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CHAPTER 1

BACKGROUND
Intracranial aneurysms are fairly common in the general population. Although most aneurysms 

go undetected, acute rupture resulting in subarachnoid hemorrhage (SAH) can be a devastating 

consequence, associated with 32%-67% mortality and 15%-30% morbidity.1 Ruptured aneurysms 

are treated within 24-48 hours to prevent a rebleed which is lethal in more than 50% of cases.2 

Aneurysm treatment is based on blocking flow into the aneurysm. This can be achieved 

either through neurosurgery (clipping) or through a neuro-interventional procedure such as 

coiling(figure 1).3 As the case fatality rates after rupture are high, the final therapeutic decision is 

guided by estimations of rupture risk and the risks related to treatment with 3-6% morbidity and 

1.5% mortality rates for coiling4 and 9% morbidity and 1.5% mortality rates for clipping.5 Rupture 

of an intracranial aneurysm is the major cause of subarachnoid hemorrhage, a type of stroke that 

affects 1200 patients per year in the Netherlands. Approximately 700 of these patients are treated 

with endovascular treatment. Another 300 patients per year undergo preventive treatment on 

unruptured aneurysms. The management of unruptured aneurysms may include neurosurgery, 

endovascular embolization, or observation.3 Unruptured aneurysms are detected with increased 

frequency related to advances in non-invasive imaging and increased use of screening in patient 

groups with high risk for an intracranial aneurysm. 

Figure 1. Microsurgical clipping with aneurysm clip (A) and endovascular coiling with detachable coils (B). 
Reproduced with permission from (Brisman et al. NEJM 2006), Copyright Massachusetts Medical Society.

RISK FACTORS FOR ANEURYSM RUPTURE
Risk factors for aneurysm rupture are subject to research; large population based studies showed 

that the location and size of an aneurysm are the most important risk factors for rupture.6,7 In 

addition, it is widely understood that smoking, age, gender, nationality, and specific hereditary 

disorders also contribute to aneurysm rupture risk.8,9 Nonetheless, these factors alone are not 

sufficient to accurately predict aneurysm rupture in individual patients. Below we elaborate 

on these classical risk factors, and introduce the concept that also local hemodynamics might 

determine risk; a concept that forms the base of this thesis.

Geometric Risk Factors
Geometric factors for aneurysm rupture include size, aspect ratio, the presence of daughter sacs, 

shape, aneurysm angle and several more.6,10–13 These factors are derived from aneurysm geometry, 
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visualized with angiographic imaging modalities including CTA, MRA, 2D and 3D Angiography. 3D 

rotational angiography provides the most detail and highest spatial resolution, and is therefore 

considered the gold standard for geometric analysis. 

It is generally understood that most geometrical factors are a surrogate marker for a different, 

less easy to measure, aneurysm characteristic. For instance: a sharp inflow angle is a surrogate for 

specific aneurysmal hemodynamics12, and the presence of daughter sacs is believed to be indicative 

for focal aneurysm wall degradation, a condition that renders the aneurysm prone to rupture.10,14 

Aneurysm size has been subject of large population based studies. The ISUIA study showed 

that aneurysms smaller than 7 mm have a very small risk of rupture, especially if they are located 

in the anterior circulation.6 Following the results of the ISUIA study, it was recommended that 

unruptured aneurysms should be treated if located in the posterior circulation or if larger than 

7 mm in diameter and located in the anterior circulation.6 In a more recent study by Morita et al. 

the results of the ISUIA were largely confirmed, but in this study aneurysms at the anterior and 

posterior communicating artery had a significant association with aneurysm rupture.7 

Although these two large studies showed a strong correlation between the size of the 

aneurysm and rupture risk, in clinical practice many previously undetected small aneurysms do 

rupture and cause subarachnoid hemorrhage. This apparent contradiction complicates decision 

making for the incidentally discovered unruptured aneurysm of 6 mm or smaller. Because 

small aneurysms do sometimes rupture, debate continues on proper treatment indication for 

unruptured aneurysms. Improvement of diagnostic techniques for better prediction of aneurysm 

rupture is therefore urgently needed.

