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Introduction

In this thesis the validation and improved strategies for clinical use 

of time-resolved three-dimensional 3D phase contrast MRI (PC-MRI) in 

intracranial aneurysms have been presented. Furthermore, the feasibility of 

wall shear stress estimations from PC-MRI data in intracranial aneurysms 

is demonstrated. The fi rst part considers in vitro validation of PC-MRI by 

comparison with Particle Imaging Velocimetry (PIV) and Computational 

Fluid Dynamics (CFD) and in vivo validation with CFD. In the second part 

of this thesis possible improvements of PC-MRI are investigated, based 

on acceleration strategies and higher fi eld strengths. The third part in this 

thesis describes a novel method for deriving wall shear stress from PC-MRI 

measurements and the application of this method to an in vitro and in vivo 

aneurysm.

10.1 Part I: Validation 

    PC-MRI is capable of measuring three-dimensional 

velocity vector fi elds in multiple phases in the cardiac cycle in vivo. In order 

to use PC-MRI in a clinical environment and eventually use the data for 

intracranial aneurysm rupture risk assessment, validation based on compar-

chapter 9
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ison with existing methods is a prerequisite. However, no other techniques 

are currently available that can be used for non-invasive in vivo validation. 

Therefore PC-MRI was tested in a real-size aneurysm phantom and com-

pared with 2D Particle Imaging Velocimetry (PIV), a well validated in vitro 

technique that enables optical measurement of 2D velocity fi elds of fl uids 

seeded with tracer particles [1]. 

The geometry of the aneurysm phantom used in chapters 2, 3, 5 and 8 

was based on patient data, obtained by the most accurate technique available 

in our institution: 3D Rotational Angiography. The model was hand-made 

by a glass-blowing artist. It was therefore not an exact replica of the patient 

aneurysm. As described in chapter 2, the comparison between PC-MRI and 

PIV measurements did not allow direct validation of PC-MRI, due to the 

2D nature of PIV, while also the use of different fl uids in PC-MRI and PIV 

and some experimental concerns complicated the comparison. A possible 

improvement may come from the use of 3D rather than 2D PIV imaging. 

However, this is an upcoming fi eld and requires specifi c expertise which 

was not available to us [2]. Despite the above shortcomings, the comparison 

showed many similarities such as the locations of the main vortex and other 

small vortices. 

Another possibility for validation of PC-MRI comes from computation-

al fl uid dynamics (CFD) [3]. CFD is increasingly used for visualization of 

hemodynamics in intracranial aneurysms. In CFD, the velocity patterns are 

not directly measured but simulated. This approach depends heavily on the 

accuracy of the geometry and the input, i.e. infl ow boundary conditions. 

CFD is therefore not a gold standard for aneurysmal hemodynamics. Yet, a 

comparison of CFD and PC-MRI may help to understand the limits of either 

technique and may help improve their use. In this thesis CFD and PC-MRI 

were compared in a glass phantom of an aneurysm as well as in in vivo 

aneurysms. 

The infl ow boundary conditions in the CFD simulation performed in 

the aneurysm phantom presented in chapter 2 were chosen as accurate as 

possible by prescribing spatial and temporal infl ow boundary conditions ob-

tained from the PC-MRI measurement. In this experiment the PC-MRI data 

matched the CFD predictions very well. Root mean square errors between 

the PC-MRI measurement and CFD were small: 4-5% of the maximum PC-

MRI velocity. 
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However, in vitro validation of a technique is clearly not the same thing 

as in vivo validation. Following the successful in vitro validation, PC-MRI 

was compared with accompanying CFD simulations in eight in vivo aneu-

rysms. The results agreed qualitatively, mainly in systole (Chapter 4). Due to 

use of a fairly high SENSE factor of 3 in the PC-MRI acquisition, the SNR of 

the PC-MRI measurements was low (around 12). Furthermore, in diastole, 

VNR was further reduced because diastolic velocities were well below VENC. 

These limitations resulted in velocity vector fi eld degradation in diastole. In 

systole, velocity vector directions were similar as judged by visual inspection 

and by calculation of singular energy. This novel method to robustly quantify 

vortices by applying multi-scale algorithms to velocity vector fi elds was 

described in chapter 3, and performed well in diastole as well. In contrast 

to the similar velocity directions, large differences were found in velocity 

magnitude. This coincided with substantial differences between infl ow as 

measured with PC-MRI and with the separate 2D PC-MRI measurement 

that was used for CFD boundary conditions. Indeed, simulations carried 

out with infl ow boundary conditions obtained from PC-MRI showed better 

quantitative agreement. Since 2D PC-MRI has higher resolution and is 

well-validated, it should be more reliable as infl ow boundary conditions. 

