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METHOD AND APPARATUSFOR REGQ STRATI ON OF AN ATLAS TO AN
| MAGE Field of the Invention The present invention

wo edoatiess4gyeneral |y to i mage defornmation and, iPCT/SG2006/000112
particular, to i mage defornmati on where an atlas is

YORTHQY AN, RRRARIETIR PARREGISTRATION GF AN ATLAS

Background | mage deformation is an operation often
performed in computer JgIr@pANIMAGEapplication where

i mage deformation is particularly useful is where

objects in different inages have to be registered, for
exanpl e, to register obiebbefsthednwemtionl as wi th obj ects
obt ai ned t hrough nmagnetic resonance (VMR) imagi ng. Mre

speci The ptdsynt inverition rtlatdscenéralle té @8age0@fY¥maation and, in particular,
three-di nensional brain atlas is registered onto a

to/ phateiefdrfalibh WRES an BQAd RWbHStetddqo 84 %5 i b Ofafdbr LB that the
atlas and the brain imge, brain functio I mage

t%@ﬁéﬁﬁan‘ﬁ%%ﬁ% g%gwegju;?:r %/:acflln:jt at ed through

the resulting conmbi ned i mage. Existing nethods for

i mage regi stration can be broadly classified into two
cl asses, nanely intensity based inmage registrati on and
feature based image regi sBhdiid@find! N Met hods using
intensity based image registration a transformation

bet Wegf, ViR £ Pion 1 15BH S ellaﬁor? %ﬁgﬁé H&?%e Xé.orﬂiqiﬁecf e%%ﬁﬁcs One

intensity simlar |ty rre sure bet

ods. are aut o
SR TE SR afe? EfEmalih 15 PRBiceley S Rt s, e fp different
val ues he |mage data when applied to the
irg3ges %&V? {q braggisiced, Aok graarRlpy foategistrs| abieriein A wEoBMith objects
is the translation of an image-simlarity function to
obfained 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



10

15

20

desired anatom c correspondence. In addition, a |arge

anount of evenly distributed features confronts these
woreahooss4sv t h an extrenely | arge search space BOTSG2006/000112

criterionlandscapes with nehy local mninma, leading to

' C ' a i sion degr adi .
GRBE WG LRGBS TR, SRR LR yFease and precision
drret(liwds, feature based i nage registrati on nethods do

AIt8rk with the image data directly. Feature based

I mage registration nethods operate by inserting an ]

i nt er FediPated totigfensifie based laiagétregsﬁ%ttqrm@neﬂméaneﬁ%ametjbased image
honol ogous features are extracted. It is the matching
regiisttaties ensgthodscdaimet meklatvath tenimapgodesa tlattly. e Feathiechased image
is then used for registration. The features used for
re@istaitiog niditodd @perateby fiReMinlk\anf ihfihbditic\sthuaherBidl Héet of structure-
l'ines, contours, surface patches, entire paraneterized

réiatbd H68D10280¢ rdltd Gidl AlirapRideCl s thENBatcRinb ¥FGAReR Structure-related
structural” i nformati on nakes these net hodS nore

' : e with .
RELOTRE bt FhBYTE o U5 e G0 Ui g i
iponeiormtionn Vo e MO ey Hops “aglogs, Sirface patches, entire

regi stration nmethod which does not require particul ar )
parapgtariged suiferepeand partigvlar ghiectshi The peliases v stivgstloigformation
of structures during deformation of such structures.
m8kenthreye Intethicsls anomsbgnatimiodllyt heepmes dhiwdvey ehe ichalldnge with these
provi de an i nproved nmet hod and apparatus for
nfeftghids lies il odtdinihgt suffgentyi lafpeanubitie Bfl fdatReLatitématically to drive
manner that preserves topology of object in the
tHeRESmatifgcording to a first aspect of the present
invention, there is provided a nethod of registering a

first ,i mRge ﬂ#r&%{eg ggl%gs? ?’& ia”%%?suaﬁ&k DndBE Which does not require

conprising the's

particular structures to be extract, and which preserves topology of structures during

deformation of such structures.

Summary
It is an object of the present invention to 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.
According to 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 of at least one structure in said first image

in order to register that structure with an equivalent structure in said second image; and
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cal cul ating a boundary displacenent of at |east one
structure in said first image in order to register

WO b@b/1s85ukict ure with an equi val ent structure i PCE8GZ06/000112
second i mage; andwarpi ng the boundary of said

structure in said first i e accarding to said . .
boundaFgpag diF GRGHER o6SFig THBFaBy i £58, itgg eccording to said
propagati on of boundary points of said structure. ) )
bondgriflisplagement 5TE HORMMECRICHVINE PTPRAEIEM Of bRABARIYgpints of said
there is provided an apparatus for inplenmenting the
seficduenent i oned net hod. Accordi ng to anot her aspect of

the present invention there is provided a conputer

pr ogr awc@dagued ahothet dspegt af chapresnt rieadabh,e thesdiisiprovided an
havi ng recorded thereon a conputer program for

abPRhEIRRHiPE Ben g Pseniasedddinéhapove. O her

aspects of 'the invention are al so disclosed. Brief

Descript.j t 1.0QS [ t :

tho. pracuihe o PUEE Aol W DRt FrHEGE, FRR S Blovided o
reference to the drawings, in which: F 1 sho a.

QRN ARSI RSP RE £ ReTRYE dradellls; Giedi Juipe recorded
i nput image and an atlas; Fig. 2 shows a sche i C

threpsie eRTAFFERTEEAR 106 HpRicEentingthe mathoss dﬁfﬁ%g?fa%ve-

met hod shown in Fig. 1 may be practiced; Fig. 3 shows

a sch@tiriaspdatoed the txyentmonodre alspdisstassd.f or advanci ng an
active front one step forward by addi ng and renovi ng

front points; Fig. 4A shows a slice of a

Tal ai rach- Tournoux brain atlas; Fig. 4B shows a

t wo- di mensi onal i mage obtained through magnetic
resonance i nagi ng;Brlef Description of the Drawings

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

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

Fig. 2 shows a schematic block diagram of a computer system upon which the
method shown in Fig. 1 may be practiced;

Fig. 3 shows a schematic flow diagram of a process for advancing an active front
one step forward by adding and removing front points;

Fig. 4A shows a slice of a Talairach-Tournoux brain atlas;

Fig. 4B shows a two-dimensional image obtained through 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. S5illustrates a slice of a brain atlas aligned to
a brain image, as well as a 2- dinensional portion of

wo b@ogrssds of a grid donmin; Figs. 6A and 6B il | BPET/6G2086/000112
6- connected and 26-connected nei ghbours respectively;

Figs. ./A to, 7C il lustrate the displacenment dat e of a.

new f P&t %%i Apnd Iégég.ﬁ]gﬂrart?l g'scf’%%é%cag‘@gr%#g?}mgfteghémghboms
brain atlas slice showmn in Fig. 5, the boundary of a
respeqiiveli e, and its boundary di spl acenent; Fig. 8B
illustrates the structure shown in Fig. 8A the

boundEigp. Th sl Edbnstrate the dishlacerment wpdaie of aanw frang point;
structure after boundary warping; Fig. 9A shows the

out | i Bizs 8afillufteatdy épotrtiah bfthethanatlanslfdeghowA imFige 5, the boundary
that brain atlas has been warped with the nethod

oflh %&&%ﬁmﬂ%ﬂdﬁndﬂgtdﬂs qteeM@r ped brain atlas
superi nposed over the | brain imge shown in Fig.

