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BACKGROUND 

Intracranial Aneurysms 
Intracranial aneurysms are abnormal dilations of the intracranial arteries with a prevalence 

of approximately 3 percent of the population.1 Intracranial aneurysms are mostly formed at 

bifurcations of arteries in the circle of Willis (CoW)—a circulatory anastomosis, which 

connects the anterior and posterior brain circulations—see Figure 1 (A).2 Most intracranial 

aneurysms are saccular—meaning that they appear as focal, balloon-like outpouchings, see 

Figure 1 (B). The etiology of intracranial aneurysm formation is still largely unknown, 

however, some risk factors have been associated with the development of aneurysms. For 

example, intracranial aneurysms occur more often in women compared to men (60/40), and 

smoking and hypertension both increase the risk for intracranial aneurysm formation.3 

After formation, aneurysms can either remain stable and asymptomatic, or may evolve and 

eventually rupture. Aneurysm rupture results in a bleeding in the space surrounding the 

brain tissue, also known as a subarachnoid hemorrhage (SAH). This subtype of stroke is 

associated with high morbidity and mortality rates.4 In addition, a hemorrhagic stroke 

substantially impacts the patient’s family and society, both emotionally and economically.5  

Intracranial aneurysms can be treated in an endovascular or a surgical way, see Figure 2. 

Endovascular coiling is the current method of preference and is therefore mostly 

 
Figure 1. (A) The CoW connects the posterior and anterior circulations through the posterior communicating arteries 
(PComA) and anterior communicating artery (AcomA). The vertebral arteries (VA), basilar artery (BA), and the posterior 
cerebral arteries (PCA) supply the posterior site of the brain. The internal carotid arteries (ICA), middle cerebral arteries 
(MCA), and anterior cerebral arteries (ACA) supply the anterior site of the brain. (B) An illustration of a saccular, basilar 
tip aneurysm. 
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performed.6 Aneurysms with a wide neck might need an additional stent to support the coil 

mass, which is called stent-assisted coil-embolization.7 For other aneurysms with complex 

geometries, surgical clipping might be the treatment of choice. Over the last decade, 

alternative endovascular treatment options have rapidly been developed, aiming to minimize 

the need for invasive clipping. These novel endovascular treatment options mostly focus on 

flow diversion by low-porosity stents or flow disruption by low-porosity intra-saccular mesh 

implants.8,9  

When a patient with a hemorrhagic stroke arrives in the hospital, the main goal is to identify 

and treat the ruptured aneurysm using one of the previously described methods. However, 

most aneurysms are incidentally detected, unruptured, and asymptomatic.1 In theory, the 

majority of these unruptured intracranial aneurysms can be treated preventively. However, 

aneurysm treatment is not without risks and could have severe complications even resulting 

in death.10 Therefore, in clinical practice it is important to estimate the risk of aneurysm 

rupture and balance this with the potential procedural risks. 

Rupture Risk Assessment 
The majority of intracranial aneurysms will never rupture.2 Ideally, unruptured intracranial 

aneurysms should therefore only be treated if the risk of rupture—and thus the potential 

benefit for the patient—outweighs the procedural risk. Currently, size and location are the 

most frequently used parameters to determine the risk of rupture.10 Large sized aneurysms 

(≥7mm in diameter) have a higher risk of rupture and so have aneurysms in the posterior 

circulation or communicating arteries. Additional parameters that increase the risk of 

rupture are: Japanese or Finnish population, hypertension, age ≥70 years, and earlier SAH.11 

These parameters are incorporated in the PHASES score, which predicts the 5-year risk of 

 
Figure 2. (A) Endovascular coiling: a catheter is used to reach the intracranial aneurysm. Subsequently, the aneurysm is 
filled with platinum coils to promote blood clotting and remove the aneurysm from the circulation. (B) Surgical clipping: 
a part of the skull is removed to reach the intracranial aneurysm. Subsequently, a clip is placed at the neck of the 
aneurysm to remove the aneurysm from the circulation. 
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rupture and can easily be applied in clinical practice. A downside of this score is that still a 

large part of the rupture risk is unexplained; in patients with the maximal PHASES score, 

the 5-year rupture risk is 18%. A recent study showed that aneurysm irregularity can be used 

in addition to the PHASES score to further improve rupture risk assessment.12 

Large aneurysm size is an important marker for aneurysm rupture and therefore, aneurysms 

in the anterior circulation ≥7mm are often treated. And although large intracranial 

aneurysms carry higher risks for rupture compared to small aneurysms, a large proportion of 

ruptured aneurysms is small.13,14 This confusing contradiction can be explained by the high 

prevalence of small intracranial aneurysms.15 If it would be possible to predict the risk of 

rupture more accurately, better patient selection for aneurysm treatment can be achieved. 

Small, rupture prone aneurysms can potentially be identified and treated, while large stable 

aneurysms can be withheld from treatment to avoid unnecessary procedural risks. To 

accomplish this, it may be valuable to assess risk factors that are directly involved with 

rupture related processes that occur in the aneurysm wall.  

From a mechanical point of view, aneurysm growth and rupture occur when hemodynamic 

forces exceed the strength of the aneurysm wall. The strength of the vessel wall can become 

reduced by smoking and hypertension, but also hemodynamic anomalies—such as high or 

low wall shear stress (WSS)—can induce degenerative vessel wall remodeling.16,17 Loss of 

smooth muscle cells in the medial layer and loss of the elastic lamina in the vessel wall have 

both been hypothesized to occur at high WSS regions. Disorganized endothelial cell 

alignment and inflammatory responses are hypothesized to occur at low and oscillatory WSS 

regions. These pathological pathways have been observed using histological assessment of 

resected aneurysm walls after surgical clipping.18 However, because of its invasive nature, 

histological assessment of the aneurysm wall is not applicable for diagnostic settings. 

Fortunately, it is possible to assess the hemodynamic stress on the aneurysm wall; either by 

4D flow magnetic resonance imaging (MRI) or by a computational approach in conjunction 

with 3D angiographic imaging data. Furthermore, the aneurysm wall thickness and 

aneurysm wall inflammation can be assessed using novel, high-resolution MRI techniques. 

We hypothesize that both the computational assessment of hemodynamic stresses along the 

aneurysm wall and imaging characteristics of the aneurysm wall have the potential to 

improve risk assessment. Therefore, these two techniques are the focus of this thesis. 
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Computational Assessment of Hemodynamics 
A widely used method to compute the theoretical blood flow inside intracranial aneurysms 

is called computational fluid dynamics (CFD).19 CFD allows detailed assessment of blood 

flow characteristics in intracranial aneurysms due to the high spatiotemporal resolutions 

that can be obtained. CFD relies on digital three-dimensional vascular models that are 

created using patient-specific 3D angiographic imaging data. To acquire accurate vascular 

models, high contrast and high imaging resolutions are essential. Three-dimensional 

rotational angiography (3DRA) is currently the most accurate angiographic imaging 

modality in terms of contrast and resolution (typically between 0.2 and 0.3 mm). However, 

3DRA is invasive, uses ionizing radiation, and requires contrast-agent. Therefore, 3DRA is 

not suitable for diagnostic and follow-up purposes of unruptured intracranial aneurysms.  

Magnetic resonance angiography (MRA) is noninvasive and avoids the need for contrast-

agent and ionizing radiation and is therefore routinely performed to diagnose and 

longitudinally follow unruptured intracranial aneurysms. Some downsides of MRA are the 

limited resolution compared to 3DRA (typically between 0.5 and 1.0 mm) and loss of MR 

signal at regions of slow and recirculating flow. Nevertheless, since MRA is often the 

imaging modality of choice for unruptured aneurysms, vascular models in CFD studies 

mostly originate from MRA data. In addition to patient-specific vascular models, CFD 

analysis requires estimates for boundary conditions such as in- and outflow conditions.19 

Patient-specific in- and outflow measurements (e.g. using phase contrast MRI) are usually 

unavailable, since these measurements are not part of clinical routine. Therefore, generic 

inflow-profiles originating from measurements in healthy volunteers are frequently used.20  

From previous literature, we know that generalized inflow profiles can have a major 

influence on hemodynamic calculations.21 Parent artery specific inflow profiles—tailored to 

the patients CoW configuration—may potentially improve flow calculations in future CFD 

studies. Another drawback of current CFD studies is that aneurysms are mostly assessed at 

one timepoint only. Cross-sectional studies that compare groups of ruptured and unruptured 

aneurysms often neglect the fact that the aneurysm morphology could have changed before 

or after rupture either by aneurysm growth or by displacement due to hematoma.22,23 

Information regarding these changes may result in better understanding and interpretation 

of CFD studies. Not only aneurysm growth and rupture affect the morphology and thus 

hemodynamics; also treatment induced changes—e.g. when a stent is used to assist the 

coiling procedure—can have an influence on the hemodynamic characteristics in 
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aneurysms.24,25 Some studies suggest that stent-assisted coiling has a lower risk for future 

recanalization, which is possibly (partially) explained by this altered flow.24  

Imaging Characteristics of the Aneurysm Wall 
Apart from assessing hemodynamic forces along the aneurysm wall using CFD, it is also 

possible to visualize the vessel wall itself using MR imaging.26 Although this is not part of 

standard care, visualization of the aneurysm wall is increasingly performed—especially in 

patients with a SAH, multiple aneurysms, and an unclear rupture site.27 Several techniques 

exist to acquire vessel wall imaging (VWI), but all of these rely on the so called black-blood 

sequences. By suppressing both the MR-signal of flowing blood in the vessel lumen and the 

surrounding cerebrospinal fluid (CSF), the remaining MR-signal is assumed to originate 

from the vessel wall. This allows assessment of the aneurysm wall thickness,28 but maybe 

more promising, assessment of wall enhancement after contrast agent administration.29 It is 

hypothesized that ruptured and inflamed aneurysm walls enhance after gadolinium contrast-

administration.30 Although it is currently unknown how often wall enhancement occurs in 

the general aneurysm population, it may potentially aid in distinguishing stable from 

unstable aneurysms.  

Not only the prevalence of aneurysm wall enhancement is currently unknown, it is also 

unclear what underlying mechanisms contribute to wall enhancement. One of the pitfalls in 

VWI is that slow flow along the aneurysm wall may contribute to wall enhancement.29 The 

most commonly used VWI technique (3D turbo spin echo) mainly suppresses MR signal 

from flowing blood in the readout direction.31 Flow patterns in intracranial aneurysms are 

commonly slow and complex—because of their irregular geometries and tortuous parent 

arteries—resulting in a limited blood suppression performance. To improve suppression of 

slow and turbulent flow, several preparation pulses have been developed such as motion-

sensitized driven equilibrium (MSDE) and delay alternating with nutation for tailored 

excitation (DANTE).32,33 However, suppression of intra-aneurysmal blood becomes even 

more challenging after gadolinium contrast-agent administration because of the shortened 

T1 relaxation time of blood. It is currently unknown to what extent slow flow contributes to 

aneurysm wall enhancement. This information is essential for VWI interpretation and to 

formulate recommendations for developments in VWI to make it more clinically applicable.  
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AIMS AND OUTLINE OF THIS THESIS 

The general aims of this thesis are to: 

• Investigate whether inflow-profiles are different among parent arteries and CoW 

configurations.  

• Explore how intra-aneurysmal flow changes as a result of aneurysm growth, 

aneurysm rupture, and stent-deployment in the aneurysmal parent artery.  

• Identify factors that contribute to wall enhancement in VWI.  

• Analyze the contribution of slow flow to apparent wall-enhancement in VWI. 

The first part of this thesis focuses on the effects of geometrical changes on CFD results and 

in the second part the pitfalls and drawbacks of VWI are discussed. 

Part I — Assessing Boundary Conditions for CFD Analysis 
To improve inflow boundary-conditions we acquired parent artery specific inflow profiles 

for different CoW-configurations in Chapter 2. These profiles are measured using phase-

contrast MRI in a population of patients with intracranial aneurysms.  

By assessing aneurysms longitudinally, we aim to get more insight in the effects of growth 

and rupture on hemodynamics. Chapter 3 compares hemodynamic characteristics before 

and after rupture to assess the effect of rupture on calculated hemodynamics. Chapter 4 

focuses on hemodynamic changes in unruptured aneurysms after growth. With this 

information recommendations can be made about reassessment of rupture risk after a period 

of growth.  

In Chapter 5 we assess the effect of stents on the peri-aneurysmal geometry and the 

accompanying hemodynamic changes inside the aneurysm. By studying the hemodynamic 

changes caused by stent-induced vessel deformation, a better understanding of the risk of 

recurrence may be achieved. 

Part II — Assessing the Aneurysm Boundary Using VWI 
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ABSTRACT 

Background and Purpose 
Hemodynamics are thought to play a role in intracranial aneurysm growth and rupture. 

Computational fluid dynamics is frequently performed to assess intra-aneurysmal 

hemodynamics, using generalized flow waveforms of healthy volunteers as inflow boundary 

conditions. The purpose of this study was to assess differences in inflow conditions for 

different aneurysmal parent artery locations and variations of circle of Willis configurations. 

Materials and Methods 
In a series of 96 patients with 103 aneurysms, velocity measurements were acquired using 

two-dimensional phase-contrast MRI perpendicular to aneurysmal parent arteries in the 

circle of Willis. Circle of Willis configurations were inspected for variations using multiple 

overlapping thin-slab-acquisition MRA. Flow rates, velocity magnitudes, and pulsatility 

indices were calculated for each parent artery location in subgroups of complete and 

incomplete circle of Willis configurations. 

Results 
Flow rates, velocity magnitudes, and pulsatility indices were significantly different between 

aneurysmal parent arteries. Incomplete circle of Willis configurations were observed in 24% 

of the cases. Significantly lower basilar artery flow rates were observed in configurations 

with hypoplastic P1 segments. Significantly higher A1 flow rates were observed in 

configurations with a hypoplastic contralateral A1 segment. 

Conclusions 
Inflow conditions vary substantially between aneurysmal parent arteries and circle of Willis 

configurations. We have created a collection of parent artery specific inflow conditions 

tailored to the patient-specific circle of Willis configuration that can be used in future 

computational fluid dynamics studies analyzing intra-aneurysmal hemodynamics. 
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INTRODUCTION 

The incidence of an unruptured intracranial aneurysm in the general population is 

approximately 3%.1 Most of these aneurysms are asymptomatic and 50-80% of all aneurysms 

do not rupture during lifetime.2 However, rupture results in subarachnoid hemorrhage, a 

devastating occurrence associated with high morbidity and fatality rates.2 In clinical 

practice, large size (≥7mm) and high risk location (posterior circulation and communicating 

arteries) are most frequently used to identify aneurysms with a high risk of rupture.3 

However, the majority of aneurysms is smaller than 7 mm and a proportion of these small 

aneurysms ruptures, nevertheless.4 Therefore, many studies have been performed to identify 

additional risk factors for rupture to improve the management of unruptured intracranial 

aneurysms. Besides morphological parameters, intra-aneurysmal hemodynamics are thought 

to play a role in aneurysm formation, growth, and rupture. Therefore, hemodynamics are 

frequently assessed to search for differences between ruptured and unruptured aneurysms.5,6 

To analyze hemodynamic properties, computational fluid dynamics (CFD) is commonly used 

to simulate the blood flow in patient-specific aneurysm models. CFD depends highly on 

boundary conditions such as geometry and inflow waveforms.7–9 Therefore, high-resolution 

three-dimensional angiographic imaging and patient-specific data of inflow velocities are 

needed. Because patient-specific velocity waveforms are rarely available, generalized 

velocity waveforms of healthy subjects are frequently used.10,11 However, intracranial flow 

velocities vary widely between subjects.12,13 A previous study showed that generalized 

waveforms result in different hemodynamic characteristics, when compared with patient-

specific velocity waveforms.14 A similar heterogeneity in flow patterns is expected among 

variations in location and configuration of the circle of Willis (CoW).15 This variety of 

aneurysmal inflow conditions in different aneurysmal parent arteries, considering 

anatomical variations in the CoW, is insufficiently studied. In this study, we present 

location-specific aneurysmal inflow waveforms for arteries in the CoW and determine the 

influence of CoW variations on local flow conditions. 

METHODS 

Patient Selection 
All patients treated in the Academic Medical Center Amsterdam for a ruptured or 

unruptured aneurysm in the period of January 2009–October 2011 were invited to participate 

in the Hemodynamics for Rupture Risk Assessment of Intracranial Aneurysms (HEROICA) 

study.16 The HEROICA study assessed the additional value of hemodynamics in 
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discriminating ruptured and unruptured aneurysms, and was approved by the institutional 

review board. Written informed consent was obtained from all patients. To assess the 

variation of inflow in these aneurysms, we included all patients with sufficient quality 

phase-contrast magnetic resonance (PC-MR) imaging of the HEROICA dataset.  

MR Imaging 
MR imaging was carried out at 3T (Intera, Philips Healthcare). Two-dimensional PC-MR 

imaging was performed for velocity measurements perpendicular to the aneurysmal parent 

arteries. These included the basilar artery (BA), vertebral artery (VA), internal carotid artery 

(ICA), middle cerebral artery (MCA), A1 and A2 segment of the anterior cerebral artery 

(ACA). Heart rate monitoring was carried out by electrocardiography or by a peripheral 

pulse unit, and was used for cardiac triggering and heart rate calculations. PC-MR imaging 

resolution was 0.63×0.63×3 mm. Velocity-encoding was 70-100 cm/s. Velocity measurements 

were acquired in 23–36 uniformly spaced cardiac phases. PC-MR imaging was performed 

before treatment for patients with unruptured aneurysms or at 6-months follow-up after 

endovascular treatment for cases with acutely ruptured aneurysms. A routine multiple 

overlapping thin-slab-acquisition (MOTSA) MRA sequence with a scan resolution of 

0.4×0.4×0.5 mm was performed to visualize the aneurysm and was used to assess CoW 

configurations. 

Assessment of CoW Configurations 
Absence or hypoplasia of arterial components in the CoW was assessed by an experienced 

neuroradiologist (MES), using axial reconstructions and volume renderings of the MOTSA 

MRA data. A1 and VA hypoplasia were defined as diameters ≤50% compared to the 

contralateral side.17,18 Hypoplasia of the P1-segment of the posterior cerebral artery (PCA) 

was defined as a diameter smaller than the feeding posterior communicating artery 

(PComA).19,20 Hypoplasia of the PComA and anterior communicating artery (AComA) were 

defined as diameters ≤0.8mm.21 A textbook-type CoW configuration and a variant-type CoW 

configuration with anatomical variations of the VA, P1, and A1 are schematically presented 

in Figure 1. CoW configurations were dichotomized into perianeurysmal complete and 

incomplete groups. Configurations were considered incomplete in case the vascular 

morphology near the aneurysm presented anatomical variants that were expected to alter 

local flow rates. For ICA and MCA parent artery locations, configurations with hypoplastic 

ipsilateral P1 and/or contralateral A1 segments were considered incomplete. For A1 

measurement cases, configurations with hypoplastic ipsi- or contralateral A1 segments were 

considered incomplete. For A2 parent artery locations, azygos ACA or ACA trifurcation 
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configurations were considered incomplete. For the VA, configurations with hypoplastic 

ipsi- or contralateral VA segments were considered incomplete. For BA cases, one or two-

sided hypoplastic P1 segments were considered incomplete configurations. 

Flow Parameters 
To define the inflow region of the parent artery, a contour was extracted for each cardiac 

phase using a level set evolution algorithm22 in the PC-MR magnitude images. Due to 

arterial pulsatility, the inflow region could have varied between cardiac phases. Spatial-

averaged velocity waveforms were calculated for every patient by dividing the sum of the 

velocity magnitudes in each cardiac phase by the time-averaged inflow area. Flow 

waveforms were calculated by multiplying the sum of through-slice velocity components by 

the area of the inflow region for each cardiac phase. High-frequency components in the 

flow- and velocity-waveforms were considered noise and therefore suppressed using an 

eighth order low pass Butterworth filter23 with a half-power frequency of 0.32. Using the 

flow- and velocity-waveforms, temporally averaged flow rates and mean velocity magnitudes 

were calculated. In addition, the pulsatility index (PI) was calculated to quantify the pulsatile 

character of the flow waveforms. The PI was defined as the ratio of flow variation to the 
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segments<PComA were defined to be hypoplastic. 
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average flow during a cardiac cycle, see Figure 2.24 Parent artery-specific flow parameters 

were calculated for subgroups with perianeurysmal complete and incomplete CoW 

configurations.  

Location-Representative Waveforms 
Eleven features were automatically extracted for each waveform, see Figure 2. The waveform 

was characterized by the diastolic minimum (M) and peak systole (P).25 Additional systolic 

features were extracted for 25%, 50%, and 75% of the amplitude (S1, S2, S3). Diastolic features 

were extracted for 75% of the amplitude after systole (D1), half-maximum after systole (H), 

and four uniformly in time-spaced features between H and the end of the cardiac cycle (D2-

D5). Feature S2 was set to time=0s. Median feature points were calculated by taking the 

median flow-amplitude at the median time point in the cardiac-cycle. Similarly, the IQR was 

calculated for each feature point. Location-representative waveforms were generated by 

cubic spline interpolation of the median feature points for aneurysmal parent arteries in 

complete and incomplete configurations. The slopes of the first and last feature point were 

set to zero. 

Statistical Analysis 
The Kruskal-Wallis test was performed to determine whether flow parameters were different 

between aneurysmal parent arteries. Subsequently, Tukey's honestly significant difference 

 
Figure 2. Automatic extraction of 11 waveform features and the PI.  M: diastolic minimum. S1-S3: 25, 50, and 75% of the 
amplitude before peak systole. P: peak systole. D1: 75% of the amplitude after peak systole. H: half-maximum after 
systole. D2-D5: late diastolic features, equally spaced in time (△T). Feature S2 was set to time=0s.
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was performed to analyze differences between combinations of groups. Mann-Whitney U 

tests were used to assess whether parent artery-specific flow parameters were different 

between complete and incomplete CoW configurations. In addition, mean velocity 

magnitudes and PI’s were compared between anterior and posterior parent arteries. P-values 

<0.05 were considered to indicate statistically significant differences. 

