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WD 2006/ 118549 PCT/ SG2006/ 000113 -1 METHOD AND
APPARATUS FOR ATLAS- ASSI STED | NTERPRETATI ON OF

WORENETES® RESONANCE DI FFUSI ON AND PERFUSI ON | MACEISG2006/000113

Field of the Invention 5 The present invention relates

to interpretation of magneticlresonance diffusion and
perfusion i mages. Background Stroke is a major killer
AMETHCOR WD A PR AT STEORA TDASaASSESTED INTERPRETATION OF
disability. io Due to the narrow tine w ndow

avai haREAEPICRIRGNANE ESHIPIESION | 0D PEREUBIONGMAGES

of stroke 1 mges nust be done very rapidly. Mgnetic
resonance diffusion and perfusion imaging (also

referred to as Magneti c Resonance | naging or M)

plays a key role in the, assessnent.of infarcted

ti ssues, and those at %f‘%‘il?’is% VP i naging is an

i magi ng techni que where image contrast is related to .. . .
the IEhedpesens inientioerelates tninterpretationygf magnetis peqnapee diffusion
i maged. Perfusion imagi ng maps di stribution of blood

dod plebfasibh faages. Magneti c resonance diffusion and

perfusion i nages have usually | ow resolution, high

noi se, and substantial intensity inhonobgeneity.

Mor eover, some parts of the brain region may be -

m ssing due to suscepti bilg kfacts. Therefore, it

is difficult to arrive at Bf%“%ﬁ{u(&el:di abl e di agnosi s

o SHRE Y 1 Brhior TR aPA SRS O 3g 0 ARl Qe dcficits amd disability.
oSBTt Yok Bk g o
26) WD 2006/ 118549 PCT/ SG006/ 000113 -2 .
stroke images must be done very rapidly. Magnetic resonance diffusion and perfusion
imaging (also referred to as Magnetic Resonance Imaging or MRI) plays a key role in the
assessment of infarcted tissues, and those at risk.

Diffusion imaging is an imaging technique where image contrast is related to the
diffusion coefficient of the molecules being imaged. Perfusion imaging maps distribution
of blood in the tissue.

Magnetic resonance diffusion and perfusion images have usually low resolution,
high noisé, and substantial intensity inhomogeneity. Moreover, some parts of the brain
region may be missing due to susceptibility artifacts. Therefore, it is difficult to arrive at
a reliable diagnosis based i)urely on image processing and analysis techniques. More

importantly, the underlying anatomy and blood supply territories are not available for

perfusion and diffusion images.
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Summary It is an object of the present invention to
substantially overcone, or at |least aneliorate, one

woronniss4eli sadvant ages of exi sting arrangenment BCT/SG2006/000113

Di scl osed are arrangenents, referred to in this
specification as Atlas-assisted 5 MR nethods, which
seek to address the above problens by registering the
vol une i mage neasured fronswhmapati ent wth

appropri ate anatom cal and bl ood supply territory

at| aseg 1saﬁﬂoﬁje&noﬁﬂﬁppr@§bn¥ RreffibiiSo qaﬁs‘i‘mﬁﬁﬁ? Jv'%ﬁ:ome or at least
vol unme i mage. "The "vol'une i mage" refers to he set

Bk fdald O R BlT ke BT %’ée,%@q#&n?ﬁnéﬁér ovi de 2 .

fast a crrethodfo n atl.ases
(cont a ’:prg é&reg pgg%gemg E%’g&ﬁg %cb 1, Ss sslﬁ’ﬁﬁ? ation as Atlas-assisted
territories, anong other information) into nagnetic

etheds, p\émhﬁﬁplétp ldleesattier above probiesesclay registesingithyyvelpme image
a first aspect of the present invention, there is
preasureteffom tihre pphiveht ofith gppogemss aptanical andﬂ:lbmxhg@ply territory atlases
conprising a plurality of slices, said nethod

aedTHeh Shaipitdhie 2508 ﬂ&annt&ﬁle%ﬂL&ﬂé AN IThd Bvolume image” refers to
m dsagi ttal pl ane of the voI urre I mage; def| ning a

?&?gtr/?{)érmglléal% o ebét%h hl lfrgr%l{hor pI aﬂe o?p‘qﬁé& Tge disclosed
%'ngx}%gnﬁlggﬁgfl gpl’g lge%of%?(jr‘?}f Qi IFISI‘P!gﬁ?(},l or Qpﬁggelbq aetpas?s (containing

t he sllce and re |ster|ng for each slice, _the

FOFL PRRABY %B@ng SUPRYY teii{oEiss AP Otheh 1M rmaton) into magnetic
profile to a slice in the Atlas. According to another

resppore périusion gndedifingion oagesi on, there is provided an
apparatus for processing a volune inmge conprising a

pl ur al Atgordihg 3o b €iest asisadt off thp pedsaitisventibn oheferis ptoviied a method of

processing ‘a volume image comprising a plurality of slices, said method comprising the
steps of:

establishing the midsagittal plane of the volume image;

defining a sub-volume for Atlas mapping;

identifying the most superior plane and the most inferior plane of the sub-
volume;

determining for each slice the shape of the corresponding sub-volume profile in
the plane of the slice; and

registering, for each slice, the dete.rmined shape of the corresponding sub-volume
profile to a slice in the Atlas.

According to another aspect of the present invention, there is provided an
apparatus for processing a volume image comprising a plurality of slices, said apparatus

comprising:
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SUBSTI TUTE SHEET (RULE 26) WD 2006/ 118549
PCT/ S&006/ 000113 -3 neans for establishing the

wonasagses al pl ane of the volunme i mage; neansp€DBG2006/000113

defining a sub-volunme for Atlas mapping; neans for
identifying the nost superior-3sl ane and t he nost
inferior plane of the sub-volune; 5 neans for

det er MnBhGof Stalisking $hd wRIshdifal RO e ¥dleme ima%e;
correspondi ng sub-volume profile in the plane of the

slice; . gl i f h slice, the
det er mmgge% fgﬁgér}gmggfo& %b:&ggl?lr@ ggrg‘%b}]ﬁilﬁ%pﬁg% b- vol une

profile to sligce.in,the Atl as. cor di t @ .anpt.her

P pect gk e sl e dgeshengHior RGPt B o ARRlOE brane of e
I 0 conputer program product including a conputer

$WaYRIWME medi um having recorded thereon a conputer
programfor directing a processor to execute a mnethod

for proeassondetemminingeggecachalice theshapmolcbapgeireipegding sub-volume
code for establishing the mdsagittal plane of the
prokiloa therplgas of thedlcd; and defi ni ng a sub-vol une for

At |l as mapping; 15 code for identifying the nost

super i QeaR Bp Feg?ﬂ&rfglﬂ Cor'dash shidd el MierBlindiestape bhehe corresponding
sub-vol une; code for determning for each slice the

sﬁ#ﬂ‘?\poefur%%phgﬁe9055190%91‘1?{11?&9&5.5“b'VO' ume prpfi le in the
pl'ane o e slice; "and 'code for registering, for each
slice, ,the determ ned shape of the correspandin 20 .
sub- vORRRISIBEGD] POt EPER) b (i TEFENAIREHORy e 15 provided a
aspects of the invention are also disclosed. _Brief,
@aRpeIpPTogERn fProdect Dhelifiingsa computer readable medium having recorded

thereon a computer program for directing a processor to execute a method for processing
an image, said program comprising:

code for establishing the midsagittal plane of the volume image;

code for defining a sub-volume for Atlas mapping;

code for identifying the most superior plane and the most inferior plane of the

sub-volume;

code for determining for each slice the shape of the corresponding sub-volume

profile in the plane of the slice; and

code for registering, for each slice, the determined shape of the corresponding

sub-volume profile to a slice in the Atlas.

Other aspects of the invention are also disclosed.

Brief Description of the Drawings

One or more embodiments of the present invention will now be described with

reference to the drawings and Appendices, in which:
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One or nore enbodi nents of the present invention wll
now be described with 25 reference to the draw ngs

war@eApssendi ces, in which: SUBSTI TUTE SHEET ( RES@B)6/000113

WO 2006/ 118549 PCT/ S&006/ 000113 -4 Figs. 1 and 1A
constitute a pictorial glossamy of terns used in the
specification; Fig. 2 is a functional block diagram

of a gpRerPhndoHA ROSHInRS AP al EIEiLPLERANS u¥diif hd dpRcification;
descri bed Atl as-assisted MR nethods can be practi ced,;

{:Ih g. ngﬂgz aqs &'f@i{%igﬁ%tbslﬁ%o}/\%’iﬁ%%gadg )?’Z%%P}eak@??\ég%v Xcérﬁ%ﬂtg{ sggtem upon
1 in Fig. 3 fj
st st alomesFRn S5 BARSEARST00 1 ust on

vol une_i mage set; Fig. 6 depicts the hinarized vol ume

i mage Big A iseflowplkprt hewingereexample airegusy of thainethedd
conmponent; 10 Fig. 7 shows an exanple of how a

boundi Fig. oxhdves des ieyadpleosf hove the istap 1L0hge Fig08 Gifids the largest
Fig. 6; Fig. 8 shows boundi ng boxes of the symmetric

taneasd ceaphent el eovnedraiex;, Fig. 9 depicts edge

maps of the symretric |argest connected conponents;

Fig. 1f .§f§fl&*/s§a?ﬂl§ﬁe oV dIhmS fRag st he verti cal
axis; 15 Fig. 11A sho an approxi mation for slices

2P0 . B, Sl 0 5o oBBRLPHL TS S g

one egnpl e of how the step 104 in Fig. 3 estimates
¢IECHES FYMBORCaNd ori entation of the Iplane; Fig. 13
is a plot of sumof square error of ellipse fit versus
sl i ce FgnBehowsen exgmplespidioving bowrdies herp ksedesifvef dar theeslice image
step 105 in Fig. 3 estinmates the S pl ane
306 of Fig. 6;

Fig. 8 shows bounding boxes of the symmetric largest connected components;

Fig. 9 depicts edge maps of the symmetric largest connected components;

Fig. 10 depicts edge maps, ellipses and the vertical axis;

Fig. 11A shows an approximation for slices above AC-PC plane;

Fig. 11B shows an approximation for slices at the level of base of brain;

Fig. 12 shows one example of how the step 104 in Fig. 3 estimates the position
and orientation of the I plane;

Fig. 13 is a plot of sum of square error of ellipse fit versus slice number;

Fig. 14 shows one example of how the step 105 in Fig. 3 estimates the S plane
when data associated with the S plane is not explicitly available in the volume image;

Fig. 15 depicts projection of endpoints of the vertical axis of an axial slice onto
the MSP;

Fig. 16 shows the best elliptical fit from the projections of MSP points to

calculate the S-plane;
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when data associated with the S plane is not
explicitly available in the volune image; Fig. 15

walesaiss4pr oj ecti on of endpoints of the verti cBAT/8G&2006/000113

of an axial slice onto the MSP;, Fig. 16 shows the
best elliptical fit fromthe g¥-oj ections of MSP points
to 25 calculate the S-plane; SUBSTI TUTE SHEET ( RULE

26) V@F?%QQE‘I/ shb®848 dRarhb REFORG ARO 105 n Fiig -3 delinfdléhe S plane

an exanpl e of how the step 105 in 3 estimtes the
e e R

shows X e of ho Ln EL.g., 3. .

oot mafls 15, %S 8p6 purilg of BaBHES seR d OBrin g 3 Stigpates brein shape
image; 5 Fig. 19 shows one exanple of how the step 109
ifq{qaplgs 10% VOMIME #BES% 0 the vol une i mage; Appendi X

A contains relevant material from Bhanu Prakash K N,

Vol kauFig. 19Nbeiveoke eydmpExafrtwst thersterf 108 th Figyidt maps Atlases to the
pl ane from MR brain volume - Entropy and energy based
aplpnedahgg. US60/ 558, 567; 1o Appendi x B contains

reI evant material fromFitzgi bbon A, Pilu M, Fisher

? Emhﬁa&tco%%kﬁr Ridviaht gkl ﬁ%kﬂ 'H?x%ﬁl§ ’PréléElEK N, Volkau I,
Transac Fons on Pattern Analysis and Machine

g‘a 2 onsﬁ( WPLC Exr 3&1(0%)0/’ ol tdg saigzé}f%z(? fvrlcg/%y j?‘g‘r?z MR , Aﬁ@ﬁzg d Entropy and

ai ng relevant r vanov
Par i Nowi ns )d and program for
?f&ﬁ’fgjl’n?‘fféﬁlapl”’r?& Sme%(i)/ﬁgg%gged on specific class of
radial 15 functions. PCT/S&005/000420. Detailed )
Descr i Apperdix & cortping releant mepderial tfrang Fitagibboth d Bl Bkt Fisher R.
t he di scussions contained in the "Background” section
Bivdct least-square fitting of Ellipses, IEEE Transactions on Pattern Analysis and
Machine Intelligence, 21(5), 476--480, May 1999; and

Appendix C contains relevant material from Ivanov N, A S Parimal, Nowinski

WL, Method and program for non-linear image warping based on specific class of radial

functions. PCT/SG2005/000420.

Detailed Description including Best Mode

It is to be noted that the discussions contained in the "Background" section and
that above relating to prior art arrangements relate to discussions of documents or devices
which form public knowledge through their respective publication and/or use. The noted
discussion should not be interpreted as a representation by the present inventor(s) or
patent applicant that such documents or devices in any way form part of the common
general knowledge in the art.

