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WO 2006/118548 PCT/SG2006/000112 1 METHOD AND APPARATUS
FOR REGISTRATION OF AN ATLAS TO AN IMAGE Field of the
Invention The present invention relates generally to image deformation

vanshoi paddcular, to image deformation where an atlas is registerae:idn
image in a manner such that the topology of objects in the atlas is

0,
O S RPN AN arras
deformation is particularly use his‘%mﬁu biects in different images
have to be registered, for exari\vp e, mmects in an atlas with
objects to obtained through magnetic resonance (MR) imaging. More
specifically, in the field of ne#fieklsfety Endlorernglimensional brain atlas is
registered onto a volumetric MR image. Following the registration of the
atlas anthehareseainiivrrajenorditesurvoiontlyl inagezcateilysistiimagé; guisketicular,
neurosurgery, and model-enhanced neuroradiology are facilitated through
ihdrrass AREREaHOE iR Ay Elep s et rfethb dder imaguraragistratidhet the
can.be %rfo%dl%cl.as%ﬁe into two classes, namely intensity based image

R é)lls%gtloﬁ ARG L A B SR RYE registration. In methods using

intensity based image registration a transformation between two input
images is sought that maximizes some intensity similarity measure
between the two images. Such methods are easily automated as the
transformation is derived directly feshkground

Image deformation is an operation often performed in computer graphics. One
application where image deformation is particularly useful is where objects in different
images have to be registered, for example, to register objects in an atlas with objects
obtained through magnetic resonance (MR) imaging. More specifically, in the field of
neurosurgery a three-dimensional brain atlas is registered onto a volumetric MR image.
Following the registration of the atlas and the brain image, brain functional image
analysis, image-guided neurosurgery, and model-enhanced neuroradiology are facilitated
through the resulting combined image.

Existing methods for image registration can be broadly classified into two
classes, namely intensity based image registration and feature based image registration.
In methods using intensity based image registration a transformation between two input
images is sought that maximizes some intensity similarity measure between the two
images. Such methods are easily automated as the transformation is derived directly from
the intensity values of the image data when applied to the similarity measure. A
substantial challenge, however, is the translation of an image-similarity function to a
desired anatomic correspondence. In addition, a large amount of evenly distributed

features confronts these methods with an extremely large search space and criterion



20 the intensity values of the image data when applied to the similarity
measure. A substantial challenge, however, is the translation of an
image-similarity function to a desired anatomic correspondence. In

addition, a large amount of evenly distributed features confronts these
methods with an extremely large search space and criterion 2 landscapes
with many local minima, leading to computing cost increase and precision
deBiaehng Cihipared ainenmg- DasEagivaRmadisansh intatrsiand precision
feature based image registration methods do not work with the image
oﬁaet%r%%g%tly. Feature based image registration methods operate by
inserting 4 pfermediale SieRNCreln. 2 Sel ol B (elaled . baced image
homologou§3 eatures are extracted. (1S the matc?fnng of the'se

stryciuselasdo.homelgans featureswhichdsthenyisad forJegistalion image

The features used for guiding the deformation vary from individual points,

liReseoBtotks L st IasaNatcheseiliren RaramelRiizedsuifacass aBd! structure-
particular objects. The reliance on structural information makes these

metirmdsomoiecanstivmicallyue yarted dnvevir, the dhadlengiendthutese-related
methods lies with obtaining a sufficiently large number of features
dioniageatyeroeive st delommisgdrionreaisdaiierefdre fexistesfose for guiding
registration method which does not require particular structures to be

R AEORRAURRICH BB B EIBR OBY StREs S ORIy SHERSAnTtigippfentire
such stguctu%s. umﬁmaéa( Emb dimlf()agts ofi&e esent invention proyide .
RISV RUTFSAARE APRATAMLS TPt g A < Al i o oecon
%gﬁgdtﬂg@%éﬁlgd@%@c? %@%rﬂ[@aﬁﬁr Y&Rvant. However, the challenge with these
methods lies with obtaining a sufficientiy large number of features automaticalty to drive
the deformation.

A need therefore exists for a registration method which does not require
particular structures to be extract, and which preserves topology of structures during

deformation of such structises,

Summary
Embodiments of the present invention provide an improved method and
apparatus for registering a first image with a second image in a manner that preserves

topology of object in the images.



topology of object in the images. In accordance with a first aspect of the
present invention, there is provided a method of registering a first image

with a second image, said method comprising the steps of: calculating a
boundary displacement, using a block matcmng-based approach, of at

least one structure in said first image iA order to register that structure

with an equivalent strycture in said second image; and warping the

boimdary BN AEH b T LRP e G TSR RISBI G s @ method
propa ation %f l?gggdar. points é)f said str. ctHre accordip to said

registenng a e with & second pmage. said method comprising the siens of: caleulating a
bou ary displace ent. in accordance wi Hla second as C}Z O]lfﬁ?]e =

m&ﬁﬁ%lﬁ]\é%%ﬁhﬁgglé 8(&?('%@&%_—&8@@5%%&”0@9%'Bgﬁ:asttlﬁ%_lre in said

image with'a second image. said apparatus comprising: means for

caleulatingpRRURdRRisplAcemeRt Waind & Megk.matehingiPasedecond image:

approach, of at least one stracture in said first image in order to register

thad sSteusiyrehwithanieguivalgnt sticoture iRaghitdrssacapd ivagepaslty preserving
means for warping the boundary of said stracture in said first image, using
topokgghepréSerring propay atid it bourdarng cirssddbsade stiaoasee) ent.
according to said boundary displacement. In accordance with a third

aspect &f tHEPaEEntifventiePPtHEPEcisProvidesal covapifer Pregianiovided an
product ir%cludin a computer readable medjum havin% recorded thereon a

BBl DrEY IR ot FEgiSRRR Y Wi SESRE B R A B e e ey mes

program com risin :]Gpd? fgr c%lculatin agoun aré/_dis lacement, usin .
P et Pochin dbplecondit e 8O malcrig: sate] Bhrdid o st on

imagein, oo Eﬁx%%tﬁ{&&% ﬁw&&l&eﬁ\%%Q%u?&%&kﬁﬁlﬁ%‘qﬁ}(%‘}&!rﬁrﬂ&um in said

said second image: and code for warping the boundary of said structure in
saldfushirpagsa ueing ePRIeEHPIRSEIVINSHPERAGALIIMSS ROWNOARY image. using

points of said structure, according to said boundary displacement Brief
Desdsiptiossotihepravdigsof boundary points of said stracture, according to said boundary
displacement.

in accordance with a third aspect of the present mvention, there is provided 2
computer program product including a computer readable medium having recorded thereon a
computer program for registering a first image with 2 second image, said program comprising:
code for calculating a boundary displacement, using a block matching-based approach, of at least
one structure in said first image in order to register that structure with an equivalent structure in
sald second Image: and code for warping the boundary of said structure in said first image,
using topology preserving propagation of boundary points of said structure, according to said
boundary displacement

Brief Description of the Drawings

One or more embodiments of the present invention will now be described with
reference to the drawings, i which:

Fig. 1 shows a schematic flow diagram of a method of registering an input image

and an atlas;



One or more embodiments of the present invention will now be described
with reference to the drawings, in which: Fig. | shows a schematic flow
diagram of a method of registering an input image and an atlas: 3a Fig. 2
shows a schematic block diagram of a computer system upon which the
method shown in Fig. | maybe practiced; Fig. 3 shows a schematic flow
diagram of a process for advancing an acti¥e front one step forward by
adding and removing front points; Fig. 4A shows a slice of a

Talairachier sUHIRATRFRISD B3y RS RN S SN HSIBARORiseh the

obtained through magnetic resonance imaging; Fig. 5 illustrates a slice of
ar%%ﬁcgsffﬁ}s“gl?&gg'tb%@#‘éﬁﬁ’?ﬁ%ﬁ%ﬁ’as well as a 2- dimensional portion

of the and of | 0. WP 20 PCTISG2 00112 4. i
Figs. 6A@?agﬁé %}E%ﬂ%ugtg;%%%é%ﬁpﬁﬁcﬁ%gﬁg-%%%ﬁsgc%g %‘%‘gﬂﬁa lajlr}sacmve front

resReety elyw kg sy HAdthd Grillustrate-he - displaggment update of a new

front point; Fig. 8A illustrates a portion of the brain atlas slice shown in
Fig. 5, texbourHeky BshfcostUciiecandiishoundaryimisplacement; Fig.

