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ABSTRACT 

Cerebral aneurysm rupture is a major cause of death and permanent disability.  

Rupture rate, however, is low; therefore, a physician must weigh the risk of rupture 

against treatment risk.  In order to help physicians determine the rupture risk of any 

particular case, studies have previously explored morphology as an indicator for 

mechanical and hemodynamic characteristics of rupture-prone aneurysms.  

Morphological characteristics of the aneurysms in these studies are often quantified with 

morphometric indices, or normalized measures of specific geometric traits.  This study 

introduces several novel morphometric indices.  These include tissue stretch ratio, which 

characterizes the amount of deformation which aneurysm tissue may have undergone; 

neck-to-vessel ratio, which may have hemodynamic implications and is derived from the 

ratio of the diameter of the ostium to the diameter of the parent vessel; ellipticity index, 

which may indicate increased wall tension due to an elliptical shape; and non-sphericity 

index, which may indicate the presence of stress concentrations due to a non-spherical 

shape.  In order to extrapolate these morphological measures, the aneurysm must first be 

separated from the parent vasculature.  A novel method for aneurysm sac isolation is 

presented, which uses an approximation of the healthy parent vessel to remove all non-

aneurysmal portions of a vascular model.  This approach results in a more complete 

extraction of the aneurysm geometry than is possible using previous standard techniques.  

The repeatability of the isolation process is analyzed, as well as mesh-independence and 

the agreement of the resulting aneurysm sac model to a known geometry.
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CHAPTER 1 

BACKGROUND AND INTRODUCTION 

Cerebral Aneurysm 

Cerebral aneurysms are a relatively common condition with a prevalence of 

approximately 3.6 to 6 percent in the general population.  Although aneurysm rupture 

occurs in only approximately 1.9 percent for those patients presenting with an aneurysm 

(Rinkel et al., 1998), the risk of short-term death from the associated hemorrhage upon 

rupture is high (10 to 20 percent).  An additional number (12 to 30 percent) never recover 

from the initial bleed (Hop et al., 1997). 

 

Figure 1. Types of cerebral aneurysms 
 

Cerebral aneurysms are characterized by a ballooning of the arterial wall outward 

from the original lumen volume.  Approximately 90 percent of all cerebral aneurysms 

occur in a saccular form (Vega et al., 2002), and more rarely in a fusiform or dissecting 

manner, as shown in Figure 1.  Saccular aneurysms, which will be focused upon in this 

work, form as a consequence of a weakening of the internal elastic lamina.  The exact 
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etiology of any particular cerebral aneurysm’s formation varies from case to case.  

However, hereditary traits (including Marfan syndrome, previous familial occurrence, 

and female gender) and acquired risk factors (such as age over 50 years, tobacco use, and 

hypertension) may indicate a higher risk for aneurysm manifestation (Vega et al., 2002). 

Treatment Options 

Four clinical options currently exist for aneurysm patients including three 

treatment methods, or long-term clinical observation.  Traditionally, the most common 

treatment procedure has been surgical clipping of the aneurysm neck, which involves a 

craniotomy to access the affected vessel.  Complication risk is a concern because of the 

invasiveness of the surgery, which will naturally exclude many patients from this 

treatment option.  However, given an eligible patient the surgery is generally very 

effective, with complete occlusion rates reported around 93% (Raftopoulos et al., 2003). 

The growing treatment of choice in recent years is endovascular coil 

embolization.  The first endovascular coiling device approved by the FDA for general use 

was the Guglielmi detachable coil in 1991 (Guglielmi et al., 1991).  This is an outpatient 

procedure that has relatively low associated complication risk and a short recovery 

period.  The International Subarachnoid Aneurysm Trial (ISAT), a European study 

involving 2,143 patients across 42 neurosurgical centers, found that endovascular coiling 

provided absolute risk reduction of 6.9% and relative risk reduction of 22.6% over 

surgical clipping in risk of death or dependence (van den Berg et al., 2003).  However, 

endovascular coiling outcomes are highly dependent on aneurysm sac geometry.  Studies 

have shown that the rate of complete aneurysm occlusion is anywhere from 75-85% with 

initial treatment and aneurysm sac recanalization and continued growth occurs in 22-42% 

of endovascular coil-treated cases (Grunwald et al., 2007; Sluzewski et al., 2003).  

Treatment with endovascular coils by nature requires that an aneurysm exhibit a neck of 

smaller diameter than the main body of the aneurysm sac. In one study, a significant 
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increase in operative success with a sac-to-neck ratio of 2 to 1 was shown (Gonzalez et 

al., 2008).  However, interventionists have also conceived ad-hoc solutions in order to 

treat cases with sub-optimal geometry, such as using the technique known as stent-

assisted coiling.  In this technique a stent is placed through the parent lumen beneath an 

aneurysm sac and in numerous configurations in terminal aneurysms in order to allow for 

successful treatment of wide-necked aneurysms (Wakhloo et al., 1998).   

Flow diverters are a more recent development for cerebral aneurysm treatment.  

Arterial stents, such as those used in conjunction with cerebral aneurysm coils or to 

maintain patency of an atherosclerotic artery had previously been observed to occlude 

aneurysms by diverting flow away from the aneurysm sac (Wakhloo et al., 1994).  Flow 

diverters take this idea beyond the observation of this phenomenon and bring it to clinical 

use.  The mesh porosity is optimized for use specifically to occlude cerebral aneurysms 

while maintaining patency of perforating and branching arteries that are covered by the 

device.  These devices are very new to the market having been approved in mid-2011, 

and are only indicated for the treatment of large or giant aneurysms located on specific 

portions of the internal carotid artery (ICA) (Federal Drug Administration, 2011).  This, 

unfortunately, precludes treatment of a large number of patients. 

For many cerebral aneurysm patients, considering their poor health and age, there 

is a large enough risk for complication that even endovascular treatment is not an option.  

Therefore, a fourth option of clinical observation and management is presented to 

patients upon clinical consultation.  The treating physician will recommend this based on 

his or her clinical opinion, in which statistical risk of complication from treatment is 

weighed against statistically predicted rupture risk based on size and aneurysm location.  

Observation will likely be recommended to patients for whom risk of rupture is higher 

than risk from treatment (Wiebers, 2003).  These patients will return on a semi-annual or 

annual basis for clinical follow-up and image-based evaluation to assess the aneurysm for 

signs of growth. 
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Studies on Factors of Rupture Risk 

The risk associated with surgery or intervention is not only present for elderly and 

complication-prone patients, but for all patients who would undergo treatment.  Therefore 

the capability to accurately discern an inherently low-risk aneurysm from one that may 

shortly rupture is crucial.  

The International Study of Unruptured Intracranial Aneurysms (ISUIA) was 

conducted to assess the risk of rupture in relation to certain concurrent factors.  The 

ISUIA was conducted beginning in 1991 and followed 5,500 cerebral aneurysm patients 

over the course of the following 10 years.  This study found that several factors 

contribute significantly to rupture risk, namely aneurysm location on the posterior 

circulation and increasing risk with size (Wiebers, 2003, 2006). 

Given the answers provided by the ISUIA study, questions still persist.  It is 

currently unknown why, although generally considered low risk, aneurysms of small 

sizes are still seen to rupture (Villablanca, 2002). Additionally, some risk factors simply 

cannot be measured on a patient-by-patient basis.  For instance, direct blood pressure is a 

measure that would give insight into the stress that an aneurysm dome sees given its 

geometry.  Although a clinical systemic blood pressure measurement is available for 

most patients, these measurements are somewhat uninformative because of the fact that 

blood pressure can change rapidly and frequently for any person given his or her current 

activity level (Bowker et al., 2010).  Studies have also been performed to characterize 

pressures within specific arteries throughout the cerebral circulation in relation to 

systemic blood pressure.  These measurements were derived from flow phantoms 

constructed using population-average artery diameter measurements (Cieslicki et al., 

2005).  However, ascertaining the range of activity level and the resulting blood pressure 

change for any specific patient, especially the hundreds or thousands of patients included 

in some of the previously mentioned studies would be nearly impossible.  
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Tissue thickness of an aneurysm is a measurement that might give insight into 

weaknesses of an aneurysm wall that could lead to rupture, but is also generally 

immeasurable from image data.  Tissue thickness of an aneurysm dome ranges from 16 to 

400 µm (Kadasi et al., 2012).  Because even the thickest tissue in this range is on the 

order of only one voxel with standard computed tomography (CT) and magnetic 

resonance imaging (MRI), it is unlikely that any information about the thickness of an 

aneurysm dome can be measured in-vivo using conventional medical imaging techniques, 

and therefore is another limitation in evaluating rupture risk in any large clinical study. 

