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ABSTRACT

The rupture of an intracranial aneurysm has dramatic consequences for the patient. Hence early detection
of unruptured aneurysms is of paramount importance. Bone-subtraction computed tomography angiography
(BSCTA) has proven to be a powerful tool for detection of aneurysms in particular those located close to the
skull base. Most aneurysms though are chance findings in BSCTA scans performed for other reasons. Therefore
it is highly desirable to have techniques operating on standard BSCTA scans available which assist radiologists
and surgeons in evaluation of intracranial aneurysms. In this paper we present a semi-automatic method for
segmentation and assessment of intracranial aneurysms. The only user-interaction required is placement of a
marker into the vascular malformation. Termination ensues automatically as soon as the segmentation reaches
the vessels which feed the aneurysm. The algorithm is derived from an adaptive region-growing which employs
a growth gradient as criterion for termination. Based on this segmentation values of high clinical and prognostic
significance, such as volume, minimum and maximum diameter as well as surface of the aneurysm, are calculated
automatically. the segmentation itself as well as the calculated diameters are visualised. Further segmentation
of the adjoining vessels provides the means for visualisation of the topographical situation of vascular structures
associated to the aneurysm. A stereolithographic mesh (STL) can be derived from the surface of the segmented
volume. STL together with parameters like the resiliency of vascular wall tissue provide for an accurate wall
model of the aneurysm and its associated vascular structures. Consequently the haemodynamic situation in the
aneurysm itself and close to it can be assessed by flow modelling. Significant values of haemodynamics such as
pressure onto the vascular wall, wall shear stress or pathlines of the blood flow can be computed. Additionally
a dynamic flow model can be generated. Thus the presented method supports a better understanding of the
clinical situation and assists the evaluation of therapeutic options. Furthermore it contributes to future research
addressing intervention planning and prognostic assessment of intracranial aneurysms.
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1. INTRODUCTION

Depending on the diagnostic approach the incidence of intracranial aneurysms is estimated to range between 3 to
6% of the population’'? . Formation and growth of aneurysms as well as their tendency to rupture are affected by
various influences. There is also strong evidence that genetic factors are involved in the formation of aneurysms®
and a familial predisposition has been proved* . Furthermore gender and age play a part in the formation and
growth of aneurysms, females and older persons are more likely to develop aneurysms*® . Other risk factors
include hypertension, atherosclerosis, diabetes, and vascular anatomical differences along with smoking and poor
diet®® . These factors also increase the risk for rupture of an aneurysm® . A long-term study found that the age
of a patient correlates reversely to risk of rupture of an aneurysm and that the relative risk for rupture is 1.11
per mm in diameter of the unruptured aneurysm'® . About 70 to 85% all of subarachnoid haemorrhages (SAH)
are caused by ruptured aneurysms''''? and the incidence of SAH linked to rupture of an aneurysm is 6 out of
a population of 100,000% . The prognosis of an SAH due to a ruptured aneurysm is poor, fatality is about 50%
and of the surviving patients about one third remains permanently dependent' '3 .

Clinically these patients present with symptoms of a stroke. The primary tool for emergency evaluation of
stroke patients is computed tomography (CT), including non-enhanced CT scans, CT angiography (CTA) and
perfusion CT™ 16 | Yet unruptured aneurysms usually remain undetected unless imaging of the vascular situation
in the brain is undertaken for other reasons. Bone-subtraction computed tomography angiography (BSCTA)
has become the most important non-invasive method for the evaluation of intracranial vascular structures, in
particular of the vessels close to the skull base'” . However so far no procedures that assist the clinician in the
evaluation of intracranial aneurysms on BSCTA images exist. Hence it is desirable to provide specialised tools
operating on standard BSCTA images and supporting diagnosis and evaluation of aneurysms.