8B illustrates the structure shown in Fig. 8A, the boundary displacement of
that strulcturél ahawhatstrubturesafter foogaddtyiwarpingieh magnetic resonance
imaging;

Fig. 5 illustrates a slice of a brain atlas aligned to a brain image, as well as a 2-

dimensional portion of the grid of a grid domain:
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Fig. 9A shows the outlines of the brain atlas shown in Fig. 4A after that
brain atlas has been warped with the method disclosed herein, with that
warped brain atlas 10 superimposed over the MRI brain image shown in

it dBiseg Fig. 9B shows a portion of the image of Fig. 9A-magrisirddi 12
order to more clearly show the struatures therein. Detailed Description 15

Where fﬁ{gﬁ%& Is adg;in aay.one %mgc%‘dthgn%C@%%H¥$@e% neighbours

drawings to steps and/or features, which have the same reference

falgythose steps and/or features have for the purposes of this
description the same function(s) or operation(s), unless the contrary
intentiorraRPEALS. Figlllsshawseaisphemane diawtdisn aswdfaipetivd 100
of registering an input 20 image I(x) and an atlas A(x). The image I(x) and
the atlaFis(Railduwolien etpariimagbtedefimadlas sigeishdemaiFid=]l.ihe boundary
niJx[l...n2]x[l...n3] wherein the parameters ni, n2 and n3 specify the size of
tea atraetmex A dfadapdaty=fioplagement; wherein L are labels defined
within the atlas A(x), and 1 indicates the number of labels defined in the
atlas AGY BRI G RBBIMES PROSHbIE fo s thifcharadamcliapiadsment of
label L=0 repr}%%%nts 25 unlagelgjd structures. WO 2006/118548

A

tlsgﬁ%%g ﬁ%n}ocume & ﬁ%jélé% I(x) at each
three'd'@‘l%”&%ﬁ W OAﬂfﬁﬁe‘Bro‘é%? by ""_tha%péﬁé‘%{i&r?%i'ﬁg‘f?@ér that brain
offmed from

property. fh a preferred implementation the image 1(x) is

sAmAled RIANFIYA e (E SXamblQ9a0satRd dsinGid- BANSHIGRE brain atlas

scanners or computed tomography (CT) devices.
superimposed over the MRI brain image shown in Fig. 4B; and

Fig. 9B shows a portion of the image of Fig. 9A magnified in order to more

clearly show the structures therein.

Detailed Deseription

Where reference is made in any one or more of the accompanying drawings td
steps and/or features, which have the same reference numerals, those steps and/or features
have for the purposes of this description the same function(s) or operation(s), unless the
contrary intention appears.

Fig. 1 shows a schematic flow diagram of a method 100 of registering an input
image I(x) and an atlas A(x). The image /(x) and the atlas 4(x) are volumetric images
defined in a grid domain D=[1... mIx[1...m]x[1...n3] wherein the parameters ny, n; and
n3 specify the size of the atlas A(x). Atflas A(x)el={0,1,2,...,/}, wherein L are labels
defined within the atlas A(x), and / indicates the number of labels defined in the atlas
A(x). Each nonzero label L corresponds to a structure, whereas the label L=0 represents

unlabeled structures.
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5 The method 100 of registering the input image I(x) and the atlas A(x) is
preferably practiced using a computer system 200, such as that shown in
Fig. 2 wherein the steps of method 100 is implemented as software, such
wasmyapplication program, executing within the computer systamoad)ihoknz
particular, the steps of the method 400 are effected by instructions in the

softwaig, thay are gagried aut b ihe cOMRIEL SYRLERAR0:HY JB x, or voxel,

software may be stored on"a computer readable medium. The software is

nlfpdeddnie: ho cRMBMEsHEIOM 2R Hererbe sapRiaialRAdARIemage 1(x) is
medium, and then executed by the computer system 200. A computer
fepachbtermadiled hastrgysudthespftwearengricgenptied piograin negticeledanners
it is a computer program product. The use of the computer program
oprothpotad treogopimy(ET3yistanes200 preferably effects an advantageous
apparatus for 15 registering the input image I(x) and the atlas A(x). The
compuldesysians 20 i9Foreristeryea e nipite imneguieR ondiibat dkicde) is
202 such as a keyhoard and/or a pointing device, and }‘gispla%/ %avi e )
PEfare PSS BNV SR SBiealy hcRige S LA HE Pl ésEheren

unit 205, and ory unit 206.. The mqrg‘gle 201 also includes
ﬂ}]eUIS"F]%)S 0 meﬂ?(ﬁ; E pu (ngﬂﬁ €n, eg as iSO y d’tre sucﬁ‘ as %aﬁ)’ﬁ 1C, {31011 é)éoigram,

erof Inpu interraces including a video erface

e{{ggﬁtgﬁgﬁk%gé%g@%&gﬁ%%@ax sigyics 2i4and an y%@&%@m&ﬂédf%o are

A storage device 209 is provided and typically
chRslidasy, AR sk i e AvidRs M AriverH oL il St rateedpaPeystem 200.

provided as a non-volatile source of data. The components 205 to 213 of
Tiheseampy takyrdidecd 0, dypiapticambiblicrituyia Bl isiarecan iekiattd into

bus 204 and in a manner which results in a conventional mode of 25
tioperaoteodittencaftfiten SystemiR06 kemialrdaonthivse,innhérelevemtelhy the
WO 2006/118548 PCS/SG2006/000112 6
computer system 200. A computer readable mediwmn having such software or computer
program recorded on it is a computer program product. The use of the computer program
product in the computer system 200 preferably effects an advantageous apparatus for
registering the input image I{x) and the atlas A(x).
The computer system 200 is formed by a computer module 201, input devices
202 such as a keyboard and/or a pointing device, and a display device 214. The computer
module 201 typically includes at least one processor unit 205, and a memory unit 206.
The module 201 also includes a number of input/output (1/O) interfaces including a video
interface 207 that couples to the video display device 214, and an IO interface 213 for the
input devices 202. A storage device 209 is provided and typically includes a hard disk
drive. A CD-ROM drive (not illustrated) may be provided as a non-volatile source of
data. The components 205 to 213 of the computer module 201, typically communicate

via an interconnected bus 204 and in a manner which results in a conventional mode of

operation of the computer system 200 known to those in the relevant art.
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Typically, the application program is resident on the storage device 209
and read and controlled in its execution by the processor 205.
Intermediate storage of the program and any data may be accomplished
wisingshessmemory 206, possibly in concert with the storagepgexicengsdhokiz
some instances, the application program and atlas A(x) may be 5 supplied

to the U%@Q@%Qﬁ@aﬁﬁlﬁa@&f BfMaang ASRIM B AROESRE AL FYend read

(not illustrated), or alternatively may be read by the user from a network

aid somadrmideviegscdivh iy thepihesoling e kamalsahaeloadedfime phezram
computer system 200 from other computer readable media. The term
dodmputata eagabdemedplisicd sisivgdirersimoefSipasipistoragemrt with the
transmission medium that participates in providing instructions and/or data
soregatieden?ite s porenimtmess. dhe cppbiaatiat/propravessing R efbrlingy be
again to F% the method 100 of re%isterin the input image I(x) and _the

