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VESSEL SEGMENTATION AND SURFACE RECONSTRUCTION FROM
MRA IMAGES

SUMMARY

3D surface reconstruction of vascular structures plays a very important role in the
medical field as vascular problems can be lethal and are in fact among the leading
causes of death. The reconstructed patient specific vessel structure can be visualized
and used for diagnostic and surgical planing purposes. Furthermore, analysing the
vascular structure and detecting risk areas using CFD simulations can help in making
therapeutic decisions and might, in the future, make it possible to prevent some
diseases before they show any symptoms. Two very important applications of patient
specific CFD simulations are the evaluation of the risk of atherosclerosis and
cerebral aneurysm rupture. Atherosclerotic plagues are known to occur more
frequently in regions where the flow is not laminar and wall sheer stress is low.
Hemodynamic factors are also thought to play a role in the risk of aneurysm rupture.
As measuring blood flow in vivo is not reliable or convenient, the only way to assess
the risk is by numerical simulation on patient specific 3D vessel structure.

The vessel surface reconstruction problem consists of two main steps. First, all the
voxels in the volume data are labeled as vessel or non-vessel. This step is called
vessel segmentation. Then, using the segmentation, the vessel surface is
reconstructed as a polygonal mesh. If the mesh is to be used for numerical
simulations instead of only visualization, then the mesh should be high quality which
means that it should contain polygons of similar sizes and angles. Regrettably,
manual segmentation of 3D data is a lengthy and cumbersome process and
reconstruction of a high quality surface from the segmented data is not trivial.
Therefore, both the problem of automatic or semi-automatic vessel segmentation
from medical images and the problem of reconstructing a high quality surface from
segmented volume data have been extensively studied in literature and there are
many different types of approaches. Compared to the amount of research that study
vessel segmentation and surface reconstruction seperately, the number of studies that
aim to combine these methods for the purpose of patient specific numerical
simulations is relatively low and they generally consider only a specific anatomical
region.

In this work, we focus on vessel segmentation and reconstruction from MRA data
and we aim to design a unified model that works on all anatomical regions, can
detect both large and small vessels and uses minimal user interaction.

For the segmentation step, a level-set evolution scheme based on local geometric
information is used. More specifically, the vessel surface is represented as the zero
level-set of a 3D hypersurface and the hypersurface is evolved under guidance of an
evolution function derived from multi-scale Hessian analysis and mean curvature.
The evolution is modeled as an initial value problem resulting from a PDE. The
surface can be initialized automatically using the Hessian analysis to detect bright

Xvii



tubular structures. The results are analysed visually on real MRA data and
quantitatively on a synthetically created dataset deformed with various noise
intensities. It is seen from the results that the proposed method is promising.

The second step of our work is to construct a polygonal representation of the vessel
surface using the result of the first part which is an implicit representation of the
vessel surface as a discrete sampling of a 3D volume. The standart classical method
for polygonizing implicit surfaces is Marching Cubes which constructs a surface with
triangles. Although Marching Cubes is fast and guaranteed to be accurate, it
generates a very rough surface and can contain low quality triangles(highly acute-
angled triangles). Thus, it is not suitable if we want to run numerical simulations
using the resulting surface. Therefore, we use an advancing front method which is
known to generate smoother surfaces with better triangle quality. Advancing front
methods have the downside of being slow but this is not such a big issue when the
surface reconstruction is done offline. Finally, Taubin smoothing is used to further
smooth the surface. Compared to simpler smoothing methods like Laplacian and
Gaussian smoothing which produce shrinkage, Taubin smoothing does not change
the topology of the vessel structure if used correctly. The results obtained from using
an advancing front method and Taubin smoothing are compared to the classical
Marching Cubes results visually to show that much higher triangle quality is
achieved while maintaining acceptable accuracy.
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MRA GORUNTULERINDEN DAMAR AYRISTIRILMASI VE DAMAR
YUZEYININ OLUSTURULMASI

OZET

Kalp-damar hastaliklarinin  6zellikle batili iilkelerde 6liim sebeplerinin basinda
gelmesi, damar yapisinin 3 boyutlu olarak olusturulmasini ¢gok énemli kilmaktadir.
Hastaya Ozel olusturulan damar ylizeyi, gorsellestirilerek teshis veya cerrahi
planlama amagli kullanilabilir. Bunun yaninda, olusturulan ylizey temel alinarak
yapilacak olan hesaplamali sivi dinamigi(HSD) simiilasyonlar ile hastalik olusma
riski yiiksek olan bolgeler tespit edilebilir ve bdylece gelecekte bazi hastaliklarin
herhangi bir belirti gostermeden dnce engellenmesi miimkiin olabilir. Hastaya 6zel
HSD simiilasyonlarmin ¢ok o©nemli iki uygulamasi ateroskleroz ve serebral
anevrizma yirtilmasi riskinin belirlenmesidir. Aterosklerotik plaklarin, kan akisinin
diizgiin olmadig1 ve damar duvar iizerindeki kayma gerilmesinin diisiik oldugu
bolgelerde olugma riskinin daha fazla oldugu bilinmektedir. Anevrizma yirtilmasi
riski i¢in de benzer hemodinamik etkiler rol oynamaktadir. Kan akisinin hastanin
icinde Ol¢iilmesi giivenilir veya rahat bir islem olmadigindan, akisin hastaya 6zel
damar yapisi tizerinde HSD simiilasyonu yapilarak 6l¢iilmesi gerekmektedir.

Damar yapisinin 3 boyutlu olarak olusturulmasi problemi iki ana adimdan olusur. 11k
once, hacim verisindeki biitiin vokseller damara ait veya degil olarak etiketlenir. Bu
adima damar ayristirilmasi adi verilir. Daha sonra, bu ayristirilmis veri kullanilarak
damar yapisi poligonal mes seklinde 3 boyutlu olarak olusturulur. Eger mes sadece
gorsellestirme amagh degil, ayrica simiilasyonlar ig¢in de kullanilacaksa mesin
yiiksek kalitede olmasi1 gerekir. Yani, mesi olusturan ¢okgenlerin ag1 ve biiytikliikleri
nliimerik simiilasyona uygun olmalidir. Ne yazik ki, 3 boyutlu verilerden damar
ayristirllmasinin manuel olarak yapilmasi uzun ve zahmetli bir islemdir. Ayrica,
ayristirtlmis veriden yiiksek kaliteli mes olusturmak da kolay degildir. Bu nedenle,
hem otomatik ve yari-otomatik damar ayristirilmasi, hem de ayristirilmis veriden
poligonal mes seklinde yiizey olusturulmasi sorunlari bilimsel yazinda c¢okca
incelenmistir ve bir¢ok farkli yaklasim bulunmaktadir. Bu iki adim i¢in ayr1 ayr
yapilan ¢aligmalarin sayisina kiyasla, iki adimi birlestirmek ile ilgili fazla ¢alisma
bulunmamaktadir ve mevcut ¢caligmalar genelde tek bir anatomik bolgeye odaklidir.

Biz bu ¢alismada MRA verisinden damar ayristirilmast ve damar ylizeyinin
olusturulmasina odaklanarak, biitiin anatomik bdélgelerde ¢alisan, kalin, dar, saglikli
ve hastalikli her tiirlii damar1 ayrigtirabilen ve miimkiin oldugunca az kullanici
miidahalesine gerek duyan birlesik bir model tasarlamay1 hedefliyoruz.

MRA verisini se¢gmemizin nedeni MRA’nin, CTA ve DSA gibi anjiyografi
tekniklerine kiyasla hasta i¢in daha az risk tasimasi ve goriintiideki en parlak
yapilarin damar oldugu varsayiminin genelde gegerli olmasidir. Bu varsayim, damar
ayristirilmasi adimini kolaylagtiracaktir.
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Damar ayristirilmast adiminda yerel geometri bilgisini kullanarak evrimlesen bir
level-set yaklasimi kullanilmistir. Daha acik olarak sOylersek, damar yiizeyi, 3
boyutlu bir hiperyiizeyin sifir level-seti olarak ifade edilmis ve yerel multi-scale
Hessian ve ortalama egrilik bilgisinden tiiretilen bir evrim fonksiyonun rehberligi ile
evrimlestirilmistir. Hessian bilgisi ve damarlarin goriintiideki en parlak yap1 oldugu
varsayimit kullanilarak, parlak ve boruya benzeyen bir yapi igerisinde bulunan
noktalar tespit edilebilir. Ortalama egrilik de egriligi fazla olan damarlarda
ayristirmanin devam etmesi igin itici bir rol oynar ¢iinkii bu gibi kivrimli damarlarda
boruya benzerlik diisiik oldugundan Hessian bilgisi yetersiz kalabilmektedir. Evrim
fonksiyonu, Hessian bilgisinden tiiretilen bir 6l¢ii ile ortalama egriligi, kullanici
tarafindan belirleyen katsayilar yardimiyla dengeler.

Evrim stireci, bir kismi tiirevli diferansiyel denklem i¢in baslangi¢c deger probleminin
¢Ozlimii olarak modellenmistir. Baslangi¢ yiizeyi, damar igerisinde oldugu bilinen
noktalarin etrafinda kiireler olusturulmak suretiyle secilebilir. Noktalarin otomatik
secimi i¢in de evrim fonksiyonunda kullandigimiz Hessian 6l¢iisti kullanilabilir. Bu
Olclinlin en yiikksek oldugu noktalarin bir damar igerisinde olma olasiligi ¢ok
yiiksektir. Tabii ki, baz1 goriintlilerdeki sorunlar, bu otomatik sec¢ilimi
etkileyebilmektedir ve boyle durumlarda kullanici miidahalesi gerekmektedir.
Baslangic yiizeyi belirlendikten sonra yiizey, evrim fonksiyonu rehberligi altinda,
yakinsama saglanincaya kadar evrimlesir.