However, the discrepancy between fl ow calculated from 2D and 3D PC-MRI 

may be related to the thickness of the slice of the 2D measurements, which 

may have caused averaging of velocities. Perhaps some other systematic 

error was encountered. Further study regarding differences between 2D and 

3D PC-MRI is needed. However, it was reassuring to see that the direction of 

velocity vectors and singular energy did not differ much between 2D and 3D 

PC-MRI input. 

The comparison of PC-MRI with CFD made clear that a range of con-

cerns complicates the use of PC-MRI for hemodynamic quantifi cation in 

small intracranial aneurysms. Some of these concerns are discussed in more 

detail below.

In general, the limited spatial resolution inherently related to MRI 

remains a challenge in PC-MRI. Due to the limited resolution, both 2D and 

3D PC-MRI measurements are subject to partial voluming effects. Partial vo-

luming is a problem in PC-MRI that should be assessed with great care since 

signal from outside the vessel can cause large phase and velocity deviations 

in individual pixels. To minimize partial voluming, the delineation of vessels 

is chosen rather tight, thereby discarding pixels outside the delineation. 
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Usually these pixels contain low velocity values. Furthermore, limited spatial 

resolution causes velocity averaging, resulting in underestimated maximal 

velocities. 

As indicated above, one other issue in in vivo PC-MRI imaging is limited 

SNR. Noise in velocity data will increase velocity magnitude and direction 

uncertainty, and will increase the divergence of the velocity fi eld. Recently, 

a promising approach has been proposed to combine PC-MRI and CFD 

techniques by reducing the divergence of velocity fi elds [4]. This will be 

benefi cial for the diagnostic value of PC-MRI, in particular when wall shear 

stress is considered, since wall shear stress vectors depend on the gradient of 

the velocity close to the wall. Other strategies to improve SNR in vivo will be 

discussed in the next section. 

Recently, a paper was published in which Gatehouse et al. showed that 

small background phase offsets are a major problem when calculating car-

diac output from through-plane 2D PC-MRI acquisitions [5]. A background 

phase offset of 0.4% of a VENC of 150 cm/s can cause about 5% miscalcula-

tion of cardiac output. In this thesis background phase offsets were corrected 

by selecting a region of interest close to the aneurysm or vessel of interest 

and subtracting the mean phase in this ROI from the image. This approach 

was proposed by Lotz et al. [6]. Another approach incorporates linear fi tting 

of planes through the phase images [7]. However, background phase offsets 

can consist of second or even third order phase offsets and therefore more 

advanced correction methods are needed. Phantom experiments are now 

being performed to study the optimal manner for background phase offset 

correction [8]. 

A further drawback of PC-MRI is that it does not differentiate between 

slow fl owing blood and thrombus. Signal intensity of slow fl ow and throm-

bus is similar, and segmentation of the thrombus is therefore cumbersome. 

Since slow blood fl ow and thrombus formation is more prominent in large 

aneurysms, the current application of PC-MRI in large aneurysms (>15 mm) 

need further improvement. Naturally, the imaging of very small aneurysms is 

hampered by the spatial resolution. 

PC-MRI does not image the aneurysmal wall. In the wall shear stress 

algorithm we therefore assume that the segmentation represents the inside 

of the aneurysmal wall. Imaging the aneurysmal wall would be benefi cial for 

segmentation purposes and could diminish the aforementioned differences 

between 2D and 3D PC-MRI. A second consequence is that the thickness 
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of the aneurysmal wall remains unknown. Imaging the aneurysmal wall 

could help improving rupture risk assessment. Some studies imaging the 

intracranial arterial wall [9] and aneurysmal wall [10] have been performed. 

The major pitfall of imaging thin vessel walls is that it heavily depends on 

spatial resolution since one can not measure a structure beyond the spatial 

resolution and intra-voxel averaging of signals will be present. Measuring the 

aneurysmal wall was beyond the scope of this thesis. 