4B; a ' [ Of [ '
on gtk frayure S SRR R, it K, B BGRlary Uifplacement of
structures therein. Detall ed, Descri.pti on Where

R e R rore B bofieany S B of ¢ he

acconmpanyi ng drawi ngs.to steps and/or features, which .
have P 0daHiooie RS of i Biedn 44t ey Bdenfy/agier that brain
features have for the purposes of this description the
atlzshasf bgeot wanped )widh thgpmethiiod odisdgsed Urereins withethatowarpgd ybrain atlas
intention appears. Fig. 1 shows a schematic flow
sapetigippsedbver tiEMRIbrdi0 dmage shegndh &ig. @; and i nput | mage

I(x) and an atlas A(x). The image I(x) and the atlas

A(X) B{£ 9P b '}ﬁ) 'dfﬁG?&edi%{mdﬁe eff Fip. 9AOhhghiHed® Brder to more
D=[Il...” 1] X I... Jx[I --."3 erein the paraneters m

TP PRI BERRL EF 7L e Tovars 0 Mo (¢

Detailed Description

Where reference is made in any one or more of the accompanying drawings to
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 I(x) and the atlas 4A(x) are volumetric images
defined in a grid domain D=[1... n;]x[1...m]x[1...n3] wherein the parameters n;, n, and
ns specify the size of the atlas A(x). Atlas 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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defined within the atlas A(x), and / indicates the

nunber of |abels defined in the atlas A(x). Each
wWmowsa1ss4$ abel L corresponds to a structure, WPET/8GH06/000112

the | abel L=0O represents unl abel ed structures. The

val ues, of the |j e | at each three-di nensi.onal

ort o B mtossof Bl 0t RS Bk SRe P EL B A dRint . or voxel,
property. In a preferred inplenmentation the img

MY TPRFEARE any R IeRertYnt Bhainrglersd a@gl,errfemat@%atﬁﬁ
generated using 3-D nedical scanners or conputed )
formed groapsampl €rintensity velsies, Forexsphogentotedising 3l medjcahscanners
the input image I (x) and the atlas A(x) is preferably
oPsagiiteRdmogiaphy ICTpapUtear system 200, such as that

shown in Fig. 2 wherein the steps of nmethod 100 is

| pl efROLEGALGE 1907 8¢ steﬁx&% MhsnR ARk KAt bAd the atlas A(x) is
program executing wthin the conputer system 200. In

p%ﬁér%l%lgtﬁkfc&ibe& Hﬁng E]aec?)%lé)%ftertspgteﬁ%dbo GudOf BEEHIWEHIEE. 2 wherein

uctirons software that are carried ou

by the conputer. system 200.,The software may be stored

PSR DETEN OS5 RaBTIBE AR A Saiemcn ik oo PpAdHef brosram.
into the conputer system 200 fromthe conputer

execatind FEhindlr GAMPRISH SYSien 280 by padcyr. thstersefithe method 100 are
system 200. A conputer readabl e nedi um havi ng such

efedted\by enstuctianspottes sqftwaye dmt raee eardedi ovnby thei epmputer system 200.
conmput er program product. The use of the conputer

ThE e@ftvadre piayhecdtoried oh ccongpupss treddableshetima 0 Thprseftemsik yoaded into
ef fects an advant ageous apparatus for registering the

tHe Wnlputragaein{200 R0 thdBoRphtdsreAliddle mBHﬁm@,QiﬁHlth_@d executed by the
system 200 is forned by a conputer nodul e 201, i nput
a

b
C%%é{lltglg sc'ys?e% 284S @(I'J:’m?utglg gél?ig%ﬂg Tﬁe’&ﬂ.{ﬂg 'ha@inﬁ%h&li 56¥8wa ¢ or computer

“and "a di sp e coffputer no
o B L 55 S SR R AR5 55 8 ot rogrm
i ncl udes a nunber of input/output &I/O) i nterfaces
prasiertuin the eompuerosysime 208 quetstrply gHects guprdyantagequseapparatus for
vi deo di splay device 214, and an I/Ointerface 213 for
rédistering the input image I(x) and the atlas A(x).

iske 1) is

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 (I/O) interfaces including a video
interface 207 that couples to the video display device 214, and an I/O 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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i nput devices 202. A storage device 209 is provided

and typically includes a hard disk drive. A CD-ROM
waleiosa1§5mot il 1 ustrated) may be provided as a PCT/SG2006/000112

non-vol atile source of data The conponents 205 to 213

of t conput.er dule 2 t.ypi cal onmruni ¢ Vi
an i nt &g ngtetaé’gﬁﬁat@nﬂgé AR dg ?%s?%n%%%rst%é%ﬁéﬁce 36 and read
results in a conventjonal node of operation of the
lied 511 SHePR6T RADRPIOSIHRA0S. MemIRiae SigragfOf the program
art. Typically, the application programis resident on
antdhanysdaa agpy bRestcompbigiedayring thedmemarycte; possitdy in goneest with the
execution by the processor 205. Internedi ate storage
stofagt Reviee 209 .arth aotheanytankes atherappheatimoquogdains et atlasi 4¢c) may be
the nmenory 206, possibly in concert with the storage

sPPUEE €0 20D usdr enSOHER d1SI@DAEOM, tahe rRRPNiCalcbfBsHonapadiive (not
and atlas A(x) may be supplied to the user encoded on

P AR SR B by 80RO 8 GRS ot v
. networ.k via a emdevj ce. Still fur

stf Ao eyt b RO B A b b rom other
200 from ot her conputer readable nedia. The term

copipicadatiemadisl d hadermyurmomputesendahlsmasdium e pepscdihgrein refers to
any storage or transm ssion nediumthat partjcipates
anynstprage iod iragsmiisgien medivonthabpaitisipaiga inaproyidinginsswgiions and/or data
system 200 for execution and/or processing. Referring
toahaicompoteFsygtend 200 for eredutiod ahd/or pfocessgigst eri ng t he
input image 1 (x) and the atlas A(x) starts in step 110

wher eRbfegrin K. 1 SthehestiFONRESRdgisRrife BiO@aSintge /(x) and
typically includes renpval of features in the inage

( | |§'t Wh@k hdsnol RE} iSRG &Ssdan bR i

tﬂzft %%15\’/‘4&%‘2 aﬁ %t?ne ggkzlg@f%ﬁl%ows \?\%lgégeRt i]lesrgz}‘tgﬁ)gs AS( X) | SeproceSSIIlg

roughl.y aligned to e image, | (x) through,a gl obal .
ol e Ryl RSt Gt bfder L5 VR haBnBi Bl gf the object

130 _war ped using non-rigid registration in order to
mogglled wrthe allasad(®hs A(x) with the inmage | (x). The

non-rigid registration of step 130 is described in

mor e S&tpai20 Wellayws where the atlas A(x) is roughly aligned to the image I(x)
through a global affine transformation. The atlas A(x) is then in step 130 warped using
non-rigid registration in order to register the atlas A(x) with the image /(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



