshima S, Vinuela F, Putman C, Cebral J. 

Computational Hemodynamics Framework for the Analysis of Cerebral 

Aneurysms. International Journal for Numerical Methods in Biomedical 

Engineering 2011; 27:822-839.

21 Wigstrom L, Sjoqvist L, Wranne B. Temporally resolved 3D phase-contrast 

imaging. Magnetic Resonance in Medicine 1996; 36:800-803.

22 Markl M, Chan FP, Alley MT, Wedding KL, Draney MT, Elkins CJ, Parker 

DW, Wicker R, Taylor CA, Herfkens RJ, Pelc NJ. Time-resolved three-di-

mensional phase-contrast MRI. Journal of Magnetic Resonance Imaging 

2003; 17:499-506.

23 Markl M, Kilner PJ, Ebbers T. Comprehensive 4D velocity mapping of the 

heart and great vessels by cardiovascular magnetic resonance. Journal of 

Cardiovascular Magnetic Resonance 2011; 13:7.

24 Stalder A, Russe M, Frydrychowicz A, Bock J, Hennig J, Markl M. Quanti-

tative 2D and 3D phase contrast MRI: Optimized analysis of blood fl ow and 

vessel wall parameters. Magnetic Resonance in Medicine 2008; 60:1218-

1231.

78
Three-dimensional phase contrast MRI at 3T in intracranial 
aneurysms compared with patient-specifi c computational fl uid 
dynamics



25 Bock J, Frydrychowicz A, Lorenz R, Hirtler D, Barker AJ, Johnson KM, 

Arnold R, Burkhardt H, Hennig J, Markl M. In vivo noninvasive 4D pressure 

difference mapping in the human aorta: phantom comparison and applica-

tion in healthy volunteers and patients. Magnetic Resonance in Medicine 

2011; 66:1079-1088.

26 Markl M, Wallis W, Harloff A. Reproducibility of fl ow and wall shear stress 

analysis using fl ow-sensitive four-dimensional MRI. Journal of Magnetic 

Resonance Imaging 2011; 33:988-994.

27 Harloff A, Nussbaumer A, Bauer S, Stalder AF, Frydrychowicz A, Weiller C, 

Hennig J, Markl M. In vivo assessment of wall shear stress in the atheroscle-

rotic aorta using fl ow-sensitive 4D MRI. Magnetic Resonance in Medicine 

2010; 63:1529-1536.

28 Frydrychowicz A, Stalder AF, Russe MF, Bock J, Bauer S, Harloff A, Berger 

A, Langer M, Hennig J, Markl M. Three-dimensional analysis of segmental 

wall shear stress in the aorta by fl ow-sensitive four-dimensional-MRI. Jour-

nal of Magnetic Resonance Imaging 2009; 30:77-84.

29 Harloff A, Albrecht F, Spreer J, Stalder A, Bock J, Frydrychowicz A, Schöll-

horn J, Hetzel A, Schumacher M, Hennig J, Markl M. 3D blood fl ow charac-

teristics in the carotid artery bifurcation assessed by fl ow-sensitive 4D MRI 

at 3T. Magnetic Resonance in Medicine 2009; 61:65-74.

30 Markl M, Wegent F, Zech T, Bauer S, Strecker C, Schumacher M, Weiller 

C, Hennig J, Harloff A. In vivo wall shear stress distribution in the carotid 

artery: effect of bifurcation geometry, internal carotid artery stenosis, and re-

canalization therapy. Circulation Cardiovascular Imaging 2010; 3:647-655.

31 Kecskemeti S, Johnson K, Wu Y, Mistretta C, Turski P, Wieben O. High 

resolution three-dimensional phase contrast MRI of small intracranial 

aneurysms using a stack of stars k-space trajectory. Journal of Magnetic 

Resonance Imaging 2011; doi: 10.1002/jmri.23501.

Validation
79



32 Chang W, Landgraf B, Johnson KM, Kecskemeti S, Wu Y, Velikina J, Rowley 

H, Wieben O, Mistretta C, Turski P. Velocity Measurements in the Middle 

Cerebral Arteries of Healthy Volunteers Using 3D Radial Phase-Contrast 

HYPRFlow: Comparison with Transcranial Doppler Sonography and 2D 

Phase-Contrast MR Imaging. AJNR American Journal of Neuroradiology 

2011; 32:54-59.