SHPRLS 9 dhsriaser enepied S AR RENhI6E Fsadisre-prucsaeutng drive (ot
- i typically i d | of feat inthe i | .
R R B S e A R L e

t i i to the | h
oo Uoiee AU BUINNANG O LRINBSE Ik IO o

SR HQRaHEEL LRIl atiRn I O S IR S HSISIHR G RIRSA QO W HEG  refers to

image I(x). The non-rigid registration of step 130 is described in more

gdetatbhglow piafeiecapplisatian-efivptiadd SR sdndhesmedied) fildy data

and in particular 20 the field of neurosurgery. In that application the atlas
1 (theisombnainsatiam 200 fheckuagenl fglisrgbtainsdghrough magnetic

resonance imaging (MRI). MRIs are able to capture a three dimensional
image dhefistingcaerindorliegute tbe anpﬁa@énlt%) l@éd%éﬁtﬂigb Hesbipicmaggol) and
SRR sarts i step 1 10 where the aonoge 106) 55 proprocessed Bre processing
typically inchides removal of features in the image J{x) which are not part of the object
modelled in the atlas 4(x).

Step 120 follows where the atlas 4(x) is roughly aligned to the image I(x)
through a global affine transformation. The atlas 4(x) is then in step 130 warped using
non-rigid registration in order to register the atlas A(x) with the image I(x). The non-rigid
registration of step 130 is described in more detail below.

A preferred application of method 100 is in the medical field, and in particular
the field of neurosurgery. In that application the atlas A(x) is a brain atlas and the image
I(x) is obtained through magnetic resonance imaging (MRI). MRIs are able to capture a
three dimensional image of the internal structure of a patient’s body at high resolution
such as 0.8x0.8x1.2 mm’, The preferred brain atlas used is that which was published by
Nowinski W.L. and Belov D. in the publication Neuroimage, vol. 20(1), 2003, pp.50—57,

in an paper entitled “The Cerefy Neuroradiology Atlas: a Talairach-Tournoux atlas-based
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Nowinski W.L. and Belov D. in the publication Neuroimage, vol. 20(1),
2003, pp.50-57, 25 in an paper entitled "The Cerefy Neuroradiology Atlas:
a Talairach-Tournoux atlas-based WO 2006/118548 PCT/SG2006/000112
wo tood/iegsamalysis of neuroimages available over the Interngt’svdresemori2
high resolution brain atlas was gerferated by interpolation of the digital

ARG AAMOY% AT hAHAS 1 d O AR BSNES, 43T R e hioh resolution

structures,’i.e. 1=137. Fig. 4A shows a representation of a slice of the

plalakash wRUEB AT A Rlapolfikige AHBe nms! artiver-diiTensianal MR) atias.

slice of a patient's brain. In step 110 the MRI brain image 1(X) is
Tira-hrocedas dhy e midiadaisthetsoalp. cadvel $Kull. Preferably

morphological operations and connected component analysis are used to
removdibedstalpand siutistsaioneofarstipraih thadipdaitaghlefenany trghiratlas.
to Fig. 1, the non-rigid registration of step 130 where the atlas to A(x) is

Risrte dovesra sy eodimgraiepehM B slica shapmtispicstiaige 1(x) is now

d ibed i detail, Step 130 starts.i b-step 1 h th id

domain D TSRGHS N BB SFREG D HgLeP RETRER) PHSFEh Ghibg el
ti 4h id d in,D is divided.int t of lar blocks {B(pt

B e R e Y, A bR Fup S Bk e

BRI ShPeXARALAN ARG 3 GRMHEMRINRid ko 7ed)- All the 15

centre points {pr, p2i ..., pm} form an adjunct block set {B'(ql), B'(g2), ...,
B'(0")}, ndissen £apire ROHMS Ot hodr-xiBHabBlackiBAh Aep YoUteXREQhe atlas

block B(pi), and vertexes of block B' are centre points pi of blocks B. Fig.
A ustraipsdm alds shicegbupanapnset(¥pwitlide ahageN(R) Bradkvidtagtbed in

I(x). Also illustrated in Fig. 5 is a 2-dimensional portion of the grid of the
goic deimikirb®p 130 starts in sub-step 131 where the grid domain D is divided into a set
of regular blocks, namely, hexahedrons. In particular, the grid domain D is divided into a
set of regular blocks {B(p1), B(p), ....B(pm)}, with each block having the dimensions
Lyxlaxls. Block B(p;) is a hexahedron having a centre point p; (=1,2,...m). All the
centre points {pi, pa, ..., Pn} form an adjunct block set {B'(q1), B'(g2), ..., B'(gs}}, where
centre points g; (7=1,2,...n) of block B'(g)) are vertexes of block B{p), and vertexes of
block B' are centre points p; of blocks B.

Fig. 5 illustrates an atlas slice superimposed to a slice of an MRI brain image
I(x). Also iltustrated in Fig. 5 is a 2-dimensional portion of the grid of the grid domain D.
Block B(p;) is a hexahedron having centre point p;. Block B'(g,) is a block (hexahedron)
from the adjunct block set and having centre point g;.

Referring again to Fig. 1, following sub-step 131 a block matching method is
then used in sub-step 132 to calculate a boundary displacement of each structure in the

atlas A(x). In the preferred application where the method 100 is used to align a brain atlas

A(x) with an MRI brain image /(x), it is impossible to use a simple function, such as the
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20 Block B(pi) is a hexahedron having centre point pi. Block B'(q) is a
block (hexahedron) from the adjunct block set and having centre point qgi.
Referring again to Fig. 1, following sub-step 131 a block matching method
we Henused in sub-step 132 to calculate a boundary displaeamenitomoe: 12
each structure in the atlas A(x). In the preferred application where the

gk 80849080 40 AigAR Maipala 2 ARYspiiaR-MRMPEINHD 8B eral)
I(x), it is impossible to use a simple function, such as the WO
BOOGAESSAR)PER SGCROO616084 1) Sraffine tratisitinpatien, taHlRserihe to the
the one-to-one correspondence between the (general) brain atlas A(x)
spranlesibrand reagaligxpflomnesisesticelar patient. This is due to the

complexity and variability of brain structures. Sub-step 132 operates by

first calCHETHE the?aresrates e dirtordrdaingnibeidisplasrmsnp it §f, gigh block
imizing a block similarit  S(AIB(p:), MB(p,+dpt)).of atl

BTORR Rt BT BTOE A ik T DRI A ol e it
+ foll - JRi= S(Al IB(p:+d i

R A B SRR O G

dq

pain D with the 1o displacement dp,-(dpn;dp,2;dp;3). The
displacement dpi of each block B is restricted such that the displacement
dpi may not exceed half the block edgite Ienﬁgth in each direction, that is:

jdp ji<L 12 (1% ,?,a’gﬁﬁj‘ﬁg)%ﬁhﬂt% Hd Bigek ity measure 1)

S(AWB(p,), 1]B(p;+dp,)), suppose that all
Block B{p/tdp;) is obtained by translating block B(p;) in grid domain D with the

displacement dp=(dp:n;dpn;dps). The displacement dp; of each block B is restricted such
that the displacement dp; may not exceed half the block edge length in each direction, that
is:

ldpsi<Ly2  G-1,2,3). @

To calculate the block similarity measure S{A4|B(p;), J|B(ps+dp;)), suppose that all
points x of the atlas A(x) in block B(p;) are classified into one of k subset Oy, Oy, ... ,01

according to their labels L. That is:
OF{xxeB(py), Ax)=1} (F1,2,...k), , (3)

wherein [y, I, ..., and [ are different atlas labels L. In this case, according to the
intensity of the image J(x), all points x of the image /(x) in the displaced block B(ps+dp;)
are classified into one of k clusters Cy, C, ..., C; with intensity from low to high by using
a fussy clustering method, such as the fussy clustering method disclosed in the article
entitled “An adaptive spatial fuzzy clustering algorithm for 3-D MR image
segmentation”, IEEE Trans Med Imaging. 22(9), pp.1063-1075, 2003, by Alan W.C.L.

and Hong Y.