A preferred application of nmethod 100 is in the

nmedi cal field, and in particular the field of
woewsosssagiery. In that application the atlas APKI/SGH06/000112

brain atlas and the image I1x) is obtained through

netic r.esanance i mag are a
(CBIR PR B BEVGTTHERS BAAEIE s /i e nw&%? Righ resolution
structure of a patient's_body gh.re oI |on suc
beain ptlascmag ganepatpgrBy imseofationent, téa %Eﬁl?# o algifagh Touengux QTT) atlas.
that which was published by Now nski WL. and Bel ov D.
That birhie apiubhascleaﬂl differsietstoichegsei-eVo137.20( 1), 2003,
pp. 50-57, in an paper entitled The Cerejy
Neur oFdiel st@wsAt tepteseritatical off a slide- dfcthe Malakrach-Tournoux brain atlas.
atl as- basedtool for analysis of neuroimages avail able
5 ng/ 2B shBfs bivBIdBEnsiondN RIFE stich bﬂ@%)ﬁt%ﬁﬁ's BEdiRN brain
atlas was generated by interpolation of the digital

Tal ai If.r??é%}; FQH&H lgﬂng ﬂﬁe%g‘:ésl(x) Q%%e—Bf&b&e@tbk% st of the scalp

137 d ent s ruc ures

o BRGNS, Bl aPb s L8 T ——
of a patient's braln | st ep qﬁthe MRl _brain i mage

upqdyty oy thesealp aad daprlhy Omélﬁ%Mzﬁ findmagelx) p and
skull. Preferably nor phol ogi cal operations and
conneReburing apaindaFimnialthshen-tieid tegistration pbawp d 30 ivéhere the atlas
scal p and skull fromthe MRl brain imge I(x).

10 ABefierwarpgl moarider foregis@r thk, atlabel(Bowithitlys thaged(x9tis abwadescribed in

of step 130 where the atlas A(x) is warped in order to

RO ushAr Stdr1 It diass iGud-stebtin 1 tirrd RARId dowaih B B@ided into a set
described i'n nDre deta|I Step 130 starts in sub-step

of ?e&l c%TkE e e m(ﬁlg'x ng Jﬁgﬁrl]‘lg{j?]ﬁe éllri;ﬁa ?ctn?%lﬁl:ﬁé}soﬁwded into a
HG BB n%v) ), < ol it @gslﬁ "Bl dimension

haV| ng the di nensions 1X 2X 3. Block B(p
ﬂnesoaslﬁfad Rlack his a besthedeonplving p cwntm ﬂ?m& pz (z—ln'a}, -mp)) All the
the centre points {puPi, ---,Pn] form an adjunct bl ock

15 ceitte p&nfstifp) , pz,( %)m} form an B\lﬁpnm) Blocknbetr{B' (g ONBI(¢) poi, ’(g,)}, where
(Jd=1,2,... ) bl ock B\gqJ) are vertexes of bl ock

Bl poﬁi&dqjvﬁif,g,).(.e.i% 8f 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 illustrated in Fig. 5 is a 2-dimensional portion of the grid of the grid domain D.
20  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

25  A(x) with an MRI brain image I(x), it is impossible to use a simple function, such as the



bl ock Blare centre points/?; of blocks B. Fig. 5
illustrates an atlas slice superinposed to a slice of

W@rookRISSHS ai n i mage 1 (x). Also illustrated i n PESGHO06/800112
a 2-di nensional portion of &he grid of the grid donain

@}rg Jg{anékc(ra‘%:goﬁstoad%f:%‘%( ﬂkeedr 0 ?\(;ér?)%%F e?ﬁe t?e @'{e (general)
AR5 R G505 P S SMEATHEPY e

method is then used in sub-step 132 to calculate a
comptea ity wnd vagabalityad braipsirecges.st ruct ure in the atlas
A(x). hi the preferred application where the nethod
100 i Subsep 132 apérgtes dybfiat nalatlbtusg Afexjlisplatémernrt dgiRlof each block
brain image 1 (x), it is inpossible to use a sinple

5 ckateEhoianp, By ahxasizidpeablock ginil At htdas®re SYA|B(HY, I]B(p,+dp,)) of atlas
descri be the one-to-one correspondence between t

[ I +dp;
cg;gpnﬁg W{&iﬁg l}):il%c?(té(g? Ia@é} %&ha%}rmoéwggrg; @pr) vlll't'fﬁﬂ td mesc),k B(pr+dpy) as
f@grwlexuy and varlablllty of brain structures

h- Step 132 operates by first calculating the
di spl acement dp of each block center point/? / by

maxi m zi a& bly a,gr /g MERPUL-E] atl as bl ock 1
A\ B(pi) vn\‘?)t hi ;b oele.s éq) (g%?d [ rrg)ge 'Igz]ck Wit hin the W
bl ock B(pi +dpi) as follows: |, :argrrax [S(A\B(pt ),

\B dpt 1) \dpa \<Lj /2U=I
B pr + B9 PR Ry b, EMSHRE hlgcliieR TBER] flomgin D with the

grid domain D wth the displacenment The displacenent
10  difplaskmentodp HdpekdpBdps). r Bet displecethentidpy afleach blegk B is restricted such
di spl acenent dpi may not exceed half the bl ock edge

the riigd displacenasid dpi hechdt@Reecdhalf thé&blotk edgd Rugthtie eidhedirection, that
block simlarity nmeasure S(A\B(pi), I\B(pi+dpi)),
ijsuppose that all

ldpil<Li/2  (=1,2,3). 2)

To calculate the block similarity measure S(4|B(p;), I|B(p:+dp;)), suppose that all
15 points x of the atlas A(x) in block B(p,) are classified into one of & subset Oy, O, ... ,0x

according to their labels L. That is:
OF{xpxeB(p;), AX)= 11} (=1,2,...k), 3)

wherein [y, b, ..., and [; are different atlas labels L. In this case, according to the

intensity of the image I(x), all points x of the image I(x) in the displaced block B(p;+dp;)

20 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.



points x of the atlas A(x) in block B(p ) are

classified into one of subset 1, , ... ,Ck according
wo ooobhessus | abel s L. That is: O {x\xeB(pd, A(X)PFeI/563006/000112
(/=1,2,. ..A, (3) wherein4, /2, ..., and are

di f f eFemnd giveh aBaginp ehddality, bﬁp(p)k()?é ﬁlg’lé‘lﬁt%edverf”a E‘i’xgi(tghsn@' c{]fQ)bJects with

the intensity of the image poi nt's

ldeEQF l)f (. X% A& sdrhQl f%rﬁ?l)@qg Fi Lé‘ll. A ks t@%ﬁ) ke@ggﬁe)blea{o gssume that cluster

C assi Into one o

%ﬁ"“%b"%@b{ L‘%Q“s Bl ¢ géshzﬁ%zt‘ﬂwﬁg ot e CIf S B measure
An
sdlmeden g o emiﬁuf%?d SN mage Segment at i on"

| EEE Tr ans Med | magi ng. 22(9), pp.1063-1075, 2003, by
Alan WC. L. and Hong Y.For a given imging nodality,