Damar ayristirilma adiminin sonuglari, gercek MRA verileri lizerinde gorsel olarak
ve sentetik olarak olusturulmus ve giiriiltii eklenmis veriler lizerinde sayisal olarak
degerlendirilmistir. Sonuglara bakildiginda Hessian bilgisinin, ortalama egrilige
baskinlig1 artirildiginda ayristirilan bolgenin damar olma olasiliginin daha yiiksek
oldugu ancak Ozellikle yiiksek egrilikli damarlarin ayristirilmadigr goriilmistiir.
Tersine olarak, ortalama egriligin baskinligir artirildiginda daha fazla damar
ayristirtlmakta ancak asir1 ayristirma durumunun ortaya ¢ikma sansi da artmaktadir.
Ortalama egrilik, noktanin damar iginde olup olmadig1 ile ilgili bir bilgi
tasimadigindan bu beklenen bir durumdur. Diger bir énemli gézlem de kullanici
tarafindan belirlenen katsayilarin se¢iminin ayristirllmaya etkisinin, gercek
gorlintiillerde sentetik goriintiilere kiyasla ¢ok daha yiiksek oldugudur. Bunun iki
nedeni vardir: Birincisi, sentetik goriintiilerdeki tek bozulma Gaussian giiriiltii iken
gercek goriintiilerde birgok farkli sorun olabilmesidir. Ikinci neden, sentetik
gorlntiilerde egriligi yiiksek olan damar olmamasidir. Daha 6nce de bahsettigimiz
gibi, damarmn egriligi yiiksek oldugunda Hessian 6l¢iisii yiiksek degerler vermemekte
ve ayristirmanin devam etmesi i¢in egrilikten destek gelmesi gerekmektedir.
Boylece, onerdigimiz metodun en 6nemli sorunu, kullanici tarafindan belirlenen
katsayilarin dogru secilimidir. Uzerinde calistigimiz veriler icin iyi sonuglar veren
katsayilar onermis olsak da bu katsayilarin genellestirilebilir oldugunu sdyleyemeyiz.
Tibbi goriintiilerde bir¢ok farkli artifact olmasi1 ve damarlarin ¢ok farkli geometrik
sekillerde bulunabilmesi, her goriintii i¢in kullanici miidahalesi olmadan iyi sonug
verecek bir metod bulmay1 ¢ok zor hale getirmektedir.

Calismamizin ikinci kismi, birinci kismin sonucunu, yani damar yilizeyini kapali
olarak ifade eden 3 boyutlu bir hacmin ayrik 6rneklemesini, kullanarak yiizeyi
cokgenler yardimiyla ifade etmektir. Kapali ifade edilmis yiizeyleri ¢okgenlestirmek
icin kullanilan standart yontem iicgenler kullanarak bu islemi yapan Marching
Cubes’dur. Bu yontem c¢ok hizli ve isabetli olmakla beraber diisiik kaliteli
ticgenlerden (¢ok dar acili veya ¢ok kiicliik) olusan oldukca cikintili yiizeyler
olusturmaktadir. Bu nedenle, sonucta elde ettigimiz yiizeyi nlimerik simiilasyonlarda
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kullanmak istiyorsak, Marching Cubes uygun bir yontem degildir. Dolayisiyla,
yiiksek kaliteli tiggenlerden olusan daha piiriizsiiz yiizeyler olusturdugu bilinen bir
advancing front metodunu tercih ettik. Advancing front metodlarinin temel
dezavantaji yavas olmalaridir ancak niimerik simiilasyonlar i¢in kullanilacak
yilizeylerin olusturulma asamasinin gercek zamanli olmasi gerekmediginden bu
soruna tahammiil edilebilir. Yontemde, ylizeyin piirlizsiizliigii ile verilen veriye
bagliligin1 dengeleyen, kullanici tarafindan tanimlanan katsayilar bulunmaktadir. Bu
katsayilar, olusturulan yiizeyin nasil bir uygulamada kullanilacagina ve girdi olarak
aliman verinin ne kadar giiriiltiilii oldugu gozoniinde bulundurularak secilmelidir.
Ayrica, ylizey girdi verisine ne kadar bagl olursa yontemin ¢alisma siiresinin de o
kadar uzayacagi hesaba katilmalidir.

Son olarak, ylizeyin daha da piirlizsiizlestirilmesi i¢in Taubin piiriizsiizlestirmesi
kullanilmistir. Bu yontem, Laplacian veya Gaussian gibi klasik piiriizsiizlestirme
yontemlerinin aksine, dogru kullanildiginda, yiizeyde daralma olusturmamaktadir.

Sonuglar, Marching Cubes yoOntemiyle elde edilen sonuglarla gorsel olarak
karsilastirilmis ve Onerilen yontemin Marching Cubes’a kiyasla ¢ok daha yiiksek
kalitede yiizeyler olusturdugu ve kiyaslanabilir isabette oldugu goriilmiistiir.

Caligmamizin biitiinii g6zoniine alindiginda {lizerinde durulmasi gereken en 6nemli
nokta, her adimda istenilen bazi Ozelliklerin elde edilmesi i¢in istenen baska
ozelliklerden vazgegilmesi gerektigidir. Damar ayristirilmasi kisminda isabetlilik ile
kullanict miidahalesine gereksinim, hesaplama pahasi (computation cost) ve genellik,
damar ylizeyi olusturulmasi kisminda ise isabetlilik ile piirlizsiizlik ve hesaplama
pahas1 dengelenmelidir. Bu dengeleme islemini yaparken, elde edilecek olan ylizeyin
kullanilacagi 6zel tibbi uygulamanin gereksinimleri dikkate alinmalidir. Birkag¢ 6rnek
vermek gerekirse, tehsis igin yeterli olan bir isabet orani, beyin ameliyati planlamasi
icin yeterli olmayabilir. Damar ylizeyinin piirlizsiiz olmasi niimerik simiilasyonlar
icin gerekli olmakla beraber tehsis veya ameliyat planlamasi i¢in istenmeyen bir
durum olabilir. Sonug yiizeyindeki ¢okgen sayis1 ameliyat planlamasi veya tehsis i¢in
bir sorun olusturmayacak ancak niimerik simiilasyonun hizin1 ciddi sekilde
etkileyecektir. ideal olarak gelecekte ulasiimak istenilen nokta, verilen herhangi bir
tibbi stire¢ i¢in herhangi bir tibbi gOriintiiyii hi¢bir kullanici miidahalesi veya
diizeltmesine gerek olmaksizin anlamli sekilde isleyecek bir programa sahip
olunmasidir. Ancak su an bu noktadan uzak olundugundan, bir algoritmanin her
durumda ise yaramasini beklememek gerekir. Dolayisiyla, tibbi uygulamalar
tizerinde calisan bilgisayar bilimcilerin, hekimlerle yakin bir isbirligi igerisinde
caligmalar1 ve bodylece gelistirdikleri yontemin kullanilacagi tibbi uygulamanin
gereksinimlerinden haberdar olmalar1 biiyiik 6nem arz etmektedir.
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1. INTRODUCTION

With advances in medical imaging technology, medical imaging data available have
rapidly increased and this trend continues. Although this is good news, it brings
along the problem of how to analyse and use this data correctly and efficiently. An
important subset of this area is vessel segmentation and surface reconstruction.
Vessel segmentation is the extraction of vessel structures from medical images by
labeling pixels/voxels as vessel or non-vessel. Then, surface of the vasculature can

be reconstructed as a polygonal mesh from this data.

Importance of vessel segmentation and surface reconstruction is clear from the fact
that vascular diseases are among the leading causes of death [1]. Reconstructed
patient specific vessel structure can be visualized and used for diagnostic and
surgical planing purposes. Furthermore, analysing the vascular structure and
detecting risk areas using CFD simulations can help in making therapeutic decisions
and might, in the future, make it possible to prevent some diseases before they show
any symptoms. Two very important applications of patient specific CFD simulations
are the evaluation of the risk of atherosclerosis and cerebral aneurysm rupture.
Atherosclerotic plagues are known to occur more frequently in regions where the
flow is not laminar and wall sheer stress is low [2]. Hemodynamic factors are also
thought to play a role in the risk of aneurysm rupture [3]. As measuring blood flow in
vivo is not reliable or convenient, the ideal way to assess the risk is by numerical
simulation on patient specific 3D vessel structure. More examples can be found in a

good review of patient specific CFD simulation applications by Lohner et. al. [4].

Unfortunately, segmenting 3D images manually is a lengthy and cumbersome task.
Moreover, surface reconstruction from segmented data is not trivial and poorly
constructed surfaces are not suitable for numerical simulations and can give wrong
results even if the segmentation is accurate. Furthermore, most of the studies in
literature focus seperately on vessel segmentation and surface reconstruction. As
there exist a huge amount of research in these areas, there are lots of different input

and output types. Therefore, how to combine these two steps is not immediately



clear. Compared to the amount of research done seperately on vessel segmentation
and surface reconstruction, studies that aim to combine vessel segmentation and
surface reconstruction for patient specific applications are relatively few and target

specific anatomical regions.

Not surprisingly, there is a tremendous amount of research on the problem of vessel
segmentation. Two great reviews of the area are given in [5,6]. As seen in these
reviews, there are many different approaches and target application areas. For this
study, we will focus on local geometry based level-set evolution methods as it is
impossible to investigate all types of approaches due to timing constraints.
Admittedly, this choice is mostly subjective as the huge number of methods and
application areas coupled with the lack of a public database with available ground
truth segmentations and standard quantitative evaluation parameters make
comparison of methods very difficult even if the methods are targeted for similar
applications. Therefore, it is unfortunately not possible to quantitatively select a best
approach for a certain application and our judgement has to be based on visual
results and what seems to be interesting and promising. As local geometry based
level-set evolution methods are flexible and can be applied to any type of vessel or
shape, we decided to focus on this type of method for this study.