RESULTS 

A total of 96 patients (62 female) with 103 aneurysms (61 ruptured) were included in this 

study. Median patient age was 53 years (range: 27-76). Heart rates ranged between 51 and 109 

beats per minute, with a mean of 69 (SD=10). The prevalence of anatomical variants in the 

CoW is shown in Table 1. Only 10 percent of the patients had a textbook-type CoW 

configuration and almost half of the CoW configurations presented hypoplastic VA, A1, or 

P1 segments. Table 2 shows the prevalence of perianeurysmal incomplete CoW 

configurations for each aneurysmal parent artery location. Configurations were incomplete 

in 24% of the cases. Figure 3 presents box plots for aneurysmal parent artery-specific flow 

rates in complete and incomplete CoW configurations. Table 3 shows flow and velocity 

measures for aneurysmal parent arteries in complete and incomplete configurations. 

Location-representative flow and velocity waveforms are displayed in Figures 4 and 5 

respectively, for aneurysmal parent arteries in perianeurysmal complete and incomplete 

CoW configurations.  

Table 1. Prevalence of anatomical variants in the CoW. 

CoW configuration (n=96) Absent/hypoplastic vascular components % 

Textbook type None 10 

Variant anatomy 

PComA 73 
AComA 25 
P1 24 
VA 21 
A1 16 
P1, VA, and/or A1 combined 46 
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Flow rates, velocity magnitudes, and PI’s were significantly different between parent artery 

locations: p<0.001, p=0.008, and p=0.041 respectively. VA flow rates were significantly lower 

compared to ICA flow rates. Furthermore, significantly lower mean velocity magnitudes 

were observed for VA arteries compared to MCA arteries. No statistically significant 

differences in PI’s were found in pairwise comparisons between parent artery locations.  

Table 2. Prevalence of perianeurysmal incomplete CoW configurations for each aneurysmal parent artery location. 

PC-MR measurement location (aneurysm location) Incomplete configuration N 

ICA (ICA/PComA) Hypoplastic ipsilateral P1 and/or contralateral A1 7/30 (23%) 

MCA Hypoplastic ipsilateral P1 and/or contralateral A1 6/30 (20%)

A1 (AComA) Hypoplastic contralateral A1 7/28 (25%) 

A2 (Pericallosal Artery) Azygos ACA 1/4 (25%) 

VA Hypoplastic ipsilateral VA 1/2 (50%) 

BA Hypoplastic P1 (1- or 2-sided) 3/9 (33%) 

Total 25/103 (24%) 

 
Figure 3. Box plots for aneurysmal parent artery-specific flow rates in complete (left) and incomplete (right) CoW 
configurations. *Indicates a statistically significant difference (p<0.05) 
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BA flow rates were significantly lower for subgroups with one or two hypoplastic P1 

segments. Significantly higher A1 flow rates were observed in configurations with a 

hypoplastic contralateral A1 segment. Aneurysmal parent arteries in the posterior 

circulation showed significantly higher PI’s (p=0.017) and lower mean velocity magnitudes 

(p=0.034) compared to parent arteries in the anterior circulation. 

 

 
Figure 4. Location-representative flow waveforms for aneurysmal parent arteries in perianeurysmal complete (blue) and 
incomplete (red, dashed) CoW configurations. Interquartile ranges are presented for feature points M, S2, P, H, and D6. 

Table 3. Mean velocity magnitudes, flow rates, and PI’s for aneurysmal parent arteries in complete and incomplete 
CoW configurations. 

Aneurysmal 
parent artery 

Perianeurysmal  
CoW 

configuration 

Flow rate (ml/s) 
Median (IQR) 

p-
value 

Mean velocity 
magnitude 

(cm/s) 
Median (IQR) 

p-
valu

e 

PI 
Median (IQR) 

p-
value 

ICA 
Complete 3.60 (3.03-4.84) 

0.16 
36.3 (29.8-46.2) 

1.00 
0.91 (0.75-1.12) 

0.49 
Incomplete 3.96 (3.74-4.15) 36.4 (32.7-39.1) 0.98 (0.87-1.18) 

MCA 
Complete 2.48 (1.86-2.97) 

0.15 
44.6 (35.4-49.5) 

0.19 
0.80 (0.66-0.94) 

0.42 
Incomplete 1.98 (1.78-2.25) 38.7 (34.2-42.2) 0.95 (0.74-0.97) 

A1 
Complete 1.42 (1.12-1.60) 

0.01* 
34.2 (29.5-38.7) 

0.52 
0.78 (0.69-1.06) 

0.49 
Incomplete 1.88 (1.65-2.51) 37.9 (29.5-45.3) 0.75 (0.63-0.83)

A2 
Complete 0.78 (0.57-1.08) 

0.50 
21.4 (19.1-33.5) 

1.00 
0.63 (0.52-0.99) 

0.50 
Incomplete 1.26 35.2 1.13 

VA 
Complete 1.90 

1.00 
19.1 

1.00 
1.11 

1,00 
Incomplete 0.99 16.5 1.20 

BA 
Complete 2.45 (1.87-2.81) 

0.02* 
36.0 (31.3-42.8) 

0.17 
1.00 (0.86-1.06) 

0.71 
Incomplete 0.88 (0.78-1.26) 25.9 (21.6-30.5) 1.05 (0.98-1.19) 

* Indicates a statistically significant difference (p<0.05). 
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Figure 5. Location-representative velocity waveforms for aneurysmal parent arteries in perianeurysmal complete (blue) 
and incomplete (red, dashed) CoW configurations. Interquartile ranges are presented for feature points M, S2, P, H, and 
D6 

DISCUSSION 

Our study presents location-specific flow rates and velocity magnitudes and shows 

significant differences between aneurysmal parent artery locations in the CoW. Hypoplastic 

VA, A1, or P1 segments were observed in almost half of our population. Higher flow rates 

were observed in A1 segments with an absent or hypoplastic contralateral A1 and lower flow 

rates for BA with hypoplastic P1 segments.  

Intracranial flow rates have been assessed in several previous PC-MR studies 26,27 with 

relatively small study populations of healthy subjects. In these studies, flow rates were 

comparable to our findings, however, no information regarding anatomical variations in the 

CoW configurations was provided in these studies. Other studies investigated relationships 

between anatomical variations in the CoW and neurovascular diseases, however, no 

relations with aneurysmal inflow were assessed. The prevalence of VA, A1 and P1 

hypoplasia in our study was similar to those reported previously.18,19,28 The cerebral blood  

flow distribution in different configurations of the CoW was assessed previously, 29 where 

decreased BA flow rates were observed in fetal-type PCA configurations and increased ICA 

flow rates in ipsilateral fetal-type PCA and missing contralateral A1 configurations. Our 

study also showed significantly lower BA flow rates in hypoplastic P1 configurations and a 

Aneurysmal Parent Artery-Specific Inflow Conditions for Complete and Incomplete Circle of Willis Configurations 

35 

trend towards higher ICA flow rates in ipsilateral hypoplastic P1 and hypoplastic 

contralateral A1 configurations was seen. The relation between CoW configuration and flow 

rates of the ICA and BA has also been studied in healthy volunteers, which showed similar 

findings.15 However, A1 and P1 hypoplasia was only observed in 5% of their study 

population. 

It has been shown that inflow variations of less than 25% have little effect on flow 

characteristics in CFD simulations.30 Our study presents larger velocity and flow variations 

among parent artery locations and CoW configurations. Furthermore, in accordance with 

previously reported data,31 the inter-patient variability of peak systolic flow measures was 

larger than 25%. This suggests that those parameters should be taken into account in CFD 

calculations.32  

Our study has several limitations. The limited imaging resolution of the PC-MR sequence 

resulted in partial volume artifacts, which might have led to inaccurate delineations of 

inflow regions, resulting in inaccurate velocity magnitude calculations. We used time-

averaged cross-sectional areas of the PC-MRA imaging to calculate temporal velocity 

profiles, which might not agree with the areas of the 3DRA derived vascular models used for  

CFD because of differences in imaging and segmentation methods. Furthermore, 

differences in velocity encoding might have influenced the results, and the quality 

requirements for the PC-MR imaging might have resulted in a selection bias. Another 

limitation of our study was the relatively small sample size.  

For VA and A2 cases, large differences in flow rates were observed between complete and 

incomplete configurations, but due to the small sample size we could not determine whether 

this is a systematic deviation. Furthermore, low TOF intensities hindered the assessment of 

hypoplastic segments in some cases due to slow flow or coil artifacts.  

In addition, CoW assessment was performed by one observer only and comparison with 

previous results from the literature was hampered by the use of different definitions for 

hypoplasia of vascular segments. 
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CONCLUSION 

There is variation in aneurysmal inflow conditions between parent arteries and between 

CoW configurations. When patient-specific inflow waveforms are not available, we 

recommend using parent artery-specific flow waveforms, tailored to the patient-specific 

CoW configuration to improve the accuracy of intra-aneurysmal hemodynamic simulations. 

We have made a collection available of flow and velocity waveforms that can be used in 

future CFD studies. 

  

Aneurysmal Parent Artery-Specific Inflow Conditions for Complete and Incomplete Circle of Willis Configurations 

37 

REFERENCES 

1.  Vlak MHM, Algra A, Brandenburg R, et al. Prevalence of unruptured intracranial aneurysms, with emphasis on 
sex, age, comorbidity, country, and time period: A systematic review and meta-analysis. Lancet Neurol. 
2011;10(7):626-636. 

2.  Brisman JL, Song JK, Newell DW. Cerebral Aneurysms. N. Engl. J. Med. 2006;355(9):928-939. 
3.  Wiebers DO, Whisnant JP, Huston J, et al. Unruptured intracranial aneurysms: natural history, clinical 

outcome, and risks of surgical and endovascular treatment. Lancet 2003;362(9378):103-110. 
4.  The UCAS Japan Investigators. The Natural Course of Unruptured Cerebral Aneurysms in a Japanese Cohort. 

N. Engl. J. Med. 2012;366(26):2474-2482. 
5.  Xiang J, Natarajan SK, Tremmel M, et al. Hemodynamic-morphologic discriminants for intracranial aneurysm 

rupture. Stroke 2011;42(1):144-52. 
6.  Chien A, Sayre J. Morphologic and hemodynamic risk factors in ruptured aneurysms imaged before and after 

rupture. Am. J. Neuroradiol. 2014;35(11):2130-2135. 
7.  Valen-Sendstad K, Steinman DA. Mind the gap: Impact of computational fluid dynamics solution strategy on 

prediction of intracranial aneurysm hemodynamics and rupture status indicators. Am. J. Neuroradiol. 
2014;35(3):536-543. 

8.  Castro MA, Putman CM, Cebral JR. Computational fluid dynamics modeling of intracranial aneurysms: Effects 
of parent artery segmentation on intra-aneurysmal hemodynamics. Am. J. Neuroradiol. 2006;27(8):1703-1709. 

9.  Venugopal P, Valentino D, Schmitt H, et al. Sensitivity of patient-specific numerical simulation of cerebal 
aneurysm hemodynamics to inflow boundary conditions. J. Neurosurg. 2007;106(6):1051-1060. 

10.  Cebral JR, Castro MA, Soto O, et al. Blood-flow models of the circle of Willis from magnetic resonance data. 
J. Eng. Math. 2003;47(3-4):369-386. 

11.  Steinman DA, Milner JS, Norley CJ, et al. Image-based computational simulation of flow dynamics in a giant 
intracranial aneurysm. Am. J. Neuroradiol. 2003;24(4):559-66. 

12.  Stock KW, Wetzel SG, Lyrer PA, et al. Quantification of blood flow in the middle cerebral artery with phase-
contrast MR imaging. Eur. Radiol. 2000;10(11):1795-1800. 

13.  Oktar SO, Yücel C, Karaosmanoglu D, et al. Blood-flow volume quantification in internal carotid and vertebral 
arteries: Comparison of 3 different ultrasound techniques with phase-contrast MR imaging. Am. J. 
Neuroradiol. 2006;27(2):363-369. 

14.  Jansen IGH, Schneiders JJ, Potters WV, et al. Generalized versus patient-specific inflow boundary conditions 
in computational fluid dynamics simulations of cerebral aneurysmal hemodynamics. Am. J. Neuroradiol. 
2014;35(8):1543-1548. 

15.  Tanaka H, Fujita N, Enoki T, et al. Relationship between variations in the circle of Willis and flow rates in 
internal carotid and basilar arteries determined by means of magnetic resonance imaging with semiautomated 
lumen segmentation: Reference data from 125 healthy volunteers. Am. J. Neuroradiol. 2006;27(8):1770-1775. 

16.  Schneiders JJ, Marquering HA, Van Ooij P, et al. Additional value of intra-aneurysmal hemodynamics in 
discriminating ruptured versus unruptured intracranial aneurysms. Am. J. Neuroradiol. 2015;36(10):1920-1926. 

17.  Kwak R, Niizuma H, Suzuki J. Hemodynamics in the anterior part of the circle of Willis in patients with 
intracranial aneurysms: a study by cerebral angiography. Tohoku J. exp. Med. 1980;(132):69-73. 

18.  Rinaldo L, McCutcheon BA, Murphy ME, et al. Relationship of A1 segment hypoplasia to anterior 
communicating artery aneurysm morphology and risk factors for aneurysm formation. J. Neurosurg. 2016:1-7. 

19.  van Raamt AF, Mali WPTM, van Laar PJ, et al. The fetal variant of the circle of Willis and its influence on the 
cerebral collateral circulation. Cerebrovasc. Dis. 2006;22(4):217-224. 

20.  De Monyé C, Dippel DWJ, Siepman TAM, et al. Is a fetal origin of the posterior cerebral artery a risk factor 



 

36 

CONCLUSION 

There is variation in aneurysmal inflow conditions between parent arteries and between 

CoW configurations. When patient-specific inflow waveforms are not available, we 

recommend using parent artery-specific flow waveforms, tailored to the patient-specific 

CoW configuration to improve the accuracy of intra-aneurysmal hemodynamic simulations. 

We have made a collection available of flow and velocity waveforms that can be used in 

future CFD studies. 
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ABSTRACT 

Background and Purpose 
Rupture risk of intracranial aneurysms may depend on hemodynamic characteristics. This 

has been assessed by comparing hemodynamic data of ruptured and unruptured aneurysms. 

However, aneurysm geometry may change before, during, or just after rupture; this 

difference causes potential changes in hemodynamics. We assessed changes in 

hemodynamics in a series of intracranial aneurysms, by using 3D imaging before and after 

rupture. 

Materials and Methods 
For 9 aneurysms in 9 patients, we used MRA, CTA, and 3D rotational angiography before 

and after rupture to generate geometric models of the aneurysm and perianeurysmal 

vasculature. Intra-aneurysmal hemodynamics were simulated by using computational fluid 

dynamics. Two neuroradiologists qualitatively assessed flow complexity, flow stability, 

inflow concentration, and flow impingement in consensus, by using flow-velocity 

streamlines and wall shear stress distributions. 

Results 
Hemodynamics changed in 6 of the 9 aneurysms. The median time between imaging before 

and after rupture was 678 days (range, 14–1461 days) in these 6 cases, compared with 151 

days (range, 34-183 days) in the 3 cases with unaltered hemodynamics. Changes were 

observed for flow complexity (n=3), flow stability (n=3), inflow concentration (n=2), and 

region of flow impingement (n=3). These changes were in all instances associated with 

aneurysm displacement due to rupture-related hematomas, growth, or newly formed 

lobulations. 

Conclusions 
Hemodynamic characteristics of intracranial aneurysms can be altered by geometric 

changes before, during, or just after rupture. Associations of hemodynamic characteristics 

with aneurysm rupture obtained from case-control studies comparing ruptured with 

unruptured aneurysms should therefore be interpreted with caution. 
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INTRODUCTION 

Intracranial aneurysms are found in 1-5% of the adult population.1,2 For ruptured intracranial 

aneurysms, case morbidity and fatality rates are high.1,3 However, 50-80% of all intracranial 

aneurysms do not rupture during lifetime.1 More commonly, unruptured aneurysms are 

incidentally found due to increasing use of imaging.4,5 Risk of rupture should be balanced 

against the risk of treatment when deciding if an aneurysm should be treated. In clinical 

practice, the location and size of the aneurysm are the most important parameters for 

determining the risk of rupture.1,6 However, these geometric predictors are insufficient for 

optimal treatment selection. Therefore, the search for better predictors for rupture 

continues.7–9 Recent studies have associated intra-aneurysmal flow patterns and wall shear 

stress (WSS) distributions with aneurysm rupture status.7,8,10 However, these results are still 

controversial. For example, both high and low aneurysmal WSS were separately associated 

with aneurysm growth and rupture.11,12 In these risk assessment studies, potential changes in 

hemodynamics due to the rupture itself are systematically neglected. Recently, two studies 

have shown changes in aneurysm geometry after rupture.13,14 These rupture associated 

geometrical changes may result in differences in hemodynamic characteristics as well. In 

this study, we had the opportunity to use high-quality 3D imaging data of 9 patients with 

intracranial aneurysms—obtained before and after rupture—to assess potential differences 

in hemodynamic characteristics associated with rupture. 

METHODS 

Three-dimensional image data of intracranial aneurysms for 9 patients with image data 

before (MRA [n=6], CTA [n=3]) and after (CTA [n=2], 3DRA [n=7]) rupture were collected. The 

imaging parameters are shown in Table 1.14 The image data were collected over 6 years in 3 

different institutions. Four male and 5 female patients were included with aneurysms 

located at the basilar artery (n=3), posterior communicating artery (n=2), middle cerebral 

artery (n=2), anterior communicating artery (n=1), and anterior choroidal artery (n=1). Mean 

age at time of rupture was 60 ± 12 years. The median time between imaging before and after 

rupture was 183 days, with a range of 14 days to 4 years and 1 day. Median time between 

rupture and subsequent imaging was 1 day, with a range of 0 to 9 days. Informed consent 

was waived by the medical ethics committee because no diagnostic tests other than routine 

clinical imaging were used in this retrospective study. 
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Vascular Model Generation 
To create a surface model of the aneurysm and perianeurysmal vasculature using the 

available 3D imaging data, a level set algorithm of the Vascular Modeling Toolkit (VMTK) 

was used.15–18 For hemodynamic simulations, model accuracy and mesh quality are 

important.18–20 Therefore, inaccuracies due to imaging artifacts like flow dispersion and 

saturation (in 3D time-of-flight MRA), partial voluming, beam hardening (in CTA), neck size 

overestimation,21 and inhomogeneous contrast agent distribution (in CTA and 3DRA) were 

corrected. Artificial narrowing results in overestimations of WSS and erroneous flow 

velocities22, and was therefore corrected by inflation using Blender23. Vessel inflation was 

performed in proximal arteries in 13 models, and in distal arteries in 12 models. 

Furthermore, inflow jet and location of deflection may be sensitive to the segmentation of 

the neck area. In order to reduce this dependency, vascular models were carefully inspected 

and corrected for imaging artifacts by an experienced neuroradiologist. Imaging artifacts 

were distinguished from pathology by using additional DSA imaging . For the purpose of 

this study, manual corrections of the segmentations were performed using ITK-SNAP 

2.4.0.24 In addition, the surface models were smoothed using a VMTK built-in Taubin 

smoothing algorithm to remove high frequency noise while preventing the surface models 

from shrinking.25 

Subsequently, all aneurysm models were inspected for apparent differences in visualized 

anatomy of perianeurysmal arteries before and after rupture. The vascular models agreed for 

all but one case. In case 8, we removed two outflow arteries from the ruptured model, 

because in the before rupture imaging only one outflow artery was visible, while three 

Table 1. Imaging modalities for all 9 patients before and after rupture, with the time between imaging before and after 
rupture and the days between hemorrhage and imaging after rupture. 

Pt Baseline 
imaging 

Resolution 
(mm) 

FU 
imaging Resolution (mm) Time Between pre- and 

post-rupture Imaging 
Days between rupture 

and FU imaging 

1 3D TOF MRA 0.49×0.49×1.2 3DRA 0.22×0.22×0.22 0y, 183d 1 

2 3D TOF MRA 0.31×0.31×1.0 CTA 0.31×0.31×0.45 0y, 72d 1 

3 CTA 0.33×0.33×1.0 CTA 0.35×0.35×0.33 2y, 323d 2 

4 3D PC MRA 0.78×0.78×1.0 3DRA 0.25×0.25×0.25 0y, 151d 0 

5 3D TOF MRA 0.45×0.45×1.0 3DRA 0.39×0.39×0.39 3y, 148d 0 

6 CTA 0.43×0.43×0.9 3DRA 0.22×0.22×0.22 0y, 34d 0 

7 3D TOF MRA 0.20×0.20×1.0 3DRA 0.17×0.17×0.17 4y, 1d 3 

8 3D TOF MRA 0.35×0.35×1.4 3DRA 0.17×0.17×0.17 0y, 14d 9 

9 CTA 0.33×0.33×1.3 3DRA 0.09×0.09×0.09 0y, 302d 2 

3DRA = Three Dimensional Rotational Angiography; PC=Phase Contrast; TOF=Time-of-Flight 

Hemodynamic Differences in Intracranial Aneurysms Before and After Rupture 

45 

outflow arteries were visible in the after rupture imaging. To decrease computational effort, 

distant vessel branches located approximately 20 times the average radius distal to the 

aneurysm were removed. Finally, the in- and outlet vessels were cut perpendicular to the 

vessel. To ensure fully developed flow entering the aneurysm model, cylindrical flow 

extensions with a length of 12 times the radius of the afferent vessel were added to the inlets 

of the models.26 18 All surface models were converted into tetrahedral meshes using VMTK.18 

The element density close to the wall was increased by adding a customized boundary layer. 

The median number of elements was 3,284,000 (range 2,101,000-5,248,000). 

Computational Fluid Dynamics 
Computational fluid dynamics (CFD) (Fluent 13.0; ANSYS Inc., Canonsburg, Pennsylvania) 

was used to simulate hemodynamics in the vascular models. Transient Navier-Stokes 

equations were solved using a pressure-based, 3D double precision solver by following the 

SIMPLE method. Blood was modeled with a density of 1060 kg/m3 and a dynamic viscosity of 

0.004 Pa⋅s. A no-slip boundary was assumed at the rigid vessel wall. Because patient-specific 

velocity data were not available for this patient selection, we calculated parent artery 

specific velocity profiles for the basilar artery (cases 1, 6, and 9), internal carotid artery (cases 

3, 7, and 8), middle cerebral artery (cases 4 and 5), and anterior cerebral artery (case 2). 