5 suppose tSiidf B(he bh\E(ppgelp] NEENTHIWY, 914 po)bh@:{{@a)"‘r b )
| abels 1, h -..J k r sorted faEom | ow t 0 hi
t hen reasonabl e to assurre that cluster Q corresponds
to sub

dThSﬁa ltd |l ock simlarjty neasure,
S( A\ B‘(’ﬁ?rf'm | e%?tﬁ? g gardmalily edyp S Spd Oids th% MptgRgty variance of
\B{p i +#dp i )) =[#[(Q +dpi ) r Q vy
P((l@fts m@){ Imaga)l(xt) Kithimgpbine @-tdpndiamse sthetwas damanlythe didtinguished
a set, and st is the intensity variance of points x of
by ﬂwgdocta(cm)ls gnd miorphotdgiese nélt bydtheir iBensitiatinubé &% AN This is for
only be distinguished by their |ocations and

exanipdhtheaghewith ROt the yhR&in' the BbR1E] §drf’b§e 'Thet RBelk Wi‘gze lk of such
I (x). This is for exanple the case with all the

10 stRitkEars ehiverl tobid 1@58 2 ehd s@lﬁﬁkxgtgjmiﬁyre S %agcu%tl S u ¢ h

structures are converte to one
The di spl acenent

sim | | cul ation dx
of al rﬁ{ pé)li}’(%l%%g %f(e%g%ng ?ﬁé’f’ﬂ]ltse ~* BB S PreRoyndanesdis fhon dalculated as
cal, cul ?3 Qe i nt er ol ati on of displacenents

thf Frpa%%on of disp 5e1pf?nts tdl’any 6@# 1t For any et &, theresexist a block

bl ock
B'(g)) such that xeB'(q;). The block B'(¢;) has 8 vertexes {py} (=1,2,...8) which are

centre points of blocks B(p;), and the displacement dx of point x is calculated as:

8 3

1
is dx=—Z{H[1+ 7 O =300 )5 = )] ©

8 =1 k=1

wherein (x;1, xp, x;3) denotes the coordinate of centre point py (i=1,2,...,8),
(%01, %02, x03) indicates the coordinate of the centre point g; of block B'(q;), dp; is the
displacement of centre point p; of block B(p;), and (x;, x2, x3) indicates the coordinates of

the point x.
20 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.
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B\qj) such that x <B' (qj). The block B\qj) has 8
vertexes {py} (/=1,2,. ..8) which are centre points of

whbwok 358X py), and the displacenent dx of poi NPCRSGH06/000112

cal culated as: dx = ( -*"*p0** -*o0*)]} i (4) wherein
(xn, P‘i@m{o;)mg@acst@g 13131 ﬂ%)ecﬁ’t‘l’efsdﬁ tig d@for&%@tl{yﬁbe&ﬁ'dglty warping and

(/=1,2,..., ), ( , 02, X03) "indicates
, . Lo K . doi.
B0 I pRAe b B8R HEgRpllh, i BhoRbREY bl warmeo

. d 3) indicates the goordinates of
a@ﬁ’?"%%ﬁ"ﬁ?e 95PH%HY§%SI§#%‘THS§§ fat Cglfﬁa?tf’%‘ﬁe i §ypestep 132.
slice.. n%]gr. in atlas A(x) shown in Fig. 5 that
port i 58 Flﬁ&“ateﬁgﬁﬁ%ﬁ%%ﬁ%ﬁwvwnﬁgi iy teggtherckitiits boundary
Also illustrated is the boundary of a structure 901,
digplacement, isod thps styuatingH0d edeebourdanay irping, prosiding bteyetid 302.
the atlas A(x) is defornmed by boundary warping and
usi ngintarge to pyesprvestae vopododyr afnttruptuegagidiiih Ahe atlay A(x), regions and
particul ar, each structure is warped according to the
conestielaf Yirelinget AGMIE tHe MfastATRS mhl Hef bYbafElcR! Sthae Orihif ;
sub-step 132. Fig. 8B ill lfts(t}rat gs t he stp?uct ure 98-[11519 's a very
Woeddirefcdt t ' i undar . .
i spl atenent %ﬁ: :t %tg %ﬁoﬁl\gﬂt %I{rhe ngtfgééf tug(ﬁc%%udﬁggrrei}t tissues or
i.ng, aviding structure 902. .In order to preserve .
1RG0 AnBlY b Bt SRLLAlo A S e Rltgsenve topology is
L8 ing and contours of structures within the atlas .
tha{ 50 Hag, SHERSTSY GOk cosiche 60N, miving! fEteresicloyoept for their end
natural requirenment, since these regions and contours
poinig). cEtigregnirementrindicates that thertopaioginalrcharactristihef a given region or
requi renent that has to be satisfied in order to
coptoas épeendtahahgeg ynd t ishredsohatide lin Bfses KRR NS géde@iN hb®] correctly
same contour may not intersect (except for their end
reprebdit Se togdlbSy feblionsIPE Ao boRiReed fidhed he
t opol ogi cal characteristic of a given region or
cont 1t. i85 reasoq le in cases.
Wha4GERA0R nildR ABfor M iy e BEE A e b heRy st two

when t he correctly re

caEe%Br%sog%" mre&lo%g itc? ggwept is n&)urﬁgasuty \%gr?)?rilgdgrro%ijentl,it (S)sueecs:étegories being
surface based methods and volume based methods. The volume based methods are easy
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
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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Wth regards to nodel deformation, in the prior art

there generally exist two categories of nmethods to
wG@i0sa1858 s boundary war pi ng problem those caP€ns6G206000112

bei ng surface based net hoddland vol une based net hods.

The v % W% 9?&1? gf’f%%%g S%ﬁ@feﬁci%@ _%Xhibﬁ\e&.] Fg lrc]:gfﬁﬁjﬂ)tn’ m@ﬁéel Sdeeforma’cion

are very conpu expensi ve, nmakes t
t hods .re] ati ve

Ly slow. .Surface base hods .are
RSy & TGl BrBEaen PR R A R B B AL RoR difotnt the atlas AG).
deformation require a geonetrical surface nodel fo, be ..
Inyerler i pgseryip faprlagy, theLonesphef digitalitepalpey Anadapied. A connectivity
nmet hod used which strictly does not fall w thin any
pain €6,3%6) ishehosew that Heing dedonnawivityrfor abvjeeto pnd 26 fatenbigct Feunterparts.
above is to generate surfaces from sparse points. This
Figetérodhows alpointasdipiegetherowithliys éxcpritstedencigitoars, atlieyeas Fig. 6B
when the nunber of points is large.In view of the

shArL8PbIRIcEILEhaNRIHIERs 28lRbMdcRd dRyeHbemRDN model
def ormati on net hods, a front propagation approach is

used iy %%H{tsf’e@e Ja3ﬁohf é)gﬁftoélﬂ]at DS tutHe! 93114@(%?);9 iv{rﬂiaf;h means that:

order "to-preserve topol ogy, e concept o

t opol o i s.adopted. A conpectivity pair , 26) LS
PaBRuethy SRR & o e lls e ¢ Fahe dyeb Brood b 3ganected. A
for object counterparts. Fig. 6A shows a point 601 )
poing &t is ar freut tpleint 0§ velumetiHorhandatdedsy ho Oroennestadr reaghbpugof point P
6B shows a point 602 together with its 26-connected
inaoighbellsds withehe pamatlated Iaad points povevume(P)a XKofromteis a set of 26-
vol ume(P), which neans that: Pevolune(P). AU points X

chihe¢Rldurai Bbinfiave the same | abel L and are
6-connected. A point Pis a front point of voluneiP)