The idea of level set evolution methods is to represent the surface implicitly as the
zero level-set of a hypersurface and evolve the hypersurface. The hypersurface is
initialized using seed points that are known to be inside vessels. This initialization
can be manual, semi-automatic or automatic depending on the image. Numerical
theory of surface evolution using level sets was first introduced by Osher and Sethian
in [7] and is described in more detail in [8]. Level-set evolution methods proved to
be superior to classical snake methods as they are able to represent topological
changes in the surface without a need for reparametrization and can evolve surfaces

of arbitrary shape.

Caselles et al. [9] and Malladi et al. [10] independently applied the level set
framework to segment shapes from images. They used image gradients and mean
curvature of the surface in the level set evolution equation. The expansion speed of
the surface is inversely proportional to the gradient magnitude. This makes sense as
the gradient magnitude is expected to be low inside the object of interest and high on

the boundary. Mean curvature is used as a volume minimizing force to promote



stability and smoothness. This method can give sufficient results for segmenting
large vessels in low noise images but it will not work on small vessels as the gradient
magnitude will be large inside the vessel too. A now well-known method called
CURVES was later developed by Lorigo et al. [11] for vessel segmentation. The
main idea of CURVES was to evolve the underlying centerline curve of the vessel
instead of the surface. In practice however, they evolved a tube around the curve and
thus the method was similar to the method of Caselles et al. [9] and Malladi et al.
[10] but it used the smaller of the principal curvatures instead of mean curvature for
regularization. This means that it avoided regularizing against the curvature that
corresponds to the radii of the vessel and instead regularized against the curvature of
the underlying curve. This allowed segmentation of more vessels but vessels whose
underlying curve has high curvature can still be left out of the segmentation. Yan and
Kassim [12] proposed adding a capillary force term to the evolution function
proposed in [9] to facilitate segmentation along thin vessels and reported that their
algorithm outperforms CURVES. Law and Chung [13] derived a level set evolution
equation by modelling the problem as an elastic solid deforming under pressure from
a liquid. Liquid is the vasculature and background is the elastic solid. The terms in
the obtained equation involve multi-scale Hessians and mean curvature. The method
is reported to achieve better results than the CURVES algorithm. In a different
approach, Frangi et al. developed a vessel enhancement filter based on the Hessian of
the image intensity [14]. The Hessian is calculated at different scales for multi-scale
detection of vessels with different radii. The vesselness measure function defined in
this filter was later incorporated into the level set segmentation framework by Yu et
al. [15]. They combined the gradient and mean curvature terms with a new term
derived from Frangi’s vesselness measure and the terms are weighted by user-

defined parameters. The algorithm was only tested on 2D images.

The surface reconstruction problem is to polygonize a surface that is defined by other
means, e.g. point cloud, parametric function, implicit function. We will of course
constrain ourselves according to the output of the vessel segmentation method, that
is, a regular uniform 3D grid sampling of an implicit function. The area of implicit
surface polygonization has been extensively studied in the past three decades and an
overview of different types of methods is given in [16]. The methods can be

classified as volume based and surface tracking based. Although most methods



assume a continuous implicit function, they have to sample the function anyway and
when the input is already a discrete sampling, depending on the method, it can either
be used directly as the sampling or interpolation is used to find the value at required

points.

The classic and most popular volume based method is without a doubt the Marching
Cubes algorithm [17,18]. It works by sampling the implicit function at corners of
cubes in a regular uniform grid. Then the values at each corner of a cube is checked
to determine if and how the surface intersects the cube. If the surface intersects the
cube, a polygon is created by combining points on the edges of the cube where the
surface intersects. This method is simple, fast and known to accurately represent the
surface up to the chosen grid resolution. It is also so widely used that it can safely be
used as a validation tool when a new algorithm is tried. Another advantage is that as
it samples the volume cubicly, it lends itself well to discrete input on 3D volumes.
On the other hand, the fact that the sampling is a fixed grid means the number of
triangles near a certain point on the surface is also fixed. This is not desirable
because the ideal number of triangles is different in different parts of the surface. For
example, areas with high curvature require more triangles and using a too large
triangle size would mean some details are not represented in the final surface. If the
triangle size is reduced, this will unnecessarily increase computation time because
other parts of the surface may not require such a small triangle size. Another problem
of the Marching Cubes algorithm is that the surface is very rough with staircase
artifacts and most triangles have low quality(which means they are too acute-angled).
Thus, this method is not suitable for running numerical simulations. Other volume
based methods are mostly based on the Marching Cubes. Some of the famous
variations are Bloomenthal's Marching Tethedra [19] which uses tetrahedra instead

of cubes for sampling and Carr et. al.'s method [20] which uses octahedra.

Due to the popularity of Marching Cubes [17,18] , many remeshing methods have
been proposed to improve the surface quality of its output and when a volume based
method is used, it is usually necessary to apply a remeshing method or a combination
of remeshing methods to get a surface with acceptable quality. A review of
remeshing methods can be found in [21]. After remeshing, an extra smoothing step(

e.g. [22-26] ) may also be applied.



Another volume-based approach is grid adaptation which warpes the grid for better
performance. This approach was first introduced by Moore and Warren [27]. They
warped the grid to reduce the number of triangles created by the Marching Cubes
algortihm. Azernikov and Fischer [28] improved this idea by warping the grid
according to the local differential properties of the implicit function, thus making the
warping adaptive to surface shape.

Surface tracking based methods aim to directly generate a high-quality surface from
the implicit function thereby eliminating the need to use any post-processing
methods. The polygonization is initialized with some seed points and progressively
grown by adding new close-to-equilateral traingles until the whole surface is
polygonized. The resulting surface therefore, usually has very high quality triangles.
Early surface tracking based methods [29,30] are not adaptive and have the same
fixed triangle size problem like volume based methods but adaptive versions were
later developed( e.g. [31,32,33] ). These methods determined triangle sizes based on
curvature and other local properties but this brings a problem too. If the curvature on
the surface changes too rapidly, the size of triangles will also change rapidly and this
can cause low quality triangles. Also, some details in the high-curvature area may be
missed because of the large triangle size determined in a close but low-curvature
area. Schreiner et. al. construct a guidence field taking into account all the curvatures
at points sampled from the surface to deal with this problem [34]. This method

constructs very high quality surfaces but is slow.

Compared to the amount of research done seperately on vessel segmentation and
surface reconstruction, there are only a few previous studies that use vessel
segmentation and surface reconstruction together in a pipeline from the original
angiography image to a surface mesh. These studies mostly focus on a specific
anatomic region. Cebral, Hernandez and Frangi propose a full pipeline from CTA
and 3D rotational angiography data to simulating blood flow for cerebral aneurysms
[35]. For vessel segmentation, they use a fast-marching method [36] to get a rough
initial segmentation and then refine it using a combination of [9] and [14]. For
generating a surface mesh, they use the marching tetrahedra method developed by
Cebral and Lohner [37]. Antiga, Ene-lordache and Remuzzi generate a volume mesh
for arteries from CTA and MRA [38]. They use a similar level set based vessel

segmentation method proposed in [39] and surface reconstruction is achieved by



Marching Cubes and several mesh improvement methods. Zhang et. al. constructs
hexahedral volume meshes from CT and MRI data [40]. They first use a
preprocessing step of contrast enhancement, filtering and classification. They then
use a fast-marching method [41] for segmentation and the method proposed by Ju et.

al. for surface reconstruction [42].

In this study, we propose some improvements on Yu et. al.’s method[15] and use it
for the vessel segmentation step. The term derived from Frangi’s vesselness measure
is adapted for 3D images, the gradient term is removed as it does not help in small
vessels and can cause problems in noisy images and finally, the mean curvature is
used as an expansion force rather than a regularization force. Using the curvature in
this manner greatly helps the segmentation of high curvature vessels but can cause
irregular surfaces and oversegmentation if the weighting parameters are selected
incorrectly. The result of the proposed vessel segmentation method is fed to
Schreiner et. al.’s advancing front method [34] which is known to generate high-
quality surfaces. Although this method is slow, surface quality is essential for our
purpose of using the resulting surface in CFD simulations. Finally, Taubin smoothing
[26] is used to smooth the surface. We expect our method to prove useful in the
pipeline from MRA data to CFD simulations and aid in diagnostic and therapeutic

decision making process related to vascular diseases.



2. ANGIOGRAPHIC IMAGING MODALITIES

Before describing our vessel segmentation and surface reconstruction method, we
would first like to give brief information on widely used angiography techniques and

discuss their advantages and disadvantages.

2.1 Digital Subtraction Angiography(DSA)

Planar X-ray is an imaging technique based on the fact that different tissues have
different X-ray absorption rates. X-rays are passed through the patient and a detector
detects these X-rays. The areas behind tissues with high X-ray absorption appear
brighter in the final image. DSA technique works based on the same principle. First,
a normal planar X-ray image is taken. Then, a contrast agent with high X-ray
absorption is injected into the bloodstream using a catheter. A second image is taken
after this injection and subtracted from the first image. Blood vessels are thus seen as
black in this final subtracted image [43]. A DSA of the brain is shown in Figure 2.1.

DSA images have the advantage of very high accuracy, detail and clarity. Also, using
the catheter allows for targeting specific vessels. The main disadvantage of DSA is
its invasiveness. The catheter has to be navigated inside the patient which is
uncomfortable and risky. The required time and cost are also high. X-ray radiation
poses some risk but this risk is very small compared to more X-ray intensive
modalities like CTA.

Classical DSA is 2D but rotational 3D DSA has also become available with the C-
arm, which is a device that rotates around the patient to acquire 2D images from
different angles and combines them to get a 3D image. The radiation dose is of
course increased for 3D DSA but it includes more information than 2D DSA [44].

DSA is considered the gold standart most reliable angiography method but its
invasiveness make it undesirable and non-invasive methods like CTA and MRA are

preferred when very high accuracy and detail are not a necessity.