CFD is a powerful alternative for PC-MRI with the main benefi t of high 

resolution imaging of fl ow patterns. However, several drawbacks of this tech-

nique can be mentioned such as inherent assumptions in CFD. As said, these 

include the boundary conditions, which remain depending on direct mea-

surements when aiming at personalized data. In addition, wall segmentation 

and accompanying geometry accuracy is critical in CFD [11]. Due to limited 

resolution of 3D-RA or CTA, the aneurysmal neck can be overestimated 

leading to inaccurate simulations [12]. Moreover, vascular structures are dis-

tensible and pulsation may be present in aneurysms and feeding vessels that 

are not modeled in CFD. Other drawbacks of CFD are long simulation times 

and the consequential need for strong computational power. 

In PC-MRI pulsation of the aneurysm and feeding artery can be visual-

ized. However, the pulsation can be attributed to SNR differences and result-

ing segmentation differences between cardiac phases, and does not necessar-

ily visualize true wall motion. Some studies investigating the assumption of 

rigid walls in CFD have been presented. It was shown that rigid walls tend to 

overestimate wall shear stress [13] but that the overall characteristics of the 

wall shear stress distribution do not seem to change considerably [14].

The major benefi t for PC-MRI is that it is a direct measurement and 

with improvements, some discussed in the next section but more options are 

available, it may well serve as an option for rupture risk assessment. 

 

10.2 Part II: Improvements

      In the diastolic phase of the PC-MRI measure-

ments as presented in chapter 4, the VNR was low, which resulted in velocity 

vector direction irregularities. One main contribution to the low VNR, which 

depends on SNR, is the high SENSE factor of 3 that we used. SENSE is an 

acceleration technique well-known for its SNR degradation. For clinical use 
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of PC-MRI, the VNR during diastole should be increased. In chapter 5 an 

alternative acceleration technique is evaluated. In chapter 6 the application 

of the PC-MRI sequence on 7T MRI is described. 

10.2.1 Acceleration techniques

    In chapter 5, the infl uence of k-t BLAST on PC-

MRI measurements is studied and compared with SENSE accelerated mea-

surements. Although the SNR increased in k-t BLAST accelerated PC-MRI, 

it was found that temporal blurring, including underestimation of systolic 

velocities, was severe. Since the systolic phase is probably important for 

rupture risk assessment in intracranial aneurysms, k-t BLAST may not be the 

best candidate for PC-MRI acceleration in intracranial aneurysms. However, 

for longitudinal studies where precision of the measurement may be more 

important than its accuracy, k-t BLAST acceleration may be benefi cial. The 

fi eld of acceleration of MRI sequences is rapidly expanding. Many new strat-

egies were recently proposed in the literature. SENSE [15] and GRAPPA [16] 

are parallel imaging techniques exploiting spatial correlations by combining 

spatial information contained in the coils of the array. A second category is 

based on exploiting temporal correlations between images. A third category 

contains techniques that are based on spatiotemporal correlations between 

images. k-t BLAST/k-t SENSE [17] and k-t GRAPPA [18] are acceleration 

techniques that belong to this third category. k-t PCA [19] is an improved 

version of k-t BLAST and new techniques based on sparsity, i.e. compressed 

sensing are continuously in development [20]. The fi rst results of these 

techniques in combination with 2D PC-MRI are promising. However, the 

acceleration techniques in combination with PC-MRI remain to be validated 

in intracranial aneurysms. 

10.2.2 Higher field strengths

   Another possibility to increase SNR during the 

diastolic phase is by performing PC-MRI at higher fi eld strengths. PC-MRI in 

the Circle of Willis was performed in fi ve healthy volunteers at 7T and com-

pared with 3T (Chapter 6). SNR was around 2.6 times higher at 7T compared 

with 3T. This resulted in more distinct velocity directions in small vessels 

such as the anterior and posterior communicating arteries at 7T than 3T. A 

remarkable fi nding was that, in healthy volunteers, blood can fl ow from the 
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posterior cerebral artery to the internal carotid artery, to our knowledge not 

yet reported in literature. A 3T versus 7T PC-MRI comparison study has not 

yet been performed in intracranial aneurysms. However, the fi rst PC-MRI 

data at 7T are now available for analysis. In fi gure 9.1 it can be seen that the 

main vortex in the velocity vector fi eld at 7T looks coherent in diastole as well 

as in systole.

10.2.3 Part III: Wall shear stress

     Wall shear stress, the tangential force that 

blood exerts on the vessel wall, is thought to be an important marker for an-

eurysm formation, growth [21] and rupture [22]. The main drawback of us-

ing PC-MRI for wall shear stress calculation is the limited spatial resolution. 