Median values for the maximum and minimum velocities were obtained from previous 

patient-specific 4D phase contrast MRI (PC-MRI) velocity measurements. A middle cerebral 

 
Figure 1. Velocity magnitude waveforms for the basilar artery (BA), internal carotid artery (ICA), middle cerebral artery 
(MCA), and the anterior cerebral artery (ACA). 
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3 CTA 0.33×0.33×1.0 CTA 0.35×0.35×0.33 2y, 323d 2 

4 3D PC MRA 0.78×0.78×1.0 3DRA 0.25×0.25×0.25 0y, 151d 0 
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3DRA = Three Dimensional Rotational Angiography; PC=Phase Contrast; TOF=Time-of-Flight 
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outflow arteries were visible in the after rupture imaging. To decrease computational effort, 

distant vessel branches located approximately 20 times the average radius distal to the 

aneurysm were removed. Finally, the in- and outlet vessels were cut perpendicular to the 

vessel. To ensure fully developed flow entering the aneurysm model, cylindrical flow 

extensions with a length of 12 times the radius of the afferent vessel were added to the inlets 

of the models.26 18 All surface models were converted into tetrahedral meshes using VMTK.18 

The element density close to the wall was increased by adding a customized boundary layer. 

The median number of elements was 3,284,000 (range 2,101,000-5,248,000). 

Computational Fluid Dynamics 
Computational fluid dynamics (CFD) (Fluent 13.0; ANSYS Inc., Canonsburg, Pennsylvania) 

was used to simulate hemodynamics in the vascular models. Transient Navier-Stokes 

equations were solved using a pressure-based, 3D double precision solver by following the 

SIMPLE method. Blood was modeled with a density of 1060 kg/m3 and a dynamic viscosity of 

0.004 Pa⋅s. A no-slip boundary was assumed at the rigid vessel wall. Because patient-specific 

velocity data were not available for this patient selection, we calculated parent artery 

specific velocity profiles for the basilar artery (cases 1, 6, and 9), internal carotid artery (cases 

3, 7, and 8), middle cerebral artery (cases 4 and 5), and anterior cerebral artery (case 2). 

Median values for the maximum and minimum velocities were obtained from previous 

patient-specific 4D phase contrast MRI (PC-MRI) velocity measurements. A middle cerebral 

 
Figure 1. Velocity magnitude waveforms for the basilar artery (BA), internal carotid artery (ICA), middle cerebral artery 
(MCA), and the anterior cerebral artery (ACA). 
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artery velocity profile was used as a reference waveform to reconstruct velocity profiles 

consisting of 34 interpolated time steps for each location (Figure 1). Murray’s law was used 

to determine the outflow ratio of the distal arteries. The third of three cardiac cycles was 

used for analysis.27 

Qualitative Analysis 
Flow velocity magnitude streamlines and WSS distributions were visualized using Paraview 

3.6.2 (Kitware; Los Alamos National Laboratory, Los Alamos, New Mexico). The 

visualizations were qualitatively assessed by two experienced neuroradiologists (C.B.L.M.M, 

R.v.d.B.) for hemodynamic characteristics in consensus. Flow complexity, flow stability, and 

the inflow concentration were assessed based on visualization of the streamlines .28 The 

region and size of flow impingement were determined from the WSS distribution and 

streamlines.  

Quantitative OSI Measurements 
The mean and maximum oscillatory shear index (OSI)29 were calculated, to assess directional 

change of WSS during the cardiac cycle. Differences in OSI values before and after rupture 

were determined. 

RESULTS 

Streamlines at peak systole and cycle-averaged WSS distributions of all 18 vascular models 

are shown in Figures 2 and 3 respectively. All vascular models had a single inflow jet, single 

or multiple vortices, and at least one clear impingement zone before and after rupture. The 

location of maximum WSS and the region of flow impingement agreed for all cases. 

Hemodynamic differences were observed in 6 of the 9 aneurysms (Table 2). For the 6 patients 

with hemodynamic changes, median time between imaging before and after rupture was 22 

months (range 14 days–4 years). For the 3 patients without hemodynamic changes, this was 5 

months (range 1–6 months). Flow complexity changed from simple to complex in three 

cases. Flow stability changed from stable to unstable in three cases. The inflow 

concentration changed from diffuse to concentrated in one case and from concentrated to 

diffuse in another case. The region of flow impingement changed in three cases. These 

hemodynamic changes were associated with growth, aneurysm displacement, or newly 

formed lobulations.14 Changes in OSI after rupture ranged from -0.037 to +0.034 and from  

-0.030 to +0.12 for the spatially averaged and maximum values respectively (Table 3). 
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Qualitative Characterization; Case by Case Description 
For cases 1 and 6, aneurysmal geometries and hemodynamics did not change after rupture. 

In case 2, the aneurysm was displaced 8.9 mm after rupture, most likely due to mass effect 

from a large perianeurysmal hematoma (dimensions: 28×22×35mm). In this case, the region 

of flow impingement changed from dome to body. Case 3 showed a relative growth of 79%  

Table 2. Hemodynamic characteristics of the aneurysms before and after rupture. Flow complexity was characterized 
as simple (S) or complex (C); flow stability as stable (S) or unstable (U); inflow concentration as diffuse (D) or 
concentrated (C); region of flow impingement as dome (D), body (B), or neck (N) and size of the impingement zone as 
small (S) or large (L). 

# Location 
Flow 

complexity 
Flow 

stability 
Inflow 

concentration 
Flow impingement 

Geometric changes 
Region size 

1 BA C U C D S None 

2 AComA C U C D-B* S 
Aneurysm displacement  

(8.9 mm) 

3 PComA S-C* S-U* D N S Growth (79%); 1 new lobulation 

4 MCA C U C N/D S 
Aneurysm displacement  

(5.8 mm) 

5 MCA C S D-C* N/D S growth (176%) 

6 BA C U D D L None 

7 PComA S-C* U C-D* N-NB* S Growth (832%); 1 new lobulation 

8 Ant.Ch.A C S-U* C NB-N* S Growth (70%) 

9 BA S-C* S-U* C B/D L 1 new lobulation 

*Changed after rupture 
BA = Basilar Artery; AComA = Anterior Communicating Artery; PComA = Posterior Communicating Artery; MCA = Middle Cerebral Artery; 
Ant.Ch.A. = Anterior Choroidal Artery. 

Table 3. Mean and maximum oscillatory shear index for all 9 aneurysms before and after rupture. 

# 

Mean OSI Max OSI 

Before After ∆ Before After ∆ 

1 0.042 0.049 +0.007 (17%) 0.487 0.484 -0.003 (0.6%) 

2 0.074 0.044 -0.029 (40%) 0.486 0.479 -0.007 (1.4%) 

3 0.025 0.049 +0.024 (95%) 0.423 0.482 +0.059 (13.9%) 

4 0.031 0.044 +0.013 (42%) 0.471 0.483 +0.012 (2.5%) 

5 0.007 0.040 +0.034 (520%) 0.350 0.469 +0.119 (34.1%) 

6 0.065 0.028 -0.037 (57%) 0.489 0.459 -0.030 (6.1%) 

7 0.061 0.031 -0.029 (48%) 0.471 0.476 +0.005 (1.1%) 

8 0.021 0.018 -0.003 (16%) 0.475 0.452 -0.023 (4.8%) 

9 0.025 0.058 +0.034 (137%) 0.473 0.485 +0.011 (2.4%) 

Mean 0.039 ± 0.023 0.040 ± 0.013  0.458 ± 0.045 0.474 ± 0.012  

Hemodynamic Differences in Intracranial Aneurysms Before and After Rupture 

49 

 

Fi
gu

re
 3

. C
yc

le
-a

ve
ra

ge
d 

W
SS

 (P
as

ca
l) 

di
st

rib
ut

io
ns

 fo
r a

ll 
9 

an
eu

ry
sm

s 
be

fo
re

 a
nd

 a
ft

er
 ru

pt
ur

e.
 



 

48 
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with 1 new lobulation after rupture. The flow profile changed from simple and stable to 

complex and unstable after rupture. The aneurysm of case 4 was displaced 5.8 mm after 

rupture most likely due to mass effect from a large perianeurysmal hematoma (dimensions: 

46×33×38mm). However, there were no changes in hemodynamic characterizations. In case 5, 

an increase in volume of 176% and displacement of 1.2 mm after rupture were observed. For 

the hemodynamic characterization, a diffuse inflow pattern before rupture changed to a 

concentrated one after rupture. In case 7 there was a relative growth of 832%, with a newly 

observed lobulation in the imaging after rupture. The simple flow changed to a complex flow 

pattern after rupture. Also, an additional impingement zone was observed in the body of the 

aneurysm at the border of the lobulation after rupture. In case 8, there was a relative growth 

of 70% and displacement of 2.5 mm after rupture. The flow pattern changed from stable to 

unstable. Before rupture, the inflow impacted the aneurysm at two regions; the aneurysm 

neck and body. After rupture, the neck of the aneurysm was the only region of impingement. 

In case 9, a new lobulation was observed in the imaging after rupture. The flow changed 

from simple and stable to complex and unstable. 

DISCUSSION 

The majority of current rupture risk identification studies compare models of ruptured 

aneurysms with unruptured models and ignore that the rupture itself may change aneurysm 

morphology and hemodynamics. However, our study shows that hemodynamic 

characteristics changed in 6 of the 9 aneurysms in the period between before and after 

imaging. Notably, we show changes in flow complexity, stability and concentration, which 

have been associated with risk of rupture.28  

The altered hemodynamics are the consequence of a change in morphology in the period 

between image acquisitions. Because of the large imaging time interval in some cases, we 

cannot relate the observed hemodynamic alterations to sudden, rupture-related 

morphological changes alone. For instance, growth or lobulation formation may also have 

occurred more gradually over the whole time span. This agrees with the median time 

between before and after rupture imaging, which was much larger for the cases with 

hemodynamic changes than for the cases without. Furthermore, all of the three cases in 

which flow patterns changed from simple to complex showed a newly formed lobulation. 

However, morphological changes may also occur sudden, shortly before, during, or just after 

rupture. This can be illustrated by the large growth of case 8 within a period of 14 days, and 

by the aneurysm displacement in both cases (2 and 4) with a hematoma with mass effect.  
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Therefore, hemodynamics of ruptured models may still be valuable for gradually changing 

aneurysms, where the value seems more limited for models with rupture-related 

morphological changes. In the majority of the cases, it is difficult to discriminate between 

sudden and gradual changes in morphology, except for cases with large perianeurysmal 

hematomas. We recommend to exclude these cases in studies that compare hemodynamic 

characteristics in ruptured and unruptured aneurysms because hematoma may strongly 

influence hemodynamics. 

Only a few studies assessed hemodynamics both before and after rupture. In four aneurysms 

of the posterior communicating artery, Chien et al30 determined that only one hemodynamic 

parameter (pulsatility index) was not affected by rupture. This agrees with our observations 

that most hemodynamic characteristics changed. Duan et al31 examined hemodynamic and 

morphological parameters using a case-control study of six aneurysms on the posterior 

communicating artery with hemodynamic data within seven days before rupture. However, 

they only compared parameters with matched controls and did not investigate the influence 

of the rupture itself. This was also the case in the study of Liu et al,32 where low WSS was 

associated with rupture in a case control study of large internal carotid artery aneurysms, 

including three unruptured aneurysms just before rupture and eight unruptured controls. A 

recent case report of an aneurysm with imaging before and just after rupture demonstrated 

changes in WSS values between 20-30%, caused by a change in the aneurysm shape.33  

In a recent study by Bor et al34 aneurysm growth was studied in a large population of 

patients with unruptured and untreated intracranial aneurysms. In their study, more than 

10% of the aneurysms grew during a mean follow-up time of less than three years. Growth is 

considered to be a marker for increased risk of rupture, and because growth may change 

hemodynamics such a population allows improved characterization of hemodynamic rupture 

risk factors. 

A previous study by Xiang et al8 showed that high OSI values were associated with ruptured 

aneurysms. We indeed found high OSI values in all ruptured models. Importantly, OSI was 

also high in all but one of the unruptured models. The exception was a case with more than 

three years between imaging, where gradual progression from low to high shear stress 

oscillation might have been missed. These data therefore suggest that high OSI values may 

remain valuable for risk prediction.  
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Limitations 
The current study has a number of limitations. Although this study is the largest comparing 

hemodynamic parameters within aneurysms before and after rupture, the number of patients 

was too small to perform statistical analysis. CFD is sensitive to the geometry and therefore 

image resolution and neck size overestimation can affect the calculated hemodynamic 

parameters.19 Previous literature concluded that WSS calculations are strongly dependent on 

segmentation and resolution.35 Because of the large variation in resolution, the WSS 

estimations were not robust. Therefore, we used WSS distributions only for determining the 

impingement region and no absolute WSS values were reported. Manual corrections for 

imaging artifacts were performed by a single neuroradiologist. These imaging artifacts were 

apparent in all cases and therefore, we do not expect large variations between different 

observers. Furthermore, common limitations for CFD studies, such as the generic pulsatile 

waveform, rigid wall assumption, limited accuracy of the algorithm, Newtonian fluid 

assumption, and CFD solution strategies may affect the accuracy of CFD results.36–38  

CONCLUSION 

We have shown that morphological changes before, during, or just after rupture may result 

in differences in hemodynamic characteristics between the ruptured and unruptured status 

of aneurysms. Hemodynamic differences were associated with aneurysm growth, lobulation 

formation, and displacement due to hematoma. Associations of hemodynamic 

characteristics with aneurysm rupture obtained from case control studies comparing 

ruptured and unruptured aneurysms should therefore be interpreted with caution and not 

automatically be used in risk models for aneurysm rupture. 

  

Hemodynamic Differences in Intracranial Aneurysms Before and After Rupture 

53 

REFERENCES 

1.  Brisman JL, Song JK, Newell DW. Cerebral aneurysms. N. Engl. J. Med. 2006;355(9):928-39. 
2.  Vlak MH, Algra A, Brandenburg R, et al. Prevalence of unruptured intracranial aneurysms, with emphasis on 

sex, age, comorbidity, country, and time period: a systematic review and meta-analysis. Lancet. Neurol. 
2011;10(7):626-36. 

3.  Nieuwkamp DJ, Setz LE, Algra A, et al. Changes in case fatality of aneurysmal subarachnoid haemorrhage over 
time, according to age, sex, and region: a meta-analysis. Lancet Neurol. 2009;8(7):635-42. 

4.  Gabriel RA, Kim H, Sidney S, et al. Ten-year detection rate of brain arteriovenous malformations in a large, 
multiethnic, defined population. Stroke. 2010;41(1):21-6. 

5.  Van Rooij WJ, Sprengers ME, de Gast AN, et al. 3D rotational angiography: the new gold standard in the 
detection of additional intracranial aneurysms. Am. J. Neuroradiol. 2008;29(5):976-9. 

6.  Greving JP, Wermer MJH, Brown RD, et al. Development of the PHASES score for prediction of risk of rupture 
of intracranial aneurysms: a pooled analysis of six prospective cohort studies. Lancet. Neurol. 2014;13(1):59-66. 

7.  Cebral JR, Mut F, Weir J, et al. Quantitative Characterization of the Hemodynamic Environment in Ruptured 
and Unruptured Brain Aneurysms. Am. J. Neuroradiol. 2011;32(1):145-151. 

8.  Xiang J, Natarajan SK, Tremmel M, et al. Hemodynamic-morphologic discriminants for intracranial aneurysm 
rupture. Stroke. 2011;42(1):144-52. 

9.  Backes D, Vergouwen MDI, Velthuis BK, et al. Difference in aneurysm characteristics between ruptured and 
unruptured aneurysms in patients with multiple intracranial aneurysms. Stroke. 2014;45(5):1299-303. 

10.  Shojima M, Oshima M, Takagi K, et al. Magnitude and role of wall shear stress on cerebral aneurysm: 
computational fluid dynamic study of 20 middle cerebral artery aneurysms. Stroke. 2004;35(11):2500-5. 

11.  Meng H, Tutino VM, Xiang J, et al. High WSS or Low WSS? Complex interactions of hemodynamics with 
intracranial aneurysm initiation, growth, and rupture: Toward a unifying hypothesis. Am. J. Neuroradiol. 
2014:1254-1262. 

12.  Xiang J, Tutino VM, Snyder K V, et al. CFD: Computational Fluid Dynamics or Confounding Factor 
Dissemination? The Role of Hemodynamics in Intracranial Aneurysm Rupture Risk Assessment. Am. J. 
Neuroradiol. 2013:1-9. 

13.  Rahman M, Ogilvy CS, Zipfel GJ, et al. Unruptured cerebral aneurysms do not shrink when they rupture: 
multicenter collaborative aneurysm study group. Neurosurgery 2011;68(1):155-60. 

14.  Schneiders JJ, Marquering HA, Van Den Berg R, et al. Rupture-associated changes of cerebral aneurysm 
geometry: High-resolution 3D imaging before and after rupture. Am. J. Neuroradiol. 2014;35:1358-1362. 

15.  Manniesing R, Velthuis BK, van Leeuwen MS, et al. Level set based cerebral vasculature segmentation and 
diameter quantification in CT angiography. Med. Image Anal. 2006;10(2):200-14. 

16.  Cremers D, Rousson M, Deriche R. A Review of Statistical Approaches to Level Set Segmentation: Integrating 
Color, Texture, Motion and Shape. Int. J. Comput. Vis. 2006;72(2):195-215. 

17.  Luboz V, Wu X, Krissian K, et al. A segmentation and reconstruction technique for 3D vascular structures. 
Med. image Comput. Comput. Interv. 2005;8(Pt 1):43-50. 

18.  Antiga L, Piccinelli M, Botti L, et al. An image-based modeling framework for patient-specific computational 
hemodynamics. Med. Biol. Eng. Comput. 2008;46(11):1097-112. 

19.  Omodaka S, Inoue T, Funamoto K, et al. Influence of surface model extraction parameter on computational 
fluid dynamics modeling of cerebral aneurysms. J. Biomech. 2012;45(14):2355-61. 

20.  Hoi Y, Woodward SH, Kim M, et al. Validation of CFD Simulations of Cerebral Aneurysms With Implication 
of Geometric Variations. J. Biomech. Eng. 2006;128(6):844-851. 



 

52 

Limitations 
The current study has a number of limitations. Although this study is the largest comparing 

hemodynamic parameters within aneurysms before and after rupture, the number of patients 

was too small to perform statistical analysis. CFD is sensitive to the geometry and therefore 

image resolution and neck size overestimation can affect the calculated hemodynamic 

parameters.19 Previous literature concluded that WSS calculations are strongly dependent on 

segmentation and resolution.35 Because of the large variation in resolution, the WSS 

estimations were not robust. Therefore, we used WSS distributions only for determining the 

impingement region and no absolute WSS values were reported. Manual corrections for 

imaging artifacts were performed by a single neuroradiologist. These imaging artifacts were 

apparent in all cases and therefore, we do not expect large variations between different 

observers. Furthermore, common limitations for CFD studies, such as the generic pulsatile 

waveform, rigid wall assumption, limited accuracy of the algorithm, Newtonian fluid 

assumption, and CFD solution strategies may affect the accuracy of CFD results.36–38  

CONCLUSION 

We have shown that morphological changes before, during, or just after rupture may result 

in differences in hemodynamic characteristics between the ruptured and unruptured status 

of aneurysms. Hemodynamic differences were associated with aneurysm growth, lobulation 

formation, and displacement due to hematoma. Associations of hemodynamic 

characteristics with aneurysm rupture obtained from case control studies comparing 

ruptured and unruptured aneurysms should therefore be interpreted with caution and not 

automatically be used in risk models for aneurysm rupture. 
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ABSTRACT 

Background and Purpose 
For accurate risk assessment of unruptured intracranial aneurysms, it is important to 

understand the underlying mechanisms that lead to rupture. It is known that hemodynamic 

anomalies contribute to aneurysm growth and rupture, and that growing aneurysms carry 

higher rupture risks. However, it is unknown how growth affects hemodynamic 

characteristics. In this study, we assess how hemodynamic characteristics change over the 

course of aneurysm growth. 

Methods and Methods 
We have included patients with observed aneurysm growth on longitudinal MRA imaging in 

the period between 2012 and 2016. Patient-specific vascular models were created from 

baseline and follow-up imaging. Subsequently, intra-aneurysmal hemodynamic 

characteristics were computed using computational fluid dynamics. We computed the 

normalized wall shear stress, oscillatory shear index, and low shear area to quantify 

hemodynamic characteristics. Differences between baseline and follow-up measurements 

were analyzed using paired tests. 

Results 
Twenty-five patients with a total of 31 aneurysms were included. The aneurysm volume 

increased with a median (IQR) of 26 (9–39) mm3 after a mean follow-up period of 4 years 

(range: 0.4–10.9 years). The median wall shear stress decreased significantly after growth. 

Other hemodynamic parameters did not change significantly, although large individual 

changes with large variability were observed. 

Conclusions 
Hemodynamic characteristics change considerably after aneurysm growth. On average, wall 

shear stress values decrease after growth, but there is a large variability in hemodynamic 

changes between aneurysms. 
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INTRODUCTION 

Unruptured intracranial aneurysms are present in approximately 3% of the population.1 

Most intracranial aneurysms are incidentally detected, asymptomatic and will not rupture 

during the patient’s lifetime.2 However, aneurysm rupture is associated with high case 

fatality rates and therefore, optimal management of unruptured aneurysms is important. 

Currently, the decision to treat is mainly based on aneurysm size and location.3 A more 

elaborate risk score has been developed to improve rupture risk prediction based on 

Population, Hypertension, Age, Size, Earlier subarachnoid hemorrhage, and Site (PHASES).4 

Furthermore, aneurysm-specific characteristics such as morphology and hemodynamics 

have been associated with rupture.5–8 Additionally, aneurysm growth has been suggested as a 

surrogate marker for rupture.9 

The underlying pathology for aneurysm growth and rupture is still not completely 

understood. Inflammatory cell infiltration in a damaged aneurysm wall—triggered by 

anomalous intra-aneurysmal flow—is hypothesized to play an important role.10,11 Both high 

and low wall shear stress (WSS) have been related with aneurysm growth and rupture.10,12 To 

date, only a few studies, with limited patient data, have investigated associations between 

hemodynamics and aneurysm growth.13,14 In these studies, high WSS has been associated 

with global aneurysm growth, and low WSS has been associated with focal aneurysm 

growth. Besides the limited number of studies assessing hemodynamic anomalies that lead 

to aneurysm growth, it is unknown how growth-induced flow changes are related with either 

progressive growth and rupture or aneurysm stabilization. It is important to know how 

hemodynamic characteristics change over time in relation to aneurysm growth, since 

growing aneurysms carry higher risks for rupture. Moreover, if hemodynamic characteristics 

are considered in rupture risk assessment, it should be known how stable these are over the 

course of potential aneurysm growth. This knowledge can be used to improve future 

aneurysm management strategies. The aim of this study is to assess the variability of 

hemodynamic changes in growing intracranial aneurysms.  