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
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that above relating to prior art arrangenents rel ate

to di scussions of docunents or devices 20 which form
w@iwbilessknowl edge t hrough their respective pubPCT/8G2006/000113

and/ or use. The noted di scussion should not be

interpreted as a representati 66- by the present

inventor(s) or patent applicant that such documents

Qfav@l €t tRE PuipdsANE m@ydeéafpﬁbﬁqné sfthe HRHEAE)BNopARR(H! unless the
nomﬂedge in the art. Whére reference is nade in any

§?8$ #@ﬁ é¥k9§ acconpanyi ng drawings to 25 steps
ea

whi ch have the sane reference

nuneral 0se nd/or.fe 1 TUT

SHEET (ROCRISRTe AeF TR Trseimepionatisga la%wmn% arg incorporated
have for the purposes of this description the sa

Py refrice dpreip iy ﬁ@rraﬁmﬁmﬁx 85 if fyHy set fartheherginn () al?.’»}ganu Prakash K N,
intention appears. The foll ow ng docunents are

Neflleawr §dNowinski (WLs Edegaidnpof ond-segitalplane feon pdRabedn volume -
by reference herein in their entirety as if fully set

Eakropy heide brvr gy dhsddhapprobeldsas WSKPMent ApyitdtRm No. 60/558,567 (b)
Nowi nski W., Extraction of md-sagittal plane from M

| wme nif O e
BOLRR AT RIFIN L DTt Magshanp e '%%%2‘ s, T8

driad OPé%Eémréa??gé%%%%h’i R B R i, o 109
I 21(5),,..476--480, 1999;
@E‘; 4)3‘2%}5\? A ﬁ%,, )lﬂlo nMg{hog@n%a WEeSIH Jar gor- ?znear image

program for non I i near |rmge 10 war pi ng based on

soeping ibased ansspeeific clads ef ratlighbitrictions. PETIIGI0GKI0420420

Fig. 1A is used as a basis for presenting a partia

pi ct or Fig. 1al wsisad 35 dBRG fof plesentibg alymetibl ipictditiat glossary 1000 of terms
specification. Fig. | A shows three views of a subject

akéd i th® gsséifycaaoﬁ OFRNAA sh¥iv8\hrd Qﬂewsa)ﬁas%}ekﬁékuw f¥¥nely a coronal
a transaxial view 1003. Fig. |ATepresents a

\f% 8; an d h%u '39"‘1?'?,\%“’ %ﬁé)% rag&) g}&;agsc'drxe B rérwe g@(ﬁ rﬁgefA }agésents a volume
%ﬁqﬁs}i ﬂg&g%lgﬁr?% 1,){1]@6 g(?.p 0585123 an(i/ i(‘?d”j (%vqm(%c are also referred to

as slices, or slice images). The coronal view 1001 has, nominally superimposed thereon,

a most superior plane (S plane) 1007, and a most inferior plane (I plane) 1008. The
position of the S plane establishes the most superior extent of the brain segment of interest
(the cerebrum in this specification), and the I plane establishes the most inferior extent of
the brain segment of interest. The sagittal view 1002 is used to establish the ventral
extent 1005, and the dorsal extent 1006 of the brain segment of interest. The transaxial
view 1003 shows the midsagittal plane 1004 (MSP), which is the vertical plane that
divides the brain into two roughly symmetrical halves. The intercommissural plane is a
transaxial plane, which also contains the AC and the PC. Fig. 1B depicts the new trans-

axial AC-PC plane.
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a nost superior plane (S plane) 1007, and a nost
inferior plane (I plane) 1008. The position of the S

w@b@aa153e abl i shes t he nost superior extent of Pe1®G2006/000113

brain segnent of interest (the cerebrumin this
specification), and the | pl ane establishes the nost

inferior extent of the brain segnent of interest. The

sagi t t Somei putiaR02f | the udssckiptvne $tahbfollowst are explicitly opOimplicitly
extent 1005, and the dorsal extent 1006 of the brain

pREBAL i0fterhist 6 gipbrithilieard ayifbolicateprasetatidi03f sperations on data
the mdsagittal plane 1004 (MSP), which is the

%? sbrgg{@f‘ ﬁlehg)g%. THeM Qgéqlfnﬁﬁc BERLPibRY shd i-’é@fesentatwns are the

_ metri hal ves.” The intercomm ssural plane
P BB e e SRuE R T A e by e
BuSen SRR onEse e e b SRR SR B penras,

that follows are explicitly or inplicitly presented
tonceivednto be aseifepnsisten sagueney abeepclepdipe & 8 desitqdogsulbf The steps
operations on data wthin a conputer nenory. These

alegihosd hequirinke physipdli masipalationse pf gdwsitat amhsnfareatidnal quantities.
means used by those skilled in the data processing

Bkiadlyt fh(ﬂlgﬁ tno€héRsdakiVe tiese Quuitids ek the Wosh T @hecical or magnetic
their work to others skilled in the art. An algorithm

%gﬁi?g % Ralﬁ@ do B YA stobed ﬁ?xﬂ“f&féﬂe d?c}él‘i’bdiﬁé‘d ac%m%ared, and otherwise

si stent sequencé of stepd leading t dési red

r esul The, steps are those.requirin sical

TP BlHod! HEPS TPV o el R aen B PRRALD i fedhs of common usage,
quantities. _ Usually, though not necessarily, these

Quakr ite these sigrals e bits, gales felanars, symhpls oshaggelers tpns, numbers, or
signal s capable of being stored, transferred,

thodilsened, conpared, and ot herw se 10 nmani pul ated. It

has proven convenient at tinmes, principally for

r easong shduld ®eTRemdimagiad, héwevesf at the abbesendssighilat feras are to be
bits, values, elenents, synbols, characters, terns,

é}g&i%&,w thd I&E}éﬂog Ste ﬂHgsﬁQpﬂhﬁlltﬁ%s bRlNge! Mefdly'Qonvenient labels

wever, that t ove and simlar terns are to be
applied to these quantities. Unless specifically stated otherwise, and as apparent from the

following, it will be appreciated that throughout the present specification, discussions
utilizing terms such as “scanning”, “calculating”, “determining”, “replacing”,
“generating” “initializing”, “outputting”, or the like, refer to the action and processes of a
computer system, or similar electronic device, that manipulates and transforms data
represented as physical (electronic) quantities within the registers and memories of the
computer system into other data similarly represented as physical quantities within the
computer system memories or registers or other such information storage, transmission or
display devices.

The present specification also discloses apparatus for performing the operations

of the methods. Such apparatus may be specially constructed for the required purposes,
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associated with the appropriate physical quantities
and are nerely convenient |labels 1is applied to these

waee@atligskes. Unl ess specifically stated ot her weESGzI06/000113

as apparent fromthe following, it will be appreciated

that throughout the present specification, discussions

utilizing terns such as "scanni ng", "cal cul ating",

'bnl aiagr cdmpring"a g'énew]] mpm"comﬁlgﬁnar athendévice selectively activated or
“initializing", "outputting”, or the like, refer to

tde8nASIrb® By aREmPLRE BRopPin Hordd in HXTHRIterS YiHe®Morhms and displays

simlar electronic device, that nani pul ates and

%fe?é}ﬁ cP héBi da% %o?ﬁ]hfgl%ggﬁ '?eq?t%(f t @ﬁr Bxﬂ'ﬁéﬁlgf Sputer = other apparatus.

ronlc quan e rem

germr es of uter S étem ot her data i th

vsas?rg?raléﬁm%ssﬁ? nes T, B Bsed HiLRFPERES 1y eppance with the
t he . conputer system nenories or reglsters or ot her
tegelnghespina i lismatively aige constagkion ekmers specialiged sppgratus to perform
devi ces. The present specification also discloses
thepaquitadsmethiod staph anayi beyappreprigier he strectu®Sodd cotmeentional general
net hods. Such apparatus nay be specially constructed

ofd@nipRistiwippetr BRaChe deSiiBidh belblw. SHEET (RULE 26)
V%pZOOG/ %49 P p/ SG2006/ 000113 or may conprise a

gener ajy Etﬁ’dhs &he Déhtt ‘fﬁvegﬁ%ﬁ) LR im ﬁ_p(\,’iﬂg QiRHLEL 'cﬁﬁ}pﬁter program,

activate reconfigured by a co program
B RS o S0, 0 AL s oo

arti uI ar ut.er, or other appar at us i ou
Er@ ImB@Pédgg‘“?&?@hlP‘?ﬁ% Faylo n%tealtweffﬁctp@wpmtqr rpode.  The
accordance with the s teachings herein. Alternatively,
epUePEIant isomwt dterdpddo dedinikid toeyaplieudargogremming language
perform the required nethod steps nmay be appropriate.
difte implethehtation ahergof: oriv ewilll be alppgeiaesdakhat puvatiely of programming
conmputer will appear fromthe description below In

RASAsEOBnd EHENP HRSET mA¥ENEddOR Lﬁip?é?néﬂmhé féaélluﬂgs of the disclosure

di scl'oses a conputer program inthat it woul
SRRk, 50 B S TIPS A—

RS et MBwog iRt fle WaRY phict RIS of B8 RS rogam, which
caarlllyus%ac{&flercelrjllc %(rmt?(glo gﬁml&gutl ggpga?t?nggethe spirit or scope of the invention.
Furthermore one or more of the steps of the computer program may be performed in
parallel rather than sequentially.

Such a computer program may be stored on any computer readable medium.
The computer readable medium may include storage devices such as magnetic or optical
disks, memory chips, or other storage devices suitable for interfacing with a general
purpose computer. The computer readable medium may also include a hard-wired

medium such as exemplified in the Internet system, or wireless medium such as

exemplified in the GSM mobile telephone system. The computer program when loaded
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and i nplementation thereof. It will be appreciated
that a variety of programm ng |anguages and codi ng

wo b@caoss49may be used to inplenment the teachi ngBCDRGLU06000113

di scl osure contained herein. Mreover, the conputer
programis not intended to be-%-imted to any 15

particular control flow There are many other variants

afid tteeuiedronudueh apengabporpodel cmputarefizsivaly tdsalteit an apparatus that
control flows without departing the spirit or scope of

iiglemeNe fild REps of ik frépERB LAY or nmore of the steps
of the conputer program may be perforned in parallel

rat her F% 2Ns ﬁmghéladlégék dl?%&%a%l a Qéﬁg%ﬁ g)[up%'é(g g&@ﬁﬁtg?yystem upon

be stor on any conputer

read e ned ngl ude, st ora I ces
SRR hE g el R PG T etigg 6 e&ﬁhﬂ%@e mpl e
ot her_ st orage _devi ces suitable for int erfaC| ng Wi
ghavar i Fig s ap MRI systepui b3 semdedate pither &e ari@tab%smléﬂ or dlrectly toa
medi um may al so include a hard-wired nediumsuch as
suitabisl interfece 1 & dfe ¢amererenodys i Eih. TypiedllyeDESOMrfldigitel Imaging
such as exenplified in the GSM nobil e tel ephone
sy Cemuhivatiomyin W edicin e g it oduatnic edestotoSbBsEl TofTthe transfer of
SHEET (RULE 26) WO 2006/ 118549 PCT/ S&2006/ 000113 -9

?}f%e@ BEGHER theditaP Hirdbith SRR THRWBRE &aﬂ"ﬂé%s@ﬁ to send a stream of

ectlvely results 1 n dn apparatus t I mpl enent
e ef er.red nethod. Fi
. BYEPE iyt S e it b Btz pﬁﬁlﬁ%g@u@mﬁ%@e images.
ich the crlbed At | as-gssi sted MR
ﬁﬁ@@%ﬂ%ﬁl%@h pert Qg Mimepsage FEavpr diresplyitethe @)mputer system

shown in Fig. 2, an MRl system 1123 sends data either
W lasglepistrisley an arowdrl28i PECOMcancalse beiseslfoestore DICOM message
interface 1108 of a conputer nodule 1101. Typically,

$baeaMo (the drthladse [ 2Ryinregfile dnthaformdepictdtbyamsariow 1124,
Medi cine) is the conmunication protocol used for the

transfete Aflas-hFREASMRE PAEREsTRIAsGDed REAEH &Y FigSB®elow may be
The protocol can be uséd to send a stream of bytes

1&'}5?8 t&? LQNFJHQV&; 281011 rlls A8 Bkted MEF %ﬁ&gﬁﬁm \f(% g%]m executing

- within the computer system(s) 1100. In particular, the steps of the Atlas-assisted MRI

methods are effected by instructions in the software that are carried out by the
computer(s).

The instructions may be formed as one or more code modules, each for
performing one or more particular tasks. The software may also be divided into two
separate parts, in which a first part performs the disclosed Atlas-assisted MRI methods
and a second part manages a user interface between the first part and the user. The
software may be stored in a computer readable medium, including the storage devices
described below, for example. The software is loaded into the computer from the
computer readable medium, and then executed by the computer. A computer readable

medium having such software or computer program recorded on it is a computer program
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and a second part nmanages a user interface between the
Madstat@ad¢madidatbh @Vuden) traiseeivaoddviver 1d 16wyn lbe 1sedbgdhe computer
in a conputer readabl e nmedium including the storage

g8 01 RS CédnifehibAIgWo 80 BXANR| @mniidcaRnk WadtRoHS1120, for
Ioaded into the conputer fromthe conputer readable

gct{llﬁg nw? %ﬂ:ﬁgmgyh{x?ﬁ ORPWifed:- ﬁﬁcﬁgﬁ%f Ul€8ium. The

rea nmedi um havi suc tware or conpu

%ﬂ%%ﬁﬁ% @fg%%d???&% |3 & 0%3% %f@@ﬁlgrcﬁuer network systems, such

PCT/ S&006/ 000113 -10 product. The use_ of the

sorpheeal PreagNaRvgk odY) on a ideoAsen Netwerks EWAR)y and may be
effects an advantageous apparatus for perform ng the
icorporadet it elfie Memputdr himddule Thel ¢ rpoutee mslywintatidisO0 Alternately,
is formed by a conputer nodul e 1101, input devices

broadband contteyieuiod tdchbuds BarTbelased] HDRhiohudvet thdeNode@as 1116 and
including a printer 1115, a 5 display device 1114 and

AQ4A5RE HiRfufeslatd Zepl:!c%dr @Bﬂ)aﬁﬁ’anéldﬁl[a@ie HLBEIem g DSL modem or the
communi cati ons, a Modul &t or-Deno at or er%
fﬂganscel ver device 1116 can be used by the conputer

The computer module 1101 typically includes at least one processor unit 1105,
and a memory unit 1106, for example formed from semiconductor random access
memory (RAM) and read only memory (ROM). The module 1101 also includes an
number of input/output (I/O) interfaces including an audio-video interface 1107 that
couples to the video display 1114 and loudspeakers 1117, an I/O interface 1113 for the
keyboard 1102 and mouse 1103 and optionally a joystick (not illustrated), and an
interface 1108 for the modem 1116 and printer 1115. In some implementations, the
modem 1116 may be incorporated within the computer module 1101, for example within
the interface 1108. A storage device 1109 is provided and typically includes a hard disk
drive 1110 and a floppy disk drive 1111. A magnetic tape drive (not illustrated) may also

be used. A CD-ROM drive 1112 is typically provided as a non-volatile source of data.
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i llustrated) may al so 25 be used. A CD-ROM drive 1112
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data. SUBSTI TUTE SHEET (RULE 26) WO 2006/ 118549

&l bSGAO MSérObah 1tBe netivorlt Hé 2@ o threembderd 1iB%ice d116. 1 Stidlf further, the
the conputer nodule 1101, typically comunicate via

ofitwidné CACARNBE Iddeditto hbQonputtr is?stéln MO0 Gom\Bthéfcomputer readable
results in a conventional node o operation of the

ﬁQ&EB.UtElil{gnp eg%@‘lﬁ&t@p &Y hidAO%E ukdh hiGi &Y 3 bny storage or

art.

transmission medium that participates in providing instructions and/or data to the
computer system 1100 for execution and/or processing. Examples of storage media
include floppy disks, magnetic tape, CD-ROM, a hard disk drive, a ROM or integrated
circuit, a magneto-optical disk, or a computer readable card such as a PCMCIA card and
the like, whether or not such devices are internal or external of the computer
module 1101. Examples of transmission media include radio or infra-red transmission
channels as well as a network connection to another computer or networked device, and
the Internet or Intranets including e-mail transmissions and information recorded on
Websites and the like.