33 Meckel S, Stalder AF, Santini F, Radu EW, Rufenacht DA, Markl M, Wetzel 

SG. In vivo visualization and analysis of 3-D hemodynamics in cerebral an-

eurysms with fl ow-sensitized 4-D MR imaging at 3 T. Neuroradiology 2008; 

50:473-484.

34 Isoda H, Ohkura Y, Kosugi T, Hirano M, Takeda H, Hiramatsu H, Yamashita 

S, Takehara Y, Alley M, Bammer R, Pelc N, Namba H, Sakahara H. In vivo 

hemodynamic analysis of intracranial aneurysms obtained by magnetic res-

onance fl uid dynamics (MRFD) based on time-resolved three-dimensional 

phase-contrast MRI. Neuroradiology 2010; 52:921-928.

35 Isoda H, Ohkura Y, Kosugi T, Hirano M, Alley MT, Bammer R, Pelc NJ, 

Namba H, Sakahara H. Comparison of hemodynamics of intracranial aneu-

rysms between MR fl uid dynamics using 3D phase-contrast MRI and MR-

based computational fl uid dynamics. Neuroradiology 2010; 52:913-920.

36 Boussel L, Rayz V, Martin A, Acevedo-Bolton G, Lawton MT, Higashida R, 

Smith WS, Young WL, Saloner D. Phase-contrast magnetic resonance imag-

ing measurements in intracranial aneurysms in vivo of fl ow patterns, velocity 

fi elds, and wall shear stress: comparison with computational fl uid dynamics. 

Magnetic Resonance in Medicine 2009; 61:409-417.

37 Isoda H, Hirano M, Takeda H, Kosugi T, Alley MT, Markl M, Pelc NJ, 

Sakahara H. Visualization of Hemodynamics in a Silicon Aneurysm Model 

Using Time-Resolved, 3D, Phase-Contrast MRI. AJNR American Journal of 

Neuroradiology 2006; 27:1119-1122.

38 van Ooij P, Guédon A, Poelma C, Schneiders J, Rutten MCM, Marquering 

HA, Majoie CB, vanBavel E, Nederveen AJ. Complex fl ow patterns in a 

real-size intracranial aneurysm phantom: phase contrast MRI compared 

with particle image velocimetry and computational fl uid dynamics. NMR in 

Biomedicine 2012; 25:14-26.

80
Three-dimensional phase contrast MRI at 3T in intracranial 
aneurysms compared with patient-specifi c computational fl uid 
dynamics



39 Slavin GS, Bluemke DA. Spatial and temporal resolution in cardiovascular 

MR imaging: review and recommendations. Radiology 2005; 234:330-338.

40 Lotz J, Meier C, Leppert A, Galanski M. Cardiovascular fl ow measurement 

with phase-contrast MR imaging: basic facts and implementation. Radio-

graphics 2002; 22:651-671.

41 Chunming L, Chenyang X, Changfeng G, Martin DF: Level Set Evolution 

without Re-Initialization: A New Variational Formulation. In Proceedings 

of the 2005 IEEE Computer Society Conference on Computer Vision and 

Pattern Recognition CVPR ‘05; San Diego, USA. 2005: 430-436.

42 Antiga L, Piccinelli M, Botti L, Ene-Iordache B, Remuzzi A, Steinman D. 

An image-based modeling framework for patient-specifi c computational 

hemodynamics. Medical and Biological Engineering and Computing 2008; 

46:1097-1112.

43 Marzo. Infl uence of inlet boundary conditions on the local haemodynamics 

of intracranial aneurysms. Computer Methods in Biomechanics and Biomed-

ical Engineering 2009; 12:431-444.

44 Jenkinson M, Smith S. A global optimisation method for robust affi ne regis-

tration of brain images. Medical Image Analysis 2001; 5:143-156.

45 Murray CD. The Physiological Principle of Minimum Work: I. The Vascular 

System and the Cost of Blood Volume. Proceedings of the National Academy 

of Sciences of the United States of America 1926; 12:207-214.