Whenl g%ner{ele g‘gatr% y ﬁ @Rﬁﬁ}ﬁp q‘ﬁﬁ-&%bgﬁd %Bg&slU%}é %u&oi)ﬁt pljgséﬁed during

not e same ints |

ARy s AL o B BRE0eCl % FERRBRLR Dl g povecans
mrraua?litngtf)lﬁ c%rn?igggu\gergogelil rtio n(%scribe 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.x, P.x3) and displacement
P.dx=(P.dx,, P.dx,, P.dxs) 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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propagation of the front, it is difficult, if not
i npossi ble, to propose a physically neani ngf ul

w@ombilmssaris nodel to describe the front propagetT/662006/000112

used for the boundary warpildg. Therefore, instead of
using a traditional continuous nodel, a digital front
b? HRPAREEP Do MBI Th Drdbrt6 GlVahcd URPASH fiohl) it A&hedi& {odlpdate the
ront propagation nethod, atlas deformation is
[ | b ving points from
RPRLENES L SEAL BRI P tne Ry SRHRY 1 P! Sach
front _is eat edl y adyanced gne.step forward i.n tuyr
ant 1 1 LAeHeEbindiens the e 2ORE An B hise-mensignal gridhla hich the front
The key principles of this digital front propagation . .
paist Fod approxipan to. dHeptea withethe PogiHian &6 E-Ysi frgt &-¥3)-dhe grid point
one step forward propagation. As an initial condition,
[P.g=(PBsilt [Rr]HRxs3(to hich @, pasitioB).P.arisl appropinzate treistthe grid point
P.c=(P.dx\ , P.dx2, P.dxz) of each front point P are
[RepwhichAhtisfiestthefolloaiig @hatpgdbes (D 33t ep forward,
sone front points P are renoved, whereas sone front
points P are added to the vol unme vol unme(P) under
consi der i BhPx40.8 result, a new front is definedby &)
the changed volunme(P). In order to advance the new

front ot | negd date the. dis cenent, B..dx of

Lo o (BB, B RS AR P bt e
indicate the grjd point on the three dinmensional gri.
chsplasiment it REPRRRE it sape id gt o R R%I}tr}?@n‘z?@,ﬂ%ered to be
wWth the position P.X2, P.X3), the grid point

npagfive §11@ sefn] not [pPopdghte dnpFasher. tSmiailyhwhére[ HukiPivtR.dx], that is
PIJC is approximate to is the grid point [P c] which

tisapdstidnest fidift pbik IPOMGE afi@Bflbrt diSpladedfient (Aot agprofimate to the same
X, ]-P.x,|<0.5 (5) Wien [P Jc]=[P c+P . c], that is

3 - P, .
ggpg%cﬁeé'twﬁo&f plifOP isPQrBidefodOR BE Goftle! abAi§ active front point P

acenent 1s approxinate to the sanme grid” point,
t(l)ﬁat tfr(c))nt oint Pis considered to be non-active and
Paéﬁgﬁ&f Waa )jagate any further. Simlarly, when [P c][P

c+P.dx ], that is ) ) ) . .
Fol' each active front point P, a preceding point pre(P) and a succeeding point

next(P) are determined. The position next(P).x of the succeeding point rext(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 [next(P).x] is within the 26-connected neighbours of the grid point
[Px]; and

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

Formally:

R(P.x)= { y‘ y= arglymn[d1 (v} Px,P.x+P.dx)y=P.x+aPdxa >0}d,[Pxl[y]= 1} (

6)
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the position of front point P before and after

di spl acenent is not approximate to the sane grid
w@oeioat11ssehat front point P is considered to bePErsGu®6/000112

Only active front point P pgBopagate forward. For each

active front point P, a preceding point pre(P) and a

et (7 (PR IIR A BTy R REL o

determi ned by noving fromthe (current) position PJC

of front point P along the displacenent vector P.dx in

a rranwéapregntherfanctlomhh?mr P pparavidpmthetriipimut digfangetfrom point p;
t he 26-connected nei ghbours of the grid point [PJC];

tcathe linb segidénd through pdineb @) pg] achi eves the mi ni num

di stance fromthe |ine passing through positions PJC

and Phaétion fﬂ&{'ﬁ]jﬂnax@ﬁk"]ﬁ [ef 2120 heact i on 1 1(P1,

p2, p3) provid e m ni mum |stancefromp0|nt Pl to

the |
funct I BTuRSRTRL ypavRe ﬂ%é’ﬁ%%@%?%ﬂ“ﬁ Foints xand
di st ance be ween i n Qsi ti.on
ore( Y SR PR NS e BoicREg el prt ) di gy if f manner
manner lar to_that of the succ ihg point .. )
simuilee (t@)thadégf% SheresdiBg @oint eriiPy descan %g apaer ke isrence is that
t he Bosmlon pre(P) ¢ is determ ned, novenent is
viben ftbe pesitibn grre(Me {scdetemringd, ppevenienh i perfofmed: fam the (current)
p0| nt P al ong displacenent vector -P.dx, in a manner
pesitibl Fx of frdntopeint Ptadonghdisplacesndnl &egtos i—Piah:n irpa efaddhercso that grid
of the preceding point preiP) is approxinmate to is

p@ig;ﬁ ;{fﬁe(g};&p B Qkttich Qs Ghé oBidoRt pefDA of Ahé Gredddtrgdpbiit pre(P) is
approximate to is also a neighbour to grid point [Px]. 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 P.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 next(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



the m ni num di stance fromthe extended |ine passing
t hrough positions PJC andp re(P) c. In order to
WO bdogatssat e the rel ati onship between a front pPCTIBGE06/000112
its preceding point pre(P) 1&and its succeedi ng poi nt
next(P), Fig. 7Aillustrates a front point 701 having
nPi@fbduran thd %ridTg&nP@,@S._t | YintPI6R Rhs H{ée?afiﬁiﬁﬁh BRtdMce From the line

relative togrid positions is also Illustrated. In the

ph BT BRI g BEnL ons are shown for

wever, as woul'd be clear fromthe

description, the grid d in I s three-di nmensional.. .
The. g iaat: ke pastion pielbhr O G Brepeling POt BOGE) & détermined by
approximate to is grid point 705. Vector 706 indicates
mdyéngdirep| the Eqrsrent) pagitional & af frasd ppist 7Pt slomggbe displacement vector
whi ch defines the target point 710 (P.x+P.dx) for
5 SPdnt Rodtrit02Rs detdineinpdss thiepneceding (pBjnt pra(P).tvigh the grid point 703 to

succeedi ng point next{P) is then determ ned by noving
wWhiGHpdile72GH faf)?ﬂ@ki‘mﬁ@ $6 béiap aPbeodhedtednéightsdurtto fiklerid point 705.
al ong the di splacenent vector 706 towards the target