Figure 2.1 : A DSA image of blood vessels in brain. Figure taken from [43].
2.2 Computed Tomography Angiography(CTA)

CTA uses the same physical principles used in DSA. The difference is that CTA
produces a full 3D volume by combining many images taken from different angles
and positions. Modern CTA devices have multiple X-ray sources and detectors and
can acquire many slices at once making CTA a very fast technique. Another
difference from DSA is that the contrast material is injected into a small vein in hand
or arm with an intravenous(IV) line thus making it a much less invasive technique
than DSA. Finally, no subtraction is performed in CTA and blood vessels appear
bright because contrast material has high X-ray absorption [43]. As bone also
appears bright in CTA, this can make vessel segmentation very difficult. Recently,
bone removal by using dual energy CTA was introduced but it is not widely used yet
[45]. CTA data is usually visualized by volume rendering [46] or maximum intensity
projection(MIP) which is a method that involves projecting parallel rays through the
volume and choosing the highest encountered intensity along the path to get a 2D



projection. An MIP and volume rendering of supraaortic vessels are shown in Figure
2.2.

Figure 2.2 : a) MIP with bones removed. b) Volume rendering with bones not
removed. Figure taken from [45].

The main advantages of CTA are its quasi non-invasiveness, speed, comparatively
low cost and wide availability. Its disadvantages are low accuracy compared to DSA

and high radiation dose.

2.3 Magnetic Resonance Angiography(MRA)

The physical principles of MRA are entirely different from DSA and CTA. Unlike
the other two modalities that depend on X-rays, MRA uses electromagnetism and
radio waves. MR equipment creates an extremely strong external magnetic field and
protons in the patient's body start precessing around this magnetic field. The
precession is then disturbed by radio waves and it takes a while for the protons to
return to equilibrium. This return to equilibrium is called relaxation. Different tissues
have different relaxation times and MR technology uses this fact to differentiate
tissue in the final image which is full 3D. Because of the nature of MR physics, very
different images can be obtained by changing acquisition schemes. For example,
blood can appear dark in one MR image while appearing white on another. The MR

technician is responsiple for acquiring an image that will be useful for the case being



investigated. Details of physical principles and how the acquisition works can be
found in [47]. An MIP of an MRA image showing a cerebral aneurysm is shown in

Figure 2.3.

MRA is non-invasive and pretty safe. As the technology is not based on X-rays, there
IS no radiation. Also, angiographic images can be obtained even without using
contrast material. This lowers quality of course but may be necessary for patients that
are allergic to contrast materials. On the other hand, accuracy and details are low
compared to DSA, it cannot be used on patients that have metallic objects in their
bodies, it is more costly and less available than CTA, it is slower than CTA which
means there are more motion artifacts and it has difficulty in correctly depicting very

small vessels [43].

Figure 2.3 : An MIP of an MRA image showing a cerebral aneurysm.
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In this study, we chose to work on MRA data because we believe that it will be more
dominant in the future as the technology advances. The main reasoning behind our
belief is that the physical principles of MRA are the safest. Also, vessels are the
brightest structures in MRA images and this makes segmentation easier compared to
CTA where bones are also bright. Note that recently introduced dual energy CTA
images with bone removal look like MRA images . Therefore, although we have only
tested our algorithm with MRA, it can be expected to work with dual energy CTA

too.
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3. VESSEL SEGMENTATION

3.1 Objective

The objective of the vessel segmentation step is to take a 3D MRA image as input
and give the vessel surface represented as the zero level set of a 3D volume as
output. Voxels with negative values will be inside of vessels and voxels with positive

values will be outside of vessels.

3.2 Surface Evolution With the Level Set Method

3.2.1 Representing the surface as level set of a volume

Let U < R%be the domain of a volume and let ¢ be a scalar function from U toR .

Then, a surface can be represented as
S ={x|g4(x) =k} (3.1)

Here, k can be chosen arbitrarily and choosing different k gives different surfaces.
When k = 0, the surface S is called the zero level-set of ¢. Sometimes ¢ is called the
embedding and S is called an isosurface. It is important to mention that the surface
will be closed as long as it does not intersect with the boundary of the domain U
[48]. There is no consensus in literature whether negative values of ¢ are considered
inside or outside the surface. In this text, we will define negative values to be inside
the surface to be consistent with the convention used in the Insight Toolkit(ITK) [49]
which is the software framework we have used for implementation. So namely, when
#(x) <0, the point x is inside the surface, when ¢(x) =0, x is on the surface and
when ¢(x) >0, x is outside the surface. For implementation, the volume will be a
grid sampling of ¢. An illustration of how this representation defines a family of
surfaces and how it would seem in the discrete case is given Fig 3.1. The volume is

chosen as 2D for easier visualization.
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Figure 3.1 : lllustration of implicit representation given by the function
#(X)=x*+y* -9 and eq. (3.1). Left: Surfaces for different k in the

continuous case. Right: Zero level set(k =0) in the discrete case.
Two variables we will need for the evolution are the surface normal and mean
curvature so let us discuss how they are defined in this representation. The outward
surface normal is simply

_ Vé(x)
n(x)= Va(x)| (3.2)

where V denotes the gradient operator and the mean curvature is the divergence of

the surface normal:

_ o Vé(X)
o v'|v¢(x)|' (33)

In the discrete case, these variables have to be numerically approximated. The mean

curvature can be expressed in terms of partial derivatives of ¢ as

{(¢w+¢u)¢f+<¢m+ u>¢5+(¢m+¢w)¢;}
a —20.0,0,, — 209,90, — 20,0,9,,
(#2442 +42)"

o (3.4)

and the partial derivatives can be approximated with central differences [8]. The
surface normal however cannot be approximated with a simple difference scheme

because the direction of the surface normal abruptly jumps at corners of ¢ and if the
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chosen evolution function is sensitive to the direction of the normal, this can
significantly affect the evolution. The surface normal should thus be approximated
by calculating the one-sided difference approximations in all possible directions and

averaging them [50]. More openly, let ¢, denote ¢(x, ) and let us define:

Dx_¢| =¢| L?l’ D:¢| =¢|+1_¢| .

AX (35)

Then, the approximation to the surface normal is written as:

(D4 Dy 4y Di )

J(D:6,) +(Dy6 ) +(Didhy)
(D} - Dy i D )

\/( D¢ ) +(Didy) +(Didy )
(D; ¢y Dy Ay Di )

\/( D;dy ) +(Dydy) +(Didy)

N (D54 Dy i Di )

_ 1 J(Dx*%k)z+(Dy¢.jk)2+(Dz¢i.,~k)2

s (Dy i Dy by Dy ) ' (3.6)

\/( D) +(Didy) +(Didy )
(D: 8 Dy s D; ¢y )

\/( D, ¢, )2 + ( D, 4 )2 +(D; ¢y )2
(D24 Dy D: )

\/( D4 ) +(D;dy) +(Didy)
(D544 Dy iy D iy )

\/( D, fic )2 +(D; )2 +(D; 4y )2

+

If any of the denominators are zero, that term is ignored and the rest are weighted

accordingly.
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3.2.2 Evolving the embedding volume

As the surface will evolve, let us denote the embedding hypersurface ¢(x,t). The
surface is defined as the zero level set of ¢(x,t) at all times so for any point on the

surface that moves with the surface as it evolves, we have
#(x(t),1) =0. (3.7)
Differentiating with respect to time yields
¢ +Ve(x(t),t)- x'(t) =0. (3.8)

Now let us assume that the surface is moving along the direction of its outward

surface normals at every point with speed F. Then;
X'(t)'n= F. (39)

Remembering eq. (3.2) and comparing egs. (3.8) and (3.9), it is seen that we have

arrived at the following PDE:

¢4 +F[Vg=0. (3.10)
Given ¢(x,t=0),the equation can be solved as an initial value problem. This is the
formulation given in [8].

The remaining problem is to implement all this in a computer. We first need a stable
numerical scheme and then take into account the computational cost because with the
level set formulation, a 2D problem has been increased to a 3D problem.

Let the approximation to ¢ (x, ,t=n) be denoted by Aqi,?k. Then we will have the

ijk 1

following update scheme:

n+l n n
Gy = Py + AtAGy . (3.11)

If F has the form

F=9(x)|Ve|+x|Vg|, (3.12)
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F:K|V¢| can be approximated with central differences but approximating

g(x)|V¢| with simple finite differences is unstable as it tends to overshoot and the

up-wind scheme proposed in [7] is used [8,16,50,51]. The up-wind scheme is as

follows:

[max (g(x),0)D;¢+min(g(x),0)Dy¢ ]
9(x)|Vg|= +[max(g(x),0)Dy*¢75+min(g(x),0)Dy‘(/ﬁ]2 (3.13)
+[max(g(x),0) D, ¢+min(g(x),0) DZ‘¢]2

and the time step is chosen so that the largest change in one time step cannot be
larger than 1. This means that the fastest moving front on the surface cannot move

more than 1 grid point. Formally;

1
At< |
Supi,j,keU {|vg(|! J,k,t)|} (314)

The only remaining problem now is computational cost. It obviously does not make
sense to update the whole volume when we are interested in only one surface, i.e. the

zero level set of ¢. Two algorithms have been proposed in literature to compute the

updates efficiently when we are interested in only one surface: the narrow band
method [52] and the sparse field method [51].

The narrow band method constrains the updates to a band of width m around the
surface and the embedding is calculated as the signed distance transform. The
downside of the method is that as the surface evolves, it will come near the boundary
of the narrow band and the band has to be reinitialized. Thus, the choice of m is a
trade-off between the number of updates each iteration and the number of
reinitializations. If m is large, a low number of reinitializations will be sufficient but

updates for ¢ will have to be calculated for more points.

Our method of choice, the sparse field method, is the extreme case of the narrow

band method where the update of ¢ is only calculated on points that are adjacent to

the surface, i.e. the points that have a value between -0.5 and 0.5. The author calls
this set the active set. Of course, to calculate the update which requires finite
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difference approximations, the nearest neighbors of all the points in the active set are
necessary. Thus, 2 additional inside and 2 additional outside layers are used. The
values in the additional layers are computed from the values of the active set. A
linked list data structure is used to keep track of and update the layers as the surface

evolves.