10

15

20

15 points x of the atlas A(x) in block B(p,) are classified into one of k

subset 01, 02, ... Ok according to their labels L. That is: Off-{x[xeB(p,),

A(X)=1} (t=1,2.... k), (3) wherein 11, 12, ..., and Ik are different atlas
wabels/Liskasthis case, according to the intensity of the image t(xg;2atk/ 006112

points x of the image I(x) in the disflaced block B(p,+dp,) 20 are classified

into ond'&f k ENestamsgng eadaliyClepritdthentitydvenptointastghfiopiects with

using_ a fussy clustering method, such as the fussy clustering method

ahesdsdda in-tharasgeied Ermiisymrhishagtivetbpatieistnebiediugtering that cluster
lgorithm for. 3-D MR image segmentation”, IEEE Trans Med Imaging.

2R PBEs- 1975 %03, By AlahW. 2lovsndthfonBisekyyemilarity ~ measure

oAl ﬁt &%% 1962006/000.11 For a given imaging modality,
sugpgg%e %@ft égigggj%q?ﬁ'%%é?ﬁ ot OBjécts with labels 11, 12 ...,1k are
sorted from low to high. It is then reasonable to assume that cluster CI

correspond S t [ IS ck similarj easure
AR ke G DA e Bedat MR @
S(AIB(p_l),II-B(p,+dp,)):t[#[(0+(jpi) n(;,]/(a,+_l)] (4) =l where_in # denotes

e ardRal O S5 BRI LS A AN e o

image I(x) within vo ume Ol trucftu_res e B
R S R
t@ﬂﬂi&ﬁloﬁdﬁ@i&e&nﬁhﬁdﬁﬂ%ﬁé&, hét -b-yl ko SheRsities in the image I(x). This is for
example the case with all the gyrus on the cortical surface. The labels h, & ..., of such
structures are converted to one label L for the similarity measure S calculation.

The displacement dx of all points x on structure boundaries is then calculated as
the interpolation of displacements {dp,,dps, ..., dpm}. For any point x, there exist a block
B'(g) such that xeB'(g;). The block B'(g,) has 8 vertexes {py} (=1,2,...8) which are
centre points of blocks B{py), and the displacement dx of pointic is calculated as:

1& 2 4
dx = gz {H 1+ _LT(X& ~ X )%, — X, )} lp; @
%

i~ k=l

wherein (%1, X2, x3) denotes the coordinate of centre point gy (i=1,2,...,8),
(xo1, x02, X03) indicates the coordinate of the centre point g; of block B'(gy), dp, is the
displacement of centre point p; of block B(py), and (x;, x, x3) indicates the coordinates of
the point x. |

Fig. 8A illustrates a portion of the slice in brain atlas A(x) shown in Fig. 5, that
portion being a portion bounded by a single block B. Also illustrated is the boundary of a

structure 901, and its boundary displacement.



10 structures are converted to one label L for the similarity measure S
calculation. The displacement dx of all points x on structure boundaries is
then calculated as the interpolation of displacements {dpl,dp2, ..., dp,,,}.
VHRpruaayipamt x, there exist a block B'(q) such that xB'(q;). Phe/bincteBXaie

has 8 vertexes {py} (i=1,2,...8) whicH are centre points of blocks B(py),

and theFéngBlacerensienflgditix dtasaitiy)aie deforisdoxy=bbEdafl weiil and

-xOKk)(xk -xok)]}dpi (4) 8.i=I k=1 Lk wherein (x11, xa, x13) denotes the
EHRFdPRAOBT Sariee B8iftqk prenaEtono3inientindsherdo otdinais df thierped

centre point gj of block B'(rp), dpi is the displacement of centre point p1 of
S R S A e e e
8A illustrat i f the slice ig.brain atlas A(x) shown in Fig. 5, that
portionsfjtr)1 iﬁ%gl%%%g% oun gg%y%i%%@%@é@é&l?&ﬁ%ﬁ?ﬁ dt si)ﬂ’l’é‘dary
hquadanyef L ' Bﬁﬂﬂg_?&’ jsplacement. Q

’ 2%%6/11%%92%%%%%%8%%%%}?3&%%% 10 Firrally. S‘%ﬂﬁ-gted%%g“&%’sz'
A(x) is detereed RyRorN@iano s RINGF @ﬂ%ﬁl@@%f@ﬂ?kﬂg%ﬂ?ﬁﬂxi%om and

front propagation. In particular, each structure is warped according to the
dootmicany displacemdtiibofibatial ut)radetomninerinadbsep 182kt very
8B illustrates the structure 901 shown in Fig. 8A, together with its

158 upld apguscispilacirere thean dr tons trustucer®@irafiedibou nddfy wargings or
providing structure 902. In order to preserve the topology of structures
Lintrathie Anateaaanisgient il hao fnduretsBed isnamdenitipinstreeddaslogy is

X) may not overlap each other. This is a very
10 tﬁa(t zwoa%ne segments’ from the same contour may not intersect (except for their end

points). This requirement indicates that the topological characteristic of a given region or
contour does not change, and it is reasonable in cases when the general model cotrectly
represent the topology relationships amongst considered tissues.
With regards to model deformation, in the prior art there generally exist two
15 categories of methods to solve this boundary warping problem, those categorics being
surface based methods and volume based methods. The volume based methods are casy
to implement, but are very computationally expensive, which makes these methods
relatively slow. Surface based methods are faster. However, surface based methods of
model deformation require a geometrical surface model to be generated, which is also
20  time consuming.
Another method used which strictly does not fall within any one of the two
model deformation categories identified above is to generate surfaces from sparse points,
This method is also computationally expensive, especially when the number of points is

large.
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natural requirement, since these regions and contours indicate different

tissues or landmarks. Another requirement that has to be satisfied in

order to preserve topology is 10 that two line segments from the same
WIDRIGUTIRIaY not intersect (except for their end points). Thiggapdirementiiz

indicates that the topological charaéteristic of a given region or contour

does nanchiangs, e dotcigoien defiakleies caddisiahon thegeneralimddeimation

correctly represent the topology relationships amongst considered

tietels, Withniegapdgattomagtebaidfosmesaibin imitkrteprids dut detmangbrertdhyA(x).

exist two 15 categories of methods to solve this boundary warping

Broplenio trrsservaienorrs heirprsiiatdishdcannbomioisdenicdoldnfennectivity

based methods. The volume based methods are easy_ to implement, but

23 (RorgPe diboretidhehRPG AL IR Homalisetiade i iert counterparts.

latively, slow. Surf based methods are faster. However, surface )
o N B S e A R AL S s i 6

MBSk G GEEIAIRG: WG BlsAnaR IS SRaNIng. Another method

used which strictly’does not fall within any one of the two model

deformatigneaiegeries idgaiifiechapoye & %lﬁ%e%?ﬁﬁwﬁﬁc%ﬁﬁ Mheans that:
sparse points. This method is also computationally expensive, especially

ybesihR@YMRBLOIHROINS {5 /iMe®) WiP.2008LMBRA8 L and are 6-connected. A
PCT/SG2006/000112 11 In view of the foregoing deficiencies exhibited

pyeoPeirsAopehe efaunatigr) mkih g se3tfopptropagbiDR-RPPHRAGH $oint P
used in sub-step 133 to deform the atlas A(x). In order to preserve
topologyctied eothcthpt shdiditaditdpetopyinssadoptbahaPionheittivitic pasiet(6f 26-
26) is chosen, that being 6-connectivity for objects and 26 for object
eoneegdrest points.