The disclosed Atlas-assisted MRI methods may alternatively be implemented in

dedicated hardware such as one or more integrated circuits performing the functions or
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2006/ 118549 PCT/ SG2006/ 000113 - 1
depending upon whether data explicitly assomated with the § plane is present in the

- volume scan data set or not. In other words, the manner in which the estimation of the §

plane is performed is dependent upon the completeness of the MSP in the data. A
following step 106 determines if the MSP, the I plane, and the S plane have been
recalculated for the axial slices between the § and 7 planes. If this is not the case, then the
method 100 is directed by a NOT arrow back to the step 102. The steps 102 — 105 are
then repeated, but only for that part of the volume image falling between and including
the S plane and the 7 plane that were previously calculated.

Returning to the step 106, if the MSP has been recalculated for the volume image
in the range including and between the I plane and the S plane, then the method 100 is

directed by a YES arrow to a step 108 (see Fig. 18 for more detail) that estimates the
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sub functions of the disclosed Atlas-assisted M
nmet hods. Such dedi cated hardware nmay include graphic
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m croprocessors and associated nenories. Fig. 3 gives
an overvi ew of one exanpl e of-13n Atl as-assisted M
nmethod. 5 Firstly, a step 101 | oads a nmagnetic
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represents the cerebrum (consisting of left and right
¢reelirgmh ellus ynvolivaske fegistraleors pocedire) e casure ﬂlaéﬂ@sqalwated extent of
the present exanple. Then, subsequent steps 104 (see

fhe GcerébZurh Odonfdrires e tiwi bcﬁ‘}espdndiiﬂg)ﬁex(ebﬁm‘l frégssenfadioandn ke atlases.
for nore details) respectively estinmate the nost

Flﬂ.flﬁ)f | 0dtePh 80 BetehRingd e BRACNE aABDInySdHASS1b&T s@p@i‘ €erritories (and

ane) of the cerebrum Estrmation of the S'plane
r

J\)Aﬁeél?zﬁfag(& H?gd éx)'gorﬂ‘lkafg{)ﬁ %8%18@%% ﬁggl?ze? %ﬂ?%g @greﬁg%%talmng labels

ent in %gﬁﬂ-VO| me scan data set or not. In ot her

frad Y534 whi ch the estimation of the S

plane |s perforned i s dependent upon the conpl et eness
of the MSP in the data. A followi ng step 106
determnes if the MSP, the | plane, and the S pl ane
Figve Stepd0] — ‘€0l Seuh Abeding slept he axi al slices between
the Sand | planes. If this is not the case, then the

20 metid diRhsbé AilieabREbdPWIRI Whad ri§vagpliekblt Otot MR diffusion
step 102 The steps 102 - 105 are then réepeated, but

I nc SDW?t P%I:\ Ja}ﬁg&ép i Whﬂﬁ%:? | 'taﬂ%tal?%teﬁ% derived
Ifeﬁ W ous Buiing e e BPY, (o) SeRbRl i aolyme cBV),

t he ran e |nclud|ng and between the | plane and the S
peapfeansk gy MEDEMsda pedo(113), and neak BeighBRHE): YES

arrow to a step 108 (see Fig. 18 for nore detail) that
est i ndtrem thtrbeader (derived from the DICOM communication protocol or any other

communication protocol being used for communication between the medical devices) full
information for the volume image is read, including number of slices, matrix (ie number

“X” of rows, and number of columns), pixel size, slice thickness, and inter-slice gap.

Fig. 3 Step 102 — “Calculation of the midsagittal plane (MSP)”

The MSP is calculated twice. First, the MSP is calculated for the entire volume
image (ie for all slices in the volume image) to determine the dorsal and ventral extents
(depicted by 1006 and 1005 respectively in Fig. 1) of the cerebrum. This produces what

is referred to as a first version of the MSP. Then, the MSP is calculated for the cerebrum
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"shape of the brain" is, in the present exanple, the
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Step 101 - "The Scan Load| ng s= " The discl osed
Aletenningds Thew friise gstehisdthie dinalysconhiirsion of tie MSP is determined.
di ffusion weighted imges (DW), perfusion weighted
i mages ThR\WYP iswoalculbted both fdrahel ifstMeeatiope rdlatiigotd thaRgtire volume
i ncludi ng cerebral blood flow (CBF), cerebral bl ood

vilgemend E8Vihe séc‘én&”ﬁlﬁdi‘atidna'}e?lbﬁn 'té‘@hé WD) slibds Bl mg and falling
peak (TTP), and peak hei ght From t he heade

Q)g delf fik Efa%‘ﬁcﬂi?.laégl'nﬁﬁy %: glg;g%" Q%t‘fc?ph) lied é&% gg& w%{ch {8 ¥%escribed in

er conmuni use

at en t.he. al deV| ces .
?ﬁm RO Ry TOES DN Rife Bt midbiagiat glane from MR
nunber of slices, matrix (ie nunber "X' of rows, and
Rt eelute cErivamsynd greray pedeappspachies1 B E0HS856 7anbhe method is

inter-slice gap. 20 Fib 3 Step 102 - "Cal cul ati on of
tdst imicdmpuiatiph,arobugtvBi#h réspect to noise and inhomogeneity effects, does not

extract anatomical patterns and does not need preprocessing stages like reformatting, and
skull stripping. The method is applicable for different pulse sequences and various
modalities (MR, CT) and to MR diffusion weighted images (DWI), perfusion weighted
images (PWI), and to the derived perfusion maps mentioned. The current results show
that it is modality independent, pulse sequence independent, and handles both normal and

pathological cases (where mass-effect is not very significant).

Fig. 3 Step 103 — “Calculation of the largest connected component and the bounding

boxes™

Fig. 4 show.s one example of how the step 103 in Fig. 3 finds the largest
connected component and its bounding box. A step 1201 segments each slice of the
volume image (see Fig. 5 which depicts a sample perfusion volume image 200

comprising a set of images 201-216) into cerebrospinal fluid, gray matter and white
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significant
Fig. 6 eplcts the binarized volume image data set and the symmetric largest

connected component.

Returning to Fig. 4, following the step 1204, a following step 1205 identifies
bounding boxes for each of these three regions using the horizontal and vertical
projections of each of the images. Applying this approach to the images 301-316 in Fig.
6, as is explained in more detail in regard to Fig. 7, produces symmetric largest connected
components in bounding boxes, as depicted by 401-416 in Fig. 8.

Fig. 8 shows the symmetrically positioned largest connected components 301-

316 from Fig. 6 within their respective bounding boxes.

SUBSTITUTE SHEET (RULE 26)



10

15

20

20 Fig. 3 Step 103 - "Calcul ation of the |argest
connect ed conponent and the bounding boxes " Fig. 4

wab@sai1ssae exanpl e of how the step 103 in Fi g. PGI/RGIIN6/000113

the | argest connected conmponent and its boundi ng box.
A step 1201 segnents each slicéb-of the volune inmage
(see Fig. 5 which depicts a sanple perfusion vol une
i mage ﬁ@mlg:mﬁgi 4, after shessgep 0203, mesybseqRent- 246) 206ndatermines, for
cerebrospinal fluid, gray matter and white SUBSTI TUTE
SidER- Bli¢dRddBe Dfaps W 1RBH fok 1B 4R cPRE/ SYBED BFrAQP FdBich pkbforms a 2-D
matter regions of brain. In the present exanple, the
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.S se as dark.grey, and white matter as |light grey. _.
et do SymuRetEC Jt e Boingied omponis, hieroted By SQEaT6 in Fig. 9.
depends_upon the perfusion map. As noted in regard to

Fig. 3 Hgchdepdets e‘?&@éﬁ@Sa}f he symméitic pargest pennsgtadobmponents.

five perfusion maps, these relating to cerebral bl ood

now ( CBefyrningdo dtig.ad, afibothd stepl10086; o V) 20 approximas, for each axial
time (MIT), time to peak (TTP), and peak hei ght

. cRedTBp1-5T6einsFeR 9.2kt bRiP $hbes. WBkkous Ql%ingnﬁ ¥Meke &Y described in

using the fuzzy c-neans algorithm A subsequent step

2 RhNaRi z eReh ' of ' Sj
HOBAA B8 S ocC DS VALATR T s, o

ions.. Thereafter te 03 identifies, i
SR RN Pie™ BrgRet S0 Ao TSR oHDe 628480, May 1999,
conponent. A following step 1204 positions the |argest
CotHbsequsnt Hepmbaifefinds srtical apd Botizontal pxercefrdagh ellipseibEs noted that
the MSP. An exanple of the symetrically positioned

these e orcmd meinoe dxesaufgbe eMiipse @o oo cgssafilyarodncdiowithahe directions
i mges 301-316 in a set 300 of 15 inmages in Fig. 6.

BT the cboriimite tigestdfehdintige] Z9E axizlofiie ElIPECwHiRh & 88terdd the vertical

the symmetric | argest

direction is designated the “vertical axis”. This approach, applied to the edge maps in Fig.
9 form the edge maps incorporating elipses and vertical axes as depicted by 601-609 in
Fig. 10.

Fig. 10 depicts edge maps, ellipses and the vertical axis. The ellipses and
vertical and horizontal axes in the steps 1207 and 1208 of Fig. 4 are used for for
calculation of the ellipse that gives the S-point of the brain. The images in Fig. 10
progress from ventral to dorsal as the reference numerals progress from 601-609.

Fig. 7 shows an example of how the image 306 in Fig. 6 is projected against a
vertical axis 1301 and a horizontal axis 1304 to derive the respective vertical and

horizontal sizes 1302, 1303 of the corresponding bounding box. The image 306 bounded

by an associated bounding box depicted as 406 in Fig. 8.
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May 1999. A subsequent step 1208 finds vertical and

hori zontal axes of each ellipse. It is noted that
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the I-plane is calculated using the entire volume image, namely all slices thereof. In the

second pass, the I-plane is recalculated for the slices within the cerebrum only. This
increases the accuracy of the calculations. Dorsally (ie from the direction depicted by
1006 in Fig. 1) the shape of the brain (cerebrum) may be approximated by an ellipse
whose major axis on axial orientation is close to vertical. Ventrally (ie from the direction
depicted by 1005 in Fig. 1) the shape of the brain (cerebellum in this case) is rather
approximated by an ellipse whose major axis is close to horizontal. Between these two
configurations, there is a “Mickey mouse” (Fig. 11B) type of shape due to the cerebellum
and the ventral part of the left and right temporal lobes.

This anatomical and radiological observation along with the changing area of the

approximating ellipse serve as the basis for estimation of the / plane.
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15 9 formthe edge maps incorporating elipses and
vertical axes as depicted by 601-609 in Fig. 10. Fig.

waoodapsses s edge naps, ellipses and the verti cBCT/8G206/000113

The ellipses and vertical and horizontal axes in the

steps 1207 and 1208 of Fig. 4-Hre used for for

calculation of the ellipse that gives the S point of

t he br &g 121 floveches showisigpne tRample qfraagethsd férpeaforming the step
ventral to dorsal as the reference nunerals progress

fi0drim B 36 0BichHk g protessovestiatidsah®hesitidn ARMoridheitioRRehe 1 plane.
306 in Fig. 6 is projected against a vertical axis

B0cu1ams Ard QEiZdEbn MY SxidiShfel gﬁe@é?.rtjovt‘ﬁe L axig jp Fig. 13). The

respective vertical and ori zont sizes 1302,

& ' [ box. e im 6
e R EARRE 10t Mepl A 0 B s 183 dEnrbedaciay) dpdhe ventrl
in Fig. 8.. SUBSTI TUTE SHEET ( RULE 26) WD 2006/ 118549
sl aPoBBeletiohs tercomm Rl plBg AT G 11w 1t wo
approximations, one for slices above the anterior
commi sd0¢ B1gthnsk KM commeneps with pstep 1401 H@t pppriosimeatéséagh slice of the
11A), and one at the level of base of brain
briig by £B)ellifsieg. A kibseghentstep M0Rvdcl@thinds, forGaoh Qlée, T area of the
of .the brain on different slices (this 5 being the
bp@ci Thersa@Bt, Qliktep 0403 deBdrnied] fr &lh GHite, t"ﬁ? Giffeehed bltween the
el liptical approximation 702 Tfor the specific
bR atink 8 ale A Y, e

eff ect . 1%§Deﬂgp§gga§g %Zggrb? acré %‘eﬁ?@ %\T‘Mpg{réﬁ deg%)r%?%eg th sguare of each

i.gh emof al | obes. I ew 700" shows a contour
%%rg(ntcgi éet%réllﬁ'ﬁ% ?br}'e tﬁ% pszecﬂ ﬁl4§ ¢ GAE ofir SYOSPAUENL 40 ddPar plots the
%hice ,. and the best elliptical approximtion 704 for
tiqeemanionessquarecTioshagainst sligequmbesasdepiged in Fig, 13.
"Estimation of the nost inferior point of the cerebrum
(1 pl apeptlowmgosteel 406 idemtified itwhslicheasbaniated ovithofhethgximum error
nost inferior (ventral) plane (ie the |
(see Max point 802 in Fig. 13). Then, a step 1407 moves from the “Max point” slice in

the ventral direction (depicted by an arrow 805 in Fig. 13), until the next local minimum
point is reached (see 803 in Fig. 13). The local minimum is the inferior point, and the
slice associated with this inferior point is defined by a following step 1408 to be the
plane.

Fig. 13 is a plot of the square of the error between the fitted ellipse versus slice

number.