3.3 Choosing the Function That Will Guide the Evolution

Until this point, nothing that is specific to vessel segmentation has been developed.
What will make the method perform vessel segmentation is the choice of the function
F. F must be chosen such that the surface evolves and converges to the vessel
boundaries in the image. Remembering that ¢ takes negative values inside the
surface and from eq. (3.10), it is evident that the surface expands at points where F is
positive. Therefore, F should ideally be positive inside vessels, negative outside and
zero on the boundary. For defining our F, we will make use of the Frangi vesselness
measure proposed in [14]. The measure is based on the idea of making use of the fact
that vessels are mostly tubular and brighter(or darker in some modalities) than
surrounding tissue in angiographic images. To measure tubularity, analysis of the
Hessian is used. As it is well known, computing derivatives on an image always
requires smoothing because otherwise, noise would be amplified by the operation.
Computing the Hessian thus has an intiuitive justification as the second order
derivative at scale o is given by convolving the image with a Gaussian second

derivative kernel computed at scale o. This will measure the intensity difference
between the region (X—o,X+0) and the outside along the direction of the

derivative. The continuous Gaussian second derivative function for two different
scales is illustrated in Figure 3.2. As can be noticed, the Gaussian second derivative
function has significantly smaller values in the larger scale. Thus, a scale

normalization is used when computing the Hessian. All second derivatives are

multiplied by the variance of the current scale, namely o”.

Let 4,4,, A4 be the eigenvalues of the Hessian and U,,U,,U, be the corresponding
eigenvectors. Also let |/11|S|/12|S|23|. Then, if x is inside a vessel and & matches

the radius of the vessel, U, will be the direction along the vessel, U, and U; will
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span the cross-sectional plane of the vessel and the corresponding eigenvalues will
measure the convolution of the second derivative Gaussian with the image along the

directions of the eigenvectors [14]. Therefore, in modalities where the vessels are
brighter than surrounding tissue, 4, should have small magnitude while 4, and A,

should both be negative and have large magnitude. Using this analysis, the
vesselness measure in 3D for modalities where the vessels are brighter than

surrounding tissue is defined as follows [14]:
0, if4,>0and 4, >0
VX, = _LE\Z 7R7§2 _LZZ
(x.0) [1—e 2a Je 2f [1—e 2 } , otherwise

where

_ 1%l

|4 ;
R, =  S=[H =[S 77
" lal 1, el JZ;

Here, «, f3,care user-defined variables that control the weight of each term and D is

(3.15)

the dimension of the image. Taking « =0.5,4=0.5 and c equal to the half of the

maximum Hessian norm in the image is reported to work well in most cases [14]. Of
course, as we have mentioned, the vesselness measure only makes sense if the o
matches or is close to the radius of the vessel. Therefore, to detect vessels with
different radii, the vesselness measure v should be computed for multiple scales and

the maximum value should be selected as the effective value.
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Figure 3.2 : The continuous Gaussian second derivative function for scales
o=1land o=3.
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Using the Frangi vesselness measure in a level set vessel segmentation framework
was already proposed in [15] but some of the terms included were redundant and the

method had several shortcomings [53]. The evolution function used in [15] was:

F=yp(l)+QA-»)g(VI)(c, +cx)-Vg(Vl)n (3.16)
where
1, ifv(x)>a
p(1(x)) =4 Vv(x), ifv(x) <aand v(x)>b (3.17)

—(1—-v(x)), otherwise.

| is image intensity, x iS mean curvature, n is the outward surface normal and g is a

function of VI that is usually chosen as

1

=—-
g(vl) 1+|V||k (318)

with k=1ork=2 [15]. Parameters y,c,c,,a,b are all user-defined and good

results are reported for » =0.5,c, =1.0,c, =-0.1,a=0.4,b=0.20n 2D images [15].

Let us analyze the terms in eq. (3.16). First, p(1(x)) expands or shrinks the surface
based on Frangi’s vesselness measure. A value of 1 gives the strongest expansion
effect and a value of -1 gives the strongest shrinkage effect. g(VI) is close to 1 when
the gradient magnitude is small(e.g. inside large vessels) and values close to 0 when
the gradient magnitude is large(e.g. on vessel boundary). Thus, its purpose is to
expand the surface inside vessels. The term —Vg(VI).n usually gives positive values
inside vessels and negative outside so its purpose is to help snap the surface
boundary to the vessel boundary. Finally, mean curvature is used as a volume

minimizing force for smoothing and regularization.

A first observation is that the g(VI) term is good for segmenting large vessels but it

does not help the segmentation of tiny vessels because the gradient magnitude will be
large inside tiny vessels. Furthermore, a smoothing scale has to be chosen for
computing gradients which is not desirable in a multi-scale method and it also means

more user-defined parameters to optimize. Another problem with the g(VI) term is
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that if the surface leaks beyond the vessel into the background, it will help the
leakage to spread everywhere because gradient magnitude will be small in the
background.

A second observation is that as the Frangi vesselness measure ignores any vesselness
values except the highest, this loss of information could cause oversegmentation
because two tiny vessels that are close and roughly aligned to each other appear as
one bigger vessel at larger scales and is segmented as such. The negative values
between the vessels that occur at smaller scales are ignored. For the same reason, if
the brightness of vessels vary significantly in the image, brighter vessels appear
larger than they actually are as they make a larger area around themselves bright at

larger scales.

In [53], we have removed the terms that include g(V1), as we consider them to be
redundant, to make the method simpler and faster and proposed a modification to the
Frangi vesselness measure to deal with the identified shortcomings. The main
drawback was that the selection of user defined variables was difficult and some
images required manual initialization. We now propose the following very similar

scheme that includes slight modifications to overcome those drawbacks.

F=(rp(l)+@1-y)|dx]), (3.19)

which makes the evolution function

¢ =~(rp(1)+(L~7)|dx)| V4. (3.20)
Here,
1, ifv(x)>a
%, if v(x)<aandv(x)>b
p(1(x)) = v(x) (3.21)
T—l, if v(x) <band v(x)>0
-1, otherwise,
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xis the mean curvature and a,b,d, y,k are user-defined variables. As can be seen

V(X,0) =

from (3.21), we are trying to scale p(l) to be between -1 and 1. This choice is
arbitrary and does not matter as the fastest moving front is constrained to move at
most 1 voxel because of stability issues. The vesselness response is simply scaled so
that anything above a gives 1, values between a and b are scaled to range [1,0], [b,0]
is scaled to [0,-1] and anything with negative vesselness is given -1. An important

property is the modification to the vesselness function. A term is added that gives
negative values if A, is positive and of course the effective scale will now be
selected according to the maximum absolute value. Doing this prevents the problems
we have identified because A, will be highly positive just outside the vessel border

and give highly negative vesselness values preventing oversegmentation. This
negative term is constrained to be active only in scales smaller than k because this
fixes the identified problems and it could prevent segmentation of thin vessels that
are near large vessels if it were also active in larger scales. We choose k to be twice
the minimum standart deviation of the selected scale range. The improvement
offered by this modification is illustrated in Figure 3.3. It is seen that using the
original Frangi vesselness measure can result in oversegmentation as it can ignore

information on small scales.

It can be noticed that F is different from the one proposed in [53] as the absolute
value of the mean curvature is now taken. This seems like a strange choice at first
because the mean curvature is usually used as a smoothing, volume minimizing force
in literature [7,8,9,10,13,14,15]. We have however shown in [53] that using the
curvature oppositely can facilitate segmentation of tiny vessels and give better
results. This idea works because at the tip of the surface that is evolving along the

vessel, both principal curvatures are expected to be positive with large magnitude.
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Using the curvature in this manner is made possible by our modification to the
Frangi vesselness measure. In our scheme, the vesselness measure robustly gives
negative values just outside of vessels and this prevents the expanding curvature
force from making the surface expand everywhere. Our way of using the curvature as
an expanding force by reversing the sign of d was however not ideal. With a reversed
sign, the mean curvature can still act as a shrinking force at points where the vessel
curves toward the surface normal. This serves no purpose and can be
disadvantageous. Therefore, it is better to take the absolute value and make sure that
the curvature tries to expand the surface at every point. It is important to stress that
although using the curvature in this manner facilitates segmentation of thin and high
curvature vessels, it also increases the risk of oversegmentation and irregularization
of the surface, and may cause the solution to be unstable. Thus, the user-defined
variable d that weigh the curvature should be selected carefully. Taking d =0.2

gives good results in all our datasets which is consistent with the results from [53].

Another difference from [53] is that ¢ is now chosen as one fifth of the highest
intensity in the image instead of the half of the maximum Hessian norm at the current
scale. The reasoning behind this change is to prevent oversegmentation caused by
selecting the maximum scale too high. Even if the maximum scale is slightly higher
than the radius of the thickest vessel in the image, the maximum Hessian norm will
be lower compared to other scales. This will make the maximum scale have
unusually high vesselness values and can cause oversegmentation. Of course, this
new selection method will result in optimal a and b values to be very different for

different images. Thus, we now propose the following selection formula:

(Gmax /O-min) (320)

where ¢ is a user-defined parameter, v, is the average of positive vesselness values

in the image and o, and o,,, are the minimum and maximum standart deviations

that define the selected scale range. We have found in our experiments that this
selection formula makes the choice of user-defined variables much easier.

Obviously, increasing the value of & will segment less vessels but decrease the

chance of oversegmentation. £ =20 gave satisfactory results for most of our images.
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We do not claim that this is the optimal way to select these parameters. As images
from different anatomical regions have different characteristics, finding an absolute
optimal way is probably not possible.

The variable y controls the weighting of vesselness and curvature terms. As the
vesselness term should be dominant, y should be selected larger than 0.5 and

obviously smaller than 1. Choosing this variable between 0.6 and 0.8 seems to be

logical and y =0.7 consistently gave good results in all our datasets.