Previous Morphological Studies 

Although location-based and size-related risk factors have been shown to 

correlate well with cerebral aneurysm rupture risk, cases of exception are still seen on a 

somewhat widespread basis.  In order to explain these cases, other clinical treatment 

indicators such as geometric factors have been explored as well. Early studies explored 

simple morphological factors.  For instance in 1998, Hademenos et al. showed that the 

presence of multilobular geometry and neck size were significant discriminating factors 

for retrospectively determining ruptured versus unruptured aneurysms.  Measurements 

were performed by hand on two-dimensional angiograms.  Ujii et al., in 2001, measured 

aspect ratio by hand on two-dimensional angiogram.  This was performed in a 

retrospective manner, and found that the aspect ratio demonstrated the ability to 

discriminate ruptured from unruptured aneurysms.  In direct contrast to these studies, 

however, was the earlier study by Wiebers et al., published in 1981.  This study took a 

prospective approach to data collection, and analyzed several of the same morphological 

indices again using hand measurements on two-dimensional angiograms.  The differing 

conclusions of these studies opened the door for controversy, and many concurrent 

studies have also produced results that disagree with Wiebers’ 1981 report. 
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With the introduction and common practice of three-dimensional imaging 

modalities, the possibilities for the in-depth analysis of the geometric features of cerebral 

aneurysms have subsequently increased dramatically.  In 2004 and 2005, respectively, 

Ma et al. and Raghavan et al. introduced several shape parameters that take into 

consideration not only two-dimensional measurements or the presence of these shape 

features, but the gestalt sac geometry as well.  The papers included new definitions for 

the derivation of measurements from three-dimensional aneurysm geometries, and 

morphological indices that provide a relative scale on which to quantify specific features 

of an aneurysm’s geometry. Undulation Index (UI) was introduced as a descriptor of the 

undulation present in the dome of the aneurysm.  It is computed by comparing the 

volume of the aneurysm to the volume of its convex hull (a similar geometry from which 

the concavities are removed).  It was thought that these undulations could represent stress 

concentrations and weakened inhomogeneous regions within the aneurysm dome.  Aspect 

Ratio (AR) was introduced to describe the ratio of the aneurysm neck to its height as 

measured perpendicularly from the neck plane.  This was intended as one measure of an 

aneurysm’s similarity of a shape to an elliptical geometry, which would indicate an 

inhomogeneous stress distribution leading to generally higher peak stresses than a 

spherical geometry.  Ellipticity Index (EI) was another index seeking to measure the 

ellipticity of an aneurysm.  It was measured from a ratio of the surface area to the 

volume, for which a sphere would produce a value of 0, and an elliptically shaped 

aneurysm producing an indicial value near 1. Nonsphericity Index (NSI) was introduced 

to describe the overall deviation from a spherical geometry.  Similarly to Ellipticity Index 

it was measured from a ratio of surface area to volume, but differed in that these values 

were calculated from the aneurysm geometry directly.  In this way, it combined non-

spherical characteristics from elliptical shape as well as surface undulation.  Conicity 

parameter was introduced to describe a potential measure of the location of growth of an 

aneurysm.  The location of the cross-section of largest diameter was compared to the 
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midpoint from the neck to the maximal height.  In this way if an aneurysm’s largest cross 

section was located near to the neck, the growth would be assumed to be near to the neck; 

if the cross section were located near the top of the dome, the growth would be assumed 

to be near the top of the dome.  Bottleneck factor (BF) was introduced as a potential 

indicator for increased hemodynamic abnormalities.  It was calculated as the ratio of the 

maximum diameter of the aneurysm to the diameter of the neck.  Several surface 

curvature-based indices were also introduced. In 2012, Ramachandran performed a 

prospective cohort study of these indices in which 198 aneurysms were collected and 

followed.  Rupture did not occur in any of the aneurysms; however, physicians indicated 

20 of the 198 aneurysms as grown or unstable. There was no significant difference found 

in the morphological index calculations between the stable and unstable groups. 

In 2005, Banatwala et al. introduced the use of Legendre polynomials as a method 

for modeling an aneurysm surface in order to more generally obtain the surface curvature.  

Ma et al. showed in 2004 that the surface curvature of a surface mesh is highly affected 

by small mesh-based variations.  To this effect, a Legendre polynomial model is meant to 

extract a more generalized shape from which to measure curvature.  In 2007, Millán et al. 

demonstrated the use of geometric and Zernike moment invariants to characterize the 

geometry of aneurysms.  In 2010, Rahman et al. found in a case-control study that the 

ratio between the aneurysm’s largest diameter and its parent vessel diameter 

corresponded with rupture status.  In 2008, Dhar et al. explored the relation between 

aneurysm to parent vessel angle and rupture risk and found correlation in retrospective 

data.  In 2011, Yasuda et al. and Ryu et al. introduced volume-to-ostium ratio and 

volume-to-neck ratio, respectively, which were new hemodynamically-driven geometric 

measures of the ratio of the volume of the aneurysm sac to the surface area of the ostium 

that were shown to be as effective as aspect ratio in discriminating ruptured versus 

unruptured status aneurysms.  In 2011, Lauric et al. described the use of the writhe 

number in discriminating ruptured and unruptured aneurysms.  The writhe number, in this 
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case, was used to describe the symmetry of an aneurysm surface model, as well as the 

likelihood that all points on the aneurysm mesh are in mechanical equilibrium.  In 2011, 

Lauric et al. also introduced the centroid-radii model.  The centroid-radii model computes 

the distance from an aneurysm model’s centroid to the points on its surface mesh, and 

subsequently computes its entropy.  This model was able to discriminate between 

ruptured and unruptured aneurysms with reasonable accuracy.  In 2012, Piccinelli et al. 

explored several novel methods for computationally obtaining measurements from 

aneurysm sacs, including the introduction of the Voronoi diagram core – a hypothetical 

representation of the largest and most stable portions of the aneurysm sac, a centerline-

based sac diameter measurement, and best-fit ellipsoid. 

In light of these studies, it would seem as though that despite the importance of 

aneurysm size in a clinical diagnostic decision, it is only one piece of the puzzle.  It is 

conceivable as well that size, geometry, and orientation of an aneurysm all play a part in 

the complex interaction between hemodynamics and tissue solid mechanics that may 

contribute to the growth and rupture of cerebral aneurysms.  Additionally, no conclusive 

evidence has been yet presented to prospectively correlate any morphological index 

except for size ratio.  The importance of the prospective study of aneurysm rupture risk in 

relation to any index is important to show the predictive capabilities in clinic, and not 

only the ability of the index to discern ruptured from unruptured that is explored by 

retrospective studies. 

Necessity of Automation 

The limitations of image resolution inherent to current medical imaging 

capabilities in comparison to the feature size of cerebral aneurysms creates a certain 

amount of ambiguity in the segmentation of cerebral aneurysm geometries.  This 

uncertainty is compounded by the fact that any individual user may choose different 

threshold levels, seed and target points for various segmentation algorithms, or leave out 
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entire portions of the surrounding vasculature based upon his or her perception of the 

important image features.  Individual differences in feature perception are also seen when 

manually isolating aneurysm sacs from the parent vasculature. 

A recent study showed that two reviewers who segmented and isolated the same 

patient image data would obtain slightly different results.  In some cases, poor image 

quality contributed to large differences in final geometry following segmentation.  In 

others, the ambiguous or non-planar nature of an aneurysm’s neck plane also contributed 

greatly to variability of the isolated aneurysm sac between users (Ramachandran, 2012). 

Because of the differences between user preferences, any choice that is 

determined using a computer-automated protocol removes the chance for human user-

induced inconsistencies and bias.  In order to address this, Piccinelli et al. (Piccinelli et 

al., 2012) attempted to automate the choice of clipping plane placement and orientation.  

After definition of the aneurysmal region and approximation of the original healthy 

parent vessel (Ford et al., 2009), an optimal cutting plane would be algorithmically 

chosen that successfully isolates the aneurysm sac.  This automatic neck plane definition 

was found to successfully produce low inter-user variability.   

Objectives 

This work seeks to improve the tools and methods available to researchers in the 

search for morphological factors of cerebral aneurysms that contribute to risk of growth 

and rupture.  The first specific area of the field of cerebral aneurysm research that this 

work seeks to improve is the automation of cerebral aneurysm sac isolation and 

morphological characterization.  Secondly, this work aims to improve the capacity of 

aneurysm morphology by describing a more complete method for isolating the aneurysm 

sac.  This new method should provide a more appropriate isolation than a clipping plane 

could provide.  Third, in order to take advantage of the more complete aneurysm 

geometry provided by this new isolation technique, novel morphometric indices should 
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be developed.  Finally, in order to provide evidence as to the extents to which these novel 

methods could improve this particular field of research, the efficacy of the isolation 

method and the morphological indices should be evaluated. 
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CHAPTER 2 

ANEURYSM SAC ISOLATION 

Geometric Data 

In morphological studies of cerebral aneurysms involving patient-specific models, 

aneurysm and vascular geometry is generally obtained from medical imaging data via 

level-set segmentation techniques.  Since segmentation was not the focus of this work, it 

will not be addressed in great detail.  The experiments that were conducted included both 

patient-specific segmentations from CT and MR imaging and computer generated 

hypothetical models.  Both sources of data are valid inputs to the isolation and analysis 

methods described in the following sections.  For many of the subroutines within the 

software libraries used to process the geometric data, a triangular surface mesh is 

required.  Therefore, the data involved in this study was meshed using triangular 

elements.  