Fig. 3 step 105 - “Estimation of the most superior plane of the cerebrum (S plane)”

The most superior (dorsal) plane of the cerebrum (ie the S plane depicted by
1007 in Fig. 1) is determined using the data properties
When dealing with the S plane, there are two situations that can arise in a clinical

situation. In a first case, the volume image does not contain the most superior () plane of
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nanely all slices thereof. In the second pass, the
|-plane is recalculated for tH8-slices within the
cerebrumonly. This increases the accuracy of the
& esyelrtmonkst 2 Senond |chse, (heevélnmmitiage domtaizs ithis Sigph&ted typically
% 1006 in Fig. 1) the shape of the brain (cerebrum

9 coetags pdditionsit stideyx terdligd bdyREE the'H@sE THisE rshé’éé' aye Q8hally very
axial orientation is close to vertical. Ventrally (1e
hoigyn t he direction 20 depicted by 1005 in Fig. 1) the
shape of the brain (cerebellumin this case) is rather
approxi mated by an ellipse whose major axis is close

to horizontal . Between these two configurations,
11B) type of shape due

#tral part of the left

and ri %en‘por al I obes Th| s anatom cal and

r adi ol %g t4 phayrss flowicha 0£pn¢19xamlh of hpradesniiOdgforpedorming the
of the 25 approxinmating ellipse serve as the basis

e 1% in Fig: i3owherf theh®planpliainet. avallid il (v SHIRE Tk A first step
26) WD 2006/ 118549 PCT/ SG2006/ 000113 -18 Fig. 12is a

1300 vapipao timates vwhe Graife faXeueR| &idlf slide MBY had
D ppooimales thO Grile (8 iR Fllg s 3enﬁv\% elfhgge A next step 1502
dopimes] fREh 198

pl ane. ” Cal cau?g%lp%hgggjrr@eper (gfrjtr}%gg Iglr?afl 8’%&3?1”5%&1 %‘&MSP (see

lf f. "X'" axis in Fig. 13). The processing is
: elseforH%seég steps 1406-1407 in Fig. 12 as described

bel o e.ventral, 5 slices |lying belowthe
i nt e\rl%égrﬁlst @@Fﬁ? p’iﬂ]eé’ﬂ@n OiE £ndneings Pg theveirticablaxis of e axial slice onto
nmet hod 104 comences with a step 1401 t hat

theMiSEx iHigt 16sdepinihars MSPel 661, arhellipter 5608 apyproximeting f5&ialAlice (not
subsequent step 1402 determ nes, for each slice, the

skovew), die vérticaloaxds N60TbetiAtLipEs 180540 JrdR3tions 1604 and 1606 of
determnes, for each slice, the difference betwee .

rdsb@ctlvamﬂﬂpéﬁhﬁaéf e RifidaP$%is @eacﬁ{ ﬁrgﬁggeﬁesp ?1188 prOJected points

then determ nes the square o
160 §ldHgaed by the step 1403, and a subsequent step

1405 plots t he
Returning to Fig. 14, after the step 1502, a step 1503 determines, using the

points projected onto the MSP, the superior point by fitting another ellipse (as depicted in
Fig. 16) along the sagittal direction (see an arrow 1608 which lies in the MSP 1601). In
order to eliminate influence of the ventral points to the dorsal part of the ellipse, the step
1503 uses only the points above the intercommissural (anterior-posterior commissure)
plane (if available) for ellipse fitting (the intercommissural plane is the plane with
maximum major (vertical in this case) axis of the approximating ellipse). A following
step 1504 determines the most superior point of the ellipse fitted along the sagittal
direction, and a final step 1505 defines the axial plane passing through the ellipse as the §

plane.
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af orenmenti oned square errors agai nst slice nunber as
depicted in Fig. 13. Afollowing step 1406 identifies

WO b@odlissa®e associ ated with the maxi num error PEESGMAK/000113

point 802 in Fig. 13). Then, step 1407 noves from

the "Max point"” slice in the™entral direction

(depicted by an arrow 805 in Fig. 13), until the next

| ocal il ﬁ%ﬁhﬁ)‘gs gls hesti ellipticat HE dfi¢methe §fiBjectionsi of MSP points to
13;. The local minimumis the inferior point, and the
spicalatedbe Seilatteed with this inferior point is defined

by a following step 1408 to be the | plane. Fig. 13

is a plot of the square of the error between the

iQatd 2d TE SipaR MNENMHISinShe 6&n Nunber. 20 Fig. 3 step

105 - "Estinmation o € nost superior plane of the

cerebr gy ( I t superior (dors ] ane o

the cer ggorlﬁlrﬁg(aﬁg%héemg cgfazln%)? f’g‘? 8? éoérB‘f/eSS ?@%?ﬁ’imﬁt‘ﬁgd{‘e S plane
| erm ned.. ysing, the data properties \Wen

é)é’§+ ?hr?gée RIS éﬂ%’?‘?ﬂ"gh% volppsimage. oln; this cape thadestien of the S plane

tha‘EEi caeH arise in a clinical 25 situation. In a first

BasEmateg s JollaweTn Adige sthveld Ohofor casit aial sline thedshin is approximated

superi or (g{ pl ane of SUBSTI TUTE SHEET (RULE 26) WO

boes/clligsad ARIVEER 6BH/ 100D HbRrmink thd8res &FRRENBNipkd) &hen a step

second case, the volune inmage contains this S plane,

BH3 plppsi thalaksn ofbh stieBlaghinst AEidubdRR! F8} leffency, only the slices
ext endi ng beyond the brain. These slices are usugi Py

ARRY th® FhiXomIniSRPA plarie IBCusdP! &N .l aﬁ)& i -

the scan Fi 8. 14 s%ol\;/%gn eaII;%I %%dbhgr ?ubg&ugﬁﬁ S*@ a %:ed%?rmmes the
: e fQr _performng.the step 105 in Fig. 3 .

B OE SR B e "t 1004 T e ol slessutreonditgs minimum,

FA first step 1':'{.01 approxi mates the brain, for each

P e esfql%aéJ,Eln%)ﬁ ieps dg iSpplane As ridsatified hy EHame fitting on the MSP,

according to steps 1706-1709, in a similar manner to that described in relation to the steps

1502-1505 in Fig. 14 for the case when the S plane is not available in the scan.

Fig. 3 Step 108 - “Estimation of the shape of the brain for each slice”

The extent of the brain on an individual slice is estimated, in the described
arrangement, by a plurality of methods. In one example, by using a combination of
methods, the solution is more robust, and increases the confidence of the neuro-
radiologist. The. two methods are independent and can be performed in parallel. The
results can be combined interactively by the user, or automatically, for example by
calculating the average values of brain extent in all six directions.

Fig. 18 shows one example of how the step 103 in Fig. 3 estimates brain shape
for each slice of the image by combining the results from two methods, these methods

being (2) the method of projections (which has been described in relation to the steps
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determ nes, for each ellipse, the projection of the
vertical axis endpoints to the MSP (see 10 Fig. 15

wo evocdessad | s). Fig. 15 depicts projection of endpsGHing/000113

of the vertical axis of an axig_slice onto the MSP.,

Fig. 15 depicts an MSP 1601, an ellipse 1602
a ool i n hal . sl i.C . shown), _the . )
VEIPIEOTRh 8. 2ou T D' TR 4138 kose g BiNe fygict has been described in

proj.ections, 1 angd, 1606 of respective endpoints of

tlrl;?gaju\glléhﬁlggfepg%gnlg’@sg}'hat produce respective

projected points 15 1605 and 1607. Returning to Fig.

14, af tefirst §iepsBep ussche methodey prejesics te detomeine theshrai shape for

the points projected onto the MSP, the superior point

(el skigel nBhianpoodess had dlrqasle beas peldfintddesy; e stéédsgl-zo-lﬁl)ZOS that have

al ong the sagittal direction (see an arrow 1608 which

|ticers disvribb® iMBEaAH01) Fig.Nt. qhaerthisOsts) iy i

i nfluence of the ventral points to tﬁle rg’é)?sgegl%egrg%tm&the volume

tifiGodehRERL intHE. 5 %, onl Yo LhE pain -

abov et the i nter o%nﬁgbsﬁe?%q}é %#Zﬁ‘?do E%‘%‘?@?ﬁ %I% White matter regions
i pl.a i f avail abl. for elljpse fitting . - -

PERE B Hafibpleh B edy ¢ pieik oot hemmasiobonthroialdndpsived from
| or ig.verii cal _in this case) axis of the

g%‘lp(iﬁa’i{ ideefues of thei thise yegionss Bievelunegyis binasized 5BHereafter, in each slice,

determ nes the nost superior point of the ellipse

thet laws%ﬁ'@ﬁghbhlélogégbmwted cimpentatois, idemificd. f Thedeadrebhe largest

1505 defines the axial plane passing through the

edririepisé campbhent $whith iep@icats HeRSMbRIAFoSEER k1R Fiad6kymmetri

WO 2006/ 118549 PCT/ S&006/ 000113 - ZO)E%i g. 156 shows 5 etric

fvat HesMSP (dsidd | jriof 69 M oJetol 119115, Of P
points to Egﬁéglfog‘ifdefdt Elgf g?pngﬁr:aqeﬁ.y’ E@sg&%‘d%%e%h% §3¢k of these
17 is.a flow chart of an

j ' . n.5. .Fiq. . .
Rtk AR Retdbid RO B8 ool anl vefir RsestaRa e o o image sot
&ehgces({]ﬁleﬁne is available in the volunme image. In this
c& iB®ation of the S plane

A second (parallel) step 1802 uses ellipse fitting to determine the brain shape for
gach slice. This method has been described in relation to the step 1207 of Fig. 4, however
in that instance the method was applied to the edge map images depicted in Fig. 9. In the
present case in Fig. 18, the method is applied to all slices.

A third step 1803 combines the results of the steps 1801 and 1802, either
manually by the user, or automatically by, for instance, taking the average of both

methods.

Fig. 3 Step 109 “Mapping the atlases on the cerebrum”

Any brain atlas available in a volumetric representation (stack of images) is
suitable for mapping. In the present description, the Cerefy atlas (see Nowinski WL,

Thirunavuukarasuu A. The Cerefy Clinical Brain Atlas. Thieme, New York — Stuttgart,
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Is estimated as follows. -In a first step 1701, for
each axial slice the brain is approximated by an

webkdoess549 A foll owi ng step 1702 det erni nes t herer/ea2006/000113

each ellipse. Then a step 1703 plots the area of each

slice against slice number. Fd¥-efficiency, only the

slices 10 above the intercomm ssural plane .are used.

AR084)b 3% ysrsin forsthe partbiidicale atbasiriand Kitetsehmanm iH WeinritheW. Cranial
plot. Then a step 1705 rejects the dorsal slices
eyedithagitigSansl OlinddBl Nedroohabhe, Bran@iided dnd lekfaRled REitdn, Thieme,
plane is identified by ellipse fitting on the NSP,

Besatt N Yo, 0064 1 16 fof B bli)ﬁﬁe %@ygg}rﬁégg%ﬁ%gr to

that” described in relation to t 05 in
Fig. 1 e S n th | ape is .not avail able
int heﬂs’éﬂ::tgl% ! ﬁ%d@g&‘ﬁagg%{e&ﬁaﬁﬂg ﬁ&r@ﬁgﬁt ion of the

shape ot rain for each sljce" The extent of the

ot ar 1 J1E-48 PG ORSIREELY | QoA KoV e ipRi 08 In . Bfaape Atlases to the
described arrangenent, by a plurality of methods. In

yabime dnpgee, Inythiss pxample.carmodification of thardlalairdeh transformation as
solution is nore robust, and increases the confidence

déscribed ire Talair2ch Jabowhag Bt Coplimnar tsvsesrrithotitasadfethe human brain.
i ndependent and can be perforned in parallel. The

GR6t THHema VPR g ahidm R dicat BibMehdry Stittdiyt I NEwiask, 1988 is used for
automatically, for exanple by calculating the average

' ng..i ] 18I ' ti &l g4 18 w
5Bl nibBinl, TEE e Rohat bf nfiphfiE WSty Jhdliod and “inter-
elst lLmates brain shape for each slice of the image by

&¥oi ni ng the results fromtwo nethods, these nethods

25 being_(a) the method of projections (which has been )
descr i Delrst fep dPAL idstermines rehich bips of SuBEMETiTTEYHEETIE inter-slice
(RULE 26) WD 2006/ 118549 PCT/ S&006/ 000113 -21

nRpping 29 Bquivedsithen the rocks§ BYPS dolhtshadarodw elesigpated “inter-slice” to a
fitting (which has been described in relation to the

site 902 0Thd step- 902 donsidbrsf tivioSaséstoTRntéBliceUffpind) Damely (a) the case

nmet hod of projections to determ ne the brain shape for

in which the intercommissural plane is available (e.g., determined from the localized
image or interactively), and (b) the case in which the intercommissural plane is not
available. In the case (b) the process 108 follows a NO arrow to a step 1903. The step
1903 maps the range of the Atlas images linearly proportionally to the range of the slices
between the § and I planes. The process 108 is then directed back to the step 110 in Fig.
3. Returning to the step 1902, if the intercommissural plane is available, then the process
108 follows a YES arrow to a step 1904. The step 1904 maps the range of the Atlas
images piecewise linearly in two sub-ranges, namely (1) proportionally to the range of the
slices between the S and intercommissural planes, and (2) proportionally to the range of
the slices between the intercormﬁissural and / planes.

Returning to the step 1901, if in-slice mapping is required, then the process 108

follows an arrow designated “in-slice” to a step 1905. The step 1905 maps each
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each slice. This process has already been perfornmed by
the steps 1201-1205 that have 5 been described in

wo edoatiissm to Fig. 4. Thus, this step invol ves PCT/SG2006/000113

segnenting the volune inage (depicted in Fig. 5) into

cerebrospinal fluid, gray matf and white matter

regions using, for exanple, the fuzzy c-neans

alngwrdu@h atlasTiyaege inde ritp eomresperding ¢lide (ay detefminnd tphéhe inter-slice

centroid values of the three regions, the volune is

bhappingled. Thereafter, in each slice, the |argest

8- nei ghbor hood connected conponent is identified.