Since the gradient of the velocity profi le at the vessel wall is needed for wall 

shear stress, the velocity vectors need to be well-resolved close to the wall. 

The requirements for accurate wall shear stress estimations are therefore 

suffi cient spatial resolution and SNR. In chapter 7 we show that an isotro-

pic resolution of at least 0.8 mm is needed to reduce the error of wall shear 

stress magnitude to 5% in a vessel with a diameter of 6 mm with perfect par-

abolic fl ow. In chapter 8 we show that this is not the case for an in vitro and 

in vivo intracranial aneurysm. However, the direction of wall shear stress 

vectors during the cardiac cycle could be estimated reasonably accurate in 

vitro and in vivo at 0.8 mm isotropic resolution, compared with wall shear 

stress vectors calculated from CFD. Wall shear stress can now be estimated 

using PC-MRI data acquired at 0.5 mm isotropic at 7T. In fi gure 9.2 the wall 

Figure 10.1 Main vortex in an aneurysm at (a) 

systole and (b) diastole. Data acquired at 7T with 

a resolution of 0.47 x 0.47 x 0.5 mm. Courtesy 

of Rachel Kleinloog of the University Medical 

Center Utrecht.
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shear stress vectors at systole and diastole are displayed obtained from the 

same data shown in fi gure 9.1. 

It is clear that improvement of wall shear stress estimation will bene-

fi t from further innovations in PC-MRI technology, including higher fi eld 

strengths and advanced acceleration techniques. Additional image analysis 

methodologies such as divergence-free fi lters and improved wall segmenta-

tion will help this process. Yet, quantitative estimation of wall shear stress 

will remain a challenge, due to its nature as a gradient at infi nitesimal dis-

tance from the wall. The question is whether a fully calibrated quantitative 

measurement is really needed. Wall shear stress is a vector, and the spatial 

and temporal gradients in direction may prove to be far more relevant for the 

biology of the aneurysm wall, progression and rupture, than its magnitude. 

For example, in fi gure 9.2, circular wall shear stress on the aneurysmal wall 

can be seen, which could provoke a different biological reaction than high 

or low or oscillating wall shear stress. We speculate that such circular wall 

shear stress patterns may be related to aneurysm rupture. In atherosclerotic 

processes, it has been well documented that wall shear stress gradients, nota-

bly a reversal of fl ow direction, is critical for plaque progression and plaque 

rupture [23].

10.3 Contribution of this thesis to improved risk of rupture assessment in 

intracranial aneurysms

    The fi rst studies are now being presented that combine 

quantitative and qualitative fl ow characteristics simulated with CFD and 

relate these characteristics to aneurysm rupture [24-25]. These authors state 

that aneurysm rupture is statistically associated with concentrated infl ow 

Figure 10.2 Wall shear stress in an aneurysm at 

(a) systole and (b) diastole. Data acquired at 7T 

acquired with a resolution of 0.47 x 0.47 x 0.5 

mm. Note the circular wall shear stress at the 

top on the left side of the aneurysm.
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streams, wall shear stress distributions with elevated levels of maximum 

wall shear stress and low aneurysmal viscous dissipation. In our institution, 

simulations of intra-aneurysmal fl ow are carried out in large patient cohorts 

(about 160 aneurysms). The advantage of our simulations is that patient-spe-

cifi c spatial and temporal infl ow patterns measured with 2D PC-MRI are 

prescribed as infl ow boundary conditions. The simulated fl ow patterns will 

be compared with fl ow patterns measured with PC-MRI, which provide 

improved methodology for rupture risk assessment. 

10.4 Contribution of this thesis to cardiovascular research and health care

        

This thesis mainly focused on PC-MRI in intracranial aneurysms. However, 

PC-MRI may be benefi cial for measuring fl ow in fl ow-related pathologies 

such as the atherosclerotic aorta [26], ascending aortic aneurysms [27-28] 

and internal carotid artery stenosis [29]. The presented wall shear stress 

algorithm is easily adaptable for application in different sets of data. It can 

therefore be benefi cial to quantify wall shear stress in these pathologies and 

add substantially to the insight in the degradation process of vessels and 

atherosclerotic plaque and aneurysm development. Diagnosis and treatment 

of aforementioned conditions can be facilitated by combination of PC-MRI 

and wall shear stress calculation. 