Key Concepts 

Programming Environment 

The algorithm outlined in this study was developed using the Python 

programming language, the Visualization Toolkit (VTK) framework and the Vascular 

Modeling Toolkit (VMTK).  VTK is open-source software, programmed in C++, and 

nearly all of the classes in its library are available wrapped in Python.  It is used mainly 

for visualization of medical and scientific data, and has classes for numerical data 

manipulation, image data visualization, mesh processing, and many other uses.  VTK is 

widely used among the academic community due to its open nature, and many of its 

functions are based upon published work (Kitware, 2006).  VMTK is open-source as 

well, and is built upon a foundation laid by VTK and the Insight Segmentation and 

Registration Toolkit (ITK).  It is programmed using both Python and C++ languages, 
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with the main focus of its functionality on image segmentation and mesh processing of 

vascular structures. 

Applications of the Voronoi Diagram 

Much of the mesh processing functions within VMTK are focused upon triangular 

surface meshes. As opposed to tetrahedral volume meshes, triangular surface meshes 

reduce computational expense enormously.  VMTK provides robust methods for surface 

mesh processing and analysis by utilizing the concept of the Voronoi diagram. 

The Voronoi diagram forms the basis for robust meshing schemes and surface 

analysis methods.  In VMTK, Voronoi diagrams are used to define medial axes, or 

centerlines, for blood vessels.  It is simplest to think of this concept first in two 

dimensions.  For any set of points P, it is possible to circumscribe subsets of three points 

from P so that all points are circumscribed and each circumcircle encloses no points not 

within of the subset.  This is referred to as the Delaunay criterion.  When each set of 

circumscribed points is connected in a triangle, the Delaunay tessellation is formed.  

Connecting the circumcenters of neighboring tessellated triangles forms the 

corresponding Voronoi diagram, as demonstrated in Figure 2 (Antiga, 2002). 

A similar approach is utilized in three dimensions.  Spheres are circumscribed 

about sets of three points in set P so that the Delaunay criterion is satisfied (analog in 

three dimensions to the dotted circles in Figure 2).  These are referred to as Voronoi 

spheres.  Additionally, because the three-dimensional Delaunay tessellation of a set of 

points will always results in a convex surface, a convex hull of a surface may be 

extracted in this manner (Antiga, 2002).   

A Voronoi diagram by nature is defined in all space internal and external to a 

surface.  In applications involving closed surfaces, an additional criterion is imposed so 

that all Voronoi spheres external to a surface (as defined by their relation to the surface 

normal) are not included in the construction of the Voronoi diagram.  This internal 
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portion of the Voronoi diagram is referred to as the embedded Voronoi diagram as shown 

in Figure 3. 

 

 

Figure 2. Demonstration of the Delaunay tessellation (thin lines), Voronoi diagram (thick 
lines), and Voronoi vertices (filled dots) of a point set P (open dots) and its 
circumcircles fitting the Delaunay criterion (dotted lines) (Antiga, 2002).  
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Figure 3. Embedded Voronoi diagram (colored) of a cerebral artery and aneurysm 
(transparent). 

Voronoi Spheres 

The Voronoi spheres of a closed surface, as an aggregate, form a structure similar 

to the original surface.  Thus, in the same way, a surface can be constructed from a newly 

created or modified Voronoi sphere set.  A three-dimensional point-sampling grid in 

conjunction with the implicit sphere functions of the Voronoi sphere set is then used to 

define a voxel grid.  The zero-level can then be extracted using a marching cubes 

algorithm to replicate the surface represented by the Voronoi sphere set, as shown in 

Figure 4.   
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Figure 4.  All Voronoi spheres of a surface mesh, which together form the dual of the 
surface itself. 

 

The medial axis, which is representative of the centerline of a tubular object, can 

also be obtained from the Voronoi diagram.  Maximal inscribed spheres are defined as 

Voronoi spheres that are fully contained by no other Voronoi sphere.  The centers of 

these maximal inscribed spheres form the medial axis of the object, and can be 

considered the centerline in vascular structures (Antiga, 2002). 
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Parent Vessel Reconstruction 

To isolate the aneurysm sac geometry, the aneurysmal features must first be 

distinguished from that of the healthy cerebral vasculature.  To accomplish this, the 

parent vessel is first approximated using the algorithm detailed by Ford et al. in 2009. 

This algorithm takes as its input a vessel surface model, its Voronoi diagram, and several 

sets of centerlines.  The centerlines are created by defining the inlet, outlet(s), and a point 

on the aneurysm dome, and propagating along the artery from inlet to outlet and 

subsequently outlet to inlet as shown in Figure 5a.  The point where the centerline of the 

vessel diverges to follow the medial axis of the aneurysm sac to the user-defined target 

point as shown in Figure 5a is designated the diverging point.  Centerline clipping points 

are then defined one maximal-inscribed sphere radius proximal and distal to the diverging 

points along the centerline, as shown in figure 3a.  The aneurysmal segment is then 

designated as the region between the clipping points.   

Subsequent to defining the clipping points, the portion of the centerline within the 

aneurysmal region is removed and then interpolated using a cardinal cubic Hermite spline 

function, as shown in Figure 5b.  The Voronoi diagram sphere centers are also removed 

between the centerline normal planes at each clipping point.  A portion of the sphere 

centers within a specific distance adjacent to each clipping normal plane is interpolated 

linearly across the aneurysmal region, accounting for position and sphere radius.  A 

surface may then be created from the extent of the Voronoi sphere set as described in the 

previous section of this chapter and as demonstrated in Figure 5c.  This method is defined 

for both terminal aneurysms (aneurysms that form at a vessel bifurcation) and lateral 

aneurysms (aneurysms that form on the side of a vessel wall). 
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Figure 5.  Parent vessel reconstruction process. (a) Surface model of aneurysmal vessel 
segment (grey) with forward centerline (red), backward centerline (blue), 
clipping points (green), and diverging points (black).  (b) Interpolated 
centerline (black) with clipped Voronoi diagram (multicolored) within 
original surface model (grey).  (c) Reconstructed parent vessel (red) shown 
within original surface model (grey). 

  

Figure 5a. Figure 5b. 

Figure 5c. 
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Expansion of the Reconstructed Parent Vessel 

The surface extracted from the reconstruction of the parent vessel will always be 

internal to the non-aneurysmal portion of the original surface because it is constructed 

from inscribed spheres.  The healthy parent vasculature will eventually be removed from 

the aneurysmal surface model by means of a Boolean subtraction; therefore, in order to 

isolate the aneurysm successfully, the reconstruction of the parent vessel must be 

expanded in diameter. 

To determine the optimal degree of expansion, the boundary of the aneurysm 

dome must first be found.  Similar to the procedure outlined by Piccinelli et al. in 2012, 

the Voronoi sphere centers of the original surface model internal to the parent vessel 

reconstruction are removed.  The residual Voronoi spheres are checked for connectivity 

with the user-defined aneurysm dome target point and subsequently deleted if the 

connectivity criterion is not met. The aggregate of the remaining Voronoi spheres forms 

an approximate representation of the aneurysm volume, shown in Figure 6.  The point-

wise minimum distance values are then determined on the original surface model in 

relation to both the parent vessel reconstruction and the aneurysm Voronoi diagram.  The 

distance values from the original surface to the aneurysm volume is then subtracted from 

the distance value from the original surface to the parent vessel reconstruction, creating a 

scalar value at each point within the original surface mesh that is negative for portions of 

the surface that are closer to the reconstructed parent vessel, and positive for portions of 

the surface that are closer to the aneurysm volume.  A contour line is created from the 

largest continuous zero level, shown in Figure 7, and represents the boundary on the 

original surface between the aneurysm and the non-aneurysmal vasculature.  The largest 

minimum point-wise distance between the contour line and the reconstructed parent 

vessel is then determined, which corresponds to the distance that the reconstructed parent 

vessel must be expanded to cover the entire aneurysm neck boundary, D.  The average 

radius of the aneurysmal section of the reconstructed parent vessel, R, is then determined. 
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Figure 6.  Surface encompassing the approximated volume of the aneurysm dome shown 
in red.  Original parent vessel is shown in grey, and target point used to define 
aneurysm volume is shown in green.  