Ther ealffh éfe sitapRst ke @5k nﬂag%)ﬁ@rm 861t ehBAYRPP TN ehNBIS By fitting the

represents the cerebrum of each slice 1s nade

SAMIEBIabE re %Hfar bBEmdE b6 2% HRRYES tdfn%{lﬁi- Qoufiling box. The Atlas
ly, 0 éﬁlons

Fi nal t he boundi ng boxes for eac ese 1
' |5 ing the.hori.zontal and vert]cal. . .
S0P B 0L b ABCHHEL T o bounding b i
A second (parall el tep 1802 uses ellipse fittin
%)‘afe&&n&& %‘W&e th@r@% Pé‘ieﬁt) %q?ﬁlgaéeé gyring bragpshiape P$tl§1é4tlonﬁn§ge step 108

met hod has been described in relation to the step 1207

&1 Rig.g3. Alhehlsfigight anil antdminr/ppsistiemestintdtes ofethedstaimasxtents may be
applied to the edge map i nages depicted in Fig. 9. In
niditiopallysendothal dorsorvEntgallyli, thideedifiRhéionk. | ThiP@hi Idéme for each
all slices. Athird step 1803 conbines the results of

eRensHeMsing 3 Aali .g1,8ag<?ardiﬁ£1tdﬁ%j acrgﬁrhlﬂidduﬁditﬂﬁ bbR&. user,

or automatrcally or instance, taking tRe average

of bot S ' t e 09, " i ng the

atl as ei;h gﬁ&th Eﬁ@g? By gﬁrﬁ% H %ﬁ%‘gﬁlf%gri]nh 9%? I'\‘g@%a\?gq eal5) Bapped to the
a volunmetric representation (stack of .images) is . .

o RREnS oo BTy P et pESE mtieluestiops dessrbechia Ivanov N,
Cerefy atlas_ (see Now nski W., 25 Thirunavuukarasuu

A S Reranale Neywnski Wi, ddathat andorngtars for Tiandinegr iexge Yorrking based on
Stuttgart, SUBSTITUTE SHEET (RULE 26) WO 2006/ 118549
RETIREABO 6f DA YBnction? PATD8T2065/080A0f or t he

anatom cal atlas, and Kretschmann HJ, Weinrich W

Cr ani al

Fig. 3 Step 110 “Getting underlying anatomy and blood supply territories from the

individualized atlases”’

After the Atlas information has been mapped to the volume image using the step
109 in Fig. 3, each slice in the volume image is browsed interactively, and each slice is
labeled with information available in the individual Atlases. In particular, for each
location in the slice being considered, the underlying anatomy and blood supply territories
can be provided automatically. Thus, for example, each structure and blood supply
territory can be identified by a unique colour, thereby providing a one-to-one mapping
between colour and name. Therefore, by obtaining the mouse position and reading the

colour, the structure being pointed to can be identified.
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Neur oi magi ng and Clinical Neuroanatony. 3rd revised

and expanded edition, Thiene, Stuttgart -New York
wQo@é/1is4used for the bl ood supply territoriesper/b@snos/000113

Al'l the individual atlases are spatially

pre-registered. 5 Fig. 19 sho¥4- one exanple 108 of how

the step 109 in Fig. 3 maps Atlases to the volune

i mage. In this exanpl elndustrixliApplizhbidity of t he

Tal ai rach transformati on as described in Talairach J,

Tour nogXs BpparentPhéiiahe 8b&eaBhdmhb iabrafbdrddntd HedchiBed bidBdpplicable at
br ai n. GEOrg Thi eme Ver| ag/ Thi eme di cal Publishers,

ﬁ%HﬁB%ﬂﬁk Cﬁﬁﬂhgﬁﬁﬁﬂhéﬁﬁs is used for atlas-to-scan

mappl ng. ere a 'nds of mappi ng, nanely

"in-slj and "i 10 slice” first e

det or i RGLURETER dﬁw’éewn%samenan‘?@l f5i0£dhe Brepent invention, and
inter-slice mapping is_ required, then the process 108
medifisaEonpnang/qr icg ke aepdejtherato. withqus depating figmphe scope and
1902. The step 1902 considers two cases of inter-slice
sEppofithe invanieory tieadmbdiements being nluwstrative andenot restrictive.

i nterconm ssural plane is available (e.g., determn ned
fromthe localized is inmage or interactively), and (b)
the case in which the interconm ssural plane is not
avail able. In the case (b) the process 108 follows a
NO arrow to a step 1903. The step 1903 maps the range
of the Atlas inmages linearly proportionally to the
range of the slices between the S and | planes. The
process 108 is then directed back to the step 110 in
Fig. 3. Returning to the step 1902, if the

i nterconm ssural plane is available, then the process
20 108 follows a YES arrow to a step 1904. The step
1904 maps the range of the Atlas inmages piecew se
linearly in two sub-ranges, namely (1) proportionally
to the range of the slices between the S and

i nterconm ssural planes, and (2) proportionally to the
range of the slices between the intercomm ssural and
| pl anes. Returning to the step 1901, if in-slice
mapping is required, then the process 108 25 follows
an arrow designated "in-slice" to a step 1905. The
step 1905 maps each SUBSTI TUTE SHEET ( RULE 26)
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WO 2006/ 118549 PCT/ S&006/ 000113 -23 individual atlas
image into its corresponding slice (as determ ned by

WO b@oilngse? - sl ice  mapping). In the sinplest caBeT/SGHis/000113
mapping is done linearly in 2-Dinensions, by fitting
the Atlas imge rectangul ar $#dundi ng box to the slice
rect angul ar boundi ng box. The Atlas s typically
cont ai ns boundi ng boxes foApperdixiAirage in the Atl as.
The slice bounding box is determned fromthe slice
extent cal cul ated during brain shape estimation in the
step 108 in Fig. 3. The left/right and
PhaRE PRIARORIE! VOlka® $ INERHES WL, Eﬁﬁagfcﬁz' 5}' rﬁ?élts%gftﬁzl BBhe from MR

be addltlonally snmoot hed dorso-ventr al

?)p%zfz\ on%n%en éy 9 e%zeﬁ anb ne ?z%gfoa%ﬁ%s) %%gépé%‘iggﬁl legyon 2 Apr.

26 dlng boxes 10 In another nore advanced

ngenent, the Atlas imge is napped to the
correspondi ng slice non-linearly by warping using
radi al functions described in Ivanov N, A S Pari nmal
Nowi nski W., Method and program for non-linear inage
war pi ng based on specific class of radial functions.
PCT/ SG2005/ 000420. 15 Fig. 3 Step 110 "Cetting
underlying anatony and bl ood supply territories from
the individualized atlases " After the Atlas
i nformati on has been mapped to the volunme i mage usi ng
the step 109 in Fig. 3, each slice in the volune
image is browsed interactively, and each slice is
| abel ed with information available in the individua
Atl ases. In particular, for each 20 | ocation in the
slice being considered, the underlying anatony and
bl ood supply territories can be provided
automatically. Thus, for exanple, each structure and
bl ood supply territory can be identified by a unique
col our, thereby providing a one-to-one mappi ng
bet ween col our and nane. Therefore, by obtaining the
nouse position and reading the colour, the structure
bei ng pointed to can be identified.
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PCT/ S&006/ 000113 -24 Industrial Applicability It is

descri bed are applicable at least to the nedica

I magi ng i ndustry. The foregoing describes only sone
enbodi nents of the present jnvention, and 5
nodi fi cations and/ or changes®tan be nade thereto

wi t hout departing fromthe scope and spirit of the

i nvention, the enbodi nents being illustrative and not
restrictive EXSHASTHIONIGF SHERMIN-BALE24) piONR0O06/ 118549
PCT/ S&006/ 000113 -25 Appendi x A Bhanu Prakash K N
Vol kau I, Now nski W., Extraction of m d-sagittal

p B GROUNDIOF THEIINVENTION - Entropy and energy based
approaches. US60/558,567 filed on 2 Apr. 5 2004
SUBSTI TUTE SHEET (RULE 26) WO 2006/ 118549
PErideithobivedtiyn13 - 26 EXTRACTI ON OF THE M D- SAG TTAL -
PLANE BACKGROUND OF THE INVENTION 5 Field of the
Invention The present invention relates to nethods for
exXtf BEtsrhgvarHen ielats togpgthodnfor pitueting thegnifHseeittah plageoframrbrain
dablamanitai dd PR phrticilArah hdhodBbN edaitRE BX hidskiB0phiteusing

m d-sagittal plane usi
energy (gr entropy rr{%asurements op tge brain volume data.

Description of the Prior Axt

The mid-sagittal plane is defined as the plane passing through the interhemispheric
fissure of the brain and containing less cerebral structures than the rest of the brain.
When a volume scan of the brain, for example an MR 'scan, is taken the‘ position of the
brain within the scan depends on the position of the patient’s head. Identifying the mid-
sagittal plane allows the brain volume to be re-oriented to a preset co-ordinate system or

a co-ordinate system to be applied to the brain volume.

Previously developed systems are based on the extraction of symmetry lines in axial or
coronal slices of the volume data and use a priori information about slice. direction.

Two basic classes of algorithrhs are those based on the interhemispheric fissure and

those based on a symmetry criterion.

The basic hypothesis underlying the methods based on the interhemispheric fissure is
that the interhemispheric fissure of the brain is roughly planar, and this provides a good
landmark for further volumetric symmetry analysis. In these methods generally, the
fissure is segmented in MR images. Then a three dimensional plane is found using an

orthogonal regression from a set of control points representing the segmented curve.

The theory behind the methods based on a symmetry criterion is that the mid-sagittal

plane maximizes the similarity between the brain and its reflection, i.e. the mid-sagittal

SUBSTITUTE SHEET (RULE 26)



energy or entropy neasurenents of the brain vol une

data. 10 Description of the Prior Art The m d-sagittal
w@b@aa1$589 defi ned as the pl ane passi ng t hr oughrt1®G2006/000113

i nterhem spheric fissure of the brain and contai ni ng

| ess cerebral structures than the rest of the brain.

15 When a vol une scan of the brain, for exanple an MR

scan, is taken the positiomR7ef the brain within the

scan depends on the position of the patient's head.

Identifying the md- sagittal plane allows the brain
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Then a three di nensional plane is found using an
orthogon%k regression froma set of control points

r K JHEFNYEMNTIONr ve. 30 The theory behind
the nethods based on a symetry criterion is that the
'st g ttal plane maxim zes the simlarity between .
H2 bigpd fepmsy Frep ﬁsli?es?t o ey imeption fomprises a mptodefdietsrmining tie mid-
15 Slmedl TUARE oBHBEdin (lﬁb&ﬁnaﬁdmé/‘@ezﬁé}@/ of lﬁﬁnﬁﬁg a_three-dimensional
xﬁg%ﬁg@%gpq ﬁ Ian s t.he E ane with respect
Boud fict 8 f4i3fing g extrogy or
Qnergy measure for each slice in the volume of mterest in each of the three directions,
producing a first estimate of the mid-sagittal plane as the slice with the highest energy
or-entropy measure in the sagittal direction, and optimizing the mid-sagittal plane using
20  the first estimate to produce a final estimate of the mid-sagittal plane.

Preferably the brain volume data is MR brain volume data.

Preferably the energy or entropy measures are normalized and the first estimate is
25  produced as the slice with the highest normalized energy in the sagittal direction.

Preferably th'g volume of interest defined about the mid slices is 40mm in each of the
three dimensions.

30  Preferably the energy measures are a measure of the intensity of the image at each pixel
of the slice. .
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the net hods based on symmetry share a common gener al
schene. First, an adequate paraneterization is chosen

WO eoochassact eri ze any pl ane of the three-di nensPONa62006/000113
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Euclidian space by a vector conposed of a few
coefficirents. Then a search is conpleted over the 5
set of possible planes to achi eve the nmaxi mum of an
adapted simlarity neasur € 28pet ween the ori gi nal inmage
and its reflection. The chosen criterion is often the
cross correlation between the intensities of the two
t Brefsabli the prifopn sleashiengie ¢ meTiwee of potbhlality ofipikels witk étensity 7
el efs siidacl ude that some a priori information- is

"needed, the 10 nethods are tinme consum ng,

orientation dependent and limted to small tilts in

t BRIERDESCRBRIIDN GIAMERY: vERATHE WY BNTIHENDRA viaivesd

terms one aspect of the invention conprises a nethod

of determining the md- 15 sagittal plane of a brain

i Whegiventicd will lmgﬁltﬂkae desb:ﬁﬂa& bpﬁvayieﬂ‘ dxainplg oty and without intending -
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e
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r entropy measures are nornalized and the
igsfsnt&gg%xrrugfe is 25.produced as the slice with the

hi ghediigurotihslioivs éd peirstignyofitie mideagittetplteain adiat sices abrained

" Pg}e;neéh@@yxngagge vol une of interest defined about the
.md slices is 40mmin each of the three dinensions.

30 Pr dfadFeapityshowe thenerpiggriopeod She mid-weitalaplmsac ceronst skidee
| sHtetmlibl in eferdyieab@®ge at each pixel of the slice.

SUBSTI_TUTE RUL 26 2006/ 118549
PCT/ s&%‘ffaf’go*gi‘f[% e proEJectlo owghe m?d -sagittal plane on coronal slices

obtained by an entropy measure,

Figures 6A and 6B are plots showing responses of various measures in’ the
sagittal direction,

Figure 7A shows the starting slice for optimization,

Figure 7B shows the final mid-sagittal plane obtained by using an entropy
measure in Nelder-Mead optimization,

Figure 7C shows.the final mid-sagittal plane obtained by using an energy
measure in Nelder-Mead optimization,

Figure 8A shows the starting slice for optimization,

Figure 8B shows the final mid-sagittal plane obtained by using an éntropy
measure in Nelder-Mead optimization, and

Figure 8C shows the final mid-sagittal plane obtained by using an energy
measure in Nelder-Mead optimization,
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-28 Preferably the entropy neasures are a neasure of
probability of pixels with intensity i over each

w@kiosa185BRI EF DESCRI PTI ON OF THE SEVERAL VI EVSPCFST406/000113
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DRAWNGS 5 The invention will be further described by
way of exanple only and without intending to be
limting with reference to the foll ow ng draw ngs,
wherein: Figure 1 is an al'gzé’r'i t hm showi ng t he met hod
of the invention, Figure 2 is a plot show ng a
normal i zed energy or entropy neasure the three 10

di r ect Figrs YA shayisitke MSE ebtzined|fiom asvobwviervgthinhise.var i at i on
of nor mhie@ﬁ(ihm@ 6Hﬂa1ﬁela?roﬁlaag)ofuk@ lyith %rlﬁﬁﬁog&e@f d

its correspondl nghs I ces, Fi gure shows

pr oj ect1eB 965 bigiredfiam aolime Vot Pasiplayolwng. ces
obt ai N@gureliy Aesﬂ@ngsma@x& ﬁatﬁal sHee oFd Mn@e &lﬁ WHAWas iit@acts,
prOJec i on i a ces
obt ai n Bylg 51??“’@ me fq’%@ﬁé %P’@ %}a ‘3 c}%*‘?d\}%geff“ﬁ%
pr oj echxmm 10 khdwaeherMSh shayiet] fiah ap'b]aﬁhe dﬂﬂwﬁlelli Ba3altefidtd, ces
obt ai ne n asur.e ur

pr oj ect ?:cé%y I? Py Set{lgigsggﬁ Raa s cffg V8ﬁ51r°1 Wd%:]’S%’/ﬁfk E‘T”i“%g?
20M f@ﬁeﬁédalﬁwl&mﬂe’nmmgﬁymneasur e, Figures 6A and 6B
are pl [T in,

t he sg;glt’:“tefI gl di fglles‘gs) ?E%ﬁ@&eﬁ%‘y o%kb@ﬁa%ua’i@?ﬁ%a% arting
slice foiewpis showaMBren o a@j@} dicy nagp 6\ veltyae with glereotactic

MisGrp&@ Gilaint altefRtsane obt a| ned by using an entropy 25

measur g i n I\k?] der - Mead timzation
igure 15 shows MSP obtame from a volume which was artificially tilted to test

the robustness of the algorithm.

Figure 16 shows MSP on axial slice and MSP obtained from a volume without
artefacts. -

Figure 17 shows MSP on axial slice and MSP obtained from a Proton Density
weighted scan.