Finally, initialization can be performed automatically by choosing the top 0.05% of
the voxels with a positive vesselness according to their vesselness measure computed

at scale o, = (0, + O ) /2 as seeds and the initial surface is spheres of radius 1
around these seed points. The reason for using o,,, instead of the normal vesselness

measure computed at multiple scales is that this is more robust. The multi-scale

measure has more false positives especially at low scales caused by noise.
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Figure 3.3 : The improvement resulting from our proposed modification to Frangi’s
vesselness measure illustrated on a coronal 2D slice of a 3D brain MRA
image. Top image: The segmentation result when original Frangi
vesselness measure is used. Middle Image: The segmentation result
when our modified vesselness measure is used. Bottom Image: The
original slice.
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4. SURFACE RECONSTRUCTION

4.1 Objectives

The aim of this chapter is to represent the vessel surface with polygons using the
output of the vessel segmentation algorithm which is a 3D regular grid sampling of
an implicit function. The resulting mesh should contain high quality triangles to be

suitable for numerical simulation.

4.2 Implicit Surface Polygonization

As our aim is to run numerical simulations on the surface, triangle quality is essential
and the speed of the surface reconstruction is not so important. Therefore, Schreiner
et. al.’s advancing front method [34] seems like a good candidate for this task.
Availability of source code is also advantageous as we do not need to worry about

implementation. For the sake of completeness, let us summarize this method.

As all advancing front methods, the fundamental idea of the algorithm is to start from
seed points and grow the mesh from those seeds until the whole surface is covered.
Triangle size adaptation to surface shape is based on curvature. Similar schemes
already exist ( e.g. [35,36] ) but as curvature is computed locally, on areas where the
curvature changes abruptly, badly shaped triangles can be created or surface details
can be missed. To overcome this problem, a guidance field that takes into account all
curvatures is constructed before starting the polygonization. The difference between
using only local curvature and using a guidance field is illustrated in Figure 4.1.
Notice that the triangles gradually get smaller before they reach the high curvature
area. This idea was already proposed by Scheidegger et. al for polygonizing point set
surfaces [58] and used by Schreiner et. al. for remeshing [59]. In [34], Schreiner et.
al. improve this guidance field framework by giving a way to calculate the necessary
number of sample points at which to calculate the guidance field such that all the

details of the surface are captured.
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Figure 4.1 : Left: Surface constructed using only local curvature. Right: Surface
constructed using a guidance field. Figure taken from [34].

Let us first describe the guidance field construction. Let s be a point on the surface.

Then, the ideal edge length at that point is defined as:

2sin(p/2)
Kmax (s)

I(S) = ) (41)
where &, is the maximum curvature and 0< p<2z. In other words, the ideal
edge length always subtends the angle p of the osculating circle. This is illustrated

in Figure 4.2. The user can control the accuracy of the method by specifying p.

Figure 4.2 : lllustration of why the edge length ideally subtends the same angle of
the osculating circle. Figure taken from [58].

As previously mentioned, the guidance field should be constructed such that triangle

sizes start getting gradually smaller before reaching a high curvature area so that
triangle size does not change too rapidly. To this end, a function §.(X) from the

embedding ¢ to R is defined for all s as follows:

G:00) =(1-77")[x=s|+n7"1(s). (4.2)
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Notice that the function gives smaller values as x gets closer to s. The variable 7 is
user-defined and controls how fast triangle size increases as x gets away from s. The

guidance field function is obtained by taking the minimum §,(X) for all s. Formally,
X) =min §_. (x).
9(x)=min g, (x) (4.3)

For the function to make sense, n should be chosen n>1. When 7 is close to 1,

triangle sizes will change very slowly, resulting in extremely high quality triangles
but the number of triangles will also be very high everywhere resulting in slower
computation times both for the construction of the surface and for any algorithms

that will be run on the resulting surface. Notice that »=1 removes adaptability to

curvature and makes all edge lengths equal to the smallest ideal edge length. This is

of course not practical and 7 should be chosen such that there is a good balance
between adaptability and triangle quality. It is important to mention that the ideal
edge length 1(s) is scaled in the guidance field by 7" which is a value between 0

and 1. Although this introduces no theoretical problem, it may be confusing for the

user when selecting p and 7. Ideally, the accuracy should depend solely on p while
triangle quality and adaptivity to curvature depend solely on 7 for the selection to be

more intuitive. This however is not the case in this formulation. Here we propose a
quick rough fix for this problem that can be used without changing the

implementation. As p will typically be small, we can roughly assume that

sin(p/2)z1.
(p!2) (4.4)

Then we can define p, =7p and use p, instead of p in eq. (4.1) in which case the
accuracy will roughly only depend on p while triangle quality and adaptivity to

curvature depends on 7.

The algorithm starts by first calculating the number of points on which to sample the

surface for creating the guidance field. A sufficient sampling ensures that
G, (s) <I(s) for all s. After the number of points required for sufficient sampling is

determined, the points are created as a set of jittered random points in cells that
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neighbor the surface and projected on the surface with gradient descent. Some of
these points are actually irrelevant and do not contribute anything to the guidance
field so these are removed to reduce memory consumption and increase running
speed. See [34] for details on how the necessary number of points is computed and

how irrelevant points are determined.

After the guidance field is constructed, we are ready to start the triangulation process.
First, seed points are found near the surface and projected on the surface with
gradient descent. One seed point is enough for each connected component. The seed

points can be calculated efficiently as described in [60].

The surface is then progressively grown from seed points until all the surface has
been constructed. The method used is the same as in [59]. New triangles are formed
by connecting an existing edge to a vertex. A new vertex is created by using a
combination of the value of the guidance field at the vertices of the edge and
ordering and normals of edge vertices to create a new point and projecting that point
on the surface. If the vertex is a new point on the surface, the triangle formed is
called a free triangle. If this free triangle winds up too close to an existing front, a
vertex that is already part of the triangulation is used instead and the created triangle
is called a connection triangle. If the edge and the new vertex are part of the same
front, the front is split in two. If the new vertex is part of another existing front, the
fronts are merged. Free triangles are placed before connection triangles and within
each class of triangle, triangles which have larger ratios of incircle radius to
circumcircle radius are placed first. Triangle quality is further improved by keeping a
band of triangles behind the advancing front and allowing edge flip operations on
this band. An edge flip operation is performed if the two new triangles have larger
minimum angles than the two original triangles adjacent to the edge and if the
normals of the new triangles are not in opposition to the original triangles. A triangle
iIs moved out of the band and finalized when all three vertices of the triangle are no

longer on a front.

The framework described so far is a general advancing front scheme and is not
specific to how the implicit function is defined. Now, let us describe how to handle a
3D regular grid sampling of an implicit function. Schreiner et. al. define two ways
for regular grids [34]: Catmull-Rom splines [61] and B-splines [62]. The splines are

used to generate piecewise cubic trivariate polynomials. Then, curvature and
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gradients can be easily computed analytically. Schreiner et. al. use Catmull-Rom
splines to interpolate and B-splines to approximate the input data [34]. Thus,
Catmull-Rom splines represent the data much more accurately but this may not be
desirable when the input is not perfect and contains noise. Noise causes high
curvature in many areas and significantly more triangles are created when Catmull-
Rom is used. Moreover, the smoothing nature of B-splines may be desirable
depending on application. The downside of B-splines is that some details of the
surface may be missed because of the approximation. For our vessel segmentation

input, this means some very tiny vessels may be lost.

4.3 Mesh Smoothing

Although the advancing front method constructs a high quality surface, a further
smoothing step may be desirable. Here, we describe Taubin smoothing [26] which is
a simple but effective method that modifies the Gaussian smoothing idea [63] to not
produce shrinkage.

Gaussian smoothing method works by changing the position of a vertex by
convolving it and the vertices that share an edge with it with a discrete Gaussian
kernel. As this operation is very local, many iterations are necessary to achieve a
significant amount of smoothing. This however, also causes significant shrinkage

which is unacceptable for a vessel segmentation method.

To explain the modification of Taubin [26], let us first describe the Gaussian

smoothing method more formally. First let us denote our set of vertices V ={v,}.

Then, let M, be the set of vertices that share an edge with V;. An average difference

between vertices is first calculated as follows:

Ay, = Z W (Vi —Vi ) (4.5)

jeM;

The weigths w; can be taken from a discrete Gaussian kernel or any other weighting
scheme can also be chosen as long as all w; are positive and their sum is 1. The

vertex positions are then updated using
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Vi =V, + A4y, (4.6)

with 0< A <1 at each iteration. To prevent the shrinkage caused by this algorithm,
Taubin [26] propose defining a second update using a scale factor that has opposite

signto A:
Vi =V + Ay, 4.7

where 0> u>-A. These two updates are rotated at each iteration preventing

shrinkage. The magnitude of x should be slightly larger than 1 because Av; will get

smaller at each iteration and eq (4.6) is the first update used.
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5. VESSEL SEGMENTATION AND RECONSTRUCTION ALGORITHM

AND RESULTS

5.1 Implementation Details

The original MRA data is in DICOM series or Metalmage(MHA) format. If the data
is in DICOM series format, the series are read and converted to greyscale volume

data as MHA files. Higher greyscale values ideally correspond to vessels. As a pre-

processing step, a sigmoid filter[49] is used on the MHA file to emphasize the

expected intensity range of vessels. A curvature flow smoothing filter[49] is also

used in noisy images. The resulting MHA file is used by the vessel segmentation step

to produce another scalar volume data which is the implicit representation of the

surface.