. o . . . .
PR Db il B ke A5 0T R AR, B posions
7§ﬁ8 '?(?pproxinate to being a 26-connectednei ghbour to

gn% }d poi nt 705. Point 708 has the m ni num di stance

fromthe |ine passing through positions 7Q1 and .7
Si i | MO, CORSEn 3zt nstuging Byt poists (R @recg&i- ﬁ\%hen the front
oint pre(P) is determ ned by noving fromthe
0 afgmreihy nebspadim B 6nd igiecepTnD. 400 8l gt Onevhich is a 26-
di spl acenent vector - P.dx . Point 702 is determ ned
casneited neighbeuti togt wastinet é{eHontwiotdts {Pe Py i dP,foamt is ¢al8ulated as
to which point 702 is approximate to being a _
felfownnect ed nei ghbour to the grid point 705. Point
702 has the m ni num di stance fromthe extended |ine
704 p ' h i : ng _710.p, .
. gl;?iegkg Fnte ey rrfmé.ﬂ'dn@?:%ln?? kpang, 710 p, Noyh¢ propagate to grid

consi ront I'ncludi'ng the froht” points’ (P 1,
ofbisip (TR b Fobt REP BTy fnd S RGPt o it

15 (s=1,2,..k), then the position Q.x and displacement Q.dx take the corresponding values of

the succeeding point next(P;s) of front point P; that results in the minimum distance from
the grid position [next(P;).x] to which the succeeding point nex#(P;) is approximate to, to
the line segment between points Py.x and Pi.x+P;.dx. Hence, point @ results from

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

20 s=argmin{d, ([next(P, ).x] P,.x, P, .x + P, .dx)} 3)

0 .x=next(P;)x, Q.dx=next(P;).dx )]

wherein the function di(pi, p2, ps3) again provides the minimum distance from

point p; to the line segment through points p, and ps.
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connect ed nei ghbour to at | east one of the front

points (P 1, P2,. ...J*n}, and is calculated as

wo odobovesss | f there are one or nore front poi nt BCT/BGA006/000112
P2, ...JfV} that propagatédsto grid position [Q-X]
when the front is propagated by one step forward, i.e.

(s=l", The abdve ddetfibddep@td i Mastatéd andigd7BP| AGRIR Nhcluding three
Q dx take the correspondi ng val ues of the succeeding

fog ﬁ&inﬁe@% I?l@lmd)?l‘f 'isoiﬂhovﬁf?i The Bofit %(ﬂﬁtts ﬂ%;g%é( %1%?5%?%6 target

m ni num di Stance fromthe grid position | )
oo A7 B EF SO Y Bl RS b B TPGERA TS o,
Pi Sx+Pi s . Hence, int Qresults from propagating .
fippbReINo 7 B aplghts BEEEAS e UsooRE RIS (Rt Anfla/20 Tespectively.

0
stated as: s=argxm{d ([n&t(Pis ).xIP. s .Xx,Pls .Xx
Hopieyer, dhoth qfgpointie /@b natich 26 ugret pemoxintaps grid2 pogiiyn 720, which
agai n provides the m ninumdi stance frompoint P1 to
cetespbidseto Ognte s sukcapdity puntI2S ip 2lmeadtopBe gHié pakicivr 720 than the
described scenario is illustrated in Fig. 7B. A front

shdeeéditls pEint M6 tHer Pokitidt0 PR and MisplatbedN@. Al fakeSthe values of the
shown. The front points 715, 716 and 717 have target

sRREAiSe ggﬂ'lt 77391 3t féiat 75 PEGHe! cg’ﬁilgcregn\né??g.wﬁ i E)f%gfed as vector

IS propagated by one step forwar ol nts
d 716 propagate to succeeding points 725 and 726
respectively. However, both of points 725 and 726 are

approxi mate gri osi.tian 720, ich corresponds to
[ QIt] ﬁjf)@eé’é g’t?e&%‘ﬁrﬂj’“ﬁ%i{ t 1»,225..}@ Blogagate t0o2q ¢ ROty [Q.x] when
position 720 than the succeedi ng point 726, the

theoBpat isrproragatnd BY e stemdorivac, dhen dheepesidoy f.uds sof to the grid
the succeedi ng point 725 of front point 715. The

poliS@l d@aire rlthe@ishlademenh @) deatie setanich dledt ahe TBet pdsitivanef point Q,
of the front points (P 1, P2,.... n} propagate to grid

WS isi @R+ DQICleolbgnlN & O BinticSoPHOR i#hsO8¥eall neighb
step forward, thg%@the position QC igggiﬁ&?o fhe %rfggh<nns

forming part of the front. That is:

Q.dx = |:"=’

i(ﬂ.xu’i-dx)}
[ -0x (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 Q. Accordingly, the position Q.x is
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 points 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 [P.x]#[Px+P.dx], that
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position [QC]. The displacenent Qdx is set such that

the target position of point Q which is X+Q dx,
waeoercasgsads to the centre of the target positPONSGHING/000112

al I nei ghbours form ng partit6éof the front. That is:

Fig 7Cillustrates a front including three front

iRt dlz ?él%ongfﬂ%reﬂr{g bZ%l%tlvéa noHRAE st @HeWtla PRIt 11?(91” is active,

respectlve Wien the front is propagated

og%‘%gp 18 sglcg{s) a%wghg)}ﬁérgﬁ#;ztﬁ 3)&1@%1?0}1{3@%138 Y ﬁnq aétctj’ve fronts

none of i ch corresponding to point Q Accordi ngly
CUHAOPREAE TBHAx s set to the grid position 780, and

the di spl acemnent gdx is set to such that the targ

posi t Fenfrogipaiit B dl.labeldindispieetisdalesd Lt of thatlaseHx} @ttbat front point
the target positions 761, 762 and 763 of front points

P75 hatdzeamaknfibBed eafprec ol ypelnys withini avgoldmedavdeaint label L, and the
update of the front displacenent, single front one

14beE P=0 Gk WaE Badl; alab&Nintifaf D@%’uﬂﬁb@l@ﬂ BadctuAs. SAak@d point P is
above when [ Px] [P} c+P.dx], atfront point Pis

| {d8 eS8 sitrip1 epgmﬁﬂvh&? the%ﬁld?it or! r%ﬁ‘x%?ralqyﬁh&ffr(ﬁﬁ pgmt P from the

ront"s polnts Is active, then the front Is sai
. | t he .f t
vg@me U BRI A B WSy . 7
P, P. di cat th I L .of . the atl
dtking pUicth %Q.P'ﬁftﬁpf ? Rombpri i Rk TR a@émeﬁaorl presented

points within a vol unme have sarre | abel L, and the

in Beystand<§) \Smplegolis kepradegien!|namdrers mg,eadqamnmw%@@@ in cubic
structures. A front point Pis defined to be a sinple

gpids TtPasteem Rebognéttbohi Ldtsers, vol. dénpp 80036 01 hd994 ioprefapdilyised. The
P fromthe vol une vol une(P) does not change the