Figure 18 shows MSP on axial slices of two different volumes with large space
occupying lesions.
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10

Figure 7C shows, the final md-sagittal plane obtained
by using an energy neasure in Nel der-Mad

optim zation, Figure 8B shows the final md-sagittal

pl ane obtained by using an entropy 30 neasure in

Nel der - Mead opti m zation, and Figure 8C shows the
final md-sagittal plane ofiai ned by using an energy
nmeasure i n Nel der-Mead optim zati on. SUBSTI TUTE SHEET
(RULE 26) WD 2006/ 118549 PCT/ S&006/ 000113 -29 Figure
9A shows the MSP obtained froma volunme wth noise.
Fiqure 9B shows the MSP obtained froma volume with RF

P&@%PRIPEF%P@’%%%T% VMSP obt ai ned from

a volume with Partial Volunme. Figure 10 A shows MSP on
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onrhauid &l nogt itlaethed chalvbia differant hexdbdr bHslica iy edchl fdectdt hout
15 artefacts.
In step 2 a volume of interest is defined about the mid slices in all three directions X, Y,
and Z. It is assumed that the mid-sagittal plane will pass through the centre of the
image and therefore the volume of interest. This will always be true if the brain scan is
of the whole of the brain.

The volumes of interest can be defined by defining the mid slices in the X, Y, and Z
directions as mid_x, mid_y and mid_z respectively. The three volumes of interest in
each direction can then be defined using the initial and final slices:

Init_x = mid_x - 20mumn, Final_x = mid_x + 20mm;

Init_y = mid y - 20mm, Final_y = mid_y + 20mm;

Init z=mid_z — 20mm, Final _z = mid_z + 20mm;

The three volumes of interest in the three directions are:

VOI x=(slices with the x-coordinates from Init x to Final x, All Slices in Y & Z
direction)

VOI y=(slices with y-coordinate from Init_y to Final_y, All slices in X & Z direction),
VOI_z=(slices with z-coordinate from Init_z to Final_z, All Slices in X & Y direction)
from the volume data.

SUBSTITUTE SHEET (RULE 26)

Fi gure 8A shows the starting slPCESET06/000113



Figure 17 shows MSP on axial slice and MSP obtai ned
froma Proton Density weighted scan. Figure 18

wahaea1888P on axial slices of two different voPOIVe62006/000113

with |large space occupying |lesions. 20 25

SUBSTI TUTE SHEET (RULE 26) WO 2006/ 118549

PCT/ SG2006/ 000113 -30 DETAI LED DESCRI PTI ON OF THE

I NVENTION Figure 1 is a f1 owlchart showi ng the steps
in the nethod of extraction of the md-sagittal 5
plane. In step | brain volunme data is read into a

pr icshedod be na'tbda tat svhile ¥ @bluie ofl 4lnsim Ay been tRoshRind edela divéction
?Eéec%ﬁg%r thca saet Gl grelc,{;lofltthegmf%ivsﬁ?fg gge\é :,rllge%an e a%c%tﬁ rﬁnléfa. The
i meagee id éJz aamf%amxéc iyoand dmtbuitableavofugne manghiean be almset.me
rearranged into slices. The initial volunme can be
either isotropic or anisotropic. The data is arranged

5 as Insitepciean ufoRY-AIISNEY mefsEe issaleHuebionrack Flite i psrysdirestigp in-

eX aRRbIBmE 3iilRE, éxar%lérbdexib feashR@apunber of slices in
the X direction is |abel ed Xnax, the nunber of slices

inthe Y direction is Iabekéﬁ%%nax, and t he nunber of
slices in the Z direction is™ abeled Zmax. It should
be noted that there may;be @ ggﬁfyrent nunber of
slices in each direction. “step’ 2 a vol ume of
interest is defined about thsiqld slices in all three
directions X, Y, 15 and Z=~Ri%i's assunmed that the

m d-sagittal plane will pass ihrough the centre of the

10i mage and therefore thelwoﬁgqp interest. This wll
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al ways be true if the braanscanyfs of the whol e of

the brain. The volumes of ,inkerest can be defined by
defining the md slices in—t§§UX Y, and Z 20

directions as md nidi and mid -z respectively. The
t hi-ear Gopbipstions9f tliTerﬂ)%Yeégfrgy measures may also be used. The above energy

measures only show measurement in the X direction but can also be used for

measurement in the Y and Z directions by substituting ¥ and Z for X, These

measurements measure an energy for each slice where xj; is the intensity of the pixel at
the location (ij) within the slice and i,j represents the row and column index of the pixel
within the slice. These energy measures produce a single value for each slice in the X,

Y and Z directions.

Examples of entropy measures are

" 255

I<p,)=};pf log( p;) (Shannon)

255

I(p I pro)= 3. o pu/ pro) (Kullback- Leibler)

i=0
The above entropy measures are measures of a slice wﬁere pi is a probability for the
current slice of the pixels with intensity 7 and py is the probability for the reference slice
of pixels with the intensity i (where the intensity ranges between 0 and 255). The
entropy measure is summed over the range of intensity values, in the equations given

there are 256 intensity values. The reference slice may be the Initial slice in every
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each direction can then be defined using the initial
and final slices: Init x = mll x - 20mm Final x =
WoR@6Ax8549 20mm I nit. y = mdi - 20mm Fi nal . PET/RGZN06/600113
20m |nit z =md- .z - 20nm Final -z =md z +
20mm 25 The three volunmes of interest in the three
directions are: VO x=(sli ces Wi th the x-coordi nates
fromlnit x to Final-x, AFf 3Zrices inY &2z
direction) VO y:(sl ices with y-coordinate fromlinit_y
to Fi nal slices in X & Z direction), 30
VHiregtiong ﬂ%?ﬁé SNty megsurepprpdicha singld vabmidneach stice ip UFi Xaland
ALt gleligRs i1n X & Y direction) fromthe vol une data.
SUBSTI TUTE SHEET (RULE 26) WD 2006/ 118549
PCT/ SG2006/ 000113 -31 It should be noted that while a

voDsteen@by 4D&Iﬁobﬁ$alﬁ& Qﬁv&ﬁb@i? @Shnil rforeéﬂ&hslféb K €dch Utection the
5be‘fauléserln t]e%f % ‘ﬁ rectlon t he shape does

not Ueh AR JE R lFgt 1 seh f°§“°f‘ fgen fre and %H?g"é spevihip sfepy? of,

of Figxa ip |Figuen? yhomsga minyalized ﬁlaﬂ)foﬁ‘sllé@d HBreé aM@Asi68 Withach

e an_ent ener sur

o iR Ron Dot & £ Roita o' Tt beplig iinentiy Mot o bel Pigged
vdqumwnlaﬁn ihy F%ﬂt@kdlrectmamqb# psk olbsegn élegyd-s@aawhe‘s Ia mﬁs ‘lvay
= g chartdlestifmatd of khe nudlsagft{a‘lj pﬂa&g&m Xt l]r)ade froth ’LH]e t%(ree Elots other

10 embodiments the energy or entropy values are not normalized before being plotted. If
the plots are normalized the normalization function must be an increasing function to
preserve the maximum in the data. (An increasing function is one in which the bigger
the value of the argument the bigger the value of that ﬁmction‘)

15  Figure 3 shows a bell shaped curve in the sagittal direction along with slices in the
sagittal direction. The slice at which the peak of the bell shaped curve occurs forms the
first estimate of the mid-sagittal plane and is labeled the initial mid-sagitial plane as

~ shown in step 5 of Figure 1. The slice at which the peak occurs is now labeled N for
convenience.

20
Now the slice of the initial mid-sagittal plane is a slice in one of the three directions
(considered for convenience to be the X direction). The four corner points of the slice
can be represented as:

Pix,y,2)=(N, 1, 1)

25 P2x,y,2)=(N, 1, Zna)
P3(x, v, 2) = N, Yiax, 1)
Pa(x,y, 2} = (N, Ymax, Zinax)

In step 6 the initial mid-sagittal plane is used as the starting plane for further
30 optimization. The coordinates of the initial mid-sagittal plane set out above are used as
the input parameters for the optimization process. This optimization problem can be

formed as an unconstrained optimization. Techniques that can be used to solve this

SUBSTITUTE SHEET (RULE 26)



waos@d/118fhe above ener gy

101 =-x1 ogj , r." 1= xv r.J Linear
conbi nations of the above energy neasures may al so be

measurenent in the X direction but can al so be used

for measurenent in the Y and Z directions by

substituting Y and Z for X ,Jhese 15 neasurenents
measure an energy for each s%lce where xy is the
intensity of the pixel at the location (i,j) within
the slice and i,j represents the row and col um i ndex
of ORtEHZagpr erpblemjinchideithe [grd §bq ai@nthﬁm"%ldenmgy e;mea;ﬁw @Srch
pr Qﬂ%@or@trﬁﬁeﬁg%@lnx\éﬁkoﬂ q?ciﬁﬁues @9&“{1&!& knclslatllag'“I ir g ne ca:ralélplﬁ é’g an

Z directions
?pénlrr):zatzon ﬁmﬁpnﬁ}a@é (& rb)a usegHa rphisin) 2 bqﬁgs@tlmaté of the mid-ejgittal

Z plénel fag theffirdt efinde i6 el deREGAG opl ;n%izs’tlio%r Yhis Vméi%oﬁh? c@'px%/niy

slice ere
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|WWmum¢mmwsand pro is the probability for the
reference slice 25 of pixels with the intensity i
(where the intensity ranges between 0 and 255). The
enthedigtingwaintiis arsddsto sonsimend a ineplex mmapeamgemef pmmt aitiiel i is

V ahd! Bnbel Bf foa@eﬁne@éﬂy hsof?)g Ay ﬁzﬂamett I, pro%le% erB é'aret three points, a

|nten |ty val ues. erence s
| rifimel The methodicalcwyes the obfoBGTINPLTT SiERTH ek REWE sRF)ex\NO
2006/ 118549 PCT/ SG2Q06/ 000113 - 32

The Rules include:

Reflect the point with the highest value of objective function through centroid (center)
of the simplex. If this produces the lowest value of objective function (best point)
‘ expand the simplex and reflect further, If this is just a good point start at the top and

reflect again. If this the highest value of objective function (worst point) compress the
_ simplex and reflect closer. ~

These rules are repeated until the convergence criteria are meet.

Part of the optimization includes plane rotation and translation to find the maximum
value of the energy or entropy measure. This rotation and translation means that
information on the pitch angle of the head is not required,

Figure 4A shows the projection of the mid-sagittal plane on axial slices obtained using
one of the energy measures outlined above. Figure 4B shows the projection of the mid-

sagittal plane on axial slices obtained by the Kullback-Leibler entropy measure outlined
above,

Figure 5A shows the projection of the mid-sagittal plane on coronal slices obtained

using one of the energy measures outlined above. Figure 5B shows the projection of the
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direction. These entropy neasures produce a single
value for each slice in the X, Y and Z directions.
wOn@e/1e85¢9 gy or entropy val ues have been foundrP¢DRGEA6N00113
slice in each direction the 5 values are nornalized
in each direction between zero and one as shown in
step 4 of Figure 1. Figure 2 shows a nornmalized pl ot
for slices in three dinensBens with each dinension
plotted on a separate graph. The nornalized neasure
plot has a bell shaped curve only in the sagittal
dirpigsagitish plapeonecopaaliclict obteintcobyt the KuilighelsBefblet @hropy inéRure
| RufiRdaSphey @ coarse estimate of the md-sagittal
pl ane can be nmade fromthe three plots. In other 10
enbodi nents the energy or entropy values are not

N@igiRE |6Ae€1ndbﬁ§ Mo Q?ﬂoﬂéls BF Qi genel'%y antdhe%tr?ﬂ oxtngas@és in the

s norqgglze ﬁenorna |zat|on unc on nus
i ReEh SIRRYO L AS SR Re 351 fiometbese rloty psh r?é%hfh%nﬂa}’rﬁnﬂ reatropy .
dateasuref Arpdinees QR MOthé bired ht%oﬁtsth@%e' e Fhnih o sijces.
ng%E en Qgt%%%yelp (g EI(igument t he bi gger the val ue
BeAPLER eTeEpe 31 previqe; gt steranesoinfsfor the @ptimiagtigp algorithm
c theyatrachthe hid-gaigaltplaat. IdiFigacs 6A rancadsm Blneink FepsosdnsSBulibick-
t a I ct .The_s peak
of}il a%) ]ﬁlz gﬁr{ %9 F'{thgu% cg%ehoccup r§sef‘§r 3& \Aﬂ)g ‘V‘?‘Q@‘id energy
10 egeismmt e of, f hgx,j”n Riackdigeé tepfebenf3| ti e Ghchsurd Jabeted | dhgn
initial m'd-sagittal plane as shown in step Sio

Fligd befresknts BASndd Lft@pyPineadhit Ghy g%%@?%éeggqqy&é e e]‘?gytn ﬁggsure

Iabeled N for,  convenience.
th - glttal lane is a slice in one of the
J‘@Jh n@‘gurfsc sPderasd §pto & havnithensterting she for
the K di ectlon) The four corner points of the slice
cemintizatiors iy Bguest Tédand SA 48 (the ﬁr)al mzd»saglttéu\blanl ,obtlu)ned?ﬁsmg the
Pﬁ(l%aclyl,elglér mea§ mjiﬂfléﬁmaa o;i:m é&m 4 F1 res 7é arid % o the
15 nal mx sagxttal plane obtamed using an energy measure in Nelder-Mead optirization
in Figures 7C and 8C. MRI is marred by the noise inherent to the procedure. The noise
can occur due to various reasons. One type of noise is the statistical noise that is random
and of high frequency. This noise is higher as the signal strength or the acquisition time
is less (Fig 9a). Another source of this noise comes from the electronics of the system
20  and can be due to thermal effects. Another type of noise is due to the physical structure
of the coils. This is the RF inhomogeneity noise and occurs due to many physical
factors affecting the magnetization field (Fig. 9b). Partial volume averaging (Fig. 9c)
can also be considered as a type of noise and becomes more dominant as the slice
thickness increases.