MRA data as DICOM

MRA data as MHA

Sigmoid Filter to
emphasize intensity

implicitly representing
vessel surface

Vessel Segmentation

Series volume range of vessels
(optional)
NRRD Volume Curvature Flow

Smoothing Filter for
noisy images|optional)

Surface
Reconstruction

| Polygonal mesh as text

file

| Polygonal mesh as PLY

file

Final Polygonal mesh
as PLY file

Taubin Smoothing
with MeshLab

Figure 5.1 : Summary of the algorithm.
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The sparse field algorithm is used for evolution as described by Whitaker [51] and as
implemented in ITK [49]. For scale selection, the range of vessel radii that the user
is interested in, is manually chosen by the user. The number of scales is chosen based

on the scale range as:

N = ceil(logl_5 (Omax —Umm)) (5.1)

and the scales in between are chosen logarithmically as suggested by Sato et. al. [54]:

o = exp(ln(amin)ﬂ In(os I\)I_ln(ami")j, i=0,1,...,N-1. 5.2)

For calculating the Hessians, the image is first Gaussian smoothed with different
scales. The Gaussian kernel is used with maximum error equal to 0.01 and maximum
kernel size equal to 30. Then, central differences are calculated using a 3x3x3
neighborhood. The step size in each direction is taken to be equal to the standart
deviation of the current scale. When the reached point is out of the boundary, the
value of the closest boundary is used. This is preferred instead of mirroring because
mirroring can cause unusually high vesselness response and adversely affect the

algorithm, especially the automatic initialization.

Convergence is checked every 100 iterations by computing the change in the level
set function per segmented voxel over 100 iterations. Evolution is stopped when the
current change is below 0.05 and the difference between previous change and current
change is below 0.005. In all computations, linear interpolation is used when

required.
The pseudocode for the vessel segmentation step is as follows:

VESSEL_SEGMENTATION(input_MRA_data, sigma_min, sigma_max, y, d, &)

Find maximum intensity in the image and set ¢ as one sixth of it.
Compute the vesselness measure for the whole image.

Calculate a and b as explained in eq 3.20.

1

2

3

4 Set seeds as explained in Section 3.3.

5 Use fast marching and seeds to initialize.
6

Use the sparse field method with the evolution function proposed in Section

3.3 until convergence.
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For the surface reconstruction step, the advancing front algorithm of Schreiner et. al.
[34] kindly provided by the authors, is used without changes. The program takes
Nearly Raster Raw Data(NRRD) files as input so the output of the segmentation
should be NRRD. Also, spacing is not considered so spacing ratios are equalized in a
pre-processing step. The output mesh is given as a text file and we convert it to PLY
for further processing. PLY files are visualized with Paraview [64] and MeshLab
[65] is used for Taubin smoothing. The Marching Cubes result that we use for

comparison is computed with VTK [66].

5.2 Results and Discussion

The proposed method was tested on 34 real MRA images and a synthetic image with
intensity range [0,255] created by the software VascuSynth [55]. 20 of the real
images are healthy brain images which were collected and made available by the
CASILab at The University of North Carolina at Chapel Hill and were distributed by
the MIDAS Data Server at Kitware, Inc. [56]. The remaining 14 real images were
acquired from Sonomed Medical Imaging Center and Laboratory in Istanbul and
contain both healthy and unhealthy images from different anatomical regions. For
comparison with existing methods, we have used the confidence connected region
growing method and the geodesic active contour method implemented in ITK [49].
Some of the results are shown in Figure 5.2 and Figure 5.3 along with the

corresponding maximum intensity projections. For the proposed algorithm, » =0.7,
d =0.2 and £ =20 were used for all images. For the other methods, we have tried

several sets of user-defined parameters for each image and the best result is shown.
The same seeds were given to all methods for initialization. The results are
visualized with ITK-SNAP [57] which uses Marching Cubes to triangulate a binary
segmentation result. As our output is a grid sampling of an implicit function, we use
a zero-crossing filter to convert it to binary. It is true that some information is lost in
this process but Marching Cubes is limited by the grid resolution anyway. Marching
Cubes is sufficient for visually evaluating segmentation results because at the current

state of the art, no segmentation algorithm is expected to achieve subpixel accuracy.

35



Figure 5.2 :

@) (b) ©

Top row: Segmentation results of the geodesic active contour algorithm.
Second row: Segmentation results of the confidence connected region
growing algorithm. Third row: Segmentation results of proposed
method. Bottom row: Maximum intensity projections of raw data. (a) A
brain MRA with 448x 448x128 voxels and
0.51Immx0.51mmx0.8mm voxel size. (b) A brain MRA with
512x512x155 voxels and 0.47mmx0.47mmx0.6mm voxel size. (c)

An abdominal MRA  with 512x512x70 voxels

and
0.95mmx0.95mmx1.00mm voxel size.
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Figure 5.3 : Top row: Segmentation results of the simple geodesic active contour
algorithm. Second row: Segmentation results of the confidence
connected region growing algorithm. Third row: Segmentation results
of proposed method. Bottom row: Maximum intensity projections of
raw data. (@) An abdominal MRA with 512x512x50 voxels and
0.78mmx0.78mmx1.00mm voxel size. (b) A thigh MRA with
512x512x70 voxels and 0.92mmx0.92mmx1.00mm voxel size. (c)

A synthetic image with added Gaussian noise o, =60 that has
256x 256 x 256 voxels and 1.00mmx=1.00mmx1.00mm voxel size.

37



It is seen that the proposed method clearly outperforms the two previous methods we
have chosen for comparison. The geodesic active contour method which is based on
[9] fails on tiny vessels because surface propagation is only high on areas of low
gradient magnitude and gradient magnitude is usually high inside tiny vessels. The
confidence connected region growing method is only based on image intensity so it
can successfully segment most vasculature provided it is initialized with good seeds
and correct user-defined parameters are chosen but it has a high risk to cause
irregularities. Proposed method seems to segment most of the vasculature without

causing severe problems.

To give a better feeling of how the user-defined variables y, d and ¢ affect

segmentation, the effect of varying these parameters are illustrated in Figure A.1l,
Figure A.2, Figure A.3, Table A.1 and Table A.2. As expected, increasing the weight

of the curvature term by increasing d or lowering y segments more vasculature but

increases the chance of oversegmentation. Increasing & obviously reduces

oversegmentation but increases the chance of missing some vessels. Table A.1 and
Table A.2 also serve as quantitative evaluation of the algorithm as results are
compared against ground truth. Ground truth image is acquired by thresholding the
noise-free synthetic image with the value 127. VascuSynth creates the image by
dividing each voxel into 8 subvoxels and whether a vessel is contained in each
subvoxel is calculated. For every subvoxel that contains a vessel, 32 is added to the
image intensity for that voxel. Thus, thresholding with 127 means we accept all
voxels which have 4 or more subvoxels that contain a vessel. For quantitative
evaluation, 5 parameters are used. True Positive Ratio(TPR), False Positive
Ratio(FPR), True Negative Ratio(TNR), False Negative Ratio(FNR) and Overlap
Ratio. These are defined in eq. (5.3).

A very important observation is that changing the user-defined variables has a bigger
impact on real images compared to synthetic images and the algorithm performs
much better in synthetic images. This has two causes: First, real images contain a
variety of image artifacts while the synthetic image is only distorted with Gaussian
noise. Second, vessels in the synthetic image do not have high curvature. Vessels
with high curvature do not give a high vesselness response to our Hessian based
measure and segmentation of these vessels are mostly facilitated by the curvature

term. Of course, relying on the curvature term is not desirable as it can cause
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irregularities and oversegmentation. Thus, the method is much more sensitive to
user-defined variable selection and more prone to errors when the image contains

vessels with high curvature and different types of artifacts.

Number of True Positive Voxels
Total Number of VVoxels
Number of False Positive VVoxels
Total Number of Voxels
Number of True Negative Voxels
TNR = , (5.3)
Total Number of VVoxels :
_ Number of False Negative Voxels

TPR =

FPR =

FNR =
Total Number of VVoxels
Overlap Ratio = 2TPR .
2TPR +FPR + FNR

For the surface reconstruction part, let us start by first comparing the different spline
types. The result of using Catmull-Rom splines and B-splines is shown in Figure 5.4.
As Catmull-Rom splines are used to interpolate and B-splines are used approximate,
Catmull-Rom gives a surface that is very loyal to the input data while B-splines
smooth the data. As our segmentation output is not perfect and contains a lot of
noise, Catmull-Rom splines create a rough surface with too many triangles. B-
Splines seem to be a better choice but it should not be forgotten that very tiny

structures may be lost.

Secondly, the effect of varying p and 7 is illustrated in Figure B.1 and Figure B.2
respectively. As we have already discussed, increasing p reduces the number of
triangles but it is less accurate and can lose some structures. Increasing 7 reduces the
number of triangles by making the triangle size more adaptive to curvature but this

reduces triangle quality.

Next, the possible improvement provided by using Taubin smoothing is illustrated in

Figure 5.5. 50 smoothing iterations are used with 2 =0.50 and x«=-0.54 on the
surfaces acquired by using p=0.4, ' =0.8 and B-splines.

Finally, the smoothed surfaces from Figure 5.5. are compared against the classical
Marching Cubes result in Figure 5.6. It is seen that the recommended reconstruction

scheme can achieve a smooth surface with high triangle quality while remaining

fairly accurate.
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Radiologist Dr. med. Zafer Kaya was asked to rate the final meshes resulting from
the segmentation and surface reconstruction of our 34 real images with a scale of 1 to
5(1 worst, 5 best) and comment on what problems there are with the reconstruction.
The average rating was 2.94 and the problems were as follows: Despite our
improvement to the Frangi vesselness measure, two separate vessels can still
sometimes appear as one vessel and vessels can appear thicker than they actually are.
Also, vessel contours can be irregular especially in tiny vessels and some vessels are
not segmented especially in low contrast leg images. Although the radiologist
evalution turned out worse than desired, it should be noted that all the images were
automatically seeded and the same user-defined variables were used despite the fact
that the images were acquired from different sources and anatomical regions. It may
be possible to improve the results by optimizing the user-defined parameters on a

specific anatomical region and images taken by the same MR machine.