46 Plein S, Ryf S, Schwitter J, Radjenovic A, Boesiger P, Kozerke S. Dynamic 

contrast-enhanced myocardial perfusion MRI accelerated with k-t sense. 

Magnetic Resonance in Medicine 2007; 58:777-785.

47 Marquering HA, van Ooij P, Streekstra GJ, Schneiders JJ, Majoie CB, 

vanBavel E, Nederveen AJ. Multiscale fl ow patterns within an intracranial 

aneurysm phantom. IEEE Transactions on Biomedical Engineering 2011; 

58:3447-3450.

Validation
81



48 Liu W, Ribeiro E: Scale and Rotation Invariant Detection of Singular Pat-

terns in Vector Flow Fields. In Volume 6218. Edited by Hancock E, Wilson 

R, Windeatt T, Ulusoy I, Escolano F: Springer Berlin / Heidelberg; 2010: 

522-531: Lecture Notes in Computer Science].

49 Stalder AF, Liu Z, Hennig J, Korvink JG, Li KC, Markl M: Patient Specifi c 

Hemodynamics: Combined 4D Flow-Sensitive MRI and CFD. In Computa-

tional Biomechanics for Medicine. Edited by Wittek A, Nielsen PMF, Miller 

K: Springer New York; 2011: 27-38

50 Cebral JR, Mut F, Weir J, Putman CM. Association of hemodynamic 

characteristics and cerebral aneurysm rupture. AJNR American Journal of 

Neuroradiology 2011; 32:264-270.

51 Rayz VL, Boussel L, Acevedo-Bolton G, Martin AJ, Young WL, Lawton MT, 

Higashida R, Saloner D. Numerical simulations of fl ow in cerebral aneu-

rysms: comparison of CFD results and in vivo MRI measurements. Journal 

of Biomechanical Engineering 2008; 130:051011.

52 Kallmes DF. Point: CFD--Computational Fluid Dynamics or Confounding 

Factor Dissemination. AJNR American Journal of Neuroradiology 2012; 

33:395-396.

53 Cebral JR, Meng H. Counterpoint: realizing the clinical utility of computa-

tional fl uid dynamics--closing the gap. AJNR American Journal of Neurora-

diology 2012; 33:396-398.

54 Schneiders JJ, Ferns SP, van Ooij P, Siebes M, Nederveen AJ, van den 

Berg R, van Lieshout J, Jansen G, Vanbavel E, Majoie CB. Comparison of 

Phase-Contrast MR Imaging and Endovascular Sonography for Intracranial 

Blood Flow Velocity Measurements. AJNR American Journal of Neurora-

diology 2012; doi: 10.3174/ajnr.a3142.

55 Wentland A, Grist TM, Wieben O. Repeatability and internal consistency of 

abdominal  2D and 4D PC MR fl ow measurements. Journal of Cardiovascu-

lar Magnetic Resonance 2012; 14.

82
Three-dimensional phase contrast MRI at 3T in intracranial 
aneurysms compared with patient-specifi c computational fl uid 
dynamics



56 Schneiders JJ, Marquering, H. A., Antiga, L., van den Berg, R., VanBavel, 

E., Majoie, C. B. Intracranial Aneurysm Neck Size Overestimation with 3D 

Rotational Angiography: An Exploratory Study on the Impact on Intra-An-

eurysmal Hemodynamics Simulated with CFD. AJNR American Journal of 

Neuroradiology 2012.

57 Thunberg P, Karlsson M, Wigstrom L. Accuracy and reproducibility in phase 

contrast imaging using SENSE. Magnetic Resonance in Medicine 2003; 

50:1061-1068.

58 Ringgaard S, Oyre SA, Pedersen EM. Arterial MR imaging phase-contrast 

fl ow measurement: improvements with varying velocity sensitivity during 

cardiac cycle. Radiology 2004; 232:289-294.

59 Nett EJ, Johnson KM, Frydrychowicz A, Del Rio AM, Schrauben E, Fran-

cois CJ, Wieben O. Four-dimensional phase contrast MRI with accelerated 

dual velocity encoding. Journal of Magnetic Resonance Imaging 2012; doi: 

10.1002/jmri.23588.

