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Abstract. Recent advancements in 3D imaging technology halged the ear-
ly detection of brain aneurysms before aneurysnturep Developing manage-
ment strategies for aneurysms has been an acteandh area. Because some
unruptured aneurysms are followed up with medicelges over years, there is
immediate need for methods to quantitatively coraareurysm morphology to
study the growth. We present a novel registrati@thod which utilized the vo-
lumetric elastic model specifically for this medi@gplication. Validations to
test the accuracy of the algorithm using phantordetsowere performed to de-
termine the robustness of the method. Exampléeomedical application us-
ing aneurysm images are shown and compared withdlrécal presentation.

1 Introduction

Recent advancements in 3D imaging technology haeel the early detection of
brain aneurysms before aneurysm rupture. Becauteediigh risks of mortality and
morbidity related to aneurysm rupture, developinglgsis strategies to evaluate the
risk of rupture has been an active research afeaNthny brain aneurysms are cur-
rently followed using medical images over yearsnmnitor the growth without treat-
ment. Recent studies have suggested that shapgeshamnthese aneurysms may be an
indication of increasing rupture risk and may n&gedtment to prevent rupture [2-3].
There is an immediate need for methods to analgeergsm growth, both for quan-
titative comparison of aneurysm geometry and tatifie the location of growth to
help treatment planning.

Image registration and morphometry generally redemorphing one image until it
resembles another image and analyzing the defaym#iat occurs during the morph-
ing. This process can be used as a new approastudy the disease progression,
especially for the type of disease which is relatedeometrical changes of an organ
or tissue, for example brain aneurysms. Related iimr brain aneurysm registration
was presented by Byrne et al., who registered la dpigality 3D aneurysm image with
a lower quality 2D image to assist surgical plagri#]. Craene et al. also presented a
method to analyze the surgical outcome by compadrrages of an aneurysm treat-
ment coil at different time points using non-rigiegistration [5]. Although medical
applications for image registration have been wdelleloped, suitable algorithms to
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study aneurysm growth are not available because3iheegistration of the entire
aneurysm involves the registration of complex bregasels around the aneurysm [6].

We present a new algorithm which can be applielotty aneurysms and complex
vessel structure in the registration process. @praach incorporates the elastic ener-
gy model in the registration and uses the surrountllood vessels as the reference to
orient the aneurysm and achieve alignment of tleeiaism (the round shape) and the
blood vessel (the tubular shape).

2 Methods

2.1 Image Segmentation and M esh Generation.

Standard clinical 3D angiographic images of bramewaysms were used in this
study. Images were acquired by digital subtractémgiography (0.34x0.34x0.34
mnt) and computed topographic angiography (0.35x0.35x0n?). The region-
based binary segmentation method was applied t@Ehanages with equal weights
for the contrast region (blood vessel and aneuryamd) the background region [7].
The contrast region is assumed to be equal to lttendest of the area is equal to 0
for the segmentation. (Fig. 1 (a) (b)) Based onsigmented 3D image, the tetrahe-
dral mesh was generated for the entire blood v§8kéFig. 1 (c)).

2.2 Volumetric Registration.

The registration process involves deforming a tetdaal mesh by moving the nodes
from an initial stateX to a deformed state[9]. We fist definev = x — Xso the regis-
tration is achieved by finding\athat minimizes an energy functioral

G(v) = A(v) + E(V). D

G is the sum of two terms. The first is a datalftgeerm using level setsd, that
deforms the mesh based on the geometry and thet tangge. The second term is a
volumetric elastic energl. By introducing an artificial time and morphingetimesh
at each time step, we can reduce the energy fun@ior his formulation creates an
interaction between the two termis(¥) andE(v)) during the morphing which does not
occur in the registration method based on a fiuextor field [10].

Since a successful registration yields the morphedh which completely covers
the target vessel, we defifd (Equation (2)) to measure how well the mesh is
morphed.