25  The Figures (10 to 18) and results obtained shows that the method of the invention
provides an accurate method for determining the mid-sagittal plane in different brain

scans. It also confirms the robustness of the algorithm as it was tested on a variety of
cases.
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In step 6 the initial md-sagittal plane is used as
the starting plane for further 30 optim zation. The
waowndissas es of the initial md-sagittal planeP6EEBGTO6/000113
above are used as the input paraneters for the
opti m zation process. This optim zation problem can be
formed as an unconstrai ned tim zation. Techni ques
that can be used to solve Tfifs SUBSTI TUTE SHEET (RULE
26) WD 2006/ 118549 PCT/ S&2006/ 000113 -33 optim zation
probl eminclude the grid free al gorithm of
Neflhel &qreagingescaikeratls ifvension dupluding peafired forma Sharenf.n ddterations
ORbd Pﬂoalﬁﬁd’tﬁﬁ‘s LGN b YRS YR 'ti#o@tp bieliNn I\ﬁeta!:\r? Qrel\'ﬂn%e%@ to CPe

n optimzation function may use
t (Wgﬁf’réf g“’ath%@f’?ee}fm@gisldﬁﬁ‘ieé by the perampgngiing glgimst al  pl ane
fromthe first estimate i s Nel der-Mead optim zati on.
This nmethod is comonly 5 used in non-Ilinear
regressi on probl enms. The Nel der-Mead optim zati on
works with a, nunber of rules. The starting point is
used to construct a sinplex, a shape with mtl points,
where mis the nunber of paraneters. Thus for a two
paraneter problemthere are three points, a 10
triangle. The nethod cal cul ates the objective function
at each vertex of the sinplex. The Rul es include:
Refl ect the point with the highest val ue of objective
function through centroid" (center) 15 of the
sinmplex. If this produces the | owest val ue of
obj ective function (best point) expand the sinplex
and reflect further. If this is just a good point
start at the top and reflect again. If this the
hi ghest val ue of objective function (worst point)
conpress the sinplex and reflect closer. 20 These
rules are repeated until the convergence criteria are
meet. Part of the optimzation includes plane rotation
and translation to find the maxi num value of the
energy or entropy neasure. This rotation and
transl ati on neans t hat
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information on the pitch angle of the head is not
requi red. 25 Figure 4A shows the projection of the
wo@edasgua t al pl ane on axial slices obtai ned UBCTI§G2006/€00113
of the energy neasures outlined above. Figure 4B shows
the projection of the md- sagittal plane on axi al
slices obtained by the Kul | fack-Leibler entropy
nmeasure outlined above. 30 Figure 5A shows the
projection of the md-sagittal plane on coronal slices
obtai ned using one of the energy neasures outlined
above. Figure 5B shows the projection of the
SUBSTI TUTE SHEET 26) WO 2006/118549
PCT/ SG2006/ 000113/ sw84 Yri d-sagittal plane on coronal
slices obtained by the/Kullback-Leibler entropy
nmeasure outlined abpve. Figures 6A and 6B show
responses of varlous ener gy and entropy neasures in
the 5 sagi tit-al—dtreetiom- ;e9a be seen fromthese

pl ots each cﬁ“?ﬂ%mghgwﬁvmﬁﬁd Atropy. measures
produces a réﬂ& in the cuive about the sane slice
or within two slices| These neasures therefore al
provi de good starting points for the optim zation

al gori thm {heaRxtE@edorinsn] d-sagittal plane. In

Fi gures 6A ~ztmdmﬁedim&kiugaﬂoimaew/egr esents Kul | back-

Lei bl er ent 1 dpyidhebiss oftesbraRed( | i ne represents the | og
wei ght ed engftyvawediasure 1{= -1 x log xu , Black
line represents the [energy neasure 1 = -~ x~ , Geen
line represents Shannhon entropy neasure and Cyan |ine

represents tﬁﬁkﬁﬁggc§§gﬁ%§ur;?(JJ_ x1li2 xij . Figures

(

7A to C and arting slice for i.l
i d optim zaf ey didactibh gur es 7A and 8A and the final

nid-sagittak—ﬁ+aﬁe~1fka+ﬂed~using t he
4

Normalize measures in
each direction

v

Slice with max nonmatized /

measure in sagittal
direction desigoaied as
initial mid-sagitial plane

y 6

Optimize mid-sagittal plane /
using initiul mid-sagittal
plane as starting point

Figurel
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Kul | back- Lei bl er nmeasure in Nel der-Mead optim zation

in Figures 7B and 8B and the 15 final m d-sagittal
w@b@aa1sse ai ned usi ng an energy neasure in Nel BeT/s¢BEacd000113

optim zation in Figures 7C and 8C. MR is narred by

t he noise inherent to the procedure. The noise can

occur due to various reasang.. One type of noise is the

statistical noise that is random and of high

frequency. This noise is higher as the signal strength

or, the acquisition tinme js less (Eig 9a). Another

sdurce of this noise cones fromthe el ectronics of {he

sylstenmr20—amdrcam e tget tmwnal effTecrs. Anot ng
type of noi se: |ibgggrr% the p |cal structure of}t{he

coPbis. Thi's i 5 t F inhgnogenéi tsw. noi'se gaglitdccut $
dule to nanyrﬁhyslcal Hrs affectl 1 he
n&gﬁerrzaTTtnﬁfTT#TTT%ﬁj;ﬁﬁQD Hartlal vol ume «

13 1]

avemaguml4piﬁ_ 96)—can—al-so—bg—ecenst-dered—as—a—type

ofi nioi se an beggnes nmore domi nant as the slice
' [ 2 S 25 The Fi-gures ~(-10--t+i0-18) - and

hat the ine

tlw.ﬁn d- saqlttal oLane in dlfferent hrain scans |
aljso confitas;the robustness of the algorlthn1a3|

t ested onlA~vari.ety..of ...cases... SUBSTI TUTE. SHEE]
UﬁE 26) WD 2006/ I 49 PCT/ S& 000113 -35 The
foﬂggoing destribes the | ] o

forme thereof. Alterations —and nodifications as willl
ber@hy hotsib hbQ§ usk hdrb@dhé Hickdi8 eadd diradtien.i Nt ended
to be incorporated in the scope hereof as defined by
t he acconpanyi ng clainms. SUBSTI TUTE SHEET (RULE 26) WO
2006/ 118549 PCT/ S&2006/ 000113 -36- Start

-+

LX)

. . H ; : :
.

.4

0Rbr v et i

002, plume.taw

Fig. 3 Plot showing the variation of normalized measurein the sagittal direction.

and its corresponding slices
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Read in brain scan volune ,data Define & vol une of
interest in. three dinensions around the md slices
wobtobhesshy ain  scan vol une data Cal cul ate PCT/SG2006/000113
energyfenlropy incasure for cuolb slice in every
direction 9 Nora ali7.encanres in each direction i 5
Slice wwth max nornmal i zed neasure in sagittat
di reui on designated as inr8fal avid-sagittal place G
Optimze md-sagittal plane using inititil
md.s*gittttl plane as starting paint Stop Figure |
SUBS T (RULE 26) WD 2006/ 118549
PCT/

b)
Fig 4 Projection of MSP on axial slices obtained by (a) Energy measure 1 (b) KL~
measure .

v,

. @ ® :
Fig 5 Projection of MSP on coronal slices obtained by (a) Energy measure 1 (b) KL-
measure ‘
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-37- _Neat s x Or MSP O Fig. 2 Nornulized energy

curve across the slices in each direction a..t _..__;
w0 200g1118549~ . e e e .~"ti yryPCT/SG2006/000113

P ~ 024 81012 14
110 1.. W pOd2y~ hxn .tew .5 Fig. 3 Plot show ng the
vari atl on of normali zed nmeasure in the sagittal
direction. and its correspdndi ng slices SUBSTI TUTE
SHEET (RULE 26) WO 2006/ 118549 PCT/ S&G2006/ 000113 -
38. a) b) Fig 4 Projection of MSP on axial slices
obt ai ned“by+fajy«Emergy nmeasure 1 (ba»-%lzmms»utrwe (a)
(b) - .,Fig 5 Projection of MSP og cor onal sfii ces
obt ai,ned by (aY¥. Energy measure, 1 (b) KL-: neasure 5
SUBST,) ThTE SHEET ( RULE 261 SUE;STI TUTE SHEE"T (RULE 26)
WO 2Q06/ 118549 PCT/ SG2006/ 0001313

4 , 3 o P
I .\' "', s :
.. v - .
o, 4 A al 2N '~:‘.\
o e M
TR TR TR S R e Y TR T

Fig 6 Plots showing responses of various measures in the sagittal direction index:

Blue- KL,

Red - Log weighted energy [ = —Zx;‘; log Jt:,',-2 s
‘.J

5 Black - Energy [ ——Z

IJ’

Green- Shannon entropy and

2
- 13535
i i
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-39 1.w /i Ntpn.p.i WtadlsaAGX17[* i ~; ais
~yi".1Nb. 4 4::0A GYLY:tuw rlY. tt 0Q Yt dl pxs is
WO 2006858549- 7 1 0! It It Fig 6 Plots showi ng rPEpSGH®6/000113

of various nmeasures in the sagittal direction index:

Bl ue- KL, Red - Log weighted energy | = -~x2 log xJ2 ,
6] 5 Black - Energy | = -~ x2 , Geen- Shannon
entropy and Cyan-1=Yx,- x40,-! ~J +.1 SUBSTI TUTE

SHEET (RULE 26) WO 2006/ 118549 PCT/ SG2006/ 000113 -40-
vol nun= 26: starting slice for NM After NM and KL ent

L=-01097-016 (e) (b) Aft emuniNit:uSsi Ng enerm/ ent =
0. 88742 starting slice for NM Mand KL

(e} (b}

After NM using energy
ent= 0.88742

Fig 7 (a) Starting slice for optimization; (b) Final MSP obtained by using KL measure in Nelder-
Mead optimization; (c)} Final MSP obtained by using energy measure in Nelder-Mead optimization
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(c) Fig 7 (a) Starting slice for optimzation; (b)

Fi nal NMSP obt ai ned by using KL neasure in Nel der- Mead
wopttemigsas i on; (c) Final MSP obtained by usi ngP€T8GZHN6/000113

nmeasure i n Nel der-Mead optim zati on SUBSTI TUTE SHEET

(RULE 26) WO 2006/ 118549 PCT/ SG2006/ 000113 -41 vokun

24 After -NMand KL starting slice for NM ent

L=-0.12877 7 terry 5i R418) (b) After NM using

energy eni= 0.88633 (c) Figure 8 (a) Starting slice

for optim zation; (b) Final NMSP obtained by using KL

nmeasure in Nel der-Mead optim zation; (c) Final NMSP

obt ai ned by using energ JredSHFE i n Nel dare

opti m zation e Gt

I nhonogenei t

2006/ 118549

Partial volu

slice Fig. 1(4

E SHEET (RULE ¥
BO0113 -42- k:.4n
0 a M5 Pl ane s

] {b}
After NM using energy '
ent= 0.856383

Figure 8 (a) Starting slice for optimization; (b) Final MSP cbtained by using KL measure in
Nelder-Mead optimization; (c) Final MSP obtained by using energy measure in Nelder-Viead
optimization

Fid. 9a Noise Case Fig. b RF Inhomogeneity
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Fig. 1 1 MSP obtained froma volune where artifacts
are present 10 SUBSTI TUTE SHEET (RULE 26) WO
wWQoM6/11858549 PCT/ S&2006/ 000113 -43 Fig. 12 Herdr/8GRav6/000113
during MRl procedure and artifacts. 5 Fig 13. A
Conput ed Tonography Image in which MSP'is found. 10
Fig 14. Artifacts due to stg&sotactic surgery frane
SUBSTI TUTE SHEET ( RULE 26) 2006/ 118549
PCT/ S&2006/ 000113 -44 Fig 15. Head tilt produced on
t he |nage to test the robustness of the algorithm 5
fixf : - : MSP and Ms Plane rrrr~ 1 ~ -
Fig. 17 Axial slice show ng
m Proton Density wei ghted Scan
6) WO 2006/ 118549
i g 18 showi ng two | arge space
| n.

Fig. 9¢c Partial volume

Fig, 11 MSP obtained from a volume where artifacts are present

10
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SUBSTI TUTE SHEET (RULE 26) WO 2006/ 118549
PCT/ S&006/ 000113 -46 Appendi x B Fitzgi bbon A, Pilu
worocHISher R Direct |east-square fitting of BOCT/SEH®6/000113
| EEE Transactions on Pattern Anal ysis and Machi ne
Intelligence, 21(5), 476--480, May 1999 SUBSTI TUTE
SHEET (RULE 26) WO 2006/ 118p49 PCT/ SG2006/ 000113 - 47
Direct Least Square Fitting of Ellipses Andrew
Fi t zgi bbon, Maurizio Pilu, and Robert B. Fisher s
Abstract - This work presents a new efficient nethod
fd . ' to scattered data. Previous
Mt ed general conics or were
sive. By mnimzing the
bject to the constraint 4ac - b2
i ncorporates the ellipticity
ormal i zati on factor. The proposed
eral advantages: It is
that even bad data wll always 10
M can be solved naturally by a
& B em It is extrenely robust,
e [ meunEiNg o i nplement. |ndex Terns-
AlFige bt Head i dnsing MRI|procpdies 9 eifa6E, | east squar es
fitting, constrained mnimzation, generalized
ei genval ue problem 15 1. | NTRODUCTION The fitting of
bl b wegvars o MBge data is a basic task in
and conputer vision, allow ng
ication of the data to the
evel processing stages. One of the
pdel s is the ellipse which,

10 Fig 14, Artifacts due to stereotactic surgery frame
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20 being the perspective projection of the circle, is
of great inportance for many industrial applications.
wDewpi1i1$s49t s | nportance, however, there has bePOT/8G2606/000113
now no conputationally efficient ellipse-specific
fitting algorithm([214], [5]. In this paper, we
i ntroduce a new nethod for f%%tlng el li pses, rather
t han general conics, to seghented data. As we shal
see in the next section, current nethods are either
25 _ |y expensive iterative approaches, or
‘ fitting by | east-squares SUBSTI TUTE
WO 2006/ 118549 PCT/ S&006/ 000113 -48
eral conic and rejecting
its. These |atter nethods are cheap
if the data belong to a precisely
# ith little occlusion but suffer from
FEom ng that under |ess idea
#Mrictly elliptical data, noderate
4 se-they often yield unbounded fits to
h 5 situation where ellipses are

S pﬁg iL5.iFzad tily prd@std @fthe Biagtofidst e AUSIneRr EhRLARS as
usel ess. A nunber of iterative refinenment procedures