METHODS 

Study Population 
Informed consent was waived by the institution’s review board because only routine clinical 

imaging data were used in this study. To use clinical and imaging data in accordance with 

the General Data Protection Regulation, patients were given the opportunity to opt-out from 

our research. We retrospectively included all patients with observed aneurysm growth on 
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longitudinal MRA imaging, in the period between 2012 and 2016 in the Amsterdam UMC. 

Aneurysm growth was either reported by an experienced neuroradiologist, or derived from 

reported aneurysm measurements. Aneurysms were considered growing when the reported 

size at follow-up was >0.5 mm larger in two directions or >1mm larger in one direction. 

From Imaging to Vascular Models 
Intra-aneurysmal hemodynamics were computed using computational fluid dynamics (CFD). 

To be able to perform CFD, we have created vascular models from the available longitudinal 

imaging data. Angiographic MR imaging data were acquired on a 3T MRI scanner (Philips 

Healthcare, Best, the Netherlands). To ensure accurate comparison between baseline and 

follow-up imaging, we only included imaging data that were obtained using a 3D-TOF-

MOTSA sequence. Following scan parameters were used: TR 20–47 ms, TE 1.5–6.4 ms, in-

plane resolution 0.2–0.5 mm, and slice thickness 0.2–0.75 mm.  

To isolate the aneurysm and its perianeurysmal vasculature from the MRA data, we have 

created a semi-automated processing pipeline—using the Vascular Modeling Toolkit 

(VMTK)—consisting of thresholding, Sato vesselness filtering, and level set segmentation.15–

17 The combination of thresholding and vesselness filtering ensured accurate delineation of 

arteries with both high and low image contrast. The additional level set segmentation was 

included to segment aneurysm sacs with low or inconsistent contrast distributions due to 

chaotic flow patterns. Finally, all segmentations were checked and manually corrected (using 

ITK-SNAP) when needed. 

Using VMTK, segmentations were converted into surface models. These models were 

truncated to isolate the domain of interest; for anterior circulation aneurysms this included 

the cavernous segment of the ipsilateral ICA and its downstream vasculature, for posterior 

circulation aneurysms this included the basilar artery and its downstream vasculature. 

Inflow extensions with a length of 12 times the radius were connected to the parent arteries 

to ensure fully developed inflow. Subsequently, radius-adaptive meshing was used to convert 

surface models into volumetric meshes, with a maximum edge-length of 0.2 mm. A boundary 

layer, consisting of two sublayers, with an increased element density was added adjacent to 

the vessel wall to improve the accuracy of WSS calculations. 

Computational Hemodynamics 
We have performed CFD using Fluent 15.0 (ANSYS Inc., Lebanon, New Hampshire). A 3D 

double precision solver was used to solve transient Navier-Stokes equations following the 

Semi-Implicit Method for Pressure Linked Equations algorithm.18 We modeled blood as a 
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Newtonian fluid with a density of 1060 kg/m3 and a viscosity of 0.004 N·s/m2 and assumed a 

rigid vessel wall.  

No patient-specific flow data were available and therefore, parent-artery specific pulsatile 

inflow profiles—tailored to the patient-specific circle of Willis (CoW) configuration—were 

calculated.19 For each case, 11 feature points—among which the diastolic minimum and 

systolic maximum—were interpolated using the cubic spline method, with specified 

endpoint slopes of zero. Flow-profiles with 120 timesteps per heart-cycle were calculated at 

a heart-rate of 69 bpm, resulting in a temporal resolution of 0.00725 s. To estimate the 

division of flow among the outlets, we have used a recently introduced splitting method.20 

This method has proven to accurately represent physiological outflow values, similar to 

Murray’s law, with the added benefit of being less sensitive to subjective truncation of the 

CFD model. To obtain numeric stability, flow calculations were performed for three heart-

cycles and only the third cycle was used for analysis. From this cycle, 40 equally-spaced 

timesteps were selected for the assessment of hemodynamic characteristics. 

Hemodynamic Assessment 
We investigated the WSS, oscillatory shear index (OSI), and low shear area (LSA), since these 

are the most frequently reported hemodynamic characteristics in current literature.12,21,22 For 

hemodynamic assessment, cycle-averaged WSS distributions were calculated, normalized to 

the parent-artery (NWSS)—making it a dimensionless metric. The LSA was defined as the 

ratio of the aneurysm wall area with WSS values <10% of the parent artery WSS.6 The OSI is 

a dimensionless metric, ranging between 0–0.5, which represents the directional WSS 

changes during a cardiac cycle. For the NWSS and OSI, the median and 95th percentile were 

calculated—further referred to as NWSS50, NWSS95, OSI50, OSI95—to eliminate the effects of 

local erroneous outliers. All calculations were performed at baseline and follow-up imaging 

to assess growth-related hemodynamic changes.  

Statistical Analysis 
A Shapiro-Wilk test was performed to check whether differences between characteristics 

before and after growth were normally distributed. For normally distributed data, we used 

paired t-tests to analyze differences between baseline and follow-up groups. For non-

normally distributed data, we used Wilcoxon signed-rank tests.  
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double precision solver was used to solve transient Navier-Stokes equations following the 

Semi-Implicit Method for Pressure Linked Equations algorithm.18 We modeled blood as a 
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Newtonian fluid with a density of 1060 kg/m3 and a viscosity of 0.004 N·s/m2 and assumed a 

rigid vessel wall.  

No patient-specific flow data were available and therefore, parent-artery specific pulsatile 

inflow profiles—tailored to the patient-specific circle of Willis (CoW) configuration—were 

calculated.19 For each case, 11 feature points—among which the diastolic minimum and 

systolic maximum—were interpolated using the cubic spline method, with specified 

endpoint slopes of zero. Flow-profiles with 120 timesteps per heart-cycle were calculated at 

a heart-rate of 69 bpm, resulting in a temporal resolution of 0.00725 s. To estimate the 

division of flow among the outlets, we have used a recently introduced splitting method.20 

This method has proven to accurately represent physiological outflow values, similar to 

Murray’s law, with the added benefit of being less sensitive to subjective truncation of the 

CFD model. To obtain numeric stability, flow calculations were performed for three heart-

cycles and only the third cycle was used for analysis. From this cycle, 40 equally-spaced 
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Hemodynamic Assessment 
We investigated the WSS, oscillatory shear index (OSI), and low shear area (LSA), since these 

are the most frequently reported hemodynamic characteristics in current literature.12,21,22 For 

hemodynamic assessment, cycle-averaged WSS distributions were calculated, normalized to 

the parent-artery (NWSS)—making it a dimensionless metric. The LSA was defined as the 

ratio of the aneurysm wall area with WSS values <10% of the parent artery WSS.6 The OSI is 

a dimensionless metric, ranging between 0–0.5, which represents the directional WSS 

changes during a cardiac cycle. For the NWSS and OSI, the median and 95th percentile were 

calculated—further referred to as NWSS50, NWSS95, OSI50, OSI95—to eliminate the effects of 

local erroneous outliers. All calculations were performed at baseline and follow-up imaging 
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Statistical Analysis 
A Shapiro-Wilk test was performed to check whether differences between characteristics 

before and after growth were normally distributed. For normally distributed data, we used 

paired t-tests to analyze differences between baseline and follow-up groups. For non-

normally distributed data, we used Wilcoxon signed-rank tests.  
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RESULTS 

We have included 25 patients (20 female) with 31 aneurysms in our study with an average 

patient age of 50 years. After a mean follow-up period of approximately 4 years, the median 

(IQR) increase in aneurysm volume was 26 (9–39) mm3. One aneurysm developed two focal 

blebs, while all other aneurysms grew globally. The majority of the aneurysms were located 

at the middle cerebral artery. Eleven aneurysms were treated after growth, one aneurysm 

(site: basilar tip, size: 11×8 mm) ruptured during the follow up period. Treatment was not 

performed for aneurysms with a very unfavorable aneurysm geometry: wide neck (n=3), 

incorporation of adjacent branches (n=2). In one patient endovascular treatment failed 

because of insecure coil placement. No surgical clipping was attempted. Additionally, most 

aneurysms were left untreated (n=17) due to small aneurysm sizes (<7 mm) after growth or 

marginal increases in size. These aneurysms were monitored using follow-up imaging and 

remained stable over a period of 3–9 years. Table 1 presents all aneurysm locations, 

aneurysm volumes before and after growth, and the time interval between pre and post 

growth imaging. 

Four illustrative examples of aneurysms with NWSS, OSI, and LSA distributions at baseline 

and follow-up imaging are shown in Figure 1. In Figure 2, all hemodynamic characteristics 

before and after growth are presented using box- and scatterplots.  

Differences between baseline and follow-up were normally distributed for the OSI50 and 

OSI95, and non-normally distributed for the other hemodynamic parameters. The median 

NWSS50 was 0.35 after growth, which was significantly lower compared to 0.42 at baseline (p-

value: 0.010). Similarly, the median NWSS95 was 1.56 after growth, which was significantly 

lower compared to 1.69 at baseline (p-value: 0.002). The OSI and LSA values were slightly 

higher after growth, however, these differences were not statistically significant. There was 

Table 1. Aneurysm location, size, and the time between pre- and post-growth imaging. 

Aneurysm location [N (%)]  
 MCA 12 (39%) 
 ICA (including PComA, Chor.A, Ophth.A.) 9 (29%) 
 AComA (incl ACA) 6 (19%) 
 BA (incl. PICA) 4 (13%) 
Aneurysm volume [median (IQR), in mm3]  
 Before growth 27.6 (8.2—121,0) 
 After growth 62.2 (21.2—178.2) 
 Volume increase 25.8 (8.9—38.6) 
Time between imaging, in weeks [mean (range)] 218 (23—567) 

MCA = Middle cerebral artery; ICA = Internal carotid artery; PComA = Posterior communicating artery; Chor.A. = Choroidal artery;  
Ophth.A. = Ophthalmic artery; AComA = Anterior communicating artery; ACA = Anterior cerebral artery; BA = Basilar artery; PICA = Posterior 
inferior cerebellar artery 
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a large variability in hemodynamic changes between aneurysms. The NWSS50 and NWSS95 

differences ranged from -89% to +155% and -84% to +28% respectively. Changes in OSI50 and 

OSI95 ranged from -68% to +312% and -65% to +378% respectively. The difference in LSA 

between baseline and follow-up ranged from -96% to +749%.  

DISCUSSION 

In our population, large hemodynamic changes with a large variability between aneurysms 

have been observed over the course of aneurysm growth. The wall shear stress decreased 

significantly after growth, no trends have been observed for the OSI and LSA.  

As a result of aneurysms growth, the size ratio—which is the ratio of aneurysm size to the 

parent artery diameter—increases. Previous studies have identified lower WSS values in 

aneurysms with higher size ratios,6,23 which is in line with our observation of decreasing 

WSS in growing aneurysms. However, the relationship between morphology and 

 
Figure 1. Four examples of NWSS, OSI, and LSA distributions before and after growth. In case #1, the NWSS and OSI 
decreased, and the LSA increased. In cases #2 and #3, the NWSS decreased and the OSI and LSA both increased. In 
case #4, the NWSS and OSI increased and the LSA decreased.  
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hemodynamics is complex and dynamic. Different aneurysm morphologies can lead to a 

variety of unfavorable hemodynamic conditions that contribute to aneurysm growth. 

Subsequently, the event of growth itself can decrease the intra-aneurysmal WSS, which 

potentially promotes further aneurysm growth. Both morphologic and hemodynamic 

characteristics have been associated with increased rupture risks, but the relationship 

between hemodynamics and morphology and their shared contribution to increased risks is 

not yet completely understood.  

Cross-sectional studies have shown that low WSS, high OSI, and high LSA are related with 

ruptured aneurysms.6 We observed a significant decrease in WSS after aneurysm growth, 

which might contribute to increased rupture risks in growing aneurysms. A previously 

performed analysis in ruptured and unruptured aneurysms indicated that ruptured 

aneurysms can be distinguished from unruptured aneurysms, using a NWSS threshold of 

0.39.6 On average, NWSS values in our population were above this threshold before growth 

and below this threshold after growth. This might implicate that on average, the aneurysms 

 

Figure 2. Intra-aneurysmal hemodynamic characteristics over the course of aneurysm growth. Area-averaged NWSS, 
OSI, and LSA values are presented in boxplots both before (blue) and after (red) growth. Measurements from each 
aneurysm are overlaid and pairs are connected using grey lines. The scatterplots in the bottom right corner present the 
absolute hemodynamic differences for each aneurysm.  
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in our population resembled unruptured aneurysms before growth, and shifted towards 

ruptured aneurysms after growth. However, in our study population only one aneurysm—at 

the basilar tip, with a size of 11×8 mm—ruptured and all other untreated aneurysms 

remained clinically silent during follow-up. This might be explained by the fact that the 

majority of the untreated aneurysms were small and only grew to a slight extent. 

Furthermore, we observed a large variability in hemodynamic changes between aneurysms, 

which will presumably also result in a variety of subsequent pathobiological responses. 

Longitudinal studies with large populations of untreated growing aneurysms are needed to 

investigate whether decreased WSS values are causally related with increased rupture risks 

in growing aneurysms.  

Only a limiting number of studies have assessed hemodynamic characteristics in growing 

aneurysms using longitudinal imaging data.13,14,24–28 These studies investigated small patient 

populations and presented varying results: some studies have associated low WSS with 

aneurysm growth,13,24,28 while others have concluded that high WSS results in aneurysm 

growth.25,26 Furthermore, different growth-patterns have been described, potentially due to 

different underlying hemodynamic anomalies. It has been hypothesized that high WSS 

results in thinning of the medial layer of the vessel wall, and that low WSS activates an 

inflammatory response, both promoting aneurysm growth. These different underlying 

pathways can result in different growth patterns—e.g. local or global growth. Therefore, it 

has been encouraged to distinguish between global and local growth-patterns when 

analyzing its association with hemodynamics.14 However, in our population of 31 aneurysms, 

global growth has been observed in all but one aneurysm. Therefore, we could not perform 

subgroup analyses for different growth-patterns. Previous studies mainly focused on local 

hemodynamic characteristics prior to growth and did not assess growth-related 

hemodynamic changes. Only two case studies did assess hemodynamic characteristics both 

before and after growth. One of these studies assessed hemodynamics before and after bleb 

formation, showing low local WSS values in the bleb, which decreased further over the 

course of aneurysm growth. No global hemodynamic changes had been reported in this 

study.29 The other case study included a patient with two growing aneurysms and observed a 

decrease in WSS and an increase in OSI for both aneurysms.25 These results are comparable 

with our results, although the increase in OSI did not reach statistical significance in our 

study. Two other studies with larger populations presented locally decreasing WSS values 

after bleb formation.30,31 In these studies, blebs were digitally removed from the aneurysm 
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sacs to simulate hemodynamics prior to bleb formation. No longitudinal imaging data had 

been assessed.  

Our study has several limitations, which could have affected our results. We only included 

unruptured aneurysms that were left untreated. Aneurysms in our population were therefore 

either small with low rupture risks at baseline, or were unsuitable for treatment. This 

selection bias might have contributed to the high prevalence of slight aneurysm growth, 

with mostly global growth patterns. Therefore, we were not able to study hemodynamic 

characteristics at regions of focal aneurysm growth. Another limitation of our study is that 

segmentations have been performed using MRA imaging data. The spatial resolution of 

MRA is inferior to that of 3D rotational angiography, which is currently the most accurate 

modality for 3D vascular imaging in clinical practice. Hemodynamic simulations rely on 

accurate geometrical models and therefore, lower image resolution will result in lower 

simulation accuracy. Additionally, local aneurysm irregularities or growth might have been 

missed due to the limited MRA resolution.32 Three-dimensional rotational angiography is 

usually not available for conservatively managed aneurysms. Therefore, we have chosen to 

include aneurysms with available 3D-TOF-MOTSA MRI data both before and after 

aneurysm growth, to maximize comparability. It has been shown that—even when using the 

same 3D rotational angiography data—there is great variability between WSS calculations 

obtained from different teams of CFD researchers, due to differences in segmentations, 

inflow conditions,33 and simulation solver settings.21 We have standardized our methodology 

for CFD to reduce variability within our study, but also to make our results as comparable as 

possible to other groups. As suggested previously,21 we have reported normalized WSS 

values, standardized the extent of the model, and used a previously published method for 

outflow division.20 Furthermore, we used location specific inflow-profiles, since no patient 

specific inflow velocity measurements were available.19  

Some technical developments are being investigated to improve risk assessment in 

intracranial aneurysms. For example, patient-specific 4D-flow MRI measurements can 

potentially be used in future studies to eliminate CFD assumptions such as segmentations, 

in- and outflow rates, blood-properties, and wall compliance. This technique also allows the 

assessment of absolute WSS, which cannot be calculated accurately in CFD analyses with 

generic inflow profiles.6 Currently, spatial and temporal resolutions of 4D Flow MRI are 

limited and scan times are long, making this technique less suitable for clinical application. 

However, a recent study has demonstrated that acceleration techniques can be used at high 

field-strength to obtain accurate, high spatiotemporal 4D flow data in 10 minutes.34 Another 
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imaging parameter for risk assessment is aneurysm wall enhancement in vessel wall 

imaging, which potentially visualizes instability of the aneurysm wall.35,36 Coupling 

longitudinal assessment of hemodynamics and vessel wall enhancement needs to be studied 

to improve the understanding of underlying mechanisms that lead to aneurysm remodeling 

and rupture. However, this study emphasizes the need for careful interpretation of vessel 

wall enhancement in growing aneurysms, since lower WSS values can be expected after 

growth. Low WSS implies slow flow along the aneurysm wall, which can result in pseudo-

enhancement in vessel wall imaging.37 

CONCLUSION 

After intracranial aneurysm growth, hemodynamic characteristics change considerably. In 

general, the wall shear stress decreases after growth. For other hemodynamic 

characteristics, a large variability in assessed changes between aneurysms has been observed 

in our population. The identification of specific hemodynamic changes that contribute to 

increased rupture risks can help to develop accurate, aneurysm-specific management-

strategies for growing aneurysms. 
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ABSTRACT 

Due to mechanical properties of neurovascular stents, the geometry of intracranial arteries 

can change locally after deployment—potentially with hemodynamic changes as a result. We 

developed a method to assess morphologic and hemodynamic changes caused by stent 

placement, independent from flow-diverting properties. In a case series of six sidewall 

aneurysms, we calculated the tortuosity at the region of the stent and performed 

computational fluid dynamics to assess intra-aneurysmal hemodynamics. We showed that 

stents straighten intradural parent vessels, leading to a variety of changes in intra-

aneurysmal hemodynamics.  
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INTRODUCTION 

Intracranial aneurysms are present in approximately 3% of the adult population.1 For the 

vast majority of unruptured aneurysms, endovascular coiling is the preferred treatment 

method. Neurovascular stents can be used to assist the coiling procedure in wide-necked 

aneurysms, to prevent coils from migrating into the parent artery. As an additional effect, 

stents can cause straightening of parent arteries due to their mechanical properties. Several 

studies have presented substantial effects of stents on the geometry of aneurysmal parent 

arteries.2–4 By understanding the hemodynamic effects of these stent-induced vessel 

deformations, the observed reduction in recurrence-rates after stent-assisted coiling can 

potentially be explained.5 Moreover, if stent-induced hemodynamic changes can be 

predicted, treatment strategies can be optimized to further reduce recanalization rates. It is 

therefore important to investigate the influence of stent-induced changes in vessel geometry 

on intra-aneurysmal hemodynamics. Only a few studies have investigated how geometrical 

changes affect computed hemodynamics at the bifurcation apex, after virtual aneurysm 

removal.6,7 Two recent studies—with a total aneurysm population of seven—have 

investigated the isolated impact of stents on intra-aneurysmal hemodynamics in bifurcation 

aneurysms, independent from flow diverting stent properties and coil mass.8,9 The 

assessment of hemodynamic changes that originate solely from vascular deformations is 

hampered by treatment-related imaging artifacts. Stents and coils complicate accurate 

segmentation at the peri-aneurysmal region, resulting in decreased comparability between 

pre- and post-treatment vascular models. In addition, previous studies did not include 

sidewall aneurysms. Therefore, we have developed a method to assess hemodynamic 

changes after stent-treatment in sidewall aneurysms, aiming to minimize segmentation-

induced errors. 

MATERIALS AND METHODS 

In this retrospective study, we have collected 3D angiography data before and after stent-

assisted coiling in a selection of six patients with sidewall intracranial aneurysms. Imaging 

data were acquired in the period 2007–2013 in the Amsterdam UMC. All patients received 

high-resolution 3DRA (0.16–0.32mm isotropic) before treatment; after treatment 3DRA was 

acquired in five patients and contrast-enhanced MRA in one patient (0.5mm isotropic). The 

median time between imaging before and after treatment was 6.6 months (range: 0 days–1.5 

years). Informed consent was waived by the medical ethics committee because no diagnostic 

tests other than routine clinical imaging were used in this retrospective study. 
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Vascular Model Generation 
Digital vascular models were generated using a level set algorithm of the Vascular Modeling 

Toolkit (VMTK).10 All models were smoothed using Taubin smoothing.11 Spatial co-

registration of pre- and post-treatment models was performed using a build-in iterative 

closest point algorithm. Furthermore, vascular models were adjusted to eliminate 

distortions caused by segmentation 

inaccuracies due to coil and stent artifacts. 

First, aneurysm sacs were virtually removed. 

Subsequently, parent arteries were 

reconstructed with average diameters along the 

vessel centerlines. Finally, the segmentations 

of aneurysms before treatment were 

transferred to the reconstructed parent 

arteries. Cylindrical inflow extensions with a 

length of six times the vessel diameter were 

attached to obtain a fully developed inflow in 

the aneurysm model.12 The modeling pipeline 

is presented in Figure 1. Stent struts and coils 

were not included in our analyses. Surface 

models were converted into volumetric models 

using tetrahedral meshing. To increase the 

accuracy of solutions near the vessel wall, a 

boundary layer with a high element density was 

added. The total amount of elements ranged 

between 2.2 million and 4.8 million. 