Hemodynamic Risk Factors 
Local flow patterns and wall shear stress distribution in aneurysms are thought to be associated to 

aneurysmal rupture in several studies(figure 2).15,16 This suggestion is based on the effects of shear 

stress on the endothelial lining of blood vessels in general. The pattern of shear stress determines the 

balance of anti- and pro-inflammatory stimuli in the vascular wall, resulting in vascular remodelling.17

A study by Cebral et al. showed that concentrated inflow jets, small impingement regions, 

complex flow patterns, and unstable flow patterns are correlated with a clinical history of prior 

aneurysm rupture.18 Other risk factors associated with aneurysm rupture are a low wall shear stress 

Figure 2. The wall shear stress distribution on the aneurysm wall (A) and the blood flow pattern inside the 
aneurysm visualized with streamlines (B)
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and high rate of changes in wall shear stress during the cardiac cycle, which can be quantified by 

the Oscillatory Shear Index (OSI).16 

MEASUREMENTS OF ARTERIAL HEMODYNAMICS
There are only limited options for direct measurement of velocity magnitudes and flow directions 

in aneurysms and in the surrounding vessels: Ultrasound Doppler and phase contrast MRI (PC 

MRI). Ultrasound Doppler facilitates arterial blood flow velocity measurements non-invasively by 

means of transcranial Doppler ultrasound, which is limited to measurements of larger arteries of 

the circle of Willis. Another application of Doppler ultrasound is by using an endovascular Doppler 

ultrasound wire (ComboWire®).19 This wire is 0.36mm in diameter and features a Doppler ultrasound 

and pressure sensor at the tip of the wire, by which is it possible to store real-time measurements 

during an endovascular procedure(figure 3).19 During this endovascular procedure, the wire needs 

to be navigated precisely in the parent artery of the aneurysm to obtain local hemodynamics. 

Both techniques provide a continuous read-out of the maximal blood flow velocity during a 

period of time and are limited to velocities in the parent arteries, not the aneurysms itself. 

Figure 3. Schematic of endovascular wire featuring a Doppler ultrasound and pressure sensor at the tip (Combowire®).

Phase contrast MRI is a technique based on the quantification of the amount of phase shift 

that moving protons encounter during a specific MRI sequence.20 This technique can be used 

to quantify blood flow velocity in a specific cerebral artery. The measurement consists of a 2 

dimensional velocity profile of a cross-section of the artery during a single cardiac cycle. 

The advancement of phase contrast MRI made it possible to obtain spatial velocity profiles 

in intracranial aneurysms, obtaining a 3 dimensional velocity pattern in a volume that changes in 

time with the cardiac cycle, rather than a measurement at a single location. A limitation of this 

technique is that it has a lower resolution than 2D PC MRI, in small aneurysms(<6mm) or with low 

and/or complex flow structures hemodynamic results are unreliable. While progress is expected in 

the above technology, high resolution computational methods form the current state of the art.
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COMPUTATIONAL FLUID DYNAMICS 
Aneurysmal hemodynamics can be estimated using a complex simulation process of fluid flow, 

Computational Fluid Dynamics (CFD). CFD  allows the user to simulate and visualize highly detailed 

blood flow behaviour. The basis of CFD are the Navier-Stokes equations that relate local forces 

and velocities (1825) and the conservation of mass. In the 1930’s the first practical application was 

the calculation of airflow around a wing. With the progression of computer capabilities, so did 

the field of CFD. Nowadays, any new product/structure concerning airflow (buildings, airplanes), 

fluid flow (bridges, dams) or blood flow (certain medical devices) undergoes a stage where CFD is 

used to predict the behaviour of the surrounding medium and its effect on the object. In addition, 

CFD is used to estimate blood flow in hearts and vessels in order to better understand cardiac 

valve function and pathology and effects of flow and shear stress patterns on progression of 

atherosclerosis. Several groups use CFD on intracranial aneurysms. 

The basic prerequisites for CFD application include an accurate volumetric 3D geometry 

and realistic inlet and outlet boundary flow conditions.21 CFD relies on primarily an accurate 

computer model of the 3D aneurysm geometry. To create such a model, the arterial structures are 

segmented from the raw imaging data obtained with 3D rotational angiography(figure 4A), after 

refinement the 3D model is converted to a mesh of up to 3,000,000 tetrahedral elements (figure 

4B). The extremely high resolution of 3000 elements per mm3 makes it possible to simulate highly 

detailed blood flow patterns. 

The Navier Stokes equations are partial differential equations and need boundary conditions 

in order to be solved numerically. A full description of these methods and possibilities for 

choosing velocity or pressure fields for this purpose is beyond the scope of this thesis. In general, 

a velocity profile is chosen at the entrance of the inlet vessel, while distribution of flow over the 

outlet vessels is chosen based on their diameters.

Many assumptions are typically made when imposing inflow boundary conditions in CFD, 

including idealized velocity profiles or a single measured flow profile that is scaled to each models’ 

diameter.22 These assumptions may introduce errors, resulting in lack of agreement between the 

computed and actual flow fields. Therefore, to accurately reproduce intra-aneurysmal hemodynamics 

Figure 4. Highly detailed surface model of an 8 mm aneurysm (A), the same model highlighting the 
connections between tetrahedral elements (B).
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by computational methods in a specific aneurysm, not only high resolution 3D geometry but also 

patient-specific measurements of local flow velocities as boundary conditions are needed.23 

Such inflow boundary conditions can be obtained by non-invasive 2D PC MRI of the aneurysms’ 

parent artery in patients who are able to undergo a MRI scan. For patients with ruptured 

aneurysms this is often not possible, in these patients peroperative velocity measurements with 

the ComboWire® could be deployed. 