nthi® bfiadip Ieoﬁ'li@&li’n eHat inlbBodvig| tb R teYRinéWhdther the number of connected
det erm he ether a particular front point Pis a

cgnpag&t@?ﬁ% cgﬁalﬂ%odés&%a@ﬂaeﬂlﬁgggggg&?%g@EiSf trand

e p0|nts topolo cal geodesi c

e N0l O S  RURI B Poaprarh B PR SOP Rl eifdhoing an active

used.
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 P is 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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main principle applied in that nmethod is to determ ne
whet her the nunber of connected conponents wthin
W@ 00baiss4gyeodesi ¢ nei ghbour hoods i s changed orP@DBG2006/000112
Fig. 3 shows a schematic flidw di agram of a process 800
for advancing an active front one step forward by
addi n i | | r s: . 80.
)] ﬁﬁqaﬁﬁrﬁ}vﬁfg%ﬁc&%@%;{%ﬂ#?g@&f ﬁd?ngt déi/mgét is80%._connected

starts in step 8 er any

oA 0 P R il S5ETR, s o ont o 2

emai n, th roce 800 continues to step 815 where
T{i’ﬂ"elsﬁé%ggg'éfg’le%/gs‘f’%zrﬂndpoi nt is identified. Step 820
then follows where it is determ ned whether any of the

26- cohhpeintd ipaisgioneiat;@hdt hat active front point P

remain for processing. If no nore 26-connected

nei ghbppoist @dan i hatfeb@./pbade@ thiatigpoihh@rickhrotirebimgds aBPtructure.
returns to step 810 fromwhere the next active front

poi nt IRt ii$ dEeAriBss &l step 1330 Hitat GASE oPHIRS #5098 RoAditiORY &e met by the
26- connect ed nei ghbours remain for processing, the

28I BffER R Qggﬁ%lh' ﬁ(églﬁ g, Ot g@ingé.ige\%%ﬁ%tl tég esé O)S?aetr? the volume

26-connected nei g is 1denti
fol | ere it.is.determne et her: a) .t he l.abel .0
et obBH T obt ph et B st % &3 poikl 2, hence

26- connect i ghbour. of the front point P under

SeHRg &Jéﬁ%’?ﬁgﬂ?ﬁh Sienriis Bupomentds STRIBROWHIEt P,

That is - te(Q.label= P.label; and b) point Qis a

si mpl EoBeowing;stepnth S thepsogess §9rgsuras toter 829. | abel =Q

that is point Q does not belong to any structure. If

it i slftieissdeatermaned m st¢pefB 08RO rddtatl 3adfl tha stafedt doadiioay ere met, then
conditions are nmet by the 26-connected nei ghbour poi nt

tHe pro&eas 800 tatitindet B AEISID Whers (9P d&3fmined ihethep! une
vol une.?. This is done by labelling point Qwth the

same Lofel) e i ' int P i
Ql a_be?:P. fﬁg% e0 I S%’ e p&jél%pg%‘%%g@??@?%g&n@g PP %lt fela iﬂtlnensame as the
1abePEE e front point P under consideration. That is pre(P).label= P.label; and

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

¢) point P is a simple point.

If it is determined in step 850 that all 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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Fol  owi ng step 835, the process 800 returns to step
820. If it is determned in step 830 that not all 3 of
wo b@eaissted conditions are net, then the proceB&T/BOD06/000112
continues to step 850 wherd8it is determ ned whet her:
a) the | abel of the preceding point pre(P) of the

front Ogeé W i dlet%rrhﬁl er at 8;2%1&% Qﬁealcﬁ?%)ﬁ(fl-gb%{i@t@tP have been

poi nt under consi I'spre

P. 1 ab and b) t of the ceedin int .
PSR Mt Pf%&gsf ﬁ@ﬁt s 0| 4% 4D  BR&n b skt i e by
(next (P). I ahel - whi ch neans that the succeeding

dﬁtgmmm Qte( ﬁ‘Pn‘H gégaqu:gme%t,segéﬁt(pfya]@,eﬁqmgpqlg saP> and ‘in the manner
structure; and c) point Pis a sinple point. If it is
desstibedritmye with rlerpn®30 Figsa7A4d VC3 of the above

conditions are net by the front point P under

consi Tae adbooa, probeat 8000 defopk nthe Pitlas AG@ rby rprowiig &&b shrinking
renoved fromits present volunme volune. P by |abelling

stP@dtides Ryitid he MeasDaGH G QUishreA Bl prit8RLS t§RI16gNI As the structures

P.1abel =0. Step 855 thus corresponds to region

withhd fHE! g%éfﬂl 40Pt %ﬁ?&éﬁé?o?rﬁfea Ei t)faaérﬁeﬂjtgtt £ 3bRGHation may

in'step hat not a condi trons

are. nmet, the s .800 urns t t .

o Bido s e B SIoBHIGHI Mg o) QRBITPeEseriol Ereres s i fegpired for
in step 810 that all actlvefron oi nts P have been
PE‘F’GE@E%H’WF%@%%@%@ &‘b&%)to step 890 where

the front is updated by detern1n|ng the front

di spl HigePénshove the wftlings| offthe braipeflax 409, shawa inrFighéA after that
manner descri bed above with reference to Figs. 7A to

brdih ailiedad) hae boew essedSiing theatomerigill @egibtratton §kstep 30, with that
growi ng and shrinking structures within the atlas A(x)

wafped BTBRNRfas 418 s ]%y AROY&RSovcP B RO brédi ihldge It) WRGWH 88 Fig. 4B.
within the atlas A(x) are used to cal cul at € boundary

F?é. @%l ﬁ%mrﬁo‘?hoﬁ erthg%ﬁém Fl%%ﬂql}{agmﬁed 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 whereby 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.



10

15

20

be said to be anatomcally driven. The process 800
therefore does not required for particular structures

wWo e0oba1$5xg racted fromthe image |1 (x). Fig. 9A BUDBS2006r@00112
outlines of the brain atlad9A(x) shown in Fig. 4A
after that brain atlas A(x) has been warped using the
non-riygd edig@i stration of step 130, with that warped
brain atlas A(x) superinposed over the MRl brain inmage
I (x) shown in Fig. 4B. Fig. 9B shows a portion of the
image of Fig. 9A magnified in order to nore clearly

show the result obtained thtough step 130. The, .

for eggi z‘gmd’a?élr ?ﬁé@%ﬁ‘ﬁ%ﬂ §o$ﬁ§t g"ﬁﬁ%?dl‘”ﬁ@ni‘ §e?ﬁnﬂt Ipgage, said method
present invention, and nodifications and/or changes

CRIATIHBE eHEPSI9Er et 0 wi t hout departing from the scope

and spirit of the invention, the enbodi nents being

i |1 ustalatlating abdumbary disptacementwd.at leasooee §truchirelin said first image
enbodi ment a nmulti-resolution strategy i s adopted
inhdeeyegiber tiazereturt hethtdnaq]&ﬁza&n( §tQUoNRE it £hid b&Pnd 3hhge; and

is changed fromlarge to small during processing. The

boundgaypiNe iR B_Quri?ﬁ?&riﬁ? SaddNstPicBRe 3 Jald il %agtg gié:%&qing to said

to each block size. Is multi-resolution str

QA S PR R R RETES b o s

rm%ng | arge deformation to the structures in the
STHGHE A(x), followed by progressively snaller blocks
B, causing finer, and nore accurate deformations to
the structures.W Caim 1. A nethod of registering a
first image with a second i mage, said net hod
conpr 2siThe ntettwdsacepsiing to claing Ul, athieredn aaiddimsidandysecond images are
di spl acenent of at |east one structure in said first

défitRddn apraefiaed demsiiagarst Rid éddailatfiglsupt donghrites thedlb-steps of:
equi val ent structure in said second image; and war pi ng

t he bgﬁqtg@%yai@ﬁoﬁglinqnﬁtglg%ure in said first imge
according tTo said ’

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

calculating said boundary displacement by calculating a displacement for points
on said boundary of said structure by interpolating said displacements of neighbouring

centre points.