The goals of this work were to make emphasized visualisation and crucial dimensional values of intracranial
aneurysms available to the clincian in a semi-automatic procedure. Additionally modelling of the haemodynamic
situation in the aneurysm itself and the affiliated vascular structures was to be facilitated. All computations
were to be executed on images produced by standard BSCTA protocols. User interaction was limited to initial
marking of the aneurysm only.

In this paper the segmentation algorithm and its criterion for termination are described. Explanations regard-
ing further computations, e.g. that of maximum and minimum diameter, volume and surface of the aneurysm,
follow. Consequently the extension of the segmentation process into associated vascular structures is explained.
The purpose of this step is to present the clinician a view onto the aneurysm unobstructed by vessels not related
to the aneurysm and at the same time retaining the topographical context. Finally computation of haemody-
namics in the aneurysm is illustrated. This modelling is facilitated by a stereolithographic (STL) representation
of the wall of the aneurysm and associated vessels which is generated based on the entire segmentation.

2. RELATED WORK

As mentioned above most aneurysms are chance-findings in CTA scans performed for other reasons. Vascular
structures of the brain can also be segmented in magnetic resonance angiography (MRA)® or phase contrast
magnetic resonance angiography (PCMRA) images'®2° . Methods proposed for segmentation of intracranial
vessels in these images are for example the capillary active contour model,2! an approach based on statistical
mixture modeling and local phase coherence?? or the Z-buffer segmentation®? . These approaches aim to segment
the entire vasculature of the brain in the respective images thus enabling detection of aneurysms by the physician
but do not provide the means for automatic assessment of aneurysms.

3. BONE-SUBTRACTION CT ANGIOGRAPHY (BSCTA)

A characteristic of intracranial vascular structures is that most vessels of particular interest run in immediate
proximity to the osseous skull or are even enclosed into osseous channels. Yet in CTA images greyvalues of
bone and contrast-enhanced vessels range in the same interval. Consequently automatic seperation of these two
anatomical structures proves to be very difficult. BSCTA however provides an unobstructed presentation of these
vascular structures?> 25 . Two separate CT scans are required: a low-dose non-enhanced CT (NECT) scan and



an enhanced CT scan (CTA) of the same region. Bones are detected and masked in the NECT dataset, the so-
called bone-mask resulting from this process. In the next step the bone-mask is subtracted from the CTA dataset
and thus osseous structures are suppressed. All other tissue values remain unchanged. Motion correction is of
major importance as even miniscule patient movements lead to incomplete subtraction of bone in the BSCTA
dataset. For this reason a precise alignment of the two datasets is essential to avoid bone artefacts and to retain
the vascular structures in their entity. The head is considered to be a rigid body and thus translation and
rotation fullfill the requirements for alignment of both datasets. In a slab based approach each slab is aligned
separately to account for movements of the patient during one scan. This approach reduces motion artefacts
significantly. However isolated motion of bones like the mandible lead to artefacts in the resulting BSCTA dataset
as well. An additional partially rigid motion correction amends those areas in the dataset where dislocations
were detected?6:2” . Thus BSCTA allows for unobstructed display of vessels and vascular malformations in
close proximity to the bone in particular to the skull base. An accurate diagnosis is supported and therapeutic
decisions can be evaluated even prior to invasive diagnostic procedures.

4. SEGMENTATION AND EVALUATION OF ANEURYSMS

As mentioned above segmentation and evaluation of intracranial aneurysms is carried out on BSCTA images.
For this paper 25 intracranial aneurysms of various shapes, sizes and locations were employed as test data. Size
ranged from 7 mm to 32 mm in diameter, saccular, balloon-shaped and asymmetric aneurysms were represented.
The aneurysms were located at the Carotissiphon, the Arteria communicans anterior, Arteria cerebri media and
the tip of the Arteria basilaris.

4.1 Segmentation

Via a single mouse-click the user sets a start marker (seed) into either a two-dimensional multiplanar reformation
(MPR) or a three-dimensional volume rendering technique (VRT) visualisation of the BSCTA (see Fig. 1). This
is the only user interaction required for segmentation, visualisation and calculation of values.