Since there are multiple fronts, and topology must be preserved during
propagation of the front, it is difficult, if not impossible, to propose a physically
meaningful continuous model to describe the front propagation used for the boundary
warping. Therefore, instead of using a traditional continuous model, a digital front
propagation method is directly adopted.

In the digital front propagation method, atlas deformation is achieved by adding
points to and removing points from all volumes in a breadth first style. That is, each front
is repeatedly advanced one step forward in turn until none of the fronts can propagate any
further. The key principles of this digital front propagation method are front
displacement update and single front one step forward propagation.

As an initial condition, the position Px=(P.x;, P.xs, Px;) and displacement
P.dx=(P.dx,, P.dxy, P.dxz} of each front point P are known. After the front propagates

one step forward, some front points P are removed, whereas some front points P are

added to the volume volume(P) under consideration. As a result, a new front is defined
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5 Fig. 6A shows a point 601 together with its 6-connected neighbours,
whereas Fig. 6B shows a point 602 together with its 26-connected
neighbours. Let point P be a front point of a volume volume(P), which
woeans thais PEvolume(P). All points x in volume(P) have thesatadahehiz
L and are 6-connected. A point P idZ front point of volume(P) when at
least one 6-connected neighbour of point P 10 is not labelled with the
Sarthe ivekzkdar pointB)in ohiee P drenenibie revelroht2 8-is onadctée ipdate the
oints. Since there are multiple fronts, and tc%)ology must be preserved

P :

disniseprap Agatiorbier pents £ R dimesr, 9%t impossible, to propose

a physically._meaningful continuous model 1o describe the front .
propaga?ti?})r/{%im‘f‘ éhﬁﬂﬁlo%i’r\?tﬁ\xgherﬁﬁﬁ%e Fmsnstoral siddagbich dhgfront
a tradjjional continuous model, a.digjtal front tion method | . .
R e B S B o fhe i pofat

frasbiens) fadding. pisoHRR B (ANNS RO AAMANEIRS A Ppoint

first style.’ That is, each front is repeatedly advanced one step

forwpsehioh i BB HHRApRoRfiABe dFants CaR prapagafe any 20 further. The
key principles of this digital front propagation method are front

displacement, ;ﬂl e. ? single front one step forward propagation. As an
initial conditri]é#,g 'e”ﬁgg“ lon Px=(Pxl, Px2, Px3) and displacement P.dr- )
(P.dxl, P.dx2, P.dx3) of each front point P are known. After the front
propagatéseio hB-srel’ forflidrdl, Saie therpqsitine o drentarmindd bafheraad after
some front points P are 25 added to the volume volume(P) under

Shwligersibis Mevissin i the seme st Rrinhdbrifton ook dsagsidered to be

PCT/SG2006/000112 12 X
non-active and can not propagate any further. Similarly, when [Px]=[Px+P.dx], that is

the position of front point P before and after displacement is not approximate to the same
grid point, that front point P is considered to be active. Only active front point P
propagate forward.

For each active front point P, a preceding peint pre(P) and a succeeding point
next(P) are determined. The position next(P).x of the succeeding point next(P) is
determined by moving from the (current) position Px of front point P along the
displacement vector P.dx in a manner so that:

the grid point [rext(P).x] is within the 26-connected neighbours of the grid point
[Px]; and

the grid point [next(P).x] achieves the minimum distance from the line passing
through positions Px and Px+P.dx.

Formally:

R(P.x)= { y' y= arg;nin[dl([y], P.x,P.x+Pdx)y=Px+aP.dxe >0}a,[[Pxlly]= 1} (

6)
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by the changed volume(P). In order to advance the new front, it is needed

to update the displacement P.dx of all front points P on the new front. Let

[Px] indicate the grid point on the three dimensional grid to which the front
wWibpaedP igsapproximate to. Hence, with the position Px=(P.xb/g@208x®B)112

the grid point 5 [P.x]=([P.xj], [Px2],)Px3]) to which the position Px is

approximate to is the grid point [Pxj which satisfies the following condition

for i=(1, 2, 3p{EPIegrRIgmEHER N ERAEIRRHP XD -thdrieett position (7)

of front point P before’ahd after displacement is approximate to the same

grid point, that front point P is considered to be 10 non-active and can not

propagatbesgiy foethmctiaindtifrly PwherPfPYiR the-Riviputhalistangeciom point p;

position of front point P before and after displacement is not approximate

o thediag ssengattysiah aeaetysntbit P is considered to be active. Only

active front point P ate farward. For each active front point P, a

precedif% ﬁ?%&%ﬁr‘?ﬁ%&@%@‘ﬁﬂg bﬁo]ier?t’Si'Saﬁgxt(P) are determined.

The posijtion next(R)x of.the succeeding point next(P) is. determined

moving Bo LGl P W R B, SRR

displac I fRApR : £l i )X,1
within tﬁ?%g%cﬁc?r? rﬁ%ﬁ(ﬁnﬂﬁi’%ﬁbours %oéf(%ﬁg%?lgg EL}& n Psgggx(}?ga%]%ﬁg%%ﬁg%ﬁ%amer

aeint{nextd )t achigvesdie PoRIR@stRResa bR  Ingpasstiehcee is that
through positions Px and Px+P.dx. Formally: Si(P.x)= {yy = arin[d[yJ P.x,
Wheh Ridxyosifox tal(Paeif BdeniRed [ hdvement is performed from the (current)

position P.x of front point P along displacement vector —P.dx, in 2 manner so that grid
point [pre(P)x] to which is the position pre(P).x of the preceding point pre(P) is
approximate to is also a neighbour to grid point [P.x]. Also, the grid point [pre(P).x] has
the minimum distance from the extended line passing through positions P.x and pre(P).x.

In order to illustrate the relationship between a front point P, its preceding point

~ pre(P) and its succeeding point next(P), Fig. 7A illustrates a front point 701 having

position Px. The position Px of the front point P relative to grid positions is also
illustrated. In the illustration only two dimensions are shown for clarity. However, as
would be clear from the description, the grid domain D is three-dimensional.

The grid point [P.x} to which the position £ x is approximate to is grid point 705.
Vector 706 indicates the displacement P.dx calculated for front point P, which defines the
target point 710 (P.x+P.dx) for front point P,

The position next(P).x of the succeeding point #ext(P) is then determined by
moving from the (current) position P.x of front point 701 along the displacement vector
706 towards the target point 710. Point 708 is determined the succeeding point next(P),

with the grid point 707 to which point 708 is approximate to being a 26-connected
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6) WO 2006/118548 PCT/SG2006/000112 13. next(P)x=argmin{d3(P.x,

)}, next(P).dx=(Px+P.dx)-next(P)x (7) yEZ(P.z) wherein the function

di(pj, p2, p3) provides the minimum distance from point p1 to the line
weagmentstarough points p2 and p3; the function d2([x],[y])=mem§fedobmiiol 12
i=1,2,3}; and 5 the function d3(x, y)!provides the distance between the two
points x and y. The position pre(P)x of the preceding point pre(P) is
detelrairele ifhe gidnpRipt sTilarfiothdPdihee hacoteaing dbimneeom the line
described above. The difference is that when the position pre(P)x is

garsinstieyeherditan?id sediéihed from the (current) position Px of front

int P al ispl t P. i that grid 1 int
ey QT TRIEHTE THE B EoE R HE LB B phpeed by
RN SRS, S ARR PRS2 18U O 01 (O S BBR vecor

thrpygh PoSitians:LAARMRIE (R Br@&%ﬁé%ﬂkﬁ%%},h@i{ﬁ i WRint 703 o

between a front point P, its preceding point pre(P) and its succeeding

Raih pRK(PDFigapioitiusifate DadEant fobh éabd e B odbth IRtig B¥int 705.