 

 

Figure 7.  Distance difference contour plot (multicolored), with zero-level contour line 
(white) and contour line point of maximum distance from parent vessel (red). 

0.00 
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Once the values D and R are determined, each Voronoi sphere radius within the 

Voronoi sphere set of the reconstructed parent vessel is scaled by a factor of !!!! .  A 

surface mesh is then created from the newly scaled Voronoi sphere set, creating a 

uniformly expanded parent vessel that encompasses the entire neck boundary contour 

line.  This process ensures complete isolation of the sac and a minimal amount of volume 

loss. 

Subtraction of the Parent Vasculature 

The expanded parent vessel reconstruction is next subtracted from the original 

surface mesh using a Boolean subtraction algorithm (Kitware, 2006).  This results in a 

surface mesh of the entire volume of all aneurysmal features of the original surface.  This 

isolated aneurysm surface contains identical elements on the outer lumen surface, and 

elements from the parent vessel reconstruction on the inner neck surface. Because of this, 

the expanded parent vessel reconstruction is re-meshed to eliminate any errors in the 

Boolean operation that may arise from sub-optimal element geometry.  The resolution of 

the original surface mesh and expanded parent vessel reconstruction mesh should be 

similar in order to avoid skewed elements at their interface. 

Separation of the Neck Surface 

The neck surface of the aneurysm must be distinguished from the newly isolated 

aneurysm surface in order to analyze certain morphological characteristics.  To 

accomplish this, three quantities are calculated.  The first quantity is the surface normal 

vectors for the isolated aneurysm surface mesh.  Next, the minimum point-wise distance 

scalars from the isolated aneurysm surface mesh to the expanded parent vessel 

reconstruction surface mesh are calculated to indicate the region in the vicinity of the 

neck.  Finally the minimum point-wise distance vectors from the isolated aneurysm 
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Figure 8.  Completed aneurysm sac isolation (red) from original model (grey). 

 

surface mesh to the original reconstructed parent vessel surface mesh are calculated.  The 

distance vectors are three-dimensional vectors that represent the distance and direction 

from each point on the first surface mesh to the closest point on the second surface mesh.  

Because each of these quantities will ultimately be used to distinguish the elements of the 

mesh rather than the points, the point values are converted to element-centered values 

using a VMTK class. 
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Figure 9.  Separation of the aneurysm neck surface (red) from the aneurysm dome (grey). 

 

The neck surface is distinguished from the rest of the isolated aneurysm surface 

mesh by defining two criteria for each element, which must be met to distinguish the 

element as a neck element.  First, the angle between the distance vector and the normal 

vector are compared.  Because the neck surface is a replication of the expanded parent 

vessel, the minimum distance element on the reconstructed parent vessel  (to which the 

distance vector points) will be adjacent to the corresponding neck element at a distance 

equal to the expansion distance.  Because of this, the distance vector will be nearly 

normal to the element, and the first criteria for inclusion in the neck surface will be 

satisfied if the angle between the normal vector and the distance vector is less than the 

tolerance to allow for slight mesh-related variations.  Second, the distance scalar value 

from the element to the minimal-distance corresponding element on the expanded parent 

vessel reconstruction surface mesh should be nearly 0.  If the distance between the 

element on the isolated aneurysm surface mesh and the corresponding minimal distance 

element on the expanded parent vessel reconstruction is below the tolerance to allow for 

slight mesh-related differences, then the element will meet the second criteria.  If both 
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criteria are met, the element is then separated as a member of the neck surface.  The 

criteria are demonstrated in Figure 10. 
 

 

 

 

Figure 10.  Aneurysm dome (grey) is shown with normal vectors (red), distance vectors 
(green), parent vessel reconstruction surface (blue), and expanded parent 
vessel reconstruction surface (dotted grey).  An element at location 1 is 
included in the neck, while an element at location 2 is excluded based on the 
distance criteria, and an element at location 3 is excluded based on the angle 
criteria. 
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CHAPTER 3 

MORPHOLOGICAL CHARACTERIZATION 

Many shape metrics have been derived in an attempt to exhaustively describe an 

aneurysm’s morphology, as evidenced by the literature review on the subject.  However, 

because of the novel sac isolation method outlined in the previous chapter, new 

approaches must now be employed.  Because of the lack of a planar neck surface several 

measures must now be determined in a new manner, such as maximum aneurysm 

diameter, which previously was calculated as the largest measurement across planar 

cross-sections parallel to the neck (Ma et al., 2004).  Additionally, new parameters can 

now be defined because of the inclusion of a neck surface that is representative of the 

pre-aneurysmal parent vessel lumen. 

Geometric Measurements 

Volume of the interior of the isolated aneurysm surface is measured using the 

vtkMassProperties class (Alyassin et al., 1994; Kitware, 2006), which uses a discrete 

form of the divergence theorem to calculate volume and surface area.  Surface area was 

also measured in this manner.  The measurements from this algorithm were crosschecked 

using Rhinoceros 3D, and agreement was confirmed in all cases. 

Maximum diameter is a one-dimensional quantity that is measured as the 

maximum distance across all points within the isolated aneurysm surface mesh.  It is 

measured point-by-point in the mesh, and does not discriminate against points within the 

neck region; however, by the nature of the geometry involved in the isolation operation, 

the maximum diameter will not be measured from within the neck surface. 

Neck diameter is derived from the isolated neck surface.  The neck of the 

aneurysm is first isolated using the method discussed in the previous chapter, and the 

perimeter is then extracted.  The centroid of the perimeter is next determined by 

averaging the positions of all perimeter points, and the average distance from the centroid 
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to all perimeter points is determined and multiplied by two to serve as a diameter.  This 

quantity is illustrated in Figure 11. 

 

 

 
 

Figure 11.  A sphere of diameter equal to the neck diameter calculation (grey) overlaid 
onto the separated neck surface (red).  Two orthogonal views are shown. 

 

Vessel diameter is defined as the average radius of the maximal inscribed spheres 

at the clipping points, as shown in Figure 18.  Because the hypothetical parent vessel 

reconstruction is merely a linearly interpolated set of Voronoi spheres, this is a 

reasonable simplification.  Piccinelli et al. in 2012 and used similar approaches in their 

morphological studies. 

Morphometric Indices 

Six morphometric indices are explored in this paper.  Several have been described 

previously in literature, including Bottleneck Factor, Size Ratio, Ellipticity Index, 
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Undulation Index, and Nonsphericity Index.  However, because of the different 

limitations and advantages posed by the novel isolation method introduced in this project, 

Ellipticity Index, Nonsphericity Index are defined in a completely novel manner, and 

Bottleneck Ratio and Size Ratio are both defined using the novel measurement 

techniques introduced in the previous section.  Additionally, two completely novel 

indices, Tissue Stretch Ratio and Neck to Vessel Ratio are introduced. 

Neck to Vessel Ratio 

 

Figure 12.  Demonstration of the measures contributing to the Neck to Vessel Ratio. 

Neck to Vessel Ratio (NVR) is a novel index defined as the ratio of the neck 

diameter (DN) to the vessel diameter under the aneurysm sac (DV), !"# = !!!!!.  Many 

geometric indices such as this are developed in order to describe characteristics of the 

local hemodynamics that could affect an aneurysm.  This index seeks to describe the 

relationship between the cross-sectional area through which blood may flow and the area 

through which blood may enter the aneurysm sac.  If the value of this index is higher than 

1 then the cross-sectional diameter of an aneurysm neck is higher than that of the feeding 
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vessel, and may contribute to slower entry flow in that aneurysm relative to one that has a 

lower indicial value. 

Tissue Stretch Ratio 

 

Figure 13.  Demonstration of the measures contributing to the Tissue Stretch Ratio. 

 

Tissue Stretch Ratio (TSR) is defined as the ratio of the surface area of the neck 

(SAN) surface to the surface area of the aneurysm dome surface (SAD), !"# = 1− !"!
!"!

.  

The neck surface as defined in this work is the area from which the reconstructed parent 

vessel tissue would have hypothetically deformed toward the aneurysmal geometry.  

Therefore, this ratio of areas may be representative of the amount of stretch encountered 

by the aneurysm dome, and subsequently provides insight into the relative amount of 

aggregate strain throughout the aneurysm dome.  This index is calculated by detaching 

the neck surface from the isolated aneurysm surface as previously described and 

separately measuring the surface area of the neck and the aneurysm dome. The range of 
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this index is bounded between 0 and 1, with a value of 0 indicative of a very small 

difference in neck surface area compared to dome surface area. 

Bottleneck Factor 

Figure 14.  Demonstration of the measures contributing to the Bottleneck Factor. 