It is important to note that at the current state of the art, no algorithm can be expected
to be readily usable for all medical procedures and all images. There are many
different types of artifacts and vessels in medical images and each medical procedure
has different requirements. It is extremely difficult for a method to cope with all
possible scenarios. It should be noticed that both the segmentation and reconstruction
steps involve a tradeoff. The segmentation part has to balance accuracy with the
amount of user interaction, computation cost and generalness, surface reconstruction
step have to balance accuracy with smoothness and computation cost. These
tradeoffs always have to be considered depending on the specific medical
application. Requirements of an application should be determined by close
collaboration with medical partners and vessel segmentation and surface
reconstruction methods should be selected accordingly. Assessing the usefulness of

our proposed method for specific medical applications remains as future work.
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Figure 5.4 : Comparison of using Catmull-Rom splines(top) vs B-splines(bottom) on
one of the brain images. p=0.4, 7' =0.8.
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Figure 5.5 : Effect of Taubin smoothing. Top: Before Taubin smoothing. Surface
created using p=0.4, 77" =0.8 and B-splines. Bottom: After Taubin
smoothing with 4 =0.50 and «=-0.54 for 50 iterations.
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Figure 5.6 : Comparison of our recommended scheme(bottom) against Marching
Cubes(top).
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6. CONCLUSION AND RECOMMENDATIONS

We have presented a combination of methods to extract a high-quality polygonized
surface that represents the vasculature from MRA images. Two main steps involved

are vessel segmentation and surface reconstruction.

The vessel segmentation method takes as input MRA image data and produces as
output a 3D discrete grid sampling of the implicit function that represents the vessel
surface. The method was designed to work for all anatomical regions and segment
both tiny and large vessels while requiring minimal user interaction. To this end,
local multi-scale Hessian and curvature information were used to guide the evolution
of the surface in a level set framework. Visually good-looking results were obtained
for our dataset but careful inspection by our radiologist revealed some inaccuracies.
The variability of medical image data make it extremely difficult to come up with a
fully automatic method that works for all anatomical regions and all types of vessels.
If very high accuracy is desired, a general method like the one proposed may not be
desirable. In these cases, a general method could be used for initializing a more

specialized algorithm.

The result of the segmentation step is fed to an existing advancing front implicit
surface polygonizer that can construct a high-quality surface suitable for numerical
simulation. Finally, Taubin smoothing is used to further smooth the surface without

changing its topology.

It is important to stress that each step involves a tradeoff. The segmentation part has
to balance accuracy with the amount of user interaction, computation cost and
generalness, surface reconstruction and post-processing steps have to balance
accuracy with smoothness and computation cost. These tradeoffs always have to be
considered depending on the specific medical application. Although the ultimate goal
is to have a computer that can process any imaging data in a meaningful way for a
given medical procedure without requiring any user-interaction or correction, we are

still far from achieving this and an algorithm cannot be expected to work for all
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scenarios. Thus, computer scientists that work on developing medical algorithms
should closely collaborate with clinicians and know the requirements of different
medical procedures. To give some examples, an accuracy that is enough for
diagnostics may not be acceptable for planning brain surgery. While smoothness is
required for numerical simulations, it may not be desirable for diagnostics. The
computational cost may not be an issue for planning and diagnostics but the number

of created triangles may be prohibitive for a numerical simulation.

6.1 Future Work

As future work, the method should be optimized and validated for specific
applications. Using the surface constructed by the method, a volume mesh should be
generated and used in CFD simulations. The results of these CFD simulations should
also be analysed and validated by clinical partners. The speed of the whole process
should be improved by optimizing the code and making full use of computational
resources by using all the CPU and GPU cores efficiently. A visually pleasing and
intuitive user interface that can easily be used by clinicians should be developed. The
user interface should ideally include all the pipeline from imaging data to CFD
simulation and tools that allow for corrections in case the result of automatic

algorithms contain inaccuracies.
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APPENDICES
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APPENDIX B: Surface reconstruction results with different sets of user-defined
parameters
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APPENDIX A

y=06,d=02, £=20 y=07,d=02, =20  y=08,d=02, ¢ =20

Figure A.1: From top to bottom: Segmentation results for a brain MRA with
448x 448x128 voxels and 0.51mmx0.51mmx0.8mm voxel size, an
abdominal MRA with 512x512x70 voxels and

0.95mmx0.95mmx1.00mm voxel size, and the synthetic image with
o, 60 which has 256 x 256 x 256 voxels and

noise

1.00mmx1.00mmx=21.00mm voxel size. From left to right: Varying ».
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Figure A.2 : From top to bottom: Segmentation results for a brain MRA with

448x448x128 voxels and 0.51mmx0.51Immx0.8mm voxel size, an
abdominal MRA with 512x512x70 voxels and
0.95mmx0.95mmx1.00mm voxel size, and the synthetic image with

o...=60 which has 256 x 256 x 256 voxels and

noise

1.00mmx1.00mmx1.00mm voxel size. From left to right:Varying d.
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y=07,d=02, =10 y=07,d=02 ¢=20 y=07,d=02, ¢=40

Figure A.3 : From top to bottom: Segmentation results for a brain MRA with
448x448x128 voxels and 0.51mmx0.51Immx=0.8mm voxel size, an
abdominal MRA with 512x512x70 voxels and
0.95mmx0.95mmx1.00mm voxel size, and the synthetic image with

o ... =60 which has 256 x 256 x 256 voxels and

noise

1.00mmx1.00mmx21.00mm voxel size. From left to right:Varying &.

56



Table A.1: Quantitative evaluation of segmentation results for synthetic images
with o, = 20.

noise

4 d & TPR FPR TNR FNR  Overlap
Ratio

0.60 0.00 10 0.677 0.020 99.206 0.098 92.013
0.60 0.00 20 0.673 0.019 99.207 0.101 91.837
0.60 0.00 40 0.646 0.013 99.212 0.128 90.137
0.60 0.20 10 0.753 0.035 99.191 0.021 96.433
0.60 0.20 20 0.752 0.034 99.192 0.023 96.380
0.60 0.20 40 0.746 0.027 99.198 0.028 96.403
0.60 0.40 10 0.753 0.035 99.191 0.021 96.451
0.60 0.40 20 0.752 0.034 99.192 0.022 96.394
0.60 0.40 40 0.747 0.030 99.196 0.027 96.318
0.70 0.00 10 0.677 0.020 99.206 0.098 92.013
0.70 0.00 20 0.673 0.019 99.207 0.101 91.826
0.70 0.00 40 0.646 0.013 99.212 0.128 90.137
0.70 0.20 10 0.753 0.035 99.191 0.021 96.434
0.70 0.20 20 0.751 0.034 99.192 0.023 96.333
0.70 0.20 40 0.745 0.026 99.200 0.029 96.396
0.70 0.40 10 0.753 0.035 99.191 0.021 96.448
0.70 0.40 20 0.752 0.034 99.192 0.022 96.396
0.70 0.40 40 0.747 0.028 99.198 0.028 96.390
0.80 0.00 10 0.677 0.020 99.206 0.098 92.013
0.80 0.00 20 0.673 0.019 99.207 0.101 91.841
0.80 0.00 40 0.646 0.013 99.212 0.128 90.138
0.80 0.20 10 0.752 0.034 99.191 0.022 96.393
0.80 0.20 20 0.751 0.034 99.192 0.023 96.341
0.80 0.20 40 0.744 0.025 99.200 0.023 96.426
0.80 0.40 10 0.753 0.035 99.191 0.021 96.444
0.80 0.40 20 0.751 0.034 99.192 0.023 96.353
0.80 0.40 40 0.745 0.027 99.199 0.029 96.400
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Table A.2 : Quantitative evaluation of segmentation results for synthetic images
with o, =60.

noise

v d 3 TPR FPR TNR FNR  Overlap
Ratio

0.60 0.00 10 0.622 0.031 99.195 0.152 87.156
0.60 0.00 20 0.613 0.027 99.199 0.161 86.748
0.60 0.00 40 0.573 0.010 99.215 0.201 84.454
0.60 0.20 10 0.728 0.062 99.164 0.046 93.119
0.60 0.20 20 0.723 0.048 99.177 0.051 93.540
0.60 0.20 40 0.689 0.018 99.208 0.085 93.052
0.60 0.40 10 0.729 0.064 99.162 0.045 93.029
0.60 0.40 20 0.724 0.052 99.174 0.050 93.407
0.60 0.40 40 0.698 0.023 99.202 0.076 93.363
0.70 0.00 10 0.619 0.030 99.195 0.155 86.946
0.70 0.00 20 0.613 0.027 99.199 0.161 86.748
0.70 0.00 40 0.573 0.010 99.215 0.201 84.454
0.70 0.20 10 0.728 0.061 99.165 0.046 93.148
0.70 0.20 20 0.721 0.047 99.179 0.053 93.545
0.70 0.20 40 0.685 0.016 99.209 0.089 92.870
0.70 0.40 10 0.729 0.062 99.163 0.045 93.111
0.70 0.40 20 0.723 0.050 99.176 0.051 93.512
0.70 0.40 40 0.693 0.020 99.206 0.082 93.192
0.80 0.00 10 0.622 0.031 99.195 0.152 87.156
0.80 0.00 20 0.613 0.027 99.199 0.161 86.748
0.80 0.00 40 0.573 0.010 99.215 0.201 84.454
0.80 0.20 10 0.727 0.060 99.165 0.047 93.132
0.80 0.20 20 0.721 0.046 99.180 0.053 93.578
0.80 0.20 40 0.681 0.015 99.211 0.093 92.629
0.80 0.40 10 0.729 0.061 99.164 0.046 93.149
0.80 0.40 20 0.723 0.048 99.178 0.052 93.583
0.80 0.40 40 0.686 0.017 99.209 0.089 92.884
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APPENDIX B

Figure B.1 : Surface reconstruction results for abdominal image(left) and cerebral
image(right) with varying o . Top row: p=0.6 middle row: p=0.4

bottom row: p=0.2. B-splines and 7" =0.8 are used for all images.
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Figure B.2 : Surface reconstruction results for abdominal image(left) and cerebral
image(right) with varying 7. Top row: 7" =0.8, middle row:

7" =0.65,bottom row: 1" =0.5. B-splines and p=0.4 are used for
all images.
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