Computational Fluid Dynamics  
Computational fluid dynamics (CFD) was 

performed to simulate intra-aneurysmal 

hemodynamics, using Fluent 13.0 (ANSYS Inc., 

Lebanon, New Hampshire). Transient Navier-

Stokes equations were solved using a pressure-

based, 3D double precision solver by following 

the SIMPLE method.13 Blood was modeled with 

a density of 1060 kg/m3 and a dynamic viscosity 

of 0.004 Pa⋅s. A no-slip boundary was assumed 

 

Figure 1. Vascular modeling pipeline.  
A: Vascular segmentations before and after stent-
treatment. B: Parent vessel reconstruction.  
C: Average radius along the centerline of the vessel 
segment. D: Transfer of pre-treatment aneurysm 
segmentation to reconstructed parent arteries. The 
final models included in- and outflow extensions. 
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at the rigid vessel wall. No patient-specific velocity data were available and therefore, we 

used parent-artery specific velocity profiles from previously collected 2D phase contrast 

MRI measurements at our institute.14 For each parent-artery location, velocity profiles with 

34 interpolated time steps were calculated. Murray’s law was used to determine the outflow 

ratio of the distal arteries. Three cardiac cycles were calculated to account for the transient 

character of the CFD-analysis.15 The third cycle was used for analysis.  

Geometric and Hemodynamic Analyses 
To quantify the geometric shape of the vascular models, the tortuosity of the reconstructed 

parent arteries was calculated. The tortuosity is defined as the ratio between the total vessel 

length and its Euclidean distance. We calculated the tortuosity for the peri-aneurysmal 

region, which we defined as the segment within three diameters proximal and distal from 

the aneurysm. For hemodynamic analyses, we performed both qualitative and quantitative 

assessment. For qualitative assessment, flow velocity streamlines and WSS distributions 

were visualized using Paraview 3.6.2 (Kitware, Los Alamos, New Mexico). These 

visualizations were inspected and characterized by 2 experienced neuroradiologists, in 

consensus, following previously published definitions.16 For quantitative hemodynamic 

analysis, cycle-averaged distributions of WSS, OSI, and velocity magnitude were calculated. 

Median values were calculated for spatial averages of hemodynamic characteristics.  

RESULTS 

Aneurysm locations and stent properties are presented in Table 1. Cycle-averaged WSS 

distributions and peak systole velocity streamlines of all vascular models are shown in 

Figure 2. All aneurysms had a single inflow jet and a small impingement zone before and 

after treatment. Table 2 presents hemodynamic and geometric characteristics both before 

and after treatment. Stents that were positioned in the intradural space (n=4) reduced the  

Table 1. Aneurysm locations and stent properties. 

# Aneurysm Location 
Stent properties 

Type Size (mm) Positioning 
1 ICA Leo1 (Braided) 3.5×25 Intradural 
2 ICA Neuroform2 (Laser-cut) 3.5×20 Extradural (partially) 
3 PCA Neuroform2 (Laser-cut) 3.5×30 Intradural 
4 VA Enterprise3 (Laser-cut) 4.5×22 Intradural 
5 ICA Neuroform2 (Laser-cut) 3.5×30 Extradural (partially) 
6 ACA Neuroform2 (Laser-cut) 3.0×20 Intradural 

ICA = Internal Carotid Artery; PCA = Posterior Cerebral Artery; VA = Vertebral Artery; ACA = Anterior Carotid Artery 
1Balt, Montmorency, France; 2Stryker, Fremont, CA, USA; 3Codman Neurovascular, Raynham, MA, USA 
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vascular tortuosity with more than 55% on average (range: 41–78%). Stents that were partially 

positioned in the extradural space (n=2) did not alter the tortuosity of the parent artery. In 

three out of the four stents that were located in the intradural space, hemodynamic changes 

 
Figure 2. Distributions of cycle-averaged WSS (Pa) and peak-systole flow velocity streamlines (m/s) for six 
aneurysms before and after stent placement. Stent struts and coils were not taken into account for 
hemodynamic simulations. 
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had been observed for inflow concentration (n=2), impingement zone (n=1), flow stability 

(n=1), and flow complexity (n=1). The WSS, OSI, and intra-aneurysmal velocity magnitude 

changed with a large variability in magnitude and direction, ranging from -61% to +42%. 

Aneurysm recurrence had been reported for case 4, after which parent-artery occlusion was 

performed. Cases 1, 3, and 6 did not show any signs of recurrence. Recurrence could not be 

ruled out for cases 2 and 5, since no follow-up imaging data were available.  

DISCUSSION 

In our case series, we have observed a clear impact of neurovascular stents on the vascular 

geometry. Stents located in the intradural space significantly reduced the tortuosity, leading 

to a variety of hemodynamic changes within the aneurysm sac. The tortuosity of vessels that 

were located partially in the extradural space remained effectively unchanged after stenting, 

with no changes in qualitative hemodynamic characteristics as a result. In three out of the 

four cases with stent-induced vascular straightening, WSS and velocity values decreased. 

These aneurysms remained successfully occluded at follow-up. In the other case, WSS and 

velocity values increased, and subsequent aneurysm recurrence was observed.  

Table 2. Hemodynamic and geometric aneurysm characteristics. 

#  Qualitative hemodynamics 
Quantitative hemodynamics 

Tortuosity 
WSS (Pa) OSI Vm (m/s) 

1 
Before Diffuse inflow; dome impingement 1.24 0.034 0.078 0.58 

After Concentrated inflow; neck impingement 0.48 0.030 0.063 0.13 
∆  -61% -11% -20% -78% 

2 
Before Complex, unstable intra-aneurysmal flow. Diffuse 

inflow with impingement at the aneurysm body  
3.18 0.020 0.129 2.10 

After 2.31 0.013 0.140 2.26 
∆ * -27% -35% +9% +8% 

3 
Before Diffuse inflow 3.10 0.008 0.056 0.41 

After Concentrated inflow 2.50 0.011 0.047 0.19 
∆  -20% +42% -15% -55% 

4 
Before Simple, stable flow 0.36 0.017 0.051 0.14 

After Complex, unstable flow 0.42 0.017 0.063 0.08 
∆  +17% +2% +24% -41% 

5 
Before Complex, stable intra-aneurysmal flow. Concentrated 

inflow with impingement at the aneurysm neck/body 
1.54 0.021 0.094 0.64 

After 2.04 0.013 0.115 0.64 
∆ * +33% -40% +22% +1% 

6 
Before Simple, stable intra-aneurysmal flow. Concentrated 

inflow with impingement at the aneurysm neck 
0.30 0.012 0.038 0.20 

After 0.22 0.006 0.021 0.10 
∆ * -27% -48% -46% -48% 

*Identical qualitative flow characteristics before and after treatment 
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Furthermore, we have observed changes in quantified hemodynamics in cases where the 

tortuosity remained unchanged. These results can possibly be explained by changing parent 

vessel orientations relative to the aneurysm sacs, and thus, changing inflow-angles. Stents 

are mostly used in conjunction with coils and therefore, increased shear stresses are not to 

be expected after stent-assisted coiling. For cases where flow redirection reduced the flow 

impact on the coil mass, improved occlusion and reduced recurrence rates may be expected. 

This case series was too small to investigate the relationship between vessel straightening 

and recurrence rates. Additionally, stents from different manufacturers have different 

designs and mechanical properties, that can affect the magnitude of vascular changes. 

‘Neuroform’ stents have an open cell design, while ‘Enterprise’ and ‘Leo’ stents have closed 

cell designs, with higher radial forces.17 Future studies should investigate whether stent 

design has an impact on recurrence rates, to further improve treatment strategies.18 

Previous studies have reported inconsistent hemodynamic changes after vascular 

remodeling, which is in line with the observed variability of hemodynamic changes in our 

study.8,9 One of these studies investigated the individual effects of both vascular 

straightening and flow diversion caused by stent struts.9 Effects of flow diversion appeared 

to be very low in bifurcation aneurysms, due to the inertia-driven intra-aneurysmal flow. 

However, in sidewall aneurysms, intra-aneurysmal flow is mostly shear-driven—presumably 

resulting in greater flow diversion effects of stent-struts. Conformingly, in a previous study 

analyzing sidewall aneurysms, stent-struts reduced flow velocities twice as much as vascular 

straightening.19 Therefore, our results could have underestimated the magnitude of intra-

aneurysmal flow reduction after stenting. However, all aneurysms were subsequently coiled, 

which makes the stent strut related flow reduction negligible in the real world clinical 

situation. In two cases in our study we used imaging data that was acquired directly after 

stent placement. Previous studies have shown that immediate, as well as delayed effects of 

vascular remodeling can be expected, due to the shape-memory of stents.2–4 Therefore, 

geometric and hemodynamic changes could have become more apparent over time.  

Our study has a number of limitations to take into account. First, the number of patients 

was too small for statistical analysis and therefore, our results cannot be generalized. 

Secondly, CFD is very sensitive to the vascular geometry10,20,21 and therefore, inaccuracies in 

our models may have affected our results. For example, the inflow jet and impingement 

region are sensitive to the segmentation of the neck area, which might have been distorted 

by transferring pre-treatment aneurysm segmentations to post-treatment models. 
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Furthermore, we have modeled average diameters along parent artery centerlines that were 

identical for pre- and post-treatment models. In clinical situations, stents can dilate parent 

arteries, which possibly reduces post-treatment inflow velocities. Therefore, intra-

aneurysmal hemodynamics can change by both altered parent artery tortuosity and diameter. 

Other limitations of our study include the lack of patient-specific inflow conditions, and 

assumptions of rigid vessel walls and Newtonian fluid, which may have affected our CFD 

results.22,23 

CONCLUSION 

Neurovascular stents straighten intradural parent vessels of sidewall aneurysms, leading to a 

variety of changes in intra-aneurysmal hemodynamics. Hemodynamic changes are therefore 

hard to predict. 
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ABSTRACT 

Background and Purpose 
For patients with a subarachnoid hemorrhage and multiple intracranial aneurysms, it is 

often challenging to identify the ruptured aneurysm. It has been stated that vessel wall 

imaging (VWI) can be used to identify the ruptured aneurysm since wall enhancement after 

contrast-agent injection is suggested to be related with inflammation in unstable and 

ruptured aneurysms. The aim of this study is to assess whether additional factors contribute 

to aneurysm wall enhancement, by assessing imaging data in a series of patients from our 

medical center.  

Materials and Methods 
We included patients between January 2017 and September 2018 with symptoms of a 

subarachnoid hemorrhage that received subsequent VWI. Three-dimensional Turbo-Spin-

Echo scans with Motion-Sensitized Driven-Equilibrium preparation pulses were acquired 

using a 3T MRI-scanner to visualize the aneurysm wall. Identification of the ruptured 

aneurysm was based on aneurysm characteristics and hemorrhage distributions on MRI. 

Complementary imaging data (CT, DSA, MRI) were used to assess potential underlying 

enhancement mechanisms. Additionally, aneurysm luminal diameter measurements were 

compared between MRA and contrast-enhanced VWI to assess intraluminal contribution to 

aneurysm enhancement. 

Results 
Six patients with 14 aneurysms were included in our case series. The mean aneurysm size 

was 5.8 mm (range: 1.1-16.9 mm). A total of ten aneurysms showed enhancement in VWI; 

five ruptured aneurysms showed enhancement, one still unruptured but symptomatic 

aneurysm showed enhancement on VWI and ruptured one day later. Four unruptured 

aneurysms showed enhancement. In six out of ten enhanced aneurysms (60%), intraluminal 

diameters appeared notably smaller (≥0.8 mm) in contrast-enhanced VWI compared to 

MOTSA-TOF and/or pre contrast VWI, suggesting that enhancement was at least partially 

in the aneurysm lumen itself.  

Conclusion 
Several factors other than the hypothesized inflammatory response contribute to aneurysm 

wall enhancement. In sixty percent of our cases, enhancement was at least partially caused 

by slow intra aneurysmal flow, leading to pseudo enhancement of the aneurysm wall. 

Notwithstanding, there seems to be clinical value to differentiate ruptured from unruptured 

aneurysms using VWI, but the hypothesis that we image the inflammatory cell infiltration in 

the aneurysm wall is not yet confirmed. 
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INTRODUCTION 

Conventional imaging techniques such as Computed Tomography (CT), Magnetic 

Resonance (MR) Fluid-Attenuated Inversion Recovery (FLAIR) and Susceptibility-Weighted 

Imaging (SWI) techniques are being used in the acute setting of hemorrhagic stroke to 

detect subarachnoid hemorrhage (SAH).16,23 In case of multiple intracranial aneurysms, the 

spatial relationship of the aneurysm with hemorrhage is the most solid indicator to point 

out the ruptured aneurysm (e.g. a lobar hematoma close to the aneurysm). However, for 

patients with a diffuse bleeding pattern or even absence of blood on imaging (cerebrospinal 

fluid positive SAH), it is often impossible to determine which aneurysm ruptured. Size and 

morphology play a role in decision making, but for cases where rupture assessment is still 

inconclusive, the operator might end up treating all aneurysms, resulting in an increased 

treatment risk.  

Histology has shown significant differences in composition of the aneurysm wall with a 

related difference in rupture rate.4 The exact mechanisms behind aneurysm rupture are not 

completely understood, and whether inflammation triggers aneurysm rupture or is the 

consequence of rupture is unknown.22 An increase in macrophage, T cell and leucocyte 

infiltration in the aneurysm wall has been associated with rupture, which has been the 

rationale to study the aneurysm wall with vessel wall imaging (VWI). Recently, VWI is 

increasingly performed for its potential value to identify ruptured aneurysms.7,15,18 It has 

been suggested that enhancement after contrast-agent administration relates to 

inflammation in the aneurysm wall of unstable or ruptured aneurysms and therefore, VWI 

might assist in identifying ruptured aneurysms.8,20 However, aneurysm wall enhancement 

can be induced by several mechanisms other than this inflammatory response, such as 

development of vasa vasorum, atherosclerosis, and intramural hematoma.2,8,9,19 In addition, 

intra aneurysmal flow has a completely different pattern than the laminar flow in the 

intracranial vessels, and this has been acknowledged to be an important pitfall to correctly 

appraise enhancement of the aneurysm wall in clinical practice.6,14 

In this clinical report we evaluate possible underlying mechanisms contributing to aneurysm 

wall enhancement by evaluating imaging data from multiple modalities in six patients 

suspected of a SAH. 
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INTRODUCTION 

Conventional imaging techniques such as Computed Tomography (CT), Magnetic 

Resonance (MR) Fluid-Attenuated Inversion Recovery (FLAIR) and Susceptibility-Weighted 
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spatial relationship of the aneurysm with hemorrhage is the most solid indicator to point 

out the ruptured aneurysm (e.g. a lobar hematoma close to the aneurysm). However, for 

patients with a diffuse bleeding pattern or even absence of blood on imaging (cerebrospinal 

fluid positive SAH), it is often impossible to determine which aneurysm ruptured. Size and 

morphology play a role in decision making, but for cases where rupture assessment is still 

inconclusive, the operator might end up treating all aneurysms, resulting in an increased 

treatment risk.  

Histology has shown significant differences in composition of the aneurysm wall with a 

related difference in rupture rate.4 The exact mechanisms behind aneurysm rupture are not 

completely understood, and whether inflammation triggers aneurysm rupture or is the 

consequence of rupture is unknown.22 An increase in macrophage, T cell and leucocyte 

infiltration in the aneurysm wall has been associated with rupture, which has been the 

rationale to study the aneurysm wall with vessel wall imaging (VWI). Recently, VWI is 

increasingly performed for its potential value to identify ruptured aneurysms.7,15,18 It has 

been suggested that enhancement after contrast-agent administration relates to 

inflammation in the aneurysm wall of unstable or ruptured aneurysms and therefore, VWI 

might assist in identifying ruptured aneurysms.8,20 However, aneurysm wall enhancement 

can be induced by several mechanisms other than this inflammatory response, such as 

development of vasa vasorum, atherosclerosis, and intramural hematoma.2,8,9,19 In addition, 

intra aneurysmal flow has a completely different pattern than the laminar flow in the 
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In this clinical report we evaluate possible underlying mechanisms contributing to aneurysm 

wall enhancement by evaluating imaging data from multiple modalities in six patients 

suspected of a SAH. 
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METHODS 

Approval from the local medical ethics committee was obtained for data collection and 

analysis for a prospective registry of SAH patients. Furthermore, as a part of the General 

Data Protection Regulation, patients were asked permission to use clinical and imaging data 

for research purposes. 

Patients with available VWI data after clinical suspicion for SAH in the period between 

January 2017 and September 2018 were included in this study. For each patient, an extensive 

MR protocol was acquired including Multiple Overlapping Thin Slab Acquisition Time-of-

Flight (MOTSA-TOF), FLAIR, and SWI MR imaging. For VWI, we acquired 3D turbo spin 

echo black blood MR scans with Motion-Sensitized Driven-Equilibrium preparation pulses 

(inplane resolution = 0.6 mm, slice-thickness = 0.8 mm, echo time/repetition time = 35/700, 

flip-angle = 80°). This MR protocol was performed in patients where CT imaging was 

inconclusive and additional information was essential for detecting the ruptured aneurysm. 

The aneurysm location, size, hemorrhagic distribution, and presence of blood on 

FLAIR/SWI in the vicinity of the aneurysm were assessed to determine which aneurysm was 

the most likely one that ruptured. Furthermore, aneurysm wall enhancement was assessed to 

investigate its relationship with aneurysm rupture. We defined aneurysm wall enhancement 

as focal or circumferential hyperintensity along the aneurysm wall in post-contrast VWI. 

Enhancement along the aneurysm wall is not limited to enhancement of the wall itself, but 

can also originate from regions within or outside the aneurysm wall. 

Complementary imaging data (CT, DSA, MRI) were used to assess potential underlying 

enhancement mechanisms, such as aneurysm rupture, growth, atherosclerotic calcifications, 

adjacent cerebral veins, and slow intra-aneurysmal flow. MOTSA-TOF MRA was used for 

assessment of the intraluminal aneurysm size, VWI before and after contrast-agent 

administration allowed measurement of the non-opacified part of the aneurysm lumen 

(RadiAnt DICOM Viewer 4.2.1). Intraluminal diameters were considered decreased when the 

diameter in contrast-enhanced VWI appeared ≥0.8 mm (slice thickness of VWI) smaller 

compared to pre-contrast VWI or MOTSA-TOF.  

RESULTS 

Six patients with 14 aneurysms were included in our case series. The mean aneurysm size 

was 5.8 mm (range: 1.1–16.9 mm). Information regarding the presence of blood on CT and/or 

cerebrospinal fluid, the presence of spatially correlated blood on FLAIR/SWI, and aneurysm 

Vessel Wall Enhancement of Intracranial Aneurysms: Fact or Artefact 

89 

enhancement in contrast-enhanced VWI are presented in Table 1. A total of ten aneurysms 

showed enhancement in VWI; all ruptured aneurysms enhanced (including an aneurysm that 

ruptured one day after VWI; case 5) and four unruptured aneurysms showed enhancement. 

In two patients, both possessing two aneurysms, all four aneurysms showed enhancement 

(case 1 and 4). In another patient with a total of six aneurysms, three aneurysms showed 

enhancement (case 2). In six out of ten enhancing aneurysms (60%), intraluminal diameters 

appeared notably smaller (≥0.8 mm) in contrast-enhanced VWI compared to MOTSA-TOF 

and/or pre contrast VWI, suggesting that enhancement was at least partially in the aneurysm 

lumen itself (Table 2). One blister aneurysm (case 3) of the ICA showed enhancement, 

probably related to an intramural hemorrhage. Furthermore, circumferential enhancement 

was observed in a coiled PComA aneurysm (case 6), which was most likely caused by a 

hyperintense – coil related – rim artefact. All aneurysms that were depicted as the most 

likely cause of SAH were treated. In patients where additional aneurysms were left 

untreated, no rupture occurred during a follow up period of at least 12 months. 

Table 1. Patient characteristics and imaging findings for six patients suspected of SAH. For each aneurysm, the presence 
of blood on CT and/or cerebrospinal fluid, the presence of spatially correlated blood on FLAIR/SWI, and enhancement of 
the aneurysm after contrast-agent administration on VWI are presented. 

Case SAH No. 
IAs Location Size FLAIR SWI VWE Proposed enhancement-mechanism 

1 +  
(CT) 2 AComA* 7.4 + + + Aneurysm rupture; suboptimal slow flow 

suppression 
MCA 2.9 + + -/+ Unclear, already high signal on pre contrast VWI  

2 +  
(CT) 6 

Basilar tip* 16.9 + + + 
Previously coiled, progressive recanalization. 
Aneurysm rupture; suboptimal slow flow 
suppression 

Pericallosal 4.6 - - + Suboptimal slow flow suppression; aneurysm 
growth during follow up prior to VWI 

Ant. 
Choroidal 4.2 + + -  

Distal ICA 2.8 + + + Previously coiled, stable recanalization. 
Suboptimal slow flow suppression 

Ophthalmic 4.7 - - -  
MCA 1.1 + + -  

3 + 
(CSF) 1 ICA* 2.7 - - + Intramural hematoma (blister aneurysm) 

4 +  
(CT) 2 

AComA* 3.7 + + + Aneurysm rupture; suboptimal slow flow 
suppression 

Ophthalmic 3.8 + - + 
Hyperintense signal along the entire ICA 
segment, including the ophthalmic aneurysm; 
suboptimal flow suppression 

5 - 1 ICA 
bifurcation 14.8 - - + Aneurysm ruptured 1 day after VWI; 

calcified/atherosclerotic aneurysm wall 

6 + 
(CSF) 2 PComA* 7.0 - - + Coil-induced hyperintense rim artefact 

Pericallosal 3.9 - - -  
* Ruptured  
SAH = subarachnoid hemorrhage; No. IAs = Number of Intracranial Aneurysms; FLAIR = Fluid-Attenuated Inversion Recovery; SWI = 
Susceptibility-Weighted Imaging; VWE = Vessel Wall enhancement; CT = Computed Tomography; CSF = Cerebrospinal Fluid; AcomA = 
Anterior Communicating Artery; PcomA = Posterior Communicating Artery; ICA = Internal Carotid Artery; MCA = Middle Cerebral Artery;  
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6 + 
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Illustrative Case 1 
A 60-year-old man presented with clinical signs of SAH. CT imaging showed 

interhemispheric subarachnoid blood, continuing in the Sylvian fissure until the MCA 

bifurcation due to a ruptured bi-lobar AComA aneurysm (7.4 mm). A second left-sided 2.9 

mm broad-based MCA bifurcation aneurysm was present. Given the small MCA aneurysm 

size and the presence of interhemispheric blood, the AComA aneurysm was considered the 

most likely site of rupture. Focal areas of enhancement were seen surrounding the AComA 

aneurysm on contrast-enhanced VWI (Figure 1). Because a smaller diameter was measured 

on post-contrast VWI compared to MOTSA-TOF imaging (Table 2), insufficient flow 

suppression could have contributed to this enhancement. 