 

Bottleneck Factor (BF) is defined as the ratio of the neck diameter (DN) to the 

maximum aneurysm diameter (DA), !" = !!
!!

 (Raghavan, Ma, & Harbaugh, 2005).  It is 

thought that a smaller neck in relation to a larger aneurysm would indicate a larger tissue 

stretch, and therefore a larger chance for weakening of the aneurysm tissue.  It is 

calculated by dividing the neck diameter, as defined in the previous section, by the 

maximum diameter, as defined in the previous section. The range for this index in all 

cases is between 0 and 1, with a lower number corresponding to a large maximum 

diameter in relation to neck diameter. 

DN#

DA#
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Size Ratio 

 

Figure 15.  Demonstration of the measures contributing to the Size Ratio. 

 

Size ratio (SR) is defined as the ratio of the maximum aneurysm diameter (DA) to 

the vessel diameter (DV), !" = !!!!!.  This index has been described in the past, and has 

been shown to correlate prospectively with rupture risk (Rahman, 2010).  However, it is 

now defined using the parent vessel reconstruction, which may be a more accurate 

measure of vessel diameter.  This is particularly true in terminal aneurysms where it may 

be relatively unclear from where to measure each diameter, and where a distinction 

between the aneurysm and vessel is sometimes less clearly defined. 

Undulation Index 

Undulation Index (UI) is a measure of the difference in volume of the aneurysm 

sac (VA) and its convex hull (VCH), !" = 1− ! !!!!"
 (Ma et al., 2004; Raghavan et al., 

2005).  Aneurysm sac geometries with neck surfaces that lack concavity, such as planar 

neck surfaces used in past morphological studies, will by nature introduce no 

measurement error of dome surface undulation.  However, because of the three-

DA#

D2#
D1# DV#=#Avg[D1+D2]#
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dimensional, concave nature of the neck surfaces resulting from the novel isolation 

method outlined in this work, inaccuracies in undulation measurements will always be 

present without modification of the convex hull.  The convex hull of an aneurysm is first 

obtained using the native Delaunay tessellation of the aneurysm surface point set.  The 

excess volume within the convex hull resulting from the concavity of the neck region is 

then eliminated by means of a Boolean subtraction of the expanded parent vessel 

reconstruction from the convex hull.  This is performed in the same manner as the 

isolation of the aneurysm sac.  It is notable that this index will range between 0 and 1, 

with a completely convex aneurysm resulting in a measurement of 1.  This is 

demonstrated in Figure 17. 

Ellipticity and Nonsphericity Indices 

In 2005, Raghavan et al. originally proposed ellipticity index (EI) and 

nonsphericity index (NSI) as three-dimensional morphometric indices intended to 

describe, respectively, the similarity of an aneurysm sac to a spherical shape with 

disregard to surface undulation and concavities, and the general similarity of an aneurysm 

sac to a sphere with respect to surface undulation, concavities, and general shape.  These 

parameters were originally extrapolated using a relationship between volume and surface 

area.  While this approach may theoretically act as a complete descriptor of these 

properties, in actuality small surface undulations due to image noise or other tenuous 

sources will cause large increases in surface area measurements yet small or negative 

changes in volume measurements compared to an otherwise similar model.  To 

demonstrate this, a sphere of radius 1 cm was created in Rhinoceros 3D, as shown in 

Figure 16(a).  Small undulations of a radius 5% that of the sphere were then added to 

simulate surface noise, as shown in Figure 16(b).  While no change in volume was 

observed, a 4% change in surface area was seen as a result of the undulations. 
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(a) (b) 

Figure 16. Demonstration of surface area measurements obtained before (a) and after (b) 
small surface undulations were applied to an otherwise similar surface model 
created in Rhinoceros 3D.  No volume change was observed despite a 4% 
change in surface area. 

 

To perhaps improve upon these otherwise solid concepts, new definitions have 

been proposed for EI and NSI, as well as an accommodation for the now three-

dimensional neck surface when measuring undulation of a surface. 

EI is a measure of the general likeness of an aneurysm sac to a spherical shape 

while disregarding surface undulations and daughter sacs.  Originally defined using the 

formula !" = 1− (18!)
!
!!!"

!
!

!"!"
! (Raghavan et al., 2005), in which VCH is the volume of 

the convex hull of the aneurysm, and SACH is the surface area of the convex hull of the 

aneurysm, the index is now derived using only volumetric measurements.  The convex 

hull of the isolated aneurysm sac is first extracted in the manner described in the previous 

paragraph, shown in Figure 17.  The Voronoi diagram is then extracted and the volume of 

the largest Voronoi sphere of the convex hull, VCHLVS, computed.  This is the largest 
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spherical volume and theoretically the most stable portion of the aneurysm.  This is then 

compared to the volume of the convex hull with the formula !" = 1− !!"#$%
!!"

.  Because 

all Voronoi spheres are internal to their respective surface, this index will range from 0 to 

1 in all cases, with values of 1 resulting from completely spherical convex hull 

geometries. 

 

Figure 17. Isolated aneurysm (red) shown within its convex hull (white).  Also shown is 
the maximal inscribed sphere of the convex hull (blue). 

 

NSI is a measure of the overall similarity of an aneurysm sac surface to a sphere 

with respect to surface undulation, daughter sacs, and overall geometry.  It was originally 

computed using the formula !"# = !1− (18!)
!
!!

!
!

!" (Raghavan et al., 2005); however, as 

in the new method for calculation of EI it is now defined using  only volumetric 

measurements.  The Voronoi diagram of the isolated aneurysm surface is computed, and 

the volume of the largest Voronoi sphere (VLVS) is calculated, as seen in Figure 18.  This 

volume is compared to that of the aneurysm sac (VA) using the formula !"# = 1− !!"#
!!

. 
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Figure 18.  Isolated aneurysm dome (grey), neck surface (red), maximal inscribed sphere 
(large grey sphere), and sphere representing the average vessel diameter 
(small grey sphere).  The diameter appears inaccurate because the original 
vessels were not spherical, thus the minor axis of the cross-section is 
represented. 
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CHAPTER 4 

ANALYSIS OF THE METHODS 

Three experiments were performed to analyze the variability induced by multiple 

users on the isolation of the aneurysm sac, the general efficacy of the shape analysis 

algorithms, and the effect of surface mesh resolution on the results of the morphological 

analysis.  These experiments contributed to the general understanding of the efficacy of 

the isolation method and the morphological indices. 

Analysis of Repeatability of Isolation and Shape Analysis 

Methods 

Because of the large sample size and time constraints of many of the 

morphological studies conducted recently, it is necessary to have multiple scientists 

working to segment and analyze patient data.  Depending on the protocol of a particular 

study, some steps of the segmentation, sac isolation, and morphological analysis are 

computer automated and therefore consistent between users; however, the manually 

executed remainder of the process may leave room for discrepancies.  A recent study 

investigated the variability induced in several cases by multiple users of both the 

segmentation and sac isolation protocol.  It was found that much variation came not only 

from the differences in image segmentation between the two users, but also in some cases 

from the differing opinion on cutting plane placement (Ramachandran, 2012). 

This study investigated segmentation independently in addition to segmentation 

and sac isolation simultaneously.  However, because sac isolation was not independently 

investigated a new study was needed.  This study was performed using the same patient 

data sets.  In order to control for variations due to user variability from segmentation, 

only one out of the two segmentation sets were utilized.   
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Two isolation methods were investigated for comparison of overall user-induced 

variability: the cutting-plane method using the protocol in the above-mentioned study, 

and the isolation method outlined in the methods section of this work.  Two separate 

users each isolated the sac using both methods, and were blinded from the sac isolation 

results of the previous study by the passing of a sufficient amount of time.  Each user was 

also blinded from the other user’s isolation results.  The resulting models were analyzed 

using the morphometric indices described in the methods section of this study (although 

to determine parent vessel-based indices for cases isolated using the clipping plane 

method, the parent vessel reconstruction from only user 2 of the Boolean isolation 

method was used), and compared statistically.  The repeatability of each index was 

characterized with a coefficient of repeatability (CR), defined as the maximum 

difference, with 95% confidence, seen in any results produced by two users or two 

repetitions by a single user.  A Spearman coefficient, which is defined as the Pearson 

coefficient of the rank, was also produced for each index. 

Results 

Two users of each isolation method isolated nine aneurysm surface models (one 

case was excluded because of a meshing error in the original segmentation data).  The 

original full-vasculature models, aneurysm models isolated by clipping plane, and 

aneurysm models isolated by parent-vessel reconstruction are shown in Figure 19, Figure 

20, and Figure 21 respectively.  The morphometric indices were calculated for each case, 

and the coefficient of repeatability was determined for each index. Figure 22 shows the 

correlation plots and R2 values and Table 1 shows the coefficient of repeatability for each 

index. 
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Case 1. Case 2. Case 3. 