The position Px of the front point P relative to grid positions is also
iHosir 02 chakntib enibirstratitinonty ffwo tikmensionblake 7ol guwiiar blatiph positions
However, as would be clear from the description, the grid domain D is
tHreendim@nsional. The grid point [P.x] to which the position Px is

approximate to is grid point 705. Vector 706 indicates the displacement
P.dx callgréiteerrrsrsritsimcdinnite fonhaeittietly, Pz,.....P,}. When the front

advances, the new position @.x and displacement @.dx of a point @, which is a 26-
connected neighbour to at least one of the front points {Py, P3,.....P,}, and is calculated as
follows:

If there are one or more front points {f;, Py, ....Py} that propagate to grid
position [@.x] when the front is propagated by one step forward, i.e. [next(Py).x]=[Q.x]
(s=1,2,..k), then the position @.x aﬁd displacgment Q.dx take the corresponding values of
the succeeding point next{(P;) of front point P that results in the minimum distance from
the grid position [rext(Py).x] to which the succeeding point next(P;} is approximate to, to
the line segment between points Py.x and Pypx+Pidx, Hence, point ¢ resuits from

propagating front point P;; one step forward. Formally this is stated as:

s=argmin{d, (next{P, Jx| P, x, P, .x+ P dx)} (8)

O x=next(Pi)x,  Q.dx=next(Py).dx | (9)

wherein the function di(pi, ps, ps) again provides the minimum distance from

point p; to the line segment through points p, and ps.



20 target point 710 (p.x+P.dx) for front point P. The position next(P)x of

the succeeding point next(P) is then determined by moving from the

(current) position Px of front point 701 along the displacement vector 706
wowaxds tha target point 710. Point 708 is determined the sucesedingpoint

next(P), with the grid point 707 to Which point 708 is approximate to being

a 26-connected WO 2006/118548 PCTISG2006/000112 14 neighbour to

the grid Psidbaosdessifedcamadans Hispmdadiailientd frdniené isluding three

Rt BB 1 AR A ROPHADUH ot TR Rg e e
It f int.7Q1 al he di t vector. 5 - P.dx.
g st et s R Y

#0R: tBoMHNCh 1RO 7 O751S, ApRIAMIMAE 1R sing ﬁ&(?a“?%‘%%‘&%ﬂﬁ?&%& vely.

to the grid point 705. Point' 702 has the minimum distance from t

5 Bsendedng W4geassing sheaughieosiions,tRkand 218 NeWesoRsideknich
a front including the front points {P1, P2...... P}. When the front 10
awhiapcads théthely positiarddingapeldizplisameat @l gfi@eiab7Yohieh the
is a 26- connected neighbour to at least one of the front points {Pt, P2......
gcendinis peilbuldtedizxs rislidws Qiicthededind opmort Bate fabatthoimtbiR 4f the
P,2, ....P,k} that propagate to grid position [Qx] when the front is
Pressatjaeceoby dhe Steprromeiit’ e, [ResdPplgenon] Ay ixidickpdieryector
thg position Qx and displacement Q.dx take the corresponding values of
[ "succeeding point next(Pj~) of front point P;, that results in the

10 mlnlmuE?l%llslga&c e]: Jrn points {Py, Py,.....P,} propagate to grid position [Q.x] when
the front is propagated by one step forward, then the position @.x is set to the grid
position [@.x]. The displacement .dx is set such that the target position of point @,
which is @x+Q.dx, corresponds to the centre of the target positions of all neighbours

forming part of the front. That is:

[i(ﬁ.x—l—f’i.dx)}
15 Q.dx =Ll . —0@x (10)

Fig. 7C illustrates a front including three front points 751, 752 and 753, and
having target points 761, 762 and 763 respectively. When the front is propagated by one
step forward, the front points 751, 752 and 753 propagate to positions 771, 772 and 773
respectively, none of which corresponding to point @. Accordingly, the position Qx is
20 set to the grid position 780, and the displacement Q.dx is set to such that the target
position 781 of point @ corresponds to the centre of the target positions 761, 762 and 763

of front poinis 751, 752 and 753 respectively.
Having described the update of the front displacement, single front one step

forward propagation is now described. As stated above, when [Px[#[Px+P.dx], that
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the grid position [next(Ps)x] to which the succeeding point next(Ps) is

approximate to, to the line segment between points Pax and Pa.x+Pu.dx.

Hence, point Q results from propagating front point P;, one step forward.
vRprmellysthss is stated as: 20 s=argmin{di ((next(P;,).XIP,, X Bsad8s/omyi 2

(8) Qx=next(Pu.)x, Q.dx=next(Pu).8% (9) wherein the function di(p1, P2,

p3) again provides the minimum distance from point p, to the line

Seghmeirtthrorgnsibirad pdandips. WinpaOeaE1 88:6f a front’s points P is active,

PCT/SG2006/000112 15 The above described scenario is illustrated in

thiep e frtdnentiodhsgtiiee FrBRTPE RS Faont 39 Bogmstivey QupGwtve fronts

The front poipts 715, 716 and 717 have target points 721, 722 and 723

PR BEAGEN 'OV the front is propagated by one step forward, front

points 735 3 16 PARABRLE 10 SUECSRONAPPIBISEARANIZE . onspoin

]
respectively. 5 Howevér, both of points are approximate grid

POSIiaD: /B WIS o RAESBRNIE IR SHCOREINGRONN LR 1., and the

closer to the grid position 720 than the succeeding point 726, the posifion

fepne-alispine angpt QHAXIBKE itigcyaides diBhed Suecaraing D ainhy 384l P is
front point 715. The displacement Q.dx is indicated as vector 728. 10 If

dehedidhe frehtpe ptaniRiLdn2he. adBiligiepagaie/id off idap Geitiopol@@ from the
when the front is propagated by one step forward, then the position Ox is

velvtoethve/grie I olitio mdQpljarblecidishiziet nopnla@ydyl itheerdunte thdtwéP). To
target position of point Q, which is Q.x+Q.dx, corresponds to the centre of
fisternige Phcdiabme Bl Hdighbins bt migmia ot g e megiad presented
in Bertrand G, “Simple points, topological numbers and geodesic neighborhoods in cubic
grids”, Paltern Recognition Letiers, vol. 15, pp 1003—1011, 1994 is preferably used. The
main principle applied in that method is to determine whether the number of connected
components within certain geodesic neighbourhoods is changed or not.

Fig. 3 shows a schematic flow diagram of a process 800 for advancing an active
front one step forward by adding and removing front points P. The process 800 starts in
step 810 where it is determined whether any active front points P remain for processing.
In the case where one or more active front points P still remain, the process 800 continues
to step 815 where the next active front point is identified. Step 820 then follows where it
is determined whether any of the 26-connected neighbours of that active front point P
remain for processing. If no more 26-connected neighbours remain for processing, then
the process 800 returns to step 810 from where the next active front point Pris processed.