IDENTIFYING RISK FACTORS FOR ANEURYSM RUPTURE
Multifactorial rupture risk assessment that includes hemodynamics may improve the prediction 

of aneurysm rupture. Consequently this optimizes the selection procedure of patients with 

unruptured aneurysms for preventive treatment. Better selection of patients eligible for 

treatment will reduce morbidity and mortality by preventing complications from unnecessary 

treatment in patients with low risk aneurysms, and by preventing SAH from aneurysms at high risk 

of rupture with preventive treatment.

The ideal design to study risk factors for aneurysm rupture would be a prospective follow-up 

study of patients with unruptured aneurysms, who remain untreated until the aneurysm 

ruptures. The major problem is that it would be unethical to refrain from preventive treatment 

of an aneurysm with high rupture risk based on current criteria , knowing that a SAH can have 

devastating consequences. The only subgroup of patients in which it would be ethical to postpone 

treatment, is the group of patients with small unruptured aneurysms of which we know that the 

risk of rupture is lower than the expected risk of serious complications from treatment. The risk 

of rupture of small unruptured aneurysms is 0.7% - 0.9% per year.6,7 This means that a cohort study 

evaluating risk factors in 150 ruptured aneurysms and a rupture rate of 0.75% per year, would need 

a study sample of around 20000 patient-years. 

As a consequence, researchers are comparing unruptured aneurysms with aneurysms which 

have previously ruptured to evaluate determinants for rupture, hereby assuming that aneurysm 

geometry remains unchanged despite the rupture. 
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AIMS AND OUTLINE OF THE THESIS
Chapter 1 Introduction. This thesis aims to investigate the added value of hemodynamics for 

assessment of rupture risk in intracranial aneurysms. A state-of-the-art patient-specific CFD 

method is used for this purpose. Patient-specific hemodynamics were obtained using PC MRI 

velocity measurements of the aneurysm parent vessel in every patient as boundary conditions. 

After validation of several techniques used in this thesis, the method was applied in a large cohort 

of patients with ruptured and unruptured aneurysms.

Part 1. Validation
Flow and pressure measurements
Chapter 2 describes the feasibility of obtaining perianeurysmal blood flow velocity and pressure 

measurements using an intra-arterial Doppler ultrasound wire. 

In some aneurysms it is necessary to use a special device which is called a flow diverter. This 

is a stent that is placed in the aneurysm’s parent artery and its struts covers the entire ostium 

of the aneurysm. The rationale behind this device is the diversion of the main flow through the 

parent artery and not into the aneurysm. This strongly reduces the blood flow in the aneurysm, 

thereby inducing thrombosis. It is however unclear what the effects of this device are on the 

intra-aneurysmal pressure. 

In Chapter 3 we clarify this by a single case of direct measurements of intra-aneurysmal pressure 

before, during and after placement of a flow diverting stent.

In Chapter 4 we compare intracranial blood flow velocity as measured with Doppler ultrasound 

and phase contrast MRI in patients with unruptured aneurysms to validate this MRI technique for 

determination of inlet boundary conditions for CFD and to determine inter-patient variation in 

intracranial blood flow velocity.

Hemodynamics
In Chapter 5 we assess the impact of patient-specific inflow velocities as compared to generalized 

inflow velocities as inflow boundary condition for CFD.

3D phase contrast velocity measurement is a promising technique for generation of hemodynamic 

data without time-consuming post-processing. In Chapter 6 we compare intra-aneurysmal 

hemodynamics obtained with 3D phase contrast MRI with Computational Fluid Dynamics using 

high resolution 2D and 3D phase contrast MRI measured inflow velocities.

Geometry
It has been demonstrated that accurate 3D geometry is essential for CFD and that 3DRA may 

overestimate aneurysm neck size. In Chapter 7 we therefore evaluate the effect of neck size 

overestimation in 3DRA on intra-aneurysmal hemodynamics.

Aneurysm geometry may change after rupture. Chapter 8 describes a study comparing 

geometrical differences between pre-rupture and post-rupture imaging in patients who 

experienced an aneurysmal rupture. 
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In Chapter 9 we study the hemodynamic effects of the changes in geometry between pre- and 

post-rupture imaging. 

Part 2: Clinical Application: 
Chapter 10 describes the results of a large clinical study assessing the additional value of intra-

aneurysmal hemodynamics in characterizing ruptured versus unruptured intracranial aneurysms.

Chapter 11 General Discussion 
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