 Case 4. Case 5. Case 6. 

Case 7. Case 8. Case 9. 

Figure 19.  Original full-vasculature surface models, before sac isolation.  Dome target 
points and reconstructed parent centerlines (red by user 1 and blue by user 2) 
from each user’s isolation are represented on the surface. 
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Case 1. Case 2. Case 3. 

Case 4. Case 5. Case 6. 

Case 7. 
Case 8. Case 9. 

Figure 20.  Aneurysm sacs isolated using clipping plane.  User 1 isolated the red 
geometry and user 2 isolated the blue geometry. 
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Case 1. Case 2. Case 3. 

Case 4. Case 5. Case 6. 

Case 7. Case 8. Case 9. 

Figure 21. Aneurysm sacs isolated using parent vessel reconstruction and Boolean 
subtraction.  User 1 isolated the red geometry and user 2 isolated the Blue 
geometry. 
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Figure 22. Correlation plots for each index and isolation method.   
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Figure 22 – continued 
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Figure 22 – continued  
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Figure 22 – continued  
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Table 1. Coefficient of repeatability (CR) for each index and aneurysm sac isolation 
method. 

 Clipping Plane Isolation 

(CPI) CR 

Boolean Isolation (BI) 

CR 

Volume 10.18 9.47 

Max Diameter 0.89 1.22 

Neck Diameter 0.78 0.42 

Vessel Diameter 0.00 0.59 

BF 0.14 0.25 

NVR 0.37 0.59 

SR 0.44 0.63 

TSR 0.05 0.08 

EI 0.09 0.08 

UI 0.03 0.08 

NSI 0.15 0.10 
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Table 2. Spearman rank coefficient (SRC) for each index and aneurysm isolation method. 

 Clipping Plane Isolation 

(CPI) SRC 

Boolean Isolation (BI) 

SRC 

Volume 0.983 0.933 

Max Diameter 0.900 0.933 

Neck Diameter 0.900 1.000 

Vessel Diameter 1.000 0.700 

BF 0.941 0.833 

NVR 0.900 0.867 

SR 0.983 0.890 

TSR 0.959 0.983 

EI 0.977 0.923 

UI 0.014 0.643 

NSI 0.741 0.722 

 

Discussion 

Clipping of the aneurysm sac by a single plane is the standard aneurysm isolation 

method in current morphological research. Therefore, clipping plane isolation (CPI) was 

compared against the novel Boolean isolation (BI) method.  After morphometric analysis, 

the results were compared.  Both methods generally had high Spearman coefficients, 

indicating a high agreement between users.  However, mixed results were seen when 

comparing the user-induced variation between isolation methods.  The CR did not 
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demonstrate a high tendency overall towards a lower window of variability.  It should be 

noted that the Vessel Diameter and any related morphometric indices had no associated 

user variability for the clipping plane method.  This is because the same parent vessel 

reconstruction was used for both.  These indices were NVR and SR, which both resulted 

in much smaller coefficients of repeatability for the clipping plane method. 

The Spearman coefficient was high for all but the UI for both methods, indicating 

strong agreement between users in all other indices.  The generally poor agreement in UI 

for both the CPI and BI methods is likely due to the very small spread in values and the 

sensitivity of the index to differences at the neck region, which is discussed in the 

conclusion.   

Analysis of the Efficacy of the Sac Isolation and 

Morphometric Indices 

The purpose of the morphometric indices introduced in this study is to ultimately 

classify cerebral aneurysms by geometric characteristics.  Thus, not only must a 

morphometric index be able to distinguish two different geometries, but also the 

measurements with which it is defined must be accurately obtained.  This section 

explores how effectively the aneurysm sac is isolated, as well as how effectively the 

analysis techniques analyze aneurysm sacs of varying sizes and shapes.  Aneurysm 

models between the diameters of 2 mm and 10 mm were created in order to coincide with 

the range of aneurysms seen in the Analysis of Repeatability. 

Methods 

In this study, a total of 14 hypothetical idealized vascular models were created 

using Rhinoceros 3D.  This dataset was composed of 2 mm, 4 mm, 6 mm, 8 mm, and 10 

mm spherical aneurysms, an irregular oblate ellipsoidal aneurysm, and an irregular 

prolate ellipsoidal aneurysm.  Each model was placed in both a lateral and terminal 

configuration on a basilar terminus vessel segment and an internal carotid artery vessel 
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segment.  The aneurysm models were created in Rhinoceros 3D (McNeel, Seattle, WA), 

and the arterial segments were extracted from a pre-existing model of the cerebral 

vasculature (Berkowitz et al., 2009).  Each model was first re-meshed with a target 

element area of 0.05 mm.  The parent vessel was the reconstructed according to the 

protocol, and isolated using the Boolean subtraction isolation method.  Morphometric 

indices were calculated for each case. 

For comparative purposes, isolation was performed directly in Rhinoceros 3D for 

all 14 models.  In these cases, the parent vessel did not need to be expanded in order to 

isolate the sac because the parent vessel and aneurysm surface were innately defined as 

separate surfaces.  These models were meshed within Rhinoceros 3D and analyzed 

directly in 13 of the 14 cases.  In 1 of the 14 cases (the 8mm terminal spherical 

aneruysm), numerical errors related to the Rhinoceros-generated mesh required the model 

to be re-meshed in VMTK.  The processed isolated models were then compared to the 

direct NURBS Boolean subtraction performed by Rhinoceros 3D.  The similarity was 

evaluated by means of a Spearman’s rank coefficient. 

Results 

The 14 vascular models and corresponding aneurysm models are shown in Figure 

23 and Figure 24, respectively.  The morphometric indices were calculated for the 14 

aneurysm models.  These are shown below for laterally oriented aneurysm models, 

Error! Reference source not found., and for terminally oriented aneurysm models, 

Error! Reference source not found..  The Spearman rank coefficients for each index 

and method are shown in Table 3.  



www.manaraa.com

 

 

47 

47 

2 mm Spherical Lateral 2 mm Spherical Terminal 

4 mm Spherical Lateral 4 mm Spherial Terminal 

Figure 23.  Original vascular models produced in Rhinoceros 3D and re-meshed using a 
0.05 mm target area in VMTK.  
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6 mm Spherical Lateral 6 mm Spherical Terminal 

8mm Spherical Lateral 8 mm Spherical Terminal 

 

Figure 23 – continued 
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10 mm Spherical Lateral 10 mm Spherical Terminal 

Oblate Lateral Oblate Terminal 

 

Figure 23 – continued 
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Prolate Lateral Prolate Terminal 
 
 
Figure 23 – continued   
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2 mm Spherical Lateral 2 mm Spherical Terminal 

4 mm Spherical Lateral 4 mm Spherical Terminal 

Figure 24.  Isolated aneurysm geometries.   
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6 mm Spherical Lateral 6 mm Spherical Terminal 

8 mm Spherical Lateral 8 mm Spherical Terminal 

 

Figure 24 – continued  
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10 mm Spherical Lateral 10 mm Spherical Terminal 

Oblate Lateral Oblate Terminal 

 

Figure 24 – continued 
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Prolate Lateral Prolate Terminal 
 
 
Figure 24 – continued   
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2 mm Spherical Lateral 2 mm Spherical Terminal 

4 mm Spherical Lateral 4 mm Spherical Terminal 

 

Figure 25.  Known dome and neck geometry from Rhinoceros 3D. 
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6 mm Spherical Lateral 6 mm Spherical Terminal 

8 mm Spherical Lateral 8 mm Spherical Terminal 

 

Figure 25 – continued 
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10 mm Spherical Lateral 10 mm Spherical Terminal 

Oblate Lateral Oblate Terminal 

 

Figure 25 – continued 
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Prolate Lateral Prolate Terminal 
 
 
Figure 25 – continued  
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Table 3.  Spearman's rank coefficient for lateral and terminal aneurysms comparing 
parent vessel reconstruction and Boolean isolation to direct model extraction 
from Rhinoceros 3D. 