10.5 Future developments

      As previously mentioned, the diffi culties in PC-MRI 

measurements are its limited spatiotemporal resolution and SNR and its 

long scanning times. These limitations can be minimized in two manners: by 

using other hardware or by accelerating the PC-MRI sequence. As described 

in this thesis, scanners with higher fi eld strengths can be used to increase 

SNR. Furthermore, coils with more phase arrays are becoming available, 

which will reduce the SNR degradation of SENSE acceleration. Increasing 

spatiotemporal resolution will increase scan time, which requires the use of 

acceleration techniques i.e. reduced k-space sampling patterns to speed up 

the acquisition. Each of these acceleration techniques has its own draw-

backs in terms of temporal blurring and SNR degradation. New acceleration 

techniques are continuously being developed. However, these techniques are 
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not widely available and require validation. A promising candidate to speed 

up PC-MRI is compressed sensing [20]. Compressed sensing in combination 

with PC-MRI is expected to be used extensively in the near future. 

PC-MRI data requires elaborate post-processing in terms of background 

phase correction, segmentation and phase unwrapping. In order for PC-MRI 

to gain interest in a clinical setting, these post-processing steps should be 

automated as far as possible so that manual labor is minimized. At the mo-

ment, the main vendors are developing and incorporating post-processing 

software in the scanners. 

With these developments PC-MRI will be increasingly used for imaging 

and quantifying characteristics of cardiovascular fl ow-related diseases.   

10.6 Conclusion

     PC-MRI is currently the only in vivo technique able to 

measure 3D fl ow patterns in intracranial aneurysms. In this thesis we have 

shown that PC-MRI can be used to quantify and visualize intra-aneurysmal 

fl ow patterns and wall shear stress. In combination with CFD, PC-MRI may 

substantially improve rupture risk assessment of intracranial aneurysms. 

However, in order for PC-MRI to become widely used, the acquisition and 

post-processing should be further improved.

10.7 Implications of this thesis

• PC-MRI in an in vitro intracranial aneurysm phantom can accurately mea-

sure velocity vector fi eld patterns compared with CFD. (Chapter 2)

• Multi-scale approaches can robustly calculate and visualize fl ow properties 

and can be used for comparison of fl ow patterns between different modali-

ties. (Chapter 3, 4) 

• In vivo PC-MRI can accurately measure velocity vector fi eld patterns com-

pared with CFD in systole. (Chapter 4)

•  In diastole, velocity vector fi eld patterns measured with in vivo PC-MRI are 

hampered by low VNR of the PC-MRI measurement. (Chapter 4)
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•  Hampered velocity vector visualization of fl ow due to low VNR in diastole 

can be overcome by using multi-scale visualization approaches. (Chapter 4)

• Accelerating PC-MRI in intracranial aneurysms by k-t BLAST results in 

underestimation of velocity vector magnitude in systole due to temporal 

blurring. (Chapter 5)

•  Higher SNR by performing PC-MRI at higher fi eld strengths can substantial-

ly improve blood fl ow direction uncertainty and fl ow quantifi cation. (Chapter 

6)

•  In healthy volunteers blood fl ow through the posterior communicating 

artery can occur from posterior cerebral artery to internal carotid artery and 

vice-versa. (Chapter 6)

•  At an isotropic resolution of 0.8 mm, the error in wall shear stress calculated 

from a perfect parabolic fl ow in a vessel with a diameter of 6 mm is smaller 

than 5%. (Chapter 7)

•  The difference between wall shear stress measured with PC-MRI and 

simulated with CFD is larger than the difference between velocity vectors 

measured with PC-MRI and simulated with CFD. (Chapter 2, 8)

•  Showing wall shear stress vector direction as well as magnitude improves 

wall shear stress visualization. (Chapter 8)

•  Similar to vortical fl ow patterns in aneurysms, wall shear stress vectors show 

circular behavior as well. (Chapter 8)

•  Wall shear stress vector magnitude is underestimated at low resolutions. 

By increasing spatial resolution the magnitude and complexity of wall shear 

stress vectors is better resolved in an intracranial aneurysm phantom. (Chap-

ter 8)

•  In an in vivo intracranial aneurysm the difference between wall shear stress 

calculated from PC-MRI data and simulated with CFD is substantial. Howev-

er, wall shear stress direction is similar. (Chapter 8).
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