A hyperintense signal surrounding the small MCA aneurysm was observed on both pre- and 

post-contrast VWI. On FLAIR images this small MCA aneurysm was surrounded by 

subarachnoid blood. The cause for the high signal intensity along the wall of the aneurysm 

is unclear; focal subarachnoid blood, venous flow or wall enhancement. The aneurysm 

remained stable during 12 months follow-up. 

Table 2. Aneurysm diameter measurements (mm) for MOTSA-TOF, pre-contrast VWI and post-contrast VWI. 

Case # Aneurysm location 
(side) 

Maximum aneurysm 
diameter (MOTSA-

TOF) 

Diameter measurements, matched slices 

MOTSA-TOF Pre-contrast VWI Post-contrast 
VWI 

1 AComA 7.4 6.4 6.1 5.6** 
MCA (left) 2.9 2.9 2.7 2.5* 

2 

Basilar tip † 16.9 10.9 9.7 8.6** 
Pericallosal Artery n/a n/a 4.6 3.8** 
Anterior Choroidal 

Artery (right) 4.2 2.9 2.9 2.6 

Distal ICA (right) † 2.8 2.8 2.8 0.8** 
Ophthalmic Artery (left) 4.7 4.2 3.8 3.7 

MCA (left) 1.1 1.1 0.9 0.7 
3 ICA (right) 2.7 2.1 n/a 1.6* 

4 AComA 3.7 2.9 2.9 1.0** 
Ophthalmic Artery (left) 3.8 3.8 3.7 2.1** 

5 ICA bifurcation (right) 14.8 14.8 n/a 14.8* 

6 PComA (right) ‡ 7.0 6.3 n/a 6.3* 
Pericallosal Artery 3.9 3.6 n/a 3.6 

* Enhancement on post-contrast VWI 
** Enhancement with decreased luminal diameter (≥ 0.8 mm) 
† Measurement of residual aneurysm lumen after coiling 
‡ Measurement of coiled aneurysm 
Abbreviations: MOTSA-TOF = Multiple Overlapping Thin Slab Acquisition Time-of-Flight; VWI = Vessel Wall Imaging; AComA = Anterior 
Communicating Artery; PComA = Posterior Communicating Artery; ICA = Internal Carotid Artery; MCA = Middle Cerebral Artery; n/a = not 
applicable 
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Illustrative Case 2 
A 57-year-old woman with a large previously ruptured and coiled basilar tip aneurysm, again 

presented with a SAH. Interpretation of the CT imaging was hampered due to severe coil 

artefacts and CTA could not be used to determine the cause of bleeding. MRI was performed 

one day later, FLAIR and SWI revealed bilateral insular blood. An evident increase in size 

and recanalization of the basilar tip aneurysm was seen. VWI demonstrated enhancement 

both within the lumen as well as in the wall of the basilar aneurysm (figure 2 B-C). Since the 

lumen diameter appeared notably smaller on contrast-enhanced VWI compared to pre-

contrast VWI and MOTSA-TOF (Table 2), insufficient flow suppression could have resulted 

in an overestimation of wall enhancement. An additional pericallosal aneurysm with slight 

growth over four years also showed wall enhancement (Figure 2 D-E), with definite absence 

of subarachnoid blood on FLAIR and SWI. DSA imaging showed slow flow in the 

pericallosal aneurysm with stasis of blood in the aneurysm dome during the venous phase 

(Figure 2 F-G). Concomitant support for flow related enhancement of the aneurysmal lumen 

is the decrease in luminal diameter on contrast-enhanced VWI. The pericallosal aneurysm 

was treated after 12 months follow-up. A coiled distal ICA aneurysm with a small residual 

lumen after coiling also showed enhancement both in between the coils as well as in the 

 
Figure 1. (Case 1), A: Axial MOTSA-TOF MRA of a ruptured bi-lobar AComA aneurysm, see arrow; B: Pre-contrast VWI, 
arrows indicate the AComA aneurysm wall; C: Contrast-enhanced VWI with local aneurysm wall enhancement (arrows); 
D: Hyperintense signal surrounding the small MCA aneurysm on pre-contrast VWI, see arrows; E: The hyperintense signal 
became more evident in post-contrast VWI, see arrows. 
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Figure 1. (Case 1), A: Axial MOTSA-TOF MRA of a ruptured bi-lobar AComA aneurysm, see arrow; B: Pre-contrast VWI, 
arrows indicate the AComA aneurysm wall; C: Contrast-enhanced VWI with local aneurysm wall enhancement (arrows); 
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small remnant. No enhancement was observed for the additional ophthalmic, MCA and 

choroidal aneurysms. It was decided to coil the basilar aneurysm because of the significant 

increase in size. 

Illustrative Case 5 
A 42-year-old women presented with an acute headache, suspected for a SAH. Six weeks 

before, the patient was diagnosed with an asymptomatic, large right-sided ICA bifurcation 

aneurysm (14.8 mm) with coarse atherosclerotic calcifications at the region of the aneurysm 

neck and small spots of calcifications along the aneurysm wall. CT imaging and lumbar 

puncture at acute admission did not reveal a SAH. In accordance, FLAIR and SWI images 

did not show any signs for a bleeding. On VWI, circumferential aneurysm wall enhancement 

was observed (Figure 3). One day later, the patient had a severe SAH and despite emergency 

treatment deceased from complications. The enhancement of the aneurysm prior to rupture 

might have indicated instability of the aneurysm, however atherosclerosis and inflammatory 

reactions in the thickened aneurysm wall might also have contributed to aneurysm wall 

enhancement.  

 
Figure 2. (Case 2), A: Axial MOTSA-TOF MRA of a ruptured, recurred basilar tip aneurysm (arrow); B: hyperintense MR-
signal (arrow) surrounding the coil mass in pre-contrast VWI; C: The signal surrounding the coil mass enhanced on post-
contrast VWI. Furthermore, intraluminal enhancement was observed, (see arrows); D,E: Sagittal view of pre- and post-
contrast VWI of a growing pericallosal aneurysm, with clear circumferential enhancement. F: DSA of the pericallosal 
artery aneurysm; G: Intra-aneurysmal stasis of contrast agent in the venous phase, indicating slow intra-aneurysmal flow.  
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Illustrative Case 6 
A 58-year-old women presented with an acute headache. CT imaging did not demonstrate 

subarachnoid blood, however lumbar puncture was positive for SAH. CTA imaging revealed 

a right-sided 7.0 mm PComA aneurysm, which was subsequently coiled. An additional small 

pericallosal aneurysm (3.9 mm) was identified during angiography. Based on the CT-scan, 

rupture of this additional aneurysm could not be excluded. Additional performed MRI 

neither revealed blood or hemosiderin in the vicinity of this aneurysm, nor VWI 

 
Figure 3. (Case 5) A: MOTSA-TOF MRA of an unruptured ICA bifurcation aneurysm (arrow) 1 day prior to rupture; B: 
Sagittal view of CT imaging of the unruptured aneurysm with atherosclerotic calcifications (arrow) at the neck region of 
the aneurysm; C: Sagittal view of post-contrast VWI with a high degree of enhancement at the aneurysm neck region 
(white arrow) and circumferential wall enhancement along the wall (yellow arrows). 

 
Fig 4. (Case 6) A: MOTSA-TOF MRA 4 days after coiling illustrating a rim artefact of a ruptured PComA aneurysm; B: Pre-
contrast T1 weighted image, shows a circumferential hyperintense signal; C: Post-contrast VWI with circumferential 
hyperintense signal (white arrows). The cavernous sinus also shows enhancement (yellow arrow). 
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small remnant. No enhancement was observed for the additional ophthalmic, MCA and 

choroidal aneurysms. It was decided to coil the basilar aneurysm because of the significant 

increase in size. 

Illustrative Case 5 
A 42-year-old women presented with an acute headache, suspected for a SAH. Six weeks 

before, the patient was diagnosed with an asymptomatic, large right-sided ICA bifurcation 
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was observed (Figure 3). One day later, the patient had a severe SAH and despite emergency 

treatment deceased from complications. The enhancement of the aneurysm prior to rupture 

might have indicated instability of the aneurysm, however atherosclerosis and inflammatory 

reactions in the thickened aneurysm wall might also have contributed to aneurysm wall 

enhancement.  

 
Figure 2. (Case 2), A: Axial MOTSA-TOF MRA of a ruptured, recurred basilar tip aneurysm (arrow); B: hyperintense MR-
signal (arrow) surrounding the coil mass in pre-contrast VWI; C: The signal surrounding the coil mass enhanced on post-
contrast VWI. Furthermore, intraluminal enhancement was observed, (see arrows); D,E: Sagittal view of pre- and post-
contrast VWI of a growing pericallosal aneurysm, with clear circumferential enhancement. F: DSA of the pericallosal 
artery aneurysm; G: Intra-aneurysmal stasis of contrast agent in the venous phase, indicating slow intra-aneurysmal flow.  
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Figure 3. (Case 5) A: MOTSA-TOF MRA of an unruptured ICA bifurcation aneurysm (arrow) 1 day prior to rupture; B: 
Sagittal view of CT imaging of the unruptured aneurysm with atherosclerotic calcifications (arrow) at the neck region of 
the aneurysm; C: Sagittal view of post-contrast VWI with a high degree of enhancement at the aneurysm neck region 
(white arrow) and circumferential wall enhancement along the wall (yellow arrows). 

 
Fig 4. (Case 6) A: MOTSA-TOF MRA 4 days after coiling illustrating a rim artefact of a ruptured PComA aneurysm; B: Pre-
contrast T1 weighted image, shows a circumferential hyperintense signal; C: Post-contrast VWI with circumferential 
hyperintense signal (white arrows). The cavernous sinus also shows enhancement (yellow arrow). 
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enhancement of the pericallosal aneurysm. Therefore, the PComA was considered the most 

likely site of rupture. This PComA aneurysm showed enhancement of the wall of the 

aneurysm, however increased signal intensity was already present on the pre-contrast T1 

weighted MR images (Figure 4). A coiling-induced hyperintense rim artefact most likely 

contributed to this high signal intensity.13 The pericallosal aneurysm was left untreated, 

follow up showed a stable aspect of the aneurysm at twelve months. 

DISCUSSION 

In all SAH patients from our case series, wall enhancement of the ruptured aneurysm was 

observed. Four out of eight unruptured aneurysms also showed wall enhancement. In 60 

percent of the enhanced aneurysms, the aneurysm lumen appeared notably smaller in 

contrast-enhanced VWI as compared to MOTSA-TOF MRA and non-contrast enhanced 

VWI. This strongly suggests that slow flow at the inner border of the aneurysm wall 

contributes to—and therefore, might lead to overestimation of—aneurysm wall 

enhancement. Additionally, atherosclerosis (n=1), coiling-induced hyperintense rim artefact 

(n=1), and intramural hematoma (n=1) contributed to aneurysm wall enhancement. Our data 

suggests that VWI may be highly sensitive, but has a limited specificity for detecting 

ruptured aneurysms. Therefore, aneurysm assessment should not solely rely on VWI. 

Several studies have related aneurysm wall enhancement with rupture status. A case series 

of five patients with VWI after SAH demonstrated enhancement of the aneurysm wall in all 

ruptured aneurysms, while none of the additional unruptured aneurysms enhanced.15 

Concordantly, vessel wall assessment in three large cohorts with in total 108 ruptured 

aneurysms and 302 unruptured aneurysms demonstrated a correlation between 

enhancement of the aneurysm wall and rupture status.17,18,24 One of these series 

demonstrated that partial wall enhancement was solely observed at irregular regions and 

daughter sacs of aneurysms.24 Because aneurysm irregularity has previously been related 

with rupture status they hypothesized that endothelial damage and inflammation were the 

likely causes for aneurysm enhancement.10 However, these irregular regions and daughter 

sacs are very susceptible to different, much slower flow patterns which may lead to 

insufficient flow suppression within the aneurysm. As we observed in some of our cases by 

measuring the internal luminal diameter of the aneurysm on MOTSA-TOF and pre- and 

post-contrast VWI, the luminal diameter appears smaller in contrast-enhanced VWI. This is 

most likely caused by slow adherent flow close to the inner border of the aneurysm wall 

which can contribute to pseudo enhancement of the aneurysm wall. Looking at case 
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examples from other publications on VWI in aneurysms suggests that this flow related 

enhancement inside the aneurysm lumen is not a rare phenomenon.3,15,17 

Besides its relation with rupture status, enhancement has also been observed more 

frequently in unstable compared to stable intracranial aneurysms.3 Unstable aneurysms were 

defined as recently (within 24 hours) ruptured, symptomatic, or evolving with changing 

morphology over six months. In another publication focusing on unruptured aneurysms 

only, circumferential aneurysmal wall enhancement was more frequently observed in 

symptomatic (70%) as compared to asymptomatic (27%) aneurysms.5 Patients with 

symptomatic aneurysms in this study presented with either sentinel headaches or a third 

nerve palsy. Occasionally, wall enhancement in VWI has been associated with inflammatory 

cell invasion in unruptured aneurysms, using histological analysis.8 Moreover, this study did 

not observe enhancement in aneurysms without histologic signs of inflammation. 

The suggestion that VWI can be used as an indirect marker of vessel wall inflammation has 

been made by several authors and the relation with the inflammatory processes in the 

aneurysm wall as found with histopathology is easily made.3,15,17 Intracranial aneurysms were 

graded in four different types by Frösen et al. according to wall histology, with associated 

differences in rupture rate.4 Endothelialized wall with linearly organized smooth muscle 

cells showed the least rupture rate (42% ruptured), aneurysms with an extremely thin 

thrombosis-lined hypocellular wall were all ruptured. A study of post mortem and intra 

operatively acquired intracranial aneurysms has shown that aneurysm walls can be very thin, 

measuring between 0.02-0.50 mm.21 MRI imaging of the aneurysm wall can be cumbersome, 

due to image resolution; the best obtainable image resolution using 3T MRI is usually 

around 0.8 mm, which is insufficient to image the average wall thickness of an aneurysm. 

Although, a recent study correlated histopathology and 7T MRI of aneurysms and showed 

that 7T MRI can image intracranial aneurysm walls and assess variation in wall thickness.7 

Added to the limitation in resolution are pulsation artefacts which degrade image quality 

and incorrectly increase aneurysm wall thickness. The solution to overcome these pulsation 

artefacts is to use cardiac gating during vessel wall imaging. Another limitation of VWI is 

that intraluminal thrombus may hinder reliable assessment of aneurysm wall thickness as 

the clot itself can already show high signal intensity on pre-contrast VWI. When using VWI 

to show wall enhancement, a pre-contrast VWI sequence is mandatory to exclude false 

positive cases. Another pitfall in VWI can be the enhancement of venous structures in close 

relation to the aneurysm.  
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An association between wall enhancement and aneurysm size in unruptured intracranial 

aneurysms has been shown in several studies.1,11,12,26 However, large aneurysm size hinders 

reliable assessment of aneurysm wall enhancement as lower velocities are to be expected in 

larger aneurysms. Wall-mimicking artefacts can be caused by insufficient flow suppression, 

which might lead to an overestimation of aneurysm wall enhancement with possible false 

positive findings (pseudo enhancement) in large size aneurysms.  

Correct delineation of the aneurysm wall can be very difficult when it lies in close proximity 

to the brain parenchyma. It has even been suggested that in ruptured aneurysms 

enhancement of the aneurysm wall corresponds to the interface between the aneurysm wall 

and the surrounding brain tissue.18 It has also been suggested that the vasa vasorum plays a 

role in aneurysm wall enhancement, however histopathological confirmation is often 

lacking.19  Most of the publications on the presence of vasa vasorum in aneurysms looked at 

giant and chronic fusiform aneurysms, however in a recent histological analysis, presence of 

the vasa vasorum was seen in two out of 14 patients with non-giant aneurysms of 14 mm and 

6 mm.8 

How should the value of VWI to differentiate ruptured from unruptured aneurysms be 

judged as it seems to point to the ruptured aneurysm. First, irregular aneurysms with blebs 

have a higher rupture risk than more regular aneurysms. Stagnation of flow in these blebs 

with resulting flow related enhancement is to be expected. Larger aneurysms have a higher 

risk of rupture and the relation between aneurysm size and slow flow has already been 

acknowledged. Aneurysm wall enhancement has also been related to areas of low wall shear 

stress in a series of patients with ruptured and unruptured aneurysms.25 However, at least in 

one of the case examples in this report, enhancement is seen not only in the wall of the 

aneurysm but also within the lumen of the aneurysm bleb. Important to note is that slow 

flow artifacts do not necessarily invalidate the relationship between enhancement and 

aneurysm stability, since slow flow can be an indirect marker for wall inflammation. To 

confirm the relationship between inflammation and enhancement, histological assessment 

remains necessary. 

CONCLUSION 

Several factors other than the hypothesized inflammatory response contribute to aneurysm 

wall enhancement. In sixty percent of our cases, enhancement was at least partially caused 

by slow intra aneurysmal flow, leading to pseudo enhancement of the aneurysm wall. 

Notwithstanding, there seems to be clinical value to differentiate ruptured from unruptured 
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aneurysms using VWI, but the hypothesis that we image the inflammatory cell infiltration in 

the aneurysm wall is not yet confirmed. 
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ABSTRACT 

Background and Purpose 
Magnetic resonance vessel wall imaging is increasingly performed in clinical settings to 

support treatment decision making regarding intracranial aneurysms. Aneurysm wall 

enhancement after contrast-agent injection is expected to be related with aneurysm 

instability and rupture status. However, we hypothesize that slow flow artefacts mimic 

aneurysm wall enhancement. Therefore, in this phantom study we assess the effect of slow 

flow on wall-like enhancement using different magnetic resonance vessel wall imaging 

techniques. 

Materials and Methods 
We developed a MR compatible aneurysm phantom model, which was connected to a pump 

to enable pulsatile inflow conditions. For vessel wall imaging, 3D Turbo-Spin-Echo 

sequences—both with and without MSDE and DANTE preparation pulses—were performed 

using a 3T MRI-scanner. Vessel wall imaging was acquired both before and after gadolinium 

contrast-agent administration using two different pulsatile inflow conditions (2.5 ml/s peak 

flow at 77 and 48 bpm). The intraluminal signal intensity along the aneurysm wall was 

analyzed to assess the performance of slow flow suppression.  

Results 
We observed wall-like enhancement after contrast-agent injection, especially in low pump 

rate settings. Preparation pulses, in particular the DANTE technique, improved the 

performance of slow flow suppression. 

Conclusion 
Near-wall slow flow mimics wall enhancement in vessel wall imaging protocols. Therefore, 

vessel wall imaging should be carefully interpreted. Preparation pulses improve slow flow 

suppression and therefore, we encourage further development and clinical implementation 

of these techniques. 
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INTRODUCTION 

For patients with multiple aneurysms and an acute hemorrhagic stroke, it is important to 

identify the ruptured aneurysm. Aneurysm rupture status cannot always be determined 

based on the bleeding pattern alone. Aneurysm size4 and morphology2 can help in decision 

making, but additional characteristics are required to improve the identification of ruptured 

aneurysms. 

Aneurysm wall assessment using magnetic resonance (MR) vessel wall imaging (VWI) is 

increasingly performed to identify ruptured or unstable aneurysms.11,12 MR-VWI enables 

aneurysm wall assessment by suppressing MR-signal originating from flowing blood and 

cerebrospinal fluid (CSF). 3D turbo-spin-echo (TSE) is a commonly used VWI technique, 

which mainly suppresses flow in the readout direction.14 Since intracranial blood flow is 

often complex (slow, stagnant, or turbulent), preparation-pulses have been developed to 

optimize flow suppression. Commonly used preparation-pulses are motion-sensitized driven 

equilibrium (MSDE) and delay alternating with nutation for tailored excitation 

(DANTE).7,17,18 Aneurysm wall-enhancement after gadolinium contrast-agent injection is 

suggested to be related with inflammation in unstable aneurysm walls.6 However, the 

performance of blood-suppression in VWI decreases after gadolinium contrast-agent 

injection, since gadolinium shortens the T1 of blood. Hyperintense appearance originating 

from unsuppressed blood could therefore potentially be mistaken for aneurysm wall, which 

is an important pitfall of MR-VWI.5,8 

The aim of this phantom study is to assess the contribution of slow flow to wall-like 

enhancement in 3D TSE VWI, both with and without MSDE and DANTE preparation 

pulses.  

 
Figure 1. 7T MR-VWI before (A) and after (B) contrast-agent administration, acquired from a patient harboring a stable 
MCA aneurysm. The white arrows indicate the aneurysm wall. 
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MATERIALS AND METHODS 

Phantom Development 
We developed a MR-compatible aneurysm phantom model, based on a stable MCA 

aneurysm (6 mm) from a patient that was studied with 7T MR-VWI, see Figure 1. 7T TOF-

MRA data was used to segment the aneurysm and perianeurysmal vasculature, using a level 

set segmentation algorithm from the Vascular Modeling Toolkit (http://www.vmtk.org). 

Subsequently, the three outflow vessels were manually connected using open-source 3D 

modeling software (Blender 2.74, http://www.blender.org/). A 3D-printer (Stratasys Connex3 

Objet260) was used to print a hollow vessel lumen in a solid plastic box. VeroClear™, a 

transparent polymer, was used as printing material. The benefit of such polymer is that it 

does not get magnetized during MR imaging, and therefore appears black in VWI. Finally, 

in- and outflow tubes were connected to the 3D-print and the model was submerged in an 

agar solution to obtain a homogenous local magnetic field. Figure 2 demonstrates the 

phantom development pipeline.  