 Lateral Aneurysm 

Spearman’s Rank 

Coefficient 

Terminal Aneurysm 

Spearman’s Rank 

Coefficient 

Combined 

Spearman’s Rank 

Coefficient 

Vol 1.00 1.00 1.00 

Max D 1.00 0.89 0.95 

Neck D 0.89 0.96 0.93 

Vessel D N/A N/A 1.00 

BF 0.96 1.00 0.98 

NVR 0.89 0.96 0.93 

SR 1.00 0.89 0.95 

TSR 0.99 0.99 0.98 

EI 0.96 0.26 0.55 

UI 0.82 0.79 0.67 

NSI 0.96 0.13 0.57 
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Figure 26.  Morphometric index calculations for laterally oriented models.  
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Figure 26 – continued  
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Figure 27.  Morphometric index calculations in relation to spherical aneurysm model 
diameter in a terminal orientation. 
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Figure 27 – continued  
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Discussion 

Although each index is meant to eliminate bias for aneurysm size, certain indices 

such as NVR and SR are defined by the relationship between aneurysm sac size and 

parent vessel size, which is reflected in the results.  Maximum diameter is very close to 

the prescribed diameters in all spherical cases, with any small fluctuations likely 

explained by variations caused by re-meshing.  The parent vessel reconstruction in all 

cases resulted in a consistent vessel diameter (± 0.01 mm), reinforcing the efficacy of the 

Ford et al. algorithm in the case of a perfectly cylindrical vessel with relatively low 

curvature and an aneurysm with a well-defined neck.  Additionally, Spearman’s rank 

coefficient was high for all indices barring the NSI and EI for the terminal aneurysms.  

This was likely due to numerical errors due to the complex geometry near the sharp 

bifurcation at the basilar terminus, and numerical errors due to meshing.  The Rhinoceros 

3D meshing scheme produced noticeably skewed elements.  This possibly resulted in 

errors where the points that defined the Voronoi diagram of these models were not close 

enough together to keep the Voronoi spheres completely internal to the surface. In 

meshes with skewed element geometries, this type of error commonly persists.  Because 

of this, a re-meshing step had been added into the protocol in order to prevent high 

element aspect ratios.  The 6 mm spherical terminal aneurysm that was isolated directly 

within Rhinoceros showed anomalies in the calculations of its NSI and EI values.  This is 

likely because of errors caused by the calculation of the normal vectors near areas of high 

element skew, which resulted in a partially external Voronoi diagram from which the 

largest maximal inscribed sphere was derived. 

Analysis of the Effects of Surface Mesh Resolution 

The surface mesh resolution of a segmented model is a balancing act between 

processing time and accuracy of the analysis.  As mesh resolution decreases computation 
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time becomes exponentially faster, and quicker computation time becomes increasingly 

important as the number of cases in a study increases.  With some morphological studies 

reaching patient enrollment counts well into the thousands (Wiebers, 2003), this is not an 

issue to be taken lightly.  However, decreased resolution also means decreased accuracy 

of the surface, and an increased possibility of obfuscating important morphological 

features.  Additionally, the metrics described in this paper are mesh-dependent, and a 

change in mesh resolution could potentially have an effect on their value.  It is therefore 

important to characterize the effect of surface mesh resolution on the outcome of the 

morphometric analysis. 

Methods 

In this study, two of the hypothetical idealized models created for the efficacy 

study - two spherical aneurysms, both of which were placed in a lateral configuration on 

an internal carotid artery vessel segment, were again used in this study.  Each was re-

meshed at four resolutions with triangular element target areas of 0.01, 0.05, 0.15, and 

0.25 mm2. Selected models are shown in Figure 28.  The reconstructed parent vessel 

expansion model was also re-meshed with the respective target area for each individual 

model so that upon Boolean subtraction, mesh resolution would be consistent across the 

isolated aneurysm surface mesh.  The morphometric indices were then evaluated for each 

surface mesh.  The parent vessel reconstruction, sac isolation, and morphometric index 

analysis were timed in order to gain insight into the relationship between resolution and 

computation time.  The computations were performed using an Apple Mac Pro with a 3.2 

GHz Quad-Core Intel Xeon processor with 32 GB 800 MHz DDR3 ECC memory.  Each 

Python process ran at up to 100% of 1 of 8 virtual cores. 
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2 mm Spherical at 0.01 mm2 target area 2 mm Spherical at 0.25 mm2 target area  

10 mm Spherical at 0.01 mm2 target area  10 mm Spherical at 0.25 mm2 target area  

Figure 28.  Effects of high and low resolution on differently sized aneurysm models.  
Dome is shown in grey, and neck is shown in red. 
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Figure 29.  Morphometric indices for the 2 mm spherical aneurysm model plotted across 
decreasing resolution. 
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Figure 29 – continued  
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Figure 30.  Morphometric indices for the 10 mm spherical aneurysm model plotted across 
decreasing resolution. 
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Figure 30 – continued  
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Results 

The morphometric index calculations are shown in Figure 29 and Figure 30 for 

the 2 mm and 10 mm aneurysm models, respectively. 

Discussion 

Increased surface mesh resolution was seen to contribute to an exponential 

increase in computation time.  Parent vessel reconstruction time was seen to be fairly 

similar between models of the same resolution, regardless of aneurysm size.  This is to be 

expected as the Voronoi diagram of the aneurysm and parent vessel in the near is 

removed, and only the amount of removed parent vessel would affect the amount of 

computation needed for this step.  The isolation and analysis processes, however, were 

greatly affected by both resolution and by aneurysm size.  This is because of the large 

increase in the number of points that must be computed within the Voronoi diagram of 

the aneurysm sac for both processes between the 2 mm and 10 mm aneurysms.  The large 

computational expense required for surface meshes of a resolution on the order of 0.01 

mm2 target element area (assuming an equilateral element geometry results in an edge 

length of approximately 0.15 mm) may be unnecessary, however, depending on the 

imaging modality, as the resolutions of most medical imaging modalities do not approach 

this number.  Although perhaps still a higher resolution than necessary, a target element 

area of 0.05 mm2 was used in all models in the previous two experiments.  Assuming an 

equilateral element geometry, this results in an edge-length of 0.34 mm, which is 

reasonable considering the resolution of most modern medical imaging modalities. This 

resolution also provides a reasonable medium in computational time with an 

approximately 14 minutes for a small, 2 mm aneurysm on a mid-sized vessel segment 

and approximately 20 minutes for a 10 mm aneurysm on the same mid-sized vessel 

segment.   
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Figure 31. Computation time for each aneurysm, stratified by process.  
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Figure 32.  Resulting total computation time in relation to total number of elements in the 
original model, disregarding aneurysm size. 
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CHAPTER 5 

CONCLUSIONS 

Conclusions on Aneurysm Isolation 

It was shown in the repeatability analysis that the Boolean isolation method 

introduced in this work provided no benefit in the reduction of user-induced variability 

compared to the current gold standard in the field, the two-dimensional user-placed 

cutting plane.  This is assumed to be due to the large sensitivity of the resulting model to 

the size, orientation, and location of the parent vessel reconstruction.  A change in 

average diameter of the parent vessel reconstruction or its location relative to the 

aneurysm sac will result in an even larger change in the resulting surface area of the neck. 

However, value can still be garnered from this novel isolation process.  Because 

of the cylindrical nature of the parent vessel and radial bulging caused by an aneurysm, a 

cutting plane is not always the best choice to extract all geometric features of an 

aneurysm sac.  In many cases, a well-defined planar neck does not exist through which to 

place the cutting plane, leading to a large possibility for error in index calculation 

depending on what portion of the aneurysm sac is removed by necessity.  With a Boolean 

isolation of the parent vessel, only the features unrelated to the sac geometry are 

removed.  This leaves no sacrifice in geometry extraction, allowing for analysis of the 

entire sac.  

Although only the P-value for NSI showed statistically significant differences 

between the index results of the two methods, it should be noted that this was a post-hoc 

analysis with low sample size.  With higher sample size and greater variety in aneurysm 

geometry the possibility exists that larger statistical differences would be found, and 

further experimentation should be done to more thoroughly characterize the efficacy of 

this isolation method.  However, this novel isolation method still provides an innate way 
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to isolate the entire body of the aneurysm as defined as the outward deviation from a 

healthy vascular geometry. 

Conclusions on Aneurysm Morphology Analysis 

The new measurement techniques for ascertaining maximum diameter, neck 

diameter, and vessel diameter introduced in this work are necessary to process the 

resulting geometries of the Boolean isolation method introduced in this work.  The neck 

is no longer planar and represents an entirely different entity than that represented by a 

two-dimensional neck plane.  This new idea of the aneurysm neck represents the 

hypothetical pre-lesion geometry of the aneurysm and its parent vasculature, and provides 

insight into the anatomical changes that may have occurred upon formation of the 

aneurysm.  In this sense, TSR is a novel, appropriate morphometric index that should be 

tested in a prospective study to determine its value in discriminating low risk from high-

risk aneurysms.  Another novel index, NVR, is also worthy of further study.  This index 

may be hemodynamically relevant, relating the mass flow of the feeding vessel to that at 

the ostium of the aneurysm sac.  If the tissue mechanics and hemodynamics which lead to 

further aneurysmal disease progression can be simplistically characterized using 

morphological indices, then perhaps in the future relevant measures can be used by 

physicians to make diagnostic decisions. 