60 Kim D, Dyvorne HA, Otazo R, Feng L, Sodickson DK, Lee VS. Accelerated 

phase-contrast MRI using k-t SPARSE-SENSE. Magnetic Resonance in 

Medicine 2011; 67:1054-1064.

61 van Ooij P, Zwanenburg JJM, Visser F, Majoie CB, vanBavel E, Hendrikse J, 

Nederveen AJ. Quantifi cation and visualization of fl ow in the Circle of Willis: 

Time-resolved three-dimensional phase contrast MRI at 7 T compared with 3 

T. Magnetic Resonance in Medicine 2012. doi: 10.1002/mrm.24317

62 Busch J, Giese D, Wissmann L, Kozerke S. Construction of divergence-free 

velocity fi elds from 3D phase-contrast fl ow measurements. Magnetic Reso-

nance in Medicine 2012. doi: 10.1002/mrm.24221.

Validation
83



Supplemental Material

In this supplement we present the results of the CFD simulations in six 

aneurysms with spatial infl ow boundary conditions obtained from 3D PC-

MRI. In table 4.S1 the differences between velocity fi elds are given. In table 

4.S2 the differences between singular energy are given. In fi gure 4.S1 the 

velocity vector fi elds are displayed, in fi gure 4.S2 the singular energy in three 

aneurysms.

Aneurysm MDif  (cm/s) SDif (cm/s) RDif (%) Median angle (°)

Systole Diastole Systole Diastole Systole Diastole Systole Diastole

1 1.9* -4.2* 17.0 8.1 6.0 23.9 20.8 27.8

2 -7.8* -4.3* 16.5 9.9 18.7 20.8 17.8 25.5

3 9.2* 1.6* 17.8 12.0 61.4 13.7 33.3 50.7

4 -3.7* -2.6* 26.3 12.8 8.7 11.5 24.0 31.0

5 3.5* 0.7* 19.3 11.9 10.8 3.5 22.0 27.5

6 - - - - - - - -

7 9.1* 4.0* 16.9 13.4 56.0 32.2 37.3 49.1

8 - - - - - - - -

average 2.0±6.8 -0.8±3.4 19.0±3.7 11.4±2.0 26.9±25.0 17.6±10.1 25.9±7.7 35.3±11.5

Aneurysm MDif  (cm/s) SDif (cm/s) RDif (%)

Systole Diastole Systole Diastole Systole Diastole

1 0.00 -0.09* 0.67 0.74 0.1 7.2

2 -0.34* -0.06 1.17 0.95 21.1 4.9

3 -0.17* -0.22* 0.93 1.41 15.3 18.2

4 0.18* 0.32* 0.51 1.18 29.6 47.6

5 -0.32* -0.18* 0.94 0.97 28.5 17.4

6 - - - - - -

7 0.24* 0.35* 0.86 1.11 29.2 39.6

8 - - - - - -

average -0.07±0.25 0.02±0.25 0.85±0.23 1.06±0.23 20.6±11.5 22.5±17.4

Table 4.S1 Differences between velocity fields as 

determined with 3D PC-MRI and CFD. Indicated 

are MDif and SDif,RDifand the median angle, 

as determined on a voxel basis and averaged 

over the whole aneurysm and connecting 

vessels, between 3D PC-MRI and CFD. * indicates 

significant difference.

Table 4.S2 Differences between singular energy 

fields as determined with 3D PC-MRI and CFD. 

Indicated are MDif, SDif and RDif as determined 

on a voxel basis and averaged over the whole 

aneurysm and connecting vessels, between 

3D PC-MRI and CFD. * indicates significant 

difference.
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Figure 4.S1 Velocity vector images in a 

characteristic slice depicting the main vortex 

in the six aneurysms and inflow jet in most 

aneurysms. The images depict the aneurysms at 

peak systole and diastole in isosurfaces (gray) 

for 3D PC-MRI and CFD with inflow boundary 

conditions obtained from 3D PC-MRI.

Figure 4.S2 Singular energy magnitude and 

location at peak systole in aneurysm volumes 

(gray) of aneurysm 1, 2, and 3 for 3D PC-MRI (top 

row) and CFD with inflow boundary conditions 

obtained from 3D PC-MRI (bottom row). For 

visualization purposes only the areas with 

singular energy above half the maximum value 

are indicated.
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