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

volumetric images, and said blocks are hexahedrons.
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boundary di spl acenent usi ng topol ogy preserving

propagati on of boundary points of said structure. 2.
wab@emessiod according to claiml, wherein sai dP€T/862006/000112

and second inmages are defined in a predefined domain,

and said cal culating step conprises the sub-steps of:

di vi dis ngp,S ajdind@MRddrdifd OtoP|cRaKS 1 Cithdrbihalshind téhology (?reserving
di spl acenment of the centre points of each bl ock, sai

b
i.spl.acepent XI 4 S . [ J [ :

oD Bl hEio R B Risp R 1o ol -REHE Boiots from the

[ es;.and cal cul ati ng said boundary di spl acenent by
b?éﬁ%ﬁﬂ%ﬁ*#ﬁf“&“ﬁ?%placenent for points on said boundary

of said structure by interpolating said displacenents

of nei ghbouring centre points. 3. The nethod accordi ng

to claim?2 wherein said first and second i mages are

vol undt The metftagescodding toaildnbt sdieseimoslyhmints adt belonging to other

The net hod according to claim1 wherein said topol ogy
stRicBses Miendd@d eraiiadtuetuirQf boundary points conpri ses

addi ng points to and renoving points fromthe boundary

of said structure. 5. The method according to claim4

wherein only points not belonging to other structures

are a?dggnaéggraﬁs S%,f}eggn%&ég% qr ¢ ia e INBAL &dRd IR% & (sjaid apparatus

registeri econd I nage,

appar.at us conprising: neans for calculating a boundary
CBBT8Zenent of at | east one structure in said first

image in order to register that structure with an . .
equi valeant fostoaleulating a bpuaday dislessmnankagat legsigone structure in said

first image in order to register that structure with an equivalent structure in said second
image; and

means for warping the boundary of said structure in said first image according to
said boundary displacement using topology preserving propagation of boundary points of

said structure.

7. The apparatus according to claim 6, wherein said first and second images are
defined in a predefined domain, and said means for calculating comprises:

means for dividing said domain into blocks;

means for calculating a displacement of the centre points of each block, said
displacement maximising a block sifnilarity measure between corresponding blocks in
said first and second images; and

means for calculating said boundary displacement by calculating a displacement
for points on said boundary of said structure by interpolating said displacements of

neighbouring centre points.
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means for warping the boundary of said structure in
said first imge according to said boundary
wale@pl1sssesrent usi ng t opol ogy preserving propageti/ea2006/000112
boundary points of said structure. 7. The apparatus
according to claim®6, wherein said first and second
i mges are defined in a predefined domain, and said
nmeans for cal culating conprises: neans for dividing
sai d goRRL Rnd .S | Gk [ .
G spl Soonk Apb e o REKRe 1ERHR T Fhal S A A8 Socond fmages are
' C Xi.m $i a.block simlarity neasure
V@é@ﬁ%@ﬁﬁ%ggéggpg1§F<§%gﬁggwggsﬁnggrd first and second
i mages; and neans for cal cul ati ng said boundary
di spl acenent by cal cul ati ng a di spl acenent for points
on sai d boundary of said structure by interpolating
sai d 8i $pe aawaeatess aedordiag giebslaing sdheraie saol rtopol8gy preserving
The apparatus according to claim7 wherein said first
papdga maarfbounday poateconprise® bdding poiget®, andiremsding points from the
bl ocks are hexahedrons. 9. The apparatus according to
belrmiary 6f saltbstrictursai d t opol ogy preserving propagation
of boundary points conprises adding points to and
renovi ng points fromthe boundary of said structure.
10. The apparatus according to claim9 wherein only

poi nt $, Not [ to ot.her structures.are added to .
o ' 107 uce dffe PR bEaRiRg o Sl WhES DA oS nof belonging
[ Ig%%p a co t.er readabl e nedi um havi ng recorded

t"t(ﬂg?r C @&’iﬁg? tﬁﬁ%}gﬁgﬂ?@@r registering a first
image with a second i mage, said program conpri sing:
code for cal culating a boundary displacenent of at

| east one structure in said first
11. A computer program product including a computer readable medium

having recorded thereon a computer program for registering a first image with a second
image, said program comprising:

code for calculating a boundary displacement of at least one structure in said first
image in order to register that structure with an equivalent structure in said second image;
and

code for warping the boundary of said structure in said first image according to
said boundary displacement using topology preserving propagation of boundary points of

said structure.

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;



image in order to register that structure with an
equi val ent structure in said second i nage; and code
wo eoooassps Nng t he boundary of said structure i nPGEBG2006/000112
first imge according to sakd boundary di spl acenent
usi ng topol ogy preserving propagati on of boundary

Poi Nt o foraéAlcudhtiniCh Wiglackment! Rﬁ D TR ?)ofﬁiso gf 34n glock, said
I , d first an

product according to claim1l erein sa
' : j 40N redef.i ned domain nd .
Bl FRAEmiGhE b SRl RaBUE vl e BRPonifg procks in
Ss?k%tdogain hnto b[q@ﬁs;code for calculating a
Af ST ARG RERPI IP28%Ke™ent re points of each bl ock, said
displqﬁfnggt naanisin%?a bl ock simlarity neasure
bet weEfflecor caleylatiag saidhavatary; dispagesnent byicaloulitivg eodisplacement
i mages; and code for cal cul ating said boundary

5 fofi ppntgcemerid beundatyc of atiil rgruatude dyyl adepelating eridpdisplasements of

on said boundary of said structure by interpolating
nsighlbuting pkeattepeintss of nei ghbouring centre points. 13.
The conputer program product according to claim 12
wherein said first and second i mages are volunetric
i mages, and said bl ocks are hexahedrons. 14. The
conputer pr ccordi .claim.1 rein .
sai d Fpol ot SBReCkBr RSl Ay § il WRGSin keid fir
i nt s, conprises,addi.n oi nts tp, .and renpvi poi nt's
P hRH BB AR oot bt e B0ckeuere hruheuRBur or
program product according to claim 14 wherein only
10 poi nts not belonging to other structures are added to
sai d structure.

14. The computer program product according to claim 11 wherein said

topology preserving propagation of boundary points comprises adding points to and

removing points from the boundary of said structure.

15 15. The computer program product according to claim 14 wherein only

points not belonging to other structures are added to said structure.