In the case where one or more 26-connected neighbours remain for processing,
the process 800 continues to step 825 where the next 26-connected neighbour is

identified,

Step 830 then follows where it is determined whether:
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[15 Q.dx - Q.x (10) Fig. 7C illustrates a front including three front points
751, 752 and 753, and having target points 761, 762 and 763
respectively. When the front is propagated by one step forward, the front

wpainie17%ks 752 and 753 propagate to positions 771, 772 apdt/st3e06/000112

respectively, none of which correspénding to point Q. Accordingly, the
position Qx is 20 set to the grid position 780, and the displacement Q.dx is
set to stictieabehefttrgetrepakitiopo8 pof(@int Qrodrdspbittsiic: theconnected
centre of the target positions 761, 762 and 763 of front points 751, 752
neehhey pldpe dRmipoafingdmsonpidarien Juatthe seme sl as front point P.
isplacement, single front one step forward propagation is now described.
ﬁ?%ﬁa% 89%{%&?#@#‘1%&?&[Pwp.dx], that WO 2006/118548
PCT/S 006( 0112 1? frontt,pa%i(?t P is considered to be active. When at

least onéof a oirsltasmp%?n?? Brg &8 ive, then the front is said to be active.

Otherwisg i H9it 100 A9UNE- A AT TBS. AR IRRATEIE sencture

forward. Eor front point P, P.label indicates t bel L of the atlas A(x) at

that fropt peinteferifta aseesornantianed daforso Al RAMSMIER Aet by the
volume have same label L, and the label L=0O is the background label

Indicatintgdnieiptlednstpobtums ikfresipainidP igdeefineddp besatsinmelerolume
point when the addition or removal of that front point P from the volume
walira&(PTisds duotedhatgelling pigita@t ot doy saitth dshadlsmfeonohaine ¢R hence
To determine whether a particular front point P is a simple point or not,

Y B pektiste F DS Hancamseondiioesissistorigological

numbers and geodesic neighborhoods in cubic grids ", Pattern

RecogritORERRERD S 15 H5peespdd s iR ierably used. The

If it is determined in step 830 that not all 3 of the stated conditions are met, then
the process 800 continues to step 850 where it is determined whether:

a) the label of the preceding point pre(P) of the front point P is the same as the
label of the front point P under consideration. That is pre(P).label= P.label; and

b) the label of the succeeding point nexi(P) of the front point P is that of the
background (next(P).label=0), which means that the succeeding point next(#) does not
presently belong to a stracture; and

¢) point 2 is a simple point.

If it is determined in step 850 that ail 3 of the above conditions are met by the
front point P under consideration, that front point P is then in step 855 removed from its
present volume volume.P by labelling point P with the background label, hence setting
P.label=0. Step 855 thus corresponds to region shrinking.

Following step 855, or if it is determined in step 850 that not all 3 of the stated
conditions are met, the process 800 returns to step 820 to process the remaining

neighbours,
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main principle applied in that method is to determine whether the number

of connected components within certain geodesic neighbourhoods is
changed or not. Fig. 3 shows a schematic flow diagram of a process 800
viar movarssisg an active i5 front one step forward by addingeand: cemeving: 2
front points P. The process 800 stats in step 810 where it is determined
whether any active front points P remain for processing. In the case

where offecer inbralgietivinfbnt pint$ 1 dlilktraebhaieli thciprdceest80d have been
continues to step 815 where the next active front point is identified. Step

ayoerist. fehevisarierd X0 isustsmsine cstinether Hhref the Seréoitnaedsied by

hbours qf that actjve_front point P, 20 remain for processing. If no more

IRl L OPLTERATR th 5 ot Pin e o o Bl g Tamer

(FLU0S o, 215D B0 IpmDeIe e flogt Active front point P is processed.
In"the case where one or more -connected I’]EIgthUI’S remain for

processifg, the RragessS08E0RIRUES nstaR.82% hﬁye%tb%ﬂfgxtand shrinking

26-connected neighbour is identified. 25 Step 830 then follows where it is

deiREREadkwReeEIMN QR G0/L 3RA8: Riad (2649064080012, 1Msahth@rctures
label of the preceding point pre(Q) of point Q, which is a 26-connected

Raig bt ndhdht-fromnt peiitd ahaddrebnsideratim fAasthe shinddabehasn may
front point P. That is pre(Q).label= P.label; and b) point Q is a simple
peintidre becypointi@lhasiavebel Qdabetess 804 ibgofoteQldwesataequired for
belong to any structure. If it is determined in step 830 that all 3 of the
apviralanranteg HoefateyitEdrosibpipetderheighbour point Q, that

nnint Q is added in step 835 to the volume o
Fig. 9A shows the outlines of the brain atlas A(x) shown in Fig. 4A after that

brain atlas 4(x) has been warped using the non-rigid registration of step 130, with that
warped brain atlas A(x) superimposed over the MRI brain image i(x) shown in Fig. 4B.
Fig. 9B shows a portion of the image of Fig. 9A magnified in order to more clearly show
the result obtained through step 130.

The foregoing describes only some embodiments of the present invention, and
modifications and/or changes can be made thereto without departing from the scope and
spirit of the invention, the embodiments being illustrative and not restrictive.

In one further embodiment a multi-resolution strategy is adopted whercby the
size of the blocks B (formed in step 131) is changed from large to small during
processing. The boundary warping applied in step 133 is then applied to each block size.
This multi-resolution strategy allows the non-rigid registration performed in step 130 to
initially operate on large blocks B, thereby making large deformation to the structures in

the atlas A(x), followed by progressively smaller blocks B, causing finer, and more

accurate deformations to the structures.



volume.P. This is done by labelling point Q with the same label as front
point P, hence setting QJabel=P.label. Step 835 thus corresponds to
region growing. 10 Following step 835, the process 800 returns to step
820. If it is determined in step 830 that not all 3 of the stated conditions
are met, then the process 800 continues to step 850 where it is
determined whether: a) the label of the preceding point pre(P) of the front
point P is the same as the label of the front point P under consideration.
That is pre(P).label= P.label; and'ts b) the label of the succeeding point
next(Pwof daediront point P is that of the background (next(P).label=0),
which means that the succeeding point next(P) does not presently belong
to a structure; and c) point P is a simple point. If it is determined in step

850 thait all 3 of the apove condié%gs are met by the 20 front point P

under consiadEfieh SRR TIBHE SOTIY BRETHER ifs SEB S 5852 A BEHEm its
ISReH M8 yelume.P by labelling point P with the background label,
hence setting P.label=0. Step 855 thus corresponds to region shrinking.