Figure 1. MPR of BSCTA of skull base: Start marker x (= seed) in aneurysm of left Carotissiphon.

The greyvalue of the seed is determined and a lower threshold for segmentation is adapted accordingly.
Starting from the seed an adaptive region-growing in the 3D data set is implemented. In iterative steps voxels
are segmented as follows: the 6-3D-neighbourhood of a start voxel is explored. In the first iteration the start
voxel is the seed marked by the user, in all following iterations it is one of the voxels segmented in the previous



step. Neighbouring voxels with a greyvalue higher than the lower threshold are considered to be part of the
region. They are recorded in a list as start voxels for the subsequent step. Once the entire neighbourhood of all
current start voxels has been examined this iteration is completed. For the following iteration all voxels identified
as start voxels in the previous step are treated in the same way (see Fig. 2).
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Figure 2. Process of segmentation in an aneurysm: Numbers match respective iterational step of segmentation, 0 = marker
set by user.

In each step the number of newly found neighbouring voxels is recorded. This figure follows a typical
behaviour: it increases at the beginning of the segmentation, reaches a maximum just before the volume of the
aneurysm has been segmented entirely and then starts to decrease again (see Fig. 3). Once the segmentation
reaches the vessels associated to the aneurysm the number of voxels segmented in each step drops to a local
minimum (see step 12 in Fig. 2 and Fig. 3). This condition is employed as criterion for termination of
the segmentation. All voxels segmented in the process, including the voxels of the last segmentation step, are
considered to be associated to the aneurysm . They are kept in a data structure which can be made persistent
for documentation purposes.
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Figure 3. Process of segmentation in an aneurysm: Number of voxels segmented in each iteration.



The result of the segmentation can be blended into the MPR visualisation of a BSCTA image or can be
visualised three-dimensionally (see Fig. 4). Thus the clinician is provided with the means to examine the
aneurysm from various perspectives.

Figure 4. Result of segmentation of the marked aneurysm: Blended into MPR as grey area around start marker (left) and
three-dimensional view of segmented aneurysm (right).

Blending the BSCTA image into a VRT visualisation is also possible and supports assessment of the topo-
graphic situation in the vicinity of the aneurysm (see Fig. 5).

Figure 5. Result of segmentation of the marked aneurysm: Blended into VRT of vessels of the brain (—).



4.1.1 Computation of Diameter, Volume and Surface

As mentioned above, risk for rupture and diameter of an aneurysm correlate directly. Maximum and minimum
diameter as well as volume and surface of the aneurysm can be computed from the result of the segmentation
(see Fig. 6). The centre of gravity of the aneurysm is determined for calculation of the diameters. After that a
number of rays sufficent to guarantee accurate results is projected from this point evenly in all spacial directions.
The rays are extended until they touch the boundaries of the aneurysm. The length of two opposed rays is
added up to the respective diameter. In case the centre of gravity is not situated in the segmented region it is
shifted into the aneurysm before starting the calculation of the diameter. Shifting commences as follows: a ray
in direction of the shortest distance between centre of gravity of the aneurysm and its border is generated. Then
the centre of gravity is shifted along this ray until it is situated halfway between both piercing points of the ray
through the surface of the aneurysm. The volume is calculated by multiplying the number of segmented voxels
by volume per voxel. By generation of a winged-edge mesh on the outer layer of segmented voxels the surface
extension of the aneurysm is computed.

Figure 6. Maximum (1) and minimum (2) diameter of the aneurysm.

4.1.2 Associated Vessels

To define vessels associated to the segmented aneurysm the region growing is extended further. Termination
ensues after a number of iterations set as default or pre-selected by the user. Likewise the segmentation process
can be repeated to achieve the desired length of segmented vessel. Visualisation of the result allows for presen-
tation of the aneurysm in context with vascular structures in close proximity. Segmentation of associated vessels
is also essential for generation of wall models of the aneurysm and hence for haemodynamic modelling itself (see
Fig. 7).