MRI Experiments 
In Figure 3, a schematic overview of our MR phantom experiment setup is presented. MRI 

acquisitions were performed using a Philips 3T Ingenia MRI-scanner (Philips Healthcare, 

Best, The Netherlands) and a 32-channel head coil. The phantom was connected to a pump 

outside the scanner room to generate pulsatile inflow conditions. We used water to pump 

 
Figure 2. Phantom development pipeline, based on 7T TOF-MRA patient-data. Level set segmentation was performed to 
isolate the aneurysm and in-/outflow vessels. The outflow vessels were connected using 3D modeling software. The 
vascular model was 3D printed as a hollow vessel lumen in a solid plastic box. To finalize the phantom, in- and outflow 
tubes were connected to the 3D-print and the model was submerged in an agar solution. 
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through the phantom model and performed 2D phase-contrast MRI (resolution= 0.38×0.38×3 

mm; echo-time / repetition-time = 6.9 / 15.7 ms; flip angle = 25°; VENC=80 cm/s; 26 cardiac 

phases) perpendicular to the parent vessel to measure the inflow waveform. For pulsatile 

inflow conditions, we generated a peak flow around 2.5 ml/s, which is comparable to 

physiological MCA inflow.3 Pump rates of 77 and 48 bpm were used to simulate different 

intra-aneurysmal flow conditions: peak flow velocities remained similar, but average 

velocities were different in both settings.  

VWI was performed before and after gadolinium (gadobutrol, Gadavist, Bayer BV) 

administration. Based on the drug description, gadobutrol is rapidly distributed in plasma: 

two minutes after administration the in vivo plasma concentration is 0.59 mmol/L, 60 

minutes after administration the plasma concentration is 0.3 mmol/L. Assuming exponential 

distribution dynamics and VWI acquisition 15 minutes after venous contrast-injection, we 

estimate the concentration to be around 0.4 mmol gadobutrol per liter of plasma in clinical 

 
Figure 3. Schematic overview of the MR-experiment setup. The phantom and pump reservoir were situated in the MRI 
room. The reservoir was connected to the pump in the control room, which was controlled by a desktop computer to 
generate pulsatile inflow conditions. 
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settings. Therefore, for our contrast-enhanced phantom experiments we used this 

concentration.  

Finally, we acquired a 4D-flow scan (echo-time / repetition-time = 8.1 / 4.5 ms, VENC = 

80cm/s, spatial resolution = 0.5×0.5×0.5 mm, 10 cardiac phases) to analyze the relationship 

between flow suppression and flow velocity. The 4D flow MRI scan was acquired with an 

acceleration factor of five in combination with a compressed sensing reconstruction strategy 

in order to speed up the scan time.13 

3D TSE VWI Techniques 
We acquired 3D TSE VWI scans with and without MSDE and DANTE preparation pulses, at 

an isotropic resolution of 0.7 mm. All VWI acquisitions used the same variable flip angle 

scheme and a FOV of 320×320×140 mm. Repetition times were 700 ms for 3D TSE and MSDE 

prepared VWI, and 1000 ms for the DANTE prepared VWI. Important to note is that pump 

rates of 77 and 48 bpm were chosen to ensure VWI acquisition throughout the entire 

pulsatile cycle. Pump frequencies synchronized with VWI repetition times had resulted in 

unreliable behavior of flow suppressing performance in previous experiments (e.g. pump 

frequency of 1 Hz (60 bpm) with VWI repetition times of 1000ms).  

Analyses 
A mask along the aneurysm wall was created to analyze near-wall signal intensities in VWI, 

see Figure 4. Additionally, a mask was created for a static agar region. Near-wall signal 

intensities were normalized to the mean agar intensity to make them comparable between 

VWI sequences. Box-plots and histograms of normalized signal intensities were visually 

compared between pre- and post-contrast VWI, separately for each VWI technique and 

pump setting. 

 
Figure 4. Masks for signal intensity calculations. The intraluminal mask along the aneurysm wall is shown in red. The 
agar mask is shown in yellow. To calculate the relative intensity, signal intensities along the aneurysm wall were 
normalized to the average intensity of the masked agar tissue. 
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RESULTS 

Signals originating from slow flow along the aneurysm wall were observed for all VWI 

techniques and became more apparent after contrast-enhancement, especially at lower 

pump rates, see Figure 5. Visual assessment of VWI suggested that preparation pulses 

improved flow suppression. Histograms and box-plots of normalized signal intensities along 

the aneurysm wall demonstrated clear differences between VWI techniques, see Figure 6. 

After MSDE preparation, flow suppression improved. A larger effect on flow suppression 

improvement was observed for DANTE preparation. Near-wall signal intensities decreased 

with approximately 50% after DANTE preparation, compared to 3D TSE VWI alone. Figure 

7 shows a comparison between contrast-enhanced 3D TSE VWI and 4D flow imaging for the 

same slice location. The region of high flow velocity clearly corresponds to the dark, 

suppressed region in VWI. This confirms the relationship between flow and suppression. 

 
Figure 5. VWI before and after contrast-enhancement for different VWI techniques (rows) and inflow settings (columns). 
Visual assessment suggests that signal intensities are higher in contrast-enhanced scans and at a lower pump rates. 
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DISCUSSION 

In our phantom model, we observed wall-like MR-signal along the aneurysm wall in VWI 

both with and without preparation pulses. After contrast-agent administration, these signals 

became more apparent, especially at low pump rates. Signal originating from unsuppressed 

blood may easily be mistaken for aneurysm wall. Therefore, we underline the importance of 

careful interpretation of VWI. Preparation pulses, especially the DANTE technique, 

improved flow suppression.  

 
Figure 6. Histograms and boxplots of the near-wall intraluminal signal intensity, normalized to the surrounding agar 
intensity. Different VWI techniques are presented in each row, each column represents a different inflow condition. 

 
Figure 7. A comparison between contrast-enhanced 3D TSE VWI at 48 bpm (A) and 4D flow imaging (B) at the same 
location at 60 bpm. The region of high flow velocity clearly corresponds to the dark region in VWI. This confirms the 
relationship between suppression and flow. 
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Slow Flow Contribution To Enhancement In VWI 
To our knowledge, this is the first analysis of flow related artefacts in VWI in a controlled 

phantom setup. However, slow flow contribution to aneurysm wall enhancement has been 

assessed in patients harboring unruptured intracranial aneurysms, by comparing VWI with 

and without MSDE preparation pulses.5 Wall enhancement was observed less often in MSDE 

prepared VWI, suggesting wall-mimicking enhancement on conventional VWI without 

preparation pulses. Comparably, in our study we showed lower signal intensities along the 

wall for MSDE prepared VWI, compared to VWI without a preparation pulse. Another study 

emphasized that slow flow artefacts, most obvious in slow flowing blood in veins, may result 

in misinterpretation of enhancement of surrounding arterial vessel walls.8 Similarly, we 

observed slow flow artefacts in slow flowing blood in the aneurysm sac, which may easily be 

misinterpreted as aneurysm wall enhancement. 

Traditional Risk Factors (Size and Shape) are Sensitive to Slow Flow Contribution 
in VWI 
Various studies have presented relationships between aneurysm wall enhancement and 

aneurysm instability, often neglecting the potential influence of slow flow on wall 

assessment. Aneurysm wall enhancement has been observed at irregular regions and 

daughter sacs of aneurysms.16 Since slow and turbulent flow characteristics are expected in 

irregular aneurysm regions, flow suppression could have been hindered, resulting in wall-

like enhancement. Similarly, several studies have shown a relationship between wall 

enhancement and aneurysm size.1,9,10,20 However, larger aneurysms are most likely also 

associated with lower flow velocities, which reduces flow suppression performance. 

Furthermore, regions of low wall shear stress (WSS) have been related to wall 

enhancement.19 Since low WSS is related to lower velocities near the wall, insufficient 

suppression in VWI could have contributed to wall enhancement. Putting it into 

perspective, slow flow contributes to low WSS, which is suggested to be related with 

inflammation in the aneurysm wall.15 Therefore, in enhanced unstable aneurysms, 

enhancement is most likely caused by a combination of slow flow and inflammation in the 

aneurysm wall. 

Limitations 
Our study has several limitations. We created pulsatile inflow conditions, comparable with 

physiological MCA peak-flow rates. However, we could not recreate physiological diastolic 

flow rates (around 1.5 ml/s at late diastole) using the MR-compatible pump. Instead, no flow 

was present in late diastole. This may have resulted in an overestimation of unsuppressed 
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flow signal, when compared to an in-vivo situation. In addition, we modeled different flow 

velocities by using different pump rates with similar peak flows. In vivo, not only heart rate, 

but also stroke volume, hypertension and other hemodynamic parameters may affect local 

flow velocities. However, our study indicates that in regions with slow flow, insufficient flow 

suppression mimics aneurysm wall enhancement. Another limitation is the rigid design of 

our phantom model, which does not allow pulsatile behavior along the wall. Arterial 

compliance likely results in higher blood flow velocities along the vessel wall compared to 

our phantom model. This may have resulted in  a higher chance for false positive 

enhancement. However, we believe that slow and recirculating flow characteristics are 

inherently related with intracranial aneurysms that—depending on aneurysm size and 

shape—may contribute to wall-mimicking enhancement. Finally, we used water instead of 

blood for our experiments. Water lacks the non-Newtonian behavior of blood, and more 

importantly, has a lower viscosity compared to blood. Lower flow velocities near the vessel 

wall can be expected in more viscous fluids. In theory, flow suppression would have been 

worse when using a higher viscosity fluid in our phantom setup. 

CONCLUSION 

Insufficient slow flow suppression mimics aneurysm wall enhancement in MR-VWI. 

Therefore, vessel wall imaging should be carefully interpreted. Preparation pulses improve 

slow flow suppression and therefore, we encourage further development and clinical 

implementation of these flow suppression techniques.  
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flow signal, when compared to an in-vivo situation. In addition, we modeled different flow 

velocities by using different pump rates with similar peak flows. In vivo, not only heart rate, 

but also stroke volume, hypertension and other hemodynamic parameters may affect local 

flow velocities. However, our study indicates that in regions with slow flow, insufficient flow 

suppression mimics aneurysm wall enhancement. Another limitation is the rigid design of 

our phantom model, which does not allow pulsatile behavior along the wall. Arterial 

compliance likely results in higher blood flow velocities along the vessel wall compared to 

our phantom model. This may have resulted in  a higher chance for false positive 

enhancement. However, we believe that slow and recirculating flow characteristics are 

inherently related with intracranial aneurysms that—depending on aneurysm size and 

shape—may contribute to wall-mimicking enhancement. Finally, we used water instead of 

blood for our experiments. Water lacks the non-Newtonian behavior of blood, and more 

importantly, has a lower viscosity compared to blood. Lower flow velocities near the vessel 

wall can be expected in more viscous fluids. In theory, flow suppression would have been 

worse when using a higher viscosity fluid in our phantom setup. 

CONCLUSION 

Insufficient slow flow suppression mimics aneurysm wall enhancement in MR-VWI. 

Therefore, vessel wall imaging should be carefully interpreted. Preparation pulses improve 

slow flow suppression and therefore, we encourage further development and clinical 

implementation of these flow suppression techniques.  
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This thesis presents six studies in which we have aimed to improve rupture risk assessment 

for intracranial aneurysms. We have focused on two techniques that allow assessment of 

aneurysm wall related characteristics: computational fluid dynamics (CFD) for the 

assessment of hemodynamics along the wall and imaging of the vessel wall itself using 

magnetic resonance vessel wall imaging (VWI).  

The general aims of this thesis were to: 

• Investigate whether inflow-profiles are different among parent arteries and circle 

of Willis (CoW) configurations.  

• Explore how intra-aneurysmal flow changes as a result of aneurysm rupture, 

aneurysm growth, and stent-treatment.  

• Identify factors that contribute to wall-enhancement in VWI.  

• Analyze the contribution of slow flow to apparent wall-enhancement in VWI. 

By investigating these topics, we aimed to gain insight in (1) the effects of several important 

CFD-boundary conditions on computed hemodynamics and (2) the interpretability of VWI. 

In this chapter, first the effects of aneurysm rupture, growth, and treatment on computed 

hemodynamics will be discussed. Secondly, different mechanisms that influence the 

reliability of vessel wall assessment will be discussed. Thirdly, we will discuss some future 

perspectives and provide suggestions for additional studies that are required to further 

determine the role of aneurysm wall-related assessment techniques in clinical practice.  

HOW DO BOUNDARY CONDITIONS AFFECT COMPUTED HEMODYNAMICS? 

Computational assessment of intra-aneurysmal hemodynamics relies on vascular 

segmentations, but also on additional boundary conditions such as blood-properties and in- 

and outflow conditions. Reliable estimates for these parameters are essential for accurate 

hemodynamic simulations.  

Inflow-Conditions 
Estimates for inflow-conditions are most often based on measurements from healthy 

volunteers, which affect flow calculations significantly.1 By using inflow-estimates that are 

tailored to patient-specific aneurysm configurations, the reliability of simulations can 

potentially be increased. Inflow measurements, acquired using 2D phase-contrast MRI (PC-

MRI), of 103 aneurysmal parent arteries are presented in Chapter 2. We developed a method 

for automated feature point extraction—e.g. systolic peak, diastolic minimum—for every 
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flow-profile. Based on these feature points, average flow profiles were calculated for each 

parent artery location in both complete and incomplete CoW-configurations. We show that 

flow-rates, velocity-magnitudes, and pulsatility indices differ among parent artery locations, 

but also that anatomical variations of the CoW have significant effects on the flow. Flow-

rates of A1 segments with a contralateral hypoplastic or absent A1 are >30% higher 

compared to complete configurations, and flow rates of basilar arteries with hypoplastic or 

absent P1 segments are >60% lower compared to complete configurations. Although general 

intra-aneurysmal flow patterns are relatively robust to variations in inflow-rates,2 differences 

of these magnitudes undoubtedly affect hemodynamic computations. Additional studies are 

needed to assess whether location-specific inflow profiles result in similar flow-simulations 

to those obtained with patient-specific inflow conditions. We made our collection of inflow-

profiles available to the scientific community3 because CFD results will become more 

comparable between groups of researchers if similar inflow-conditions are being used. Our 

presented flow-profiles still have their limitations, such as the resolution of PC-MRI 

measurements—especially for small arteries—and the limited sample size for several parent-

artery locations. However, they do contribute to the standardization of CFD boundary 

conditions, which is an absolute necessity when results between groups need to be 

compared or combined to draw unifying conclusions. We encourage researchers to make 

patient-specific flow measurements accessible to further optimize generalized, location-

specific inflow boundary conditions.  

Another important prerequisite for accurate CFD-simulations is the segmentation of the 

vascular domain, which is generated from patient-specific 3D medical imaging data. Voxels 

of CT-angiography and MR-angiography (MRA) data are typically 0.5 mm or larger, which 

complicates accurate segmentation—e.g. for thin branches or vessels in close proximity to 

each other (hugging vessels). Therefore, segmentations need to be checked carefully and 

manually corrected when needed.  

Aneurysm Rupture 
Additionally, an important drawback is that CFD is mostly performed using aneurysm 

models that are obtained from imaging data acquired at a single moment in time. For 

example, cross-sectional studies assess differences between ruptured and unruptured 

aneurysms, neglecting the fact that aneurysms can grow before rupture or can displace due 

to a surrounding hematoma after rupture. Morphologic changes directly alter the intra-

aneurysmal hemodynamics and awareness of these morphologic changes is therefore 

important when interpreting hemodynamic studies. In Chapter 3, we assess intra-
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aneurysmal hemodynamics before and after rupture in a series of 9 patients to investigate 

the severity of rupture-related hemodynamic changes. We demonstrate that important 

hemodynamic characteristics—flow complexity, stability, and concentration—changed in 

two-thirds of our population due to either aneurysm growth or displacement. Although our 

study population is small, these results stress the importance of using accurate aneurysm 

representations in CFD studies. For some cases, it is difficult to discriminate between 

morphologic changes that occur gradually prior to rupture and changes that occur 

suddenly—just before, during, or after rupture. However, sudden effects of bleedings on the 

aneurysm morphology can be expected in cases with large perianeurysmal hematomas 

surrounding the ruptured aneurysm. These rupture-induced morphologic changes severely 

distort hemodynamic computations and therefore, these cases should be excluded from 

cross-sectional studies that compare hemodynamics in ruptured and unruptured aneurysms.  

Aneurysm Growth 
Ideally, to accurately determine hemodynamic risk predictors, unruptured aneurysms should 

be followed in a large prospective cohort until they potentially rupture. Obviously, it is 

unethical to withhold patients from treatment when they carry high-risk intracranial 

aneurysms. Previous studies have shown that aneurysm growth can be used as a surrogate 

marker for rupture.4 This allows the assessment of risk factors for aneurysm growth in 

unruptured aneurysms that are initially left untreated due to low expected rupture risks, and 

are subsequently followed over time. It is known that hemodynamic anomalies can result in 

aneurysm growth. Abnormally high and low WSS can trigger different pathobiological 

responses that both can contribute to aneurysm growth.5 Furthermore, growing aneurysms 

are associated with higher rupture-risks.4 However, it is unknown how hemodynamic 

characteristics change over the course of aneurysm growth. If hemodynamic characteristics 

are considered in rupture risk assessment, it should be known how stable these 

characteristics are over the course of aneurysm growth. In Chapter 4, hemodynamic changes 

after aneurysm growth were investigated using longitudinal imaging data of 25 patients with 

31 growing aneurysms. We quantitatively assessed hemodynamic characteristics, by 

investigating the WSS, OSI, and LSA within the aneurysm sac. Large hemodynamic 

changes—ranging from -96% to +749%—with a large variability between aneurysms have 

been observed in our population. Aneurysms demonstrated significantly lower WSS values 

after growth. OSI and LSA values increased slightly but differences were not statistically 

significant. Cross-sectional studies have associated ruptured aneurysms with low WSS, high 

OSI, and high LSA.6 The general trends of decreased WSS and increased OSI and LSA in our 
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study may indicate that, on average, rupture risks increased after aneurysm growth. 

However, future studies should follow untreated growing aneurysms to investigate whether 

different hemodynamic changes result in different pathobiological responses. For this, 

subgroups of patients with small, low-risk aneurysms, and patients that cannot or prefer not 

to be treated can be included. If aneurysms that remain stable after a period of aneurysm 

growth can be identified, patients with low risk aneurysms can possibly be managed 

conservatively, thereby reducing procedural risks.  

Stent Treatment 
The peri-aneurysmal morphology can also change after treatment with stent-assisted 

coiling. Several studies have suggested that stent-assisted coiling in sidewall aneurysms 

results in lower recurrence rates, potentially as a result of reduced parent-artery curvatures 

due to the mechanical properties of neurovascular stents.7–9 By assessing the hemodynamic 

changes that result from this straightening effect, the increased effectivity of stent-assisted 

treatment can potentially be explained. In Chapter 5, we analyze the effect of neurovascular 

stents on the peri-aneurysmal geometry and resulting intra-aneurysmal hemodynamics in 

six aneurysms. We developed a method to investigate intra-aneurysmal changes that were 

solely affected by changes in the orientation of the parent artery. Therefore, several 

adjustments had to be made: (1) we did not include coils or stent struts, (2) we used 

segmentations of the aneurysms before treatment for the vascular models after treatment, (3) 

centerlines of the parent-arteries were determined and average radii were modeled along 

these centerlines. Such simplifications had to be applied to the models to rule out errors 

from segmentation inaccuracies, which are likely to occur due to treatment-related imaging 

artifacts. In our study we showed that the tortuosity of the peri-aneurysmal vasculature 

decreased with more than 50% in cases where stents were located in the intradural space. 

For stents located partially in the extradural space, no reduction of the tortuosity was 

observed. The changes in parent artery orientations resulted in inconsistent intra-

aneurysmal hemodynamic changes. A larger population of aneurysms that received stent-

assisted coiling needs to be studied together with follow-up recurrence rates, to conclude if 

there is any relationship between vessel straightening and future recurrence. It should be 

pointed out that additional stents increase the procedural risks and require the need for 

additional antiplatelet therapy. Therefore, in the vast majority of cases, physicians prefer to 

use coils only. The use of additional stents to assist the coiling procedure is limited to those 

cases where it is absolutely necessary, i.e. for wide-necked aneurysms. Furthermore, flow 

diverter stents are increasingly being used to replace stent-assisted coiling and thus, clinical 
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implications of future studies on stent-assisted coiling seem to be limited. Nevertheless, by 

understanding the mechanical effects of stents on the vascularity and its subsequent effect 

on intra-aneurysmal hemodynamics, (flow-diverter) stents can potentially be optimized for 

maximal flow diversion effects.  

IS IT REALLY THE VESSEL WALL THAT IS VISUALIZED IN VWI? 