H (#(x— |
|\/|:J.(¢(]_(|V(X)»|:|[OJ_] (2)



3D Comparison of Brain Aneurysm Growth

(c) (d)
- ~

Mesh

Segmentation Generation Morphing

1

Fig. 1. The process of the proposed method includingéggnentation, generation of triangu-
lar mesh, and registration using morphing (redvesrdenote the aneurysm)

In Equation (2),H is the one dimensional Heaviside function, anepresents the
target image.@y(X) is the distance to the boundary of the initiatakeedral mesh

generated from the initial image. If the two seténtages are perfectly matched,is
1. Therefore, our proposed matching energy functiecan be expressed as

AW) = [6(1 = DA~ H (@o(x = v(x))) + M [ (1= 3(1 =D)H ((x~ (X))
+@-M)[ =301 - 1)@~ H(#y(x~UN)))

where¢ is the Dirac Delta function. A related model waspmsed by Le Guyaler et
al. [11] which introduced the nonlinear elastic sther for a non-smooth 2D surface.
In contrast, the energd in our model includes the exact values of the litéde and
Delta functions and is preferable for the problemsrsooth 2D boundary of a 3D
object, the characteristics of blood vessel geometr

Since minimizingA may result in large distortions, adding a reguaktion termg
becomes important to provide a reasonable elassigonse when large deformations
occur. We implemented Mooney-Rivlin elasticity acalculatedE directly on each
tetrahedral element using the initial staXe and final states, by Equation (4) where
F=dx/dX [12].

©)

Ov=I1-F* )

The elasticity is defined in terms of rotationatiyariant measures of the deforma-
tion using the Right Cauchy-Green deformation tergseF 'F

I€=t(C), I° :%(tr(C)z ~tr(C?)) IS =det(C) ®)

The total elastic energy is achieved by takingraagral over all tetrahedral ele-
ments.

W =kJE +k,JS5 +9(I5), E(v) = [W(v) ©
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where g(x) is a quadratic function. The advantagfeistroducing the elastic energy
include (1) helping to prevent undesirable largldeation due to drastic local shape
changes and improve the morphing process. For deamyhen one part of the
morphed mesh is in the correct location, it can pearby parts of the mesh into their
correct locations based on elasticity. (2) as nairéhe morphed mesh matches the
target region, the elastic energy can further impréthe matching of the morphed
mesh without changing.

Although an easy way to reduce the total en&@t each time step is by imple-
menting the standard gradient descent using fiener product (Equation (7)), the
standard gradient descent does not allow largestees; therefore, longer computa-
tional time is needed for complicated vessel reafisn.

dv _ (7
o 0.G(v)

To speed up the computation for the clinical agian, we applied the Sobolev gra-

dient descent to reduce the total energy [13] (Equd8)) .
dv -

m = —DHlG(V) =-(1-KA) 1|:|L2G(V)

whereK is a positive constant and it only requires s@\arlinear system at each time

step and allows for a much larger time step siae tising the standard gradient des-

cent.

®)

3. Validations using Phantom Models

Synthetic data of phantom vessels were generatéeistahe robustness of the algo-
rithm for the situation of vessel rotation and dii§bn. Because it is common to have
slightly different head positions in clinical foloup images, we created an initial
vessel (Fig 2 (a, left)) and target vessels wiffedknt rotation angles (Fig 2 (a, right))
to test how well the algorithm works in rotated gea.

The follow-up images may be taken a few years @ffteiinitial images. Sometimes
the vessel anatomy changes due to the diseaseaasdscdistortion of the angle be-
tween two connecting vessels. Therefore, it is irtgpd to know how well our ap-
proach can be applied to distorted vessel dataeStodifferent degrees of distortion,
we also created an initial vessel (Fig 3 (a), lafil vessels with different distortion
angles to define the target vessels (Fig 3 (ahtxig

Using the proposed registration algorithm, we vadyke to obtain the morphed ves-
sels. Fig 2 (a, middle) and Fig 3 (a, middle) shiba/2D slices of the morphed vessels
for the tests of rotation and distortion, respeativ
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Fig. 2. Numerical experiments using synthetic vessel dath given rotation on the target
image (a) shows the 2D slice of the initial, momgbh&nd target synthetic images. (b) shows the
results of how the Dice coefficient changes fofedént rotation angels (c) is the representative
results of the registration for the vessel rotaedl0 degrees. The colors are the triangle area of
the morphed mesh element divided by area of thialimiesh element.