 Followinagpaiep:8Shpatait; idiipisetes ined HbRign:-B50itaal.natpl-caf the
stated conditions are met, the process 800 returns to step 820 to process
theéetEMBInTALP ™S HeRgithBirrpy0in0ob/1 TeB4BI P CISBRo0s/000 K12 18
Once itis determineddsfi:rg Stebga810 that all active front points P have been
C

Proceased. the process Bfiffities to step 890 where the front is

- updated by delerninig he diankdisplacements.k e.of allfiogiagiats P,
and in the manner '
preserving propagation of boundary points of said structure, according to said boundary

displacement,

2. . The method according to clatm 1, wherein said first and second imagés are
. defined in a predefined domain, and gaid caloulating suep comprisés the sub-steps of

dividing said domatn into blocks;

calculating 2 displacement of the centre points of each block, said displacement
maximising & block similarity measure between corresponding biocks in said first and
second images; and |

calculating said boundary displacement by calculating 2 displacement for points
on said boundary of said structure by interpolating said displacements of neighbousing

centre points,

3. The method according to claim 2 wherein said frst and second images are

volumetric images, and said blocks are hexahedrons.
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described above with reference to Figs. 7A to 7C. 5 The above process
800 deforms the atlas A(x) by growing and shrinking structures within the
atlas A(x) in a manner that preserves topology. As the structures within
the atlas A(r) are used to calculate boundary displacements, the
deformation may be said to be anatomically driven. The process 800
therefore does not required for particular structures to be extracted from
the image I(x). 10 Fig. 9A shows the outlines of the brain atlas A(x) shown
in Fig. 4A after that brain atlas A(X) has been warped using the non-rigid
registration of step 130, with that warped brain atlas A(x) superimposed
over the MRI brain image I(x) shown in Fig. 4B. Fig. 9B shows a portion
of the ifnagdsf PREGAFRIGHRIE FeBrdertecrRbréaieBrglaionewEResult

obtained through step 130. 15 The foregoing describes only. some
B R e e A I i e

sARRE Bade Hhereto without departing from the scope and spirit of the
invention, the embodiments being illustrative and not restrictive. In one

further embodiment a multi-resolution strategy is adopted whereby the
size of the blocks B (formed in step 131) is charé%ed from large to small

during 20 priscesdift e rrEiBS inefay faMsTHRE AP SeprirsEns then
&leégg@(ggmesa}a%ha%ggg Eg?eéﬁ'misﬁmulti-resolutioq strategy allows the
non-rigid registration performed In step 130 to initially operate on large
blocks B, thereby making large deformation to the structures in the atlas
A(x), followed by progressively smaller blocks B, causing finer, and more
accurate deforppatiens for theistrirgturass:2mnd® with 2 second image, said

apparatus comprising:

mezns for caiculating 2 boundary displacement, using & biock matching-based
‘approach, of at least one structure in said fivst image o order fo register that strooture
with an eguivalent structure in said second ﬁnage; and

means for warping the boundary of said structure in said first image, using
topology preserving propagation of boundary polnts of sald structore, accorci@ng to said

boundary displacement.

7. The apparatus accérding to claim €, wherein said first and second images
are defined it & predefined domein, and said means for calcnlating compriges:

means for dividing sai¢ domain nto blocks;
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We Claim: 1. A method of registering a first image with a second image,
said method comprising the steps of., calculating a boundary
displacement, using a block matching-based approach, of at least one
structure in said first image in order to register that structure with an
equivalent structure in said second image; and warping the boundary of
said structure in said first image, using topology preserving propagation
of boundary points of said structug, according to said boundary
displacement. 2. The method according to claim 1, wherein said first and
secondvirasgies aleldefi redishreeprodefitve delmedmmapicesai dlesic sdiiting
step comprises the sub-steps of: dividing said domain intg blocks;
CITRRERAY BERpINe Srhiert ST S REre PolTtE G SYTFIsTstRe SRt =
%%?%?Q&%%%Qﬂﬂg a block similarity measure between

0oCKs

corresponding in said first and second images; and calculating
said baundary: displacementbyGajcidatingnandispasement pReiRis: on
said boundary of said structure by interpolating said displacements of
FreigpiboLmingicbmméaponitei® sTinrn dth dukasdsindi rgd olishieewhetein
said first and second images are volumetric images, and said blocks are
ReKERBRB S A ded Sheet WEA/AU -20- - |
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4. The method according to claim 1 wherein said topology preserving
propagation of boundary points comprises adding points to and removing
points from the boundary ' of said structure. 5. The method according to
claim 4 wherein only points not belonging to other structures are added to
said structure. 6. An apparatus for registering a first image with a second
image, said apparatus comprising: means for calculating a boundary
displacement; using a block matching-based approach, of at least one
structure in said first image in order to register that structure with an
equivalént stFictaperdvsetieraondiimgehast migist fod warpiigthe
boundary of said structure in said first image, using topology preserving
PP PRYRHBI BrEBuHE AR BEHRLBRSEa*dPItture, according to said
boundary displacement. 7. The apparatus according to claim 6, wherein
said first and second images are defined in a predefined domain, and
said means ik calesiat ng-cammprisesim eantion diidibghraid damaly into
~ blocks; Amended Sheet IPEA/AU -20a means for calculating a
FESShEEEm eTReyRding pany opoiies siilacyiplotlend aithodisphateniont the
aximisi block similarity measure between corresponding blocks in

sé’fﬁl%gtﬂg%@fg%%ﬁ&images; and means for calculating said boundary
displacement by calculating a displacement

1€, The apparatus according to claim ¢ whersin only points not belonging 1o

othe:‘ siruciures are added to said structurs.

il. A computer program product including a computer readable medium
having recorded thereon a .comﬁuter program. for registering a first image with 2 second
Image, said progrem comprising:

code for caleulating @ boundary displacement, using a block marching-based
approack, of at least one strucfure in said first image in order w register that structure
with an equivaient structore in said second Image; and

code for warping the boundary of said structre in said first imege, using
opology preservz’ﬁg propagation of boundary points of said seocture, sccording to -said

~ boundary - displacement
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for points on said boundary of said structure by intexpolating said
displacements of neighbouring centre points. Amended Sheet &PEAIA&
-21 8. The apparatus according to claim 7 wherein said first and second
images are volumetric images, and said blocks are hexahedrons. 9. The
apparatus according to claim 6 wherein said topology preserving
propagation of boundary points comprises adding points to and removing
points from the boundary of said %t,!rﬁypture. 10. The apparatus according
to claim 9 wherein only points not belonging to other structures are added
to said stfuctliee cHmmrcd ppmtey oLt angdog uctiaoiudingeréo mpltesn
readable medium having recorded thereon a computer program for:
EYISTERRY R TGerfitt & Retdig frEge, sdfogharPeetitpisiag:
cg%lgggspalculating a boundary displacement, using a block
matching-based approach, of at least one structure in said first image in
order tosagistenHat sidcknear with-aawequivalent structure in said second
image; and code for warping the boundary of said structure in said first
image, using topology preserving propagation of boundary points of said
structure, according to said boundary displacement . Amended Sheet
IPEAIAL |
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-21a- 12. The computer program product according to claim 11, wherein
said first and second images are defined in a predefined domain, and said
code for calculating comprises: code for dividing said domain into blocks;
Amended Sheet EDLA/AU -22- code for calculating a displacement of the
centre points of each block, said displacement maximising a block
similarity measure between corresponding blocks in said first and second
images; and code for calculating said boundary displacement by
calculating a displacement for points on said boundary of said structure
by interF8fativg SATEERD kdispifermsto fohbiy trsrimintserftegb diingk, Fad
Trdaigp &8&@3"%&%@{&% pro Juct . according to, claim 12 wherein said first

second IMages are VoluMethe images: ZRd & dHeeRy Geebiocks &

h@@mmc&ﬁ.@g@&gmputer program product according to claim 11
wherein said topology preserving propagation of boundary points

comprisesiatidisgcpiaintsstii anchdremibyingpeints frosmithe: hotimdansof
said structure. 15. The computer program product according to claim 14
witfe PETRE0 iy SB16i PESoAsT 156 |51 g thie instemiftina sstife dittednra s it
SIHGHIRAmEndeg, Sheet IFEAAL

13, The computer program product according to claim 12 wherein said first

and second images are volumetric images, and said blocks are hexahedrons.

14. The computer program product according to claim 17 wherein smid
topology preserving propagation of boundary points compriszs adding points to end

-removing points from the boundary of said structure.

ot

5. The computer program product according to claim 14 wherein only points

not belonging to other stroctures are added to said structure.
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