The aneurysm wall can be visualized non-invasively using MR-VWI, and is frequently 

presented as a valuable tool for assessing the stability of the aneurysm wall.10–12 Aneurysm 

growth, instability, and rupture have been related with enhancement in VWI, mostly in 

studies with small patient populations. It has been hypothesized that enhancement is related 

with inflammation in the aneurysm wall.13 Limitations of previous studies are that no 

longitudinal assessment of vessel wall enhancement is available and that different 

definitions are being used to describe enhancement. Furthermore, several studies have 

presented potential limitations of the VWI technique itself, which are related with 

enhancement of structures other than the vessel wall, e.g. vasa vasorum, intramural 

hematoma, veins, thrombotic lining, and slow flow.14 Enhancement of these structures on 

VWI can complicate the assessment of the vessel wall. In Chapter 6, we analyze different 

imaging modalities in conjunction with VWI to assess underlying mechanisms that may 

have contributed to vessel wall enhancement. We assessed CT, DSA, and several MR 

sequences in a series of 6 patients with 14 aneurysms, where VWI was performed because 

CT imaging could not reveal the rupture site. All ruptured aneurysms showed enhancement 

in our population, but also half of the unruptured aneurysms enhanced. We identified 

multiple underlying sources that may have contributed to enhancement: e.g. atherosclerosis, 

intramural hematoma, and slow flow. Slow flow was hypothesized to contribute to apparent 

wall enhancement when the aneurysm lumen appeared notably smaller on contrast-

enhanced VWI compared to MRA or non-contrast VWI. This, because MR-signals that 

originate from slow flowing blood along the aneurysm wall might be difficult to suppress in 

VWI. Interestingly, this occurred in 60% of the enhanced aneurysms. If slow flow indeed 

contributes to enhancement in a significant part of enhanced aneurysms, this greatly affects 

the way VWI needs to be interpreted. In an in-vivo setup, it is not feasible to isolate the 

contribution of slow flow to enhancement. Therefore, in Chapter 7, a phantom-setup was 

designed to quantify the contribution of slow flow to vessel wall enhancement. Several 

experiments have been executed to assess the effects of preparation pulses, contrast-agent 

administration, and inflow-rate on pseudo-wall enhancement in VWI. We demonstrated that 
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study may indicate that, on average, rupture risks increased after aneurysm growth. 
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implications of future studies on stent-assisted coiling seem to be limited. Nevertheless, by 
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VWI. Interestingly, this occurred in 60% of the enhanced aneurysms. If slow flow indeed 

contributes to enhancement in a significant part of enhanced aneurysms, this greatly affects 

the way VWI needs to be interpreted. In an in-vivo setup, it is not feasible to isolate the 

contribution of slow flow to enhancement. Therefore, in Chapter 7, a phantom-setup was 

designed to quantify the contribution of slow flow to vessel wall enhancement. Several 

experiments have been executed to assess the effects of preparation pulses, contrast-agent 

administration, and inflow-rate on pseudo-wall enhancement in VWI. We demonstrated that 
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wall-like signals—originating from slow flow along the wall—were visible in VWI both with 

and without preparation pulses, although preparation pulses did improve slow-flow 

suppression. The DANTE preparation technique was superior to MSDE preparation in our 

experiments. The MR-signal became more apparent after contrast-administration, and 

higher signal intensities were observed for low inflow-rates. Signal originating from 

unsuppressed blood may easily be mistaken for aneurysm wall. Therefore, VWI is either not 

yet suitable for clinical purposes, or should at least be carefully interpreted. Wall-like signals 

increase with lower flow rates, which suggests that large or irregular aneurysms are more 

prone to pseudo-enhancement, due to their inherently slower flow environments. However, 

since large aneurysm size and irregular morphology are also related with increased rupture 

risks, wall enhancement might still indirectly aid in identifying high-risk aneurysms. 

Additionally, enhancement may also be an indirect marker for wall inflammation, since slow 

flow implies low WSS, which is hypothesized to promote inflammation of the aneurysm 

wall. 

FUTURE DIRECTIONS 

The novel risk markers that are described in this thesis aim to improve patient selection for 

elective treatment of unruptured aneurysms. However, although CFD and VWI appear to be 

promising techniques for improved rupture risk assessment, some shortcomings need to be 

addressed before clinical implementation can be achieved.  

Improved MRA Resolution 
First, CFD calculations at high spatiotemporal resolutions require high computing power 

and are time consuming. However, in most cases time will likely not be the limiting factor, 

as the treatment decision for unruptured aneurysms is usually not made in acute situations. 

Furthermore, with improving computing performance, this is expected to become less of a 

problem over time. Pre- and post-processing steps for CFD analysis are however labor 

intensive and need to be performed by trained specialists. One of the preparation steps is to 

generate accurate, patient-specific vascular models. Model accuracy is of great importance 

and therefore, automated segmentations need to be inspected carefully and manually 

corrected. Automated vascular segmentation is hampered by the limited contrast and 

resolution (≥0.5mm) of current imaging data, especially for small vessels and aneurysms with 

slow and recirculating flow. Improvements in vascular imaging are needed to improve 

automated segmentation accuracy and reduce or eliminate the need for manual correction. 

To obtain three-dimensional imaging with higher contrast and spatial resolutions, 
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improvements in current 3T MRA protocols or imaging at higher field strengths should be 

investigated. A recent study from our institute showed that MRA at 7T results in 

comparable aneurysm measurements to measurements obtained at 3T.15 Important to note is 

that this study aimed to generate comparable imaging data to conventional 3T MRA. 

However, due to the higher signal-to-noise ratio at higher magnetic field strength, higher 

resolutions can be obtained with scan times similar to those at 3T. Future research should 

investigate whether increased image resolution results in higher accuracy of automated 

vessel segmentation, thereby reducing the time and subjectivity of manual corrections.  

Inflow Measurements 
By improving the accuracy of vascular models, blood flow simulations will most likely also 

become more realistic and reproducible. However, reliable flow simulations require more 

assumptions for boundary conditions than segmentations alone. Estimations for inflow 

conditions play an important role in calculating accurate, patient-specific, intra-aneurysmal 

flow characteristics. Different from vascular imaging, flow measurements of the parent-

artery are rarely available since these measurements are not part of clinical routine. If CFD 

analyses are being used to assess patient-specific rupture risks, it should be considered to 

add MR flow measurements to standard clinical imaging protocols. For example, 2D PC-MR 

measurements can be performed for a single axial plane (with an in-plane resolution of 

~0.6mm) that includes both the ICAs and the basilar artery. As an alternative, an accessible 

database of flow measurements from different research groups would help to improve and 

standardize the inflow boundary conditions that are used in CFD studies. In this thesis, we 

present average, parent-artery specific inflow-profiles—calculated from 2D PC-MR 

measurements—divided in groups of complete and incomplete CoW configurations. By 

combining such data from multiple centers in a large population of patients with 

intracranial aneurysms, better estimations for parent artery inflow conditions can be 

obtained. 

4D Flow MRI 
An alternative method to assess intra-aneurysmal flow and WSS is 4D-flow MRI. By directly 

measuring blood flow velocity in 3D space over the cardiac cycle, CFD analyses with error-

prone estimations might become redundant. In a recent study, it has been shown that 4D-

flow measurements can be obtained within 10 minutes, by using high magnetic field 

strength (7T) and acceleration techniques.16 These results are promising and bring patient-

specific flow measurements closer to clinical implementation. However, the spatiotemporal 

resolution of 4D flow MRI is still limited, especially when compared to CFD. General flow 
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patterns from MRI measurements have proven to be comparable to CFD calculations,17 but 

detailed, focal anomalies cannot be detected using 4D flow MRI. One way to overcome this 

problem, is to merge 4D flow MRI and CFD by using data assimilation techniques. By 

optimally combining numerical simulations with velocity observations, limitations of both 

individual techniques can be addressed.18–20 However, this method is computationally 

expensive, requires accurate segmentations, and needs co-registration of the imaging and 

CFD domains. A recent study has presented a novel approach to address these limitations. 

This study showed that, by using physics-driven deep learning, 4D-flow MRI with increased 

spatiotemporal resolution and attenuated noise can be obtained.21 Nevertheless, some 

limitations still need to be addressed before intra-aneurysmal flow assessment can routinely 

be applied in clinical practice. First, the added scanning time for 4D-flow MRI is still a 

significant addition to current imaging protocols. In addition, such time consuming scans 

are prone to motion artifacts, introducing the risk of 4D-flow acquisition that eventually 

turns out to be unusable.  

Improvements in VWI 
It may also be too soon to implement VWI in the clinical workflow. Although previous 

studies have presented high sensitivities for aneurysm wall enhancement in aneurysms after 

rupture,10,22 the relationship between enhancement and subsequent aneurysm instability is 

unknown. Furthermore, the occurrence of enhancement in a general aneurysm population is 

unknown. Longitudinal assessment of VWI is needed to determine whether wall 

enhancement is indeed a marker for aneurysm instability and if it can identify aneurysms 

prior to growth and rupture. However, for high-risk aneurysms, longitudinal assessment of 

enhanced aneurysms cannot be ethically justified. For surgically clipped and resected 

aneurysms it is however possible to correlate wall histology and wall enhancement. Similar 

studies have been performed for histological assessment in relation to WSS.23,24 However, 

before aneurysm wall enhancement can reliably be assessed, slow-flow suppression in VWI 

needs to be improved. We have demonstrated that pseudo-enhancement occurs in VWI, 

even when using preparation pulses. The DANTE pre-pulse was most effective for slow-flow 

suppression in our experiments, but improvements are needed to rule out any contribution 

of slow-flow on vessel wall enhancement. Recent investigations in our institute presented 

high effectivity of slow flow suppression using an optimized DANTE preparation pulse: 

‘double-DANTE (D-DANTE)’. A comparison between standard VWI and D-DANTE 

prepared VWI acquired at 3T is presented in Figure 1. In this figure, pseudo-enhancement is 

observed on regular VWI due to insufficient flow suppression originating from an adjacent 
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vein. Enhancement is not observed in the D-DANTE prepared VWI scan and therefore 

shows to be superior in terms of flow suppression. An additional benefit of D-DANTE as 

compared to regular DANTE is that imaging can be performed at high resolutions <0.8mm, 

without appearance of so-called banding-artifacts. This allows implementation at higher 

field strengths to further increase the image resolution of VWI. Furthermore, a recent study 

has demonstrated that—as an alternative to increasing the image resolution—convolutional 

neural networks can be used to accurately measure aneurysm walls that are thinner than the 

voxel size.25 

Higher Magnetic Field Strengths? 
We have performed 7T MRI in a small group of patients with growing and stable 

intracranial aneurysms. By combining information regarding aneurysm stability, aneurysm 

wall enhancement, and intra-aneurysmal flow, we aimed to relate wall-related 

characteristics to aneurysm growth. However, although 7T MRI was technically capable to 

acquire high-resolution imaging with shortened scan-times, several drawbacks hamper its 

clinical usability. First, the use of ultra-high-field MRI is limited to research purposes and is 

not widely available. Secondly, patients with metallic implants—including surgically and 

 
Figure 1. (A) MIP of a 3T MRA scan showing a bifurcation MCA aneurysm. (B) Pre- and post-contrast VWI using regular 
3D TSE and D-DANTE prepared 3D TSE. Enhancement (arrows) after gadolinium contrast administration was only seen 
in regular 3D TSE, and most likely originated from unsuppressed slow flow in an adjacent vein. 
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field strengths to further increase the image resolution of VWI. Furthermore, a recent study 

has demonstrated that—as an alternative to increasing the image resolution—convolutional 

neural networks can be used to accurately measure aneurysm walls that are thinner than the 

voxel size.25 
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wall enhancement, and intra-aneurysmal flow, we aimed to relate wall-related 

characteristics to aneurysm growth. However, although 7T MRI was technically capable to 

acquire high-resolution imaging with shortened scan-times, several drawbacks hamper its 

clinical usability. First, the use of ultra-high-field MRI is limited to research purposes and is 
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Figure 1. (A) MIP of a 3T MRA scan showing a bifurcation MCA aneurysm. (B) Pre- and post-contrast VWI using regular 
3D TSE and D-DANTE prepared 3D TSE. Enhancement (arrows) after gadolinium contrast administration was only seen 
in regular 3D TSE, and most likely originated from unsuppressed slow flow in an adjacent vein. 
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endovascularly treated aneurysms—are contra-indicated for ultra-high-field MRI due to the 

lack of safety-information. Another downside is that patients experienced a higher degree of 

claustrophobia due to the narrower bores of ultra-high-field scanners. Due to these 

drawbacks, the majority of patients could not be included in our study. Therefore—at least 

for the short to medium-term—it will be most valuable to focus on optimizations of VWI 

and 4D flow techniques for 3T MRI scanners. 
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INLEIDING 

Intracraniële aneurysmata zijn focale uitstulpingen van bloedvaten in de hersenen, meestal 

nabij de cirkel van Willis—een vaatkring van slagaders die de hersenen van bloed voorzien. 

Aneurysmata kunnen ruptureren (scheuren), wat leidt tot hersenbloedingen die gepaard 

gaan met hoge maten van mortaliteit en morbiditeit. Echter, aneurysmata worden meestal 

ontdekt wanneer ze (nog) niet geruptureerd zijn. Het overgrote deel, tot wel 80 procent, van 

alle aneurysmata zal nooit scheuren en daarom is het van belang een nauwkeurige 

risicoanalyse uit te voeren voordat er wordt overgegaan op behandeling. Behandelingen—

meestal endovasculaire coiling of chirurgische clipping—kennen namelijk ook risico’s, die 

potentieel groter zijn dan het risico op ruptuur. De locatie en grootte van het aneurysma 

worden tegenwoordig hoofdzakelijk gebruikt om het ruptuurrisico in te schatten, waar grote 

aneurysmata in de posterieure circulatie de grootste risico’s hebben. Echter, wanneer beleid 

enkel gekozen wordt op basis van deze karakteristieken kunnen potentieel kleine 

aneurysmata met hoge ruptuurrisico’s gemist worden. Dit proefschrift beschrijft zes studies 

welke gericht zijn op het verbeteren van de ruptuur-risicovoorspelling voor ongeruptureerde 

aneurysmata, door te kijken naar eigenschappen van de aneurysmawand. We hebben ons 

toegespitst op twee technieken die het mogelijk maken om wandkarakteristieken van 

aneurysmata te analyseren. Ten eerste, numerieke stromingsleer (computational fluid 

dynamics [CFD]) voor hemodynamische analyse (eigenschappen van de bloedstroom) langs 

de aneurysmawand. Ten tweede, vaatwandbeeldvorming (vessel wall imaging [VWI]) om de 

aneurysmawand af te beelden. De studies in dit proefschrift hebben tot doel inzicht te 

verschaffen in (1) de effecten van enkele belangrijke CFD-randvoorwaarden op 

hemodynamische berekeningen en (2) de interpreteerbaarheid van VWI. Deel één van deze 

samenvatting bespreekt de effecten van ruptuur, groei en behandeling van aneurysmata op 

de berekende intra-aneurysmale bloedstroom. In deel twee worden verschillende 

mechanismen besproken die de betrouwbaarheid van vaatwandmetingen beïnvloeden.  

HOE BEÏNVLOEDEN RANDVOORWAARDEN DE BEREKENDE HEMODYNAMICA? 

Hemodynamische berekeningen berusten op patiënt-specifieke vasculaire modellen, maar 

ook op aanvullende randvoorwaarden zoals bloedeigenschappen en in- en 

uitstroomcondities. Betrouwbare schattingen voor deze parameters zijn essentieel voor 

nauwkeurige hemodynamische simulaties.  

In Hoofdstuk 2 hebben we onderzocht of instroomcondities verschillend zijn voor diverse 

locaties en configuraties van de cirkel van Willis. Hiervoor hebben we instroomprofielen 
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gemeten met 2D phase-contrast MRI in 103 aanvoerende vaten van intracraniële 

aneurysmata. Kenmerkende punten—waaronder de piek-systole en diastolisch minimum—

hebben we op een geautomatiseerde manier uit deze metingen geëxtraheerd en gebruikt om 

groepsgemiddelde instroomprofielen te berekenen voor iedere locatie en configuratie van de 

cirkel van Willis. De resultaten uit dit hoofdstuk laten zien dat locaties invloed hebben op 

instroomprofielen en dat anatomische variaties kunnen zorgen voor instroomverschillen tot 

wel 60 procent. Door gebruik te maken van instroomprofielen die afgestemd zijn op de 

patiënt-specifieke configuratie kunnen potentieel hemodynamische simulaties berekend 

worden die de praktijk beter benaderen. 

In Hoofdstuk 3 hebben we bloedstromingsprofielen berekend in een serie van negen 

patiënten, zowel voor als na aneurysmaruptuur. Ten gevolge van aneurysmaveranderingen in 

de periode voor, tijdens, of na ruptuur, kan de hemodynamische situatie in aneurysmata 

veranderen. Transversaal onderzoek vergelijkt geruptureerde met ongeruptureerde 

aneurysmata en houdt geen rekening met deze veranderingen. Daarom is het van belang te 

weten in welke mate ruptuur-gerelateerde veranderingen plaatsvinden. In tweederde van 

onze populatie veranderden belangrijke hemodynamische karakteristieken zoals flow 

complexiteit, -stabiliteit, en -concentratie, welke toe te schrijven waren aan aneurysmagroei 

of -verplaatsing. Hoewel onze studiepopulatie klein is, benadrukt dit hoofdstuk het belang 

van het gebruik van accurate vaatmodellen in CFD-studies. Aneurysmata met grote peri-

aneurysmale bloedingen zouden dan ook niet geïncludeerd moeten worden in toekomstige 

transversale studies, aangezien deze zorgen voor aanzienlijke verstoringen van 

hemodynamische simulaties.  

In Hoofdstuk 4 hebben we gekwantificeerd hoe bloedstromingsprofielen veranderen ten 

gevolge van aneurysmagroei, door middel van een longitudinale analyse van 31 aneurysmata. 

Het is bekend dat afwijkende hemodynamische eigenschappen kunnen leiden tot 

aneurysmagroei en dat groei gerelateerd is aan verhoogde ruptuurrisico’s. Echter, het is 

onduidelijk hoe groei de bloedstroming in aneurysmata verandert. In onze 

onderzoekspopulatie hebben we grote hemodynamische veranderingen waargenomen voor 

de schuifspanning aan de wand (wall shear stress [WSS]), de richtingsveranderingen van de 

WSS gedurende de hartcyclus (oscillatory shear stress [OSI]) en de grootte van het 

aneurysma-oppervlak met zeer lage WSS (low shear area [LSA]). Gemiddeld genomen nam de 

WSS af na aneurysmagroei. Daarnaast hebben we grote hemodynamische veranderingen 

waargenomen voor zowel de OSI als de LSA met een grote variabiliteit tussen aneurysmata. 
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Toekomstige studies zijn nodig om aan te tonen of verschillende hemodynamische 

veranderingen leiden tot verschillende pathobiologische reacties—en dus, ruptuurrisico’s. 

In Hoofdstuk 5 hebben we berekend hoe mechanische eigenschappen van neurovasculaire 

stents de vasculaire geometrie en intra-aneurysmale bloedstroming beïnvloeden. 

Verschillende studies hebben aangetoond dat terugkeer van aneurysmata minder frequent 

voorkomt na stent-geassisteerde coiling in vergelijking met conventionele coiling. Dit kan 

mogelijk verklaard worden door het rechttrekken van aanvoerende vaten na het plaatsen van 

stents, wat resulteert in veranderende intra-aneurysmale hemodynamiek. In dit hoofdstuk 

hebben we een methode ontwikkeld om hemodynamische veranderingen te onderzoeken die 

enkel toe te schrijven zijn aan veranderende oriëntaties van aanvoerende vaten. In een groep 

van zes aneurysmata hebben we aangetoond dat—voor intraduraal gelegen vaten—de 

tortuositeit (ook wel bochtigheid) met meer dan 50 procent afneemt. Deze geometrische 

verandering heeft in onze onderzoekspopulatie geresulteerd in variërende hemodynamische 

veranderingen. Extraduraal gelegen vaten bleven onveranderd na stentplaatsing. Aanvullend 

onderzoek is nodig om aan te tonen of geometrische veranderingen daadwerkelijk leiden tot 

verminderde terugkeer van aneurysmata. 

IS HET DAADWERKELIJK DE VAATWAND DIE AFGEBEELD WORDT IN VWI? 

VWI berust op het onderdrukken van stromend bloed en hersenvloeistof in MRI beelden. De 

aneurysmawand begrenst deze vloeistoffen en het wordt dan ook aangenomen dat in VWI 

het niet-onderdrukte MRI signaal rondom het bloedvat afkomstig is van de vaatwand, zelfs 

voor vaatwanden dunner dan de beeldresolutie. Aankleuring van deze vaatwand—na het 

toedienen van contrastvloeistof—is in meerdere studies in relatie gebracht met instabiliteit 

en ruptuur van aneurysmata. Inflammatie van de aneurysmawand wordt doorgaans als 

oorzaak gezien van deze aankleuring. Echter, VWI heeft zijn tekortkomingen en 

verschillende factoren kunnen een bijdrage leveren aan het gemeten MRI-signaal.  

In Hoofdstuk 6 hebben we met verschillende beeldvormende modaliteiten—tezamen met 

VWI—14 aneurysmata (zes geruptureerd) geïnspecteerd om te kijken welke factoren 

bijgedragen hebben aan vaatwandaankleuring. In dit hoofdstuk hebben we beelden van 

zowel computertomografie (CT), digitale subtractie-angiografie (DSA) als verscheidene MRI 

sequenties onderzocht. In onze onderzoekspopulatie werd aankleuring in alle geruptureerde 

aneurysmata geobserveerd, maar ook in de helft van de niet-geruptureerde aneurysmata. 

Onder andere atherosclerose en intramurale hematomen hebben bijgedragen aan 

wandaankleuring. Daarnaast heeft trage flow langs de aneurysmawand in 60 procent van de 
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gevallen bijgedragen aan aankleuring. Als trage flow inderdaad in deze mate bijdraagt aan 

vaatwandaankleuring, dan heeft dit belangrijke gevolgen voor de interpreteerbaarheid van 

VWI. 

In Hoofdstuk 7 hebben we door middel van een fantoomopstelling gekwantificeerd in welke 

mate trage bloedstroming langs de aneurysmawand bijdraagt aan pseudo-aankleuring van de 

aneurysmawand. We hebben de effecten van voorbereidende MRI-pulsen (MSDE en 

DANTE), contrastvloeistof en bloedstroomsnelheid op de mate van aankleuring onderzocht. 

De resultaten uit dit hoofdstuk hebben aangetoond dat pseudo-aankleuring zowel met als 

zonder voorbereidende pulsen plaatsvindt. Voorbereidende pulsen resulteren echter wel in 

een afname van flow-geïnduceerde MRI signalen, waarbij de DANTE-puls als de betere 

techniek is gebleken. Zowel de aanwezigheid van contrastvloeistof als trage stroomsnelheid 

versterkten de intensiteit van wand-gelijkende MRI-signalen. Dit betekent dat een hogere 

mate van pseudo-aankleuring verwacht kan worden voor grote en onregelmatig gevormde 

aneurysmata, aangezien deze inherent zijn aan trage intra-aneurysmale bloedstroming. 

Pseudo-aankleuring kan foutief geïnterpreteerd worden als wandaankleuring en daarom kan 

VWI nog niet gebruikt worden om de stabiliteit van aneurysmawanden te beoordelen. 

Echter, aangezien grote en onregelmatige aneurysmata gerelateerd zijn aan hogere ruptuur-

risico’s, kan aankleuring mogelijk op een indirecte manier helpen om aneurysmata met een 

hoog ruptuur-risico te identificeren. Daarnaast kan aankleuring een indirecte marker zijn 

voor ontsteking van de aneurysma-wand, aangezien trage flow langs de wand mogelijk 

ontstekingsprocessen bevordert.  
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