Figure 7. VRT of vessels in the brain including segmented aneurysm (dark grey) and associated vessels (middle grey).

4.2 Flow Modelling and Haemodynamics

An STL representing the geometry of the vascular wall of the aneurysm and its associated vessels is generated by
means of a Marching Cubes Algorithm?® from the segmentation produced in the previous step. By refining this
mesh into a Delaunay triangulation and taking into account parameters of the vascular wall such as resiliency
a realistic model of the vascular wall is generated. This model presents the fundamentals for computations of
blood flow and haemodynamics inside the aneurysm. In particular values of major importance for research on
therapeutic approaches and prognostic aspects like pressure onto vascular walls (see Fig. 8), wall shear stress
(see Fig. 9) and pathlines of blood flow (see Fig. 10) are then computed based on this model. Furthermore a
dynamic simulation of the blood flow in the aneurysm is carried out.

5. RESULTS

The proposed method requires only a single user-interaction to produce accurate segmentation of the respective
aneurysm in all testcases. Termination of the process of segmentation ensues automatically just as the adjoining
vessel is reached. Values of clinical importance such as diameter and volume of the aneurysm are calculated
automatically based on the segmentation. Extension of the segmentation into associacted vascular structures
provides for visualisation of the topographical situation in close proximity to the aneurysm. Based on this data
a model of the vascular wall can be generated and applied to achieve realistic modelling of the haemodynamic
situation in the aneurysm and vessels.
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Figure 8. Haemodynamics: Total pressure of blood onto vascular wall of an aneurysm in Pascal (with courtesy of Ralf
Kroger, ANSYS Fluent Inc., Germany).
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Figure 9. Haemodynamics: Wall shear stress onto vascular wall of an aneurysm in Pascal (with courtesy of Ralf Kroger,
ANSYS Fluent Inc., Germany).
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Figure 10. Haemodynamics: Pathlines of blood flow in an aneurysm (with courtesy of Ralf Kroger, ANSYS Fluent Inc.,
Germany).

6. CONCLUSIONS

The method presented in this work provides a powerful tool for accurate semi-automatic segmentation of in-
tracranial aneurysms of various shapes, sizes and locations. Very important from a clinical point of view is that
no additional scans besides the BSCTA standard scans are required. By setting a marker into the aneurysm
and starting the application radiologist and surgeon receive precise information about important values of the
aneurysms. As user-interaction is limited to the marking of the aneurysm the results of any values calculated on
the basis of the segmentation become comparable and independent of the respective user. This is of paramount
importance not only for clinical monitoring and risk assessment but also for intervention planning. Wall models
of aneurysms and vessels are generated by means of STL meshes derived from the segmentation. Thus modelling
of the haemodynamics is realised which itself is a crucial enhancement for future work addressing intervention
planning and prognostic aspects not only of intracranial aneurysms.

7. FUTURE WORK

Employment of the presented method in conjunction with upcoming CAD techniques for automatic detection of
aneurysms?® enhances CAD substantially. Thus aneurysms could not only be detected automatically but at the
same time clinically important values could be calculated automatically. First studies linking haemodynamics
and risk for rupture of aneurysms have been presented®® . This work contributes to future research in this field by
providing techniques to segment aneurysms in widely available BSCTA standard scans and to create STL meshes
suitable for flow modelling from these segmentations. The technique could be applied to implement retrospective
studies supporting the evaluation of theoretical findings in haemodynamics of aneurysms by clinical evidence.
Further methods aiming on intervention planning in the field of neurosurgery could be developed by applying
the techniques developed for this paper. An example would be the support of the surgeon in the pre-operative
adjustement of the coil or clip to be used for the invasive treatment of an aneurysm.
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