Limitations 

There are several possible sources for error in the methods.  The dependence on 

the algorithm for parent vessel reconstruction (Ford et al., 2009) is a particular source for 

concern.  This algorithm generally provides a very reasonable parent vessel 

approximation, and is a very effective tool in many aspects.  However, a number of cases 

also exist in which this algorithm provides what appears upon visual inspection to be an 

obviously inaccurate or unrealistic reconstruction.  This is particularly apparent in lesions 

appearing on vessels with high curvature within the reconstructed region, in which the 
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reconstruction does not remain within or follow the original curvature of the vessel. 

Because of this difference in the reconstructed versus original vasculature, upon isolation 

the neck region of the aneurysm acquires what may be described as a flanged shape.  

Although some morphological indices would be not be affected greatly by this error 

(particularly EI and NSI) the neck diameter and surface area could be significantly 

affected, leading to subsequent errors in calculation of BF, TSR, and NVR, and possible 

errors in UI as well. 

Another drawback of the current isolation technique may be in cases of non-

cylindrical vessel geometry.  The reconstruction algorithm is meant only to reconstruct 

the parent vessel as interpolated between cylindrical portions of healthy vasculature. 

Blood vessels typically maintain a circular cross-section with any deviation generally 

referred to as an aneurysmal or a thrombotic lesion.  However, non-cylindrical vessel 

geometry was encountered on some surface models in the user variability study.  These 

irregularities were most likely a result of the lack of an image density gradient in near-

skull regions.  Because of this, a flanged region was present in the isolated aneurysm that 

is most likely an inaccurate geometrical feature. 

It was also noticed in some cases that upon closer inspection of some isolated 

aneurysm surface meshes, unclosed edges were present near the neck-sac interface.  

Although no obvious missing or non-manifold elements were present, the presence of 

these edges could pose challenges if the geometry were to be re-meshed or mechanically 

analyzed with computational fluid dynamics (CFD) or finite element analysis (FEA).  

Additionally, errors may be present in volume and surface area calculations of open 

meshes.  These errors may have been present in the presented data, however any 

inaccuracy was within reason of reality and was repeated exactly by multiple software 

algorithms. 

Neck diameter is determined from an average of the point-wise radius 

measurement made from the average neck position.  It was assumed that because the 



www.manaraa.com

 

 

77 

77 

mesh of the surface was evenly sampled with an approximately even point distribution 

across the entirety that the point-spread at the neck perimeter would be approximately 

even as well.  However, upon closer inspection, it seems that this is not the case.  A 

possible solution is to extract the perimeter utilizing the current technique and 

subsequently resample the points along that line using VMTK.  This would prevent 

skewing of the centroidal calculation and radius average due to uneven point distribution. 

Future Perspectives 

Although many morphological indices have already been conceived, any number 

of shape features remains yet to be quantified in this regard. Additionally, some current 

morphological indices leave room for improvement in the efficiency with which they 

describe such shape features.  For instance, the measure of surface undulation described 

by Raghavan et al. and Ma et al. in 2004 and 2005, respectively, is capable of describing 

Figure 33. Artificial volume differences between the convex hull (grey) and the aneurysm 
dome (white) near the neck region of the aneurysm, leading to errors in the 
characterization of dome undulation. 
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general geometric traits.  However, upon any convexity near the neck boundary of the 

convex hull of an aneurysm, some volume differences may be artificially introduced as a 

result of natural curvature near the neck, as demonstrated in Figure 33.  Because the 

index was conceived in order to describe undulations within the structure of the dome this 

results in inaccuracies in geometric characterization.  Additionally, although the index 

does control for aneurysm size, because it is scaled by total volume the same magnitude 

of surface undulation in a large aneurysm would result in a lower indicial description than 

that of an aneurysm with lower volume.  In order to account for this bias, a fractal-based 

approach such the box count method could be developed.  Alternatively, a new method 

could easily be developed using a variation on the technique for undulation removal 

introduced by Piccinelli et al. as the Voronoi Diagram Core (VDC) (Piccinelli et al., 

2012) simply by characterizing the differences between the undulation free surface (the 

VDC) and the original surface.   

An improvement upon the Ford et al. algorithm would greatly improve the 

abilities of the method introduced in this paper to more accurately isolate the aneurysm 

sac geometry.  As previously mentioned, in cases on which the aneurysm sits upon vessel 

regions of high tortuosity, the parent vessel reconstruction strays from the bounds of the 

vessel.  These should, in subsequent work, be corrected.  A more robust spline 

interpolation must be employed, taking into account that the spline and reconstructed 

Voronoi diagram should realistically not protrude externally to the diseased vasculature. 

As previously mentioned in the introduction, cerebral aneurysm coiling 

procedures are growing in popularity as a treatment option.  Much of the success of these 

operations depends greatly on the aneurysm sac and neck geometries, however, so 

perhaps a new study to determine the relationship of coiling success rate in relation to 

morphological features could be performed. 

Additionally, a continuation of the prospective study by Ramachandran 

(Ramachandran, 2012) is an appropriate application of this work.  This study investigated 
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the ability of the morphometric indices introduced by Raghavan et al. to predict aneurysm 

disease progression.  The results of that study showed inconclusive evidence as to 

whether or not these morphometric indices could prospectively differentiate aneurysms 

that would continue on to grow or rupture from those that would not.  However, perhaps 

the ability to capture a more full aneurysmal geometry in combination with novel and 

rethought geometric measures and morphological analyses could bring out morphological 

and mechanical characteristics of these aneurysms that would otherwise go unseen. 
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APPENDIX 

Aneurysm Sac Isolation Algorithm Flow Chart 

Figure A1.  This flow chart takes the output files of the parent vessel reconstruction 
algorithm (Ford et al., 2009) as input. 

Start

Read in original model, reconstructed parent vessel model, 
original voronoi diagram, clipping points, reconstructed parent 

vessel centerline, and clipped centerline.

Extract user-specified dome 
point from centerlines

Delete Voronoi spheres whose centers 
lie outside parent vessel reconstruction

Delete Voronoi spheres that are not 
connected to the user-specified dome point

Calculate the point-wise minimum distance 
values on the original model to the new sac 

Voronoi diagram

Calculate the point-wise minimum distance 
values on the original model to parent 

vessel reconstruction

Subtract the distance to the sac Voronoi 
spheres from the distance to the parent 

vessel on the original model

Extract the zero level contour line of the 
result on the original model

Find largest distance from contour line to 
parent vessel

Determine average parent vessel radius

expansion value = 
1 + largest distance / average parent vessel radius

Scale the radius of each Voronoi sphere of the 
parent vessel by the expansion value

Create surface from the expanded parent vessel 
Voronoi spheres composite

Re-mesh expanded parent vessel surface

Perform Boolean subtraction of the Parent vessel 
from the original model, leaving isolated aneurysm

Write expanded parent 
vessel surface and isolated 
aneurysm surface to disk

Stop
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Morphological Analysis Algorithm Flow Chart 

 

Figure 34.  This flow chart takes the output files of the parent vessel reconstruction 
algorithm (Ford et al., 2009)and the aneurysm sac isolation algorithm as input. 

 

Start

Read in isolated aneurysm sac, clipping 
points, clipped centerline, reconstructed 

parent vessel surface, expanded 
reconstructed parent vessel surface, and 

interpolated centerline.

Separate neck surface from isolated 
aneurysm (see flowchart on right)

Calculate BF = 
neck diameter / 
max diameter

Calculate neck surface area and 
aneurysm dome surface area

Average the parent vessel radius at the 
clipping points to find vessel radius

Compute the Voronoi diagram of the 
aneurysm dome

Find the largest maximal inscribed 
sphere and its radius

Find convex hull of aneurysm sac

Calculate NVR = 
neck diameter / 
vessel diameter

Calculate SR = 
max diameter / 
vessel diameter

Measure distance between two points 
on the aneurysm sac mesh

Have all the points been accounted for?

The largest value is the maximum 
aneurysm diameter

Yes

No

Calculate TSR = 
neck surface 
area / dome 
surface area

Boolean subtraction of expanded parent 
vessel from convex hull

Compute Voronoi diagram of the 
convex hull

Find the largest maximal inscribed 
sphere and its radius

Calculate NSI = 
vol LMIS / vol 

Aneurysm

Calculate aneurysm sac volume

Calculate volume of the convex hull

Calculate EI = 
vol convex hull 

LMIS / vol 
convex hull

Calculate UI = 
vol Aneurysm / 
vol Convex Hull

Stop

Calculate element normal vectors

Calculate minimum point wise distances from 
aneurysm sac to expanded parent vessel

Calculate minimum point-wise distance 
vectors from the aneurysm sac to parent vessel

Do distance vectors align with the 
normal vectors?

Element is not a 
member of the 
neck surface

Is the distance to the expanded parent 
vessel very small or zero?

Element is a 
member of the 
neck surface

No

No

Yes
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