To compute how well the morphed vessel and targssel match, the Dice coeffi-
cient was used quantify the similarity [14]. Thec®icoefficient is defined as

21NB|
1] +18]

D(I,B)= a[oa] 9

wherel is the target vessel arilis the morphed vessel. The Dice coefficients for
different degrees of rotation and distortion of theget vessels are shown in Fig 2 (b)
and Fig 3 (b).

The matching results show that our method is adedoa the vessel geometry. It
should be noted that although the target vessalhwiutates 20 degrees from the orig-
inal position is the limitation of the proposed hm (Dice coefficient = 0.55, Fig 2
(a) red square, (b) red arrow), such rotation iohd what can occur in brain aneu-
rysm image data, because aneurysm images are eadtquiten the patient is lying
down (face up) and the normal head rotation at plaition is less than 10 degrees.
Therefore, we found that for the application tolgra aneurysm growth, the proposed
method can provide reliable results with high Dioefficient.

We also examined the changes in triangle aredseirsynthetic phantom vessels.
Changes of triangle area can be the indicationnelueysm growth. Because in the
phantom tests, there are only changes in angleshene are no changes in shape, we
expected no area changes in the phantom vesselsCGok used to represent the ratio
of the triangle area of the morphed mesh to tlamdgle area of the initial mesh. Rep-
resentative models are shown in Fig 2 (c) and F{g)3The uniform color on the
vessels confirm that the algorithm correctly coreguthat there are no shape changes
in the morphed vessels.
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Fig. 3. Numerical experiments using synthetic vessel datia given distortion on vessel an-
gles on the target. (a) shows the 2D slice of tigal, morphed, and target images. (b) shows
the results of how the Dice coefficient changesdiffierent distortion angels (c) is the repre-
sentative results for vessel with 20 degree distorfcorresponds to the green indication in (a)
and (b)). The colors are the area of the morpheshmaéement divided by area in the initial
mesh element

4. Registration of Clinical Aneurysm Images and Examinations of
the Growth

High resolution 3D images of brain aneurysm geoynatquired during patients’
clinical examinations were analyzed using the psegoregistration method. Each
aneurysm has two sets of 3D images—an initial imege a follow-up image (target
image). The morphed mesh is used to generate aliziation that shows changes in
an aneurysm over time based on these two setsagfeisn The ratio of the triangle
area of the morphed mesh to the triangle areaeofritial mesh is denoted in color
ranging from 0.5 (blue) to 2 (red). The highergatorresponds to increases in size.
Fig. 4 shows the result of registration for threewysms. The aneurysms are cir-
cled in black and denoted by red arrows. The l&iged vessels are circled in gray.
In case A, there is no overall difference in cdloreither the large blood vessel or
aneurysm suggesting there is no growth at the geeurThis result is validated by the
clinical report. In cases B and C, we observedratbanges in aneurysm size, denoted
by the noticeably more red color of the aneuryshmés finding is in agreement with
the clinical recordWe also observed a wide range of deformation atsangth small-
er blood vessels in all cases. This is due to trer generated during the segmentation
process because those small vessels have diametethbn one or two voxels. These
distortions, however, appear to have no effect egistration and morphing in the
large blood vessel and aneurysm.
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High resolution 3D images for brain vessels haveobe broadly used in clinical
practice in recent years. There will be an incrggsimount of aneurysm growth data
to be collected and analyzed. We demonstratete#sibility of the proposed method
using three sets of clinical patient data. In theurfe, more patient data should be
tested to further validate and improve the propadgdrithm.

4 Conclusion

We proposed a novel registration method to studguarsm growth. This method
matches 3D aneurysm images which were acquirediatdifferent times from the
same patient. We presented the validation studyhantom vessels and showed the
medical application of this method. In all threegagnted patient cases, we were able
to obtain and visualize the correct geometricaingea in the aneurysms which con-
curred with the clinical report. It is a feasiblestimod for aneurysm growth analysis
and provides valuable information and visualizatfon clinical aneurysm manage-
ment.
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Fig. 4. The colors give the triangle area in the morphrexth divided by area in the initial
mesh. The aneurysm is circled in black (indicdigded arrows) and the large blood vessel in
grey. The aneurysm in case A shows no growth. Arseas in cases B and C show growth. The
results concur with the clinical reports.
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