3
5  Fig 16. Axial slice with MSP and MS Plane

Fig.17 Axial slice showing MSP and MSP obtained from Proton Density weighted Scan
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descri be the nethod and provide a theoretical analysis
of the uniqueness of the elliptical solution. Section

wd2@enisins experinmental results, notably to hPghBGlt/000113

behavior with nonelliptical data, |oweccentricity

bi as, and noise resilience. W conclude by presenting
20 some possi bl e extensionsys 2. PREVI QUS METHODS AND
THEIR LI M TATIONS The literature on ellipse fitting

di vides into two broad techniques: clustering (such as
Hough- based nmethods [9], [19]) and | east-squares
fittgead RS T . Sl g 06/ 118549

ni ques center
imze sone

di s and the

elli bsent t he nost
cit osely rel ated
pr of that the
dirg | i pses has
up f ew ng the
[iteé i1l introduce
a 9 s to unify

several approaches under the unbrella of constrained
| da%18 shqwime exo latgeispage ogcupyingdesions i bgmer al  coni ¢ by an
inmplicit second order _polynomial: 10 F(a, X) a x =
axe + bxy + cy2 + dx + ey +f =0, (1) where a=[a b c
def]T and x = [x2 xy y2 x y 1]T. F(a; x;) is called
the "al gebraic distance” of a point (x, y) to the
conic F(a; x) = 0. The fitting of a general conic my
be approached by mnimzing the sumof squared

al gebraic distances N DA (a) _ F(xi )2 (2)
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i=1 15 of the curve to the N data points x; [7]. In
order to avoid the trivial solution a = 06, and

w0 e@ogmssad ng that any nultiple of a sol ution aPCT/SG2006/000113
represents the same conic, the paraneter vector ais
constrained in some way. Many -$%- the published
algorithns differ only in the formof constraint
applied to the paraneters. AppendisBance, many authors
suggest Ilall2 =1, Rosin [14] and Gander [5] inpose a
+ c =1 while Rosin also investigates f = 1 20 [14].
Taubi n's approxi mate square distance [17] may al so be

h
v gzgtﬁﬂ)gﬁi ;ﬁ; ofbl’lllgg%‘[i{/gf(? 1;&‘&)(%’”@51%@' s} L%ﬁ J tho;t;v"gf (Bilipses, TEEE

t [ ear

RGO Bk ARG S AR ng@&a’eﬁpm%g@ﬂl\i&y 1999
a 6 X 6 constraint matrix. SUBSTI TUTE SHEET ( RULE 26)

WD 2006/ 118549 PCT/ S&006/ 000113 -50 In a sem na

wor k, Bookstein [1] showed that if a quadratic

constraint is set on the paraneters (e.g., to avoid

the trivial solution a = 06) the mnimzation (2) can

be solved by considering rank-deficient generalized

ei genval ue system DIDa = ..Ca, (3) s where D = [x1
x2 ... X,]Tis called the design matrix and Cis the
matri x that expresses the constraint. A sinple
constraint is hall = 1, but Bookstein used the

al gebraic invariant constraint a2 + 1 b2 +c2 =1,
Sanpson [ 16] presented an iterative inprovenent to
Bookstein nmethod that replaces the al gebraic distance
(2) with a better approximtion to 10 the geonetric

di stance, which was adapted by Taubin [17] to turn the
problem again into a generalized eigensystem Despite
t he amount of work, direct specific ellipse fitting,
however, was |eft
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15

20

25

unsol ved. If ellipse fitting was needed, one had to
rely either on generic conic fitting or on iterative

woreihootss49 o " nudge” the estination towards el | PEI/BGRI0§000113

For instance, Porrill 15 [12], Ellis et al., [2], and
Rosin [14] use conic fitting té initialize a Kalnan
filter that iteratively mnimzes some error netric
in order to gat herDinestLieastfiuave Hitting ofilldlipses r ej ect
nonel lipse fits by testing the discrimnant b2 - 4a c<
O at each iteration. Another iterative algorithmis
that of Haralick [7, Section 11.10.7], where the

coefficient SAﬁldre“bFlt% bboA! RlahfiA0 Piar SBYOB {Méher 2P

g, g2 + r2} so as to keep the conic discrimnan
al wvays 20 negative. A nonlinear mnimzation of the
al gebraic error over the space {p, q, r, d, e, f} is

p hi s ur na Rosin [15] reiterated this

ﬁﬁ{; iedg]e g‘hlsjsxp% e%x%gtne& ¢fﬁﬁ)§g’c @E@Bg florchitting ellipges tp scattered data.
sentlaﬁ nonllnear problen1and iterative nmethods
g‘fm‘éﬁ Qéth% e‘é ¥ g‘?% genegpl qonics Opuvqm@sempuuauomvély expensive. By

foll ow ng section, we show that this is no | onger
tRipEmizmgERY Iaiﬁgfl’El(SﬂiEEﬁce( Ribjdet R6Ihe\WOnARHMY AkB8F9= 1, the new method
PCT/ SG2006/ 000113 -51 3. DI RECT ELLI PSE- SPECI FI C

ERCPTHANBes themihtﬁImﬁyQ:ofmttanw1hﬂoﬂ§@ﬁoﬁ%‘ibﬁdrﬁﬁkﬂo¥ L k)i?oposed method
retaining the efficiency of solution of the |inea

lcembines Qaﬁ{rﬁsad%ﬁt*a @sm 23k, el]}izﬁs ‘@Pﬁélﬂc lé fhal gveglhg ?tlanwﬂl always

the paraneter vector a so t ’5 conl

[ t
E%ﬁl??‘?%? o 3t R R R A 2 eiiFationd SigeBBioron. i exremely
wever, this constrained

at | ve.
pré’ﬁ S%CC’P??&HFI%F YIPHmPE B ve i n general as the
Kuhn- Tucker conditions [13] do not guarantee a
solution. In fact, we have not been able to | ocate any
reference regarding the mnimzation of a quadratic

Tgfem, Jigbinec tAlgebraicc mealelsp retiipre eRittinpe et | édtarehOfitting, constrained
Al t hough the inposition of this inequality constraint

minithidatios Genetallz@dgdheipfotilths case we have the:
freedomto arbitrarrly scale the paraneters so we nay
sinmply
1. INTRODUCTION
The fitting of primitive models to image data is a basic task in pattern recognition and
computer vision, allowing reduction and simplification of the data to the benefit of higher
level processing stages. One of the most commonly used models is the ellipse which,
being the perspective projection of the circle, is of great importance for many industrial
applications.  Despite its importance, however, there has been untii now no
computationally efficient ellipse-specific fitting algorithm [14], [5].

In this paper, we introduce a new method for fitting ellipses, rather than general

conics, to segmented data. As we shall see in the next section, current methods are either

computationally expensive iterative approaches, or perform ellipse fitting by least-squares
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20

i ncorporate the scaling into the constraint and inpose
the equality constraint 4ac - b2 =1 [4]. This is a

woo@dnagske constraint which nay be expressed i PCT/R62006/000113

matrix formaTCa =1 as 0 02000 0 -1 0 0 0 O 15

T200000 O a=1 (4) 0O 0O 0000 O'@“OOOO_ 0 0 0000 Now,

fol |l owi ng Bookstein [1], the constraint ellipse

fitting e pensmlaeniceandaejscting novi-elliptical figs. EThest ldbk hi%thods are cheap
subject to the constraint aTCa =1 (5) where the

ced ipgrformtwalixifBhé datddleiongdo asprédisdly eIlptieN 48 wifhtileVbclusion but
I ntroduci ng the Lagrange nmultiplier A and

duftbefremt thatrhd)6r sH¥RtcBhid ﬁlaﬁﬁn(k:li] FeNalA r@og&i%oﬁ{-nonstﬁcﬂy elliptical
si mul t aneous equati ons te that the nmethod o

I ' ot valid..when t adi ent
S A Do o b pbe SRV B g fto Bifepotac. I o
= Q.. but then.aJCa = 0, so the constraint is
TEBHbp ofhci A e bR AL emirn bl ot DY E=iepigEws useless. A
RULE 26) WO 2006/ 118549 PCT/ SG2006/ 000113 -52 2DTDa
humbggof tterafivie gyiinesmos proveduess L fh y8le [ 123 wtleviaterihia pratiem, but do not
systemSa = .%Ca (7) aTCa =1 (8) s where Sis the
shuminaty itnadn iaddhibD, tHést stehydquem dffenr RRebiaby (8O lcy@gul¥ional burden
consi dering the
unacceptably.

This paper introduces a new fitting method that combines the following

advantages:
1) - ellipse-specificity, providing useful results under all noise and occlusion
conditions;
2) invariance to affine transformation of the data;
3) high robustness to noise; and
4) high computational efficiency.

After a description of relevant previous ellipse fitting methods, in Section 3 we
describe the method and provide a theoretical analysis of the uniqueness of the elliptical
solution. Section 4 contains experimental results, notably to highlight behavior with
nonelliptical data, low-eccentricity bias, and noise resilience. We conclude by presenting

some possible extensions.
2. PREVIOUS METHODS AND THEIR LIMITATIONS

The literature on ellipse fitting divides into two broad techniques: clustering (such as

Hough-based methods [9], [19]) and least-squares fitting,
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general i zed ei genvectors of (7). If (2j, u;) solves
(7), then so does pu;) for any p and from (8) we can

wo 2ovd/1185¢9 val ue of pi, as ,uz?uT Cub =1, gi vi nBC/SG2006/000113

= (9 uT Cub uTSub Flnally, setting a;, = ,utu;

solves (6). io W note that tk-sol ution of the

ei gensystem (7) give six eigen-val ue-eigenvector

pai rs (lWast-sgpareEdedhnivfues bese @afindingithe setrofyardndetérs that minimize
local mnimumif the termunder the square root of

(s9nel distp@zirhéasre Vefw@RNEE @dta pSintsSankdQRé EllPSe. dl%fthi@'sE&lon we briefly
so the denom nator uT Sub s positive for all ui.

Thedeti ﬁ{eemogth@lt%%ﬂgs f Qﬂl &l hda £k cTosg Y rc'e(f%t@&%roblem conic

solutions to pos i ve genera

i ¥ %’ﬁﬁ?ee% W&ﬁ@ SA’%é“t SPGB, S Slpses has up 10
sol uti ch corresponds, by virtue of the

618??’5’?91%??}’( OIY -an el lipse [11]. For the

denDnstratlon .we wll require Lemma 1. LEMVA 1. The

si gns &efarp ée@éwmathezb@ra@urgem gkneeal ofniGiitting, , e, will introduce a
where SEi,,,,, is 20 positive definite and CE

$tefement of thegyobtedrthat,allows ub kewsidneevas hasche uhdi the umbrella of
constraint matrix C, up to pernutation of the

O S 00e 00T 20 ARG R avial PSRt sccond order

gg@ﬁ i a(S) as the set of elgenvalues of S and,
ogously, a(S, O the set of generalized
ei genval ues of (7). Let the '"inertia i(S) be defined

as the set ofF(sjx)ra-af= @l S)hxyangt’ kel +ieh S, 1 €N, (1)
anal ogously be the inertia of a(S, Q Then, the |emma

where@H ¥ BlceMd AT ondk QV[BC% )Egc%} IJY( R a; é g gﬁlfeg)t&ﬁﬁﬁ%e%reitié distance”

positive definite, 1t

gﬁ%%{; )Qb ?l ‘%q?l\é\% F’ %lg u? ° e f{ttelngs of 2 gél%Jal comgznlljay be approached

by minimizing the sum of squared algebraic distances

y |
Dy(a)=> F(x;)* @)
i=1

of the curve to the NV data points x; [7]. In order to avoid the trivial solution a = 05, and
recognizing that any multiple of a solution a represents the same conic, the parameter
vector a is constrained in some way. Many of the published algorithms differ only in the

form of constraint applied to the parameters. For instance, many authors suggest
”a"2 =1,Rosin [14] and Gander [5] impose a + ¢ = 1 while Rosin also investigates f'= 1
[14]. Taubin’s approximate square distance [17] may also be viewed as the quadratic
constraint "‘Na“z =1, where N is the Jacobian [VF(a; x;) ... VF(a; x3)]".

Note that these constraints are all either linear, of the form ¢-a =1 or quadratic,

constraining a"Ca = 1 where C is a 6 x 6 constraint matrix.
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v = Qu and premultiplying by Q1 give v = a,Q 1CQ'1v
so that a(S, ¢ = a(Q1CQ1)"1 and thus i(S, C© =

WO e@sA0GRId). From Syl vester's Law of Inertia [BRGI/SG2086/000113

have that for any symetric ﬁ%ﬁ' non-si ngul ar X, i(S)
= I (XTSX). Therefore, substituting X = XT = Q'1, we

have i (C) = 1(Q'1CQ'1) =1(S, Q 10 W can now state

Theor en("i‘ $ semppabryork, Booksieins il showed Bfat iffeequasivitis constraint is set on
fitting problem (5) subject to the constraint (4)
demprgmetest (4.8, tmevail Ithptiival sclofiant hon Ogotheasimidatign (2) can be
to the single positive generalized eigenvalue of (7).
s6lvRROEonsRleniag rifkedeficBRnyeletdize@bigen & iys?em: -1, 2,

0, 0, 0}, fromLema 1 we have that (7) has exactly

one positive eigenvalue )tg:. > 0, giving the unique

solution a = pu; to (6). D@aﬁﬂﬁﬂs positive 3)
sem definite, the constrai ned problem has a m ni num

WihiershD Ui X sat,] sis yall&) the dasighPaton gl dIC0es tHeahatix IRt \RPresses the
t he constrai ned problem 20 This uni que sol ution has

abmraimone desirable properties in ellipse fitting:
| ow eccentricity bias: An eigenvector of the

ei gensyst.em(7) i.s.a logal ~T. mnimzer of the L
Ray! ei éh&%ﬂ%{ i%ﬂ?traﬁsbs < Qu@egﬁff'ﬁew% thec plgehrpig, invariant
normal i zation by b2 - 4ac turns singular for b2 - 4ac

= 0, _Which ils ;a ,SUBST| TUTE SHEET (RULE 26) WO

SBEEFRY g5 49 }‘CFV‘S@ 06RO 16] prespatedban dter@ivacimprhvement to
mnimzation tends to "pull” the solution away from

?Jé&ni%gelilf %{eg{gﬁapégl hcetshtlele %@eﬂr%?c (%lst!ahget {2‘): %slzithsg Ibclajttteiroarl])proximation to
the geometric distance, which was adapted by Taubin [17] to turn the problem again into
a generalized eigensystem.

Despite the amount of work, direct specific ellipse fitting, however, was left
unsolved. If ellipse fitting was needed, one had to rely either on generic conic fitting or
on iterative methods to “nudge” the estimation towards ellipticity. For instance, Porrill
[12], Ellis et al., [2], and Rosin [14] use conic fitting to initialize a Kalman filter that
iteratively minimizes some error metric in order to gather new image evidence and to
reject nonellipse fits by testing the discriminant 5% - 4a ¢< 0 at each iteration. Another
iterative algorithm is that of Haralick [7, Section 11.10.7], where the coefficients {a, b, c}
are transferred into {p?, 2pg, 4° + ¥} so as to keep the conic discriminant always
negative. A nonlinear minimization of the algebraic error over the space {p, q, , d, e, f}
is performed.

In this journal, Rosin [15] reiterated this problem by stating that ellipse-specific
fitting is essentially a nonlinear problem and iterative methods must always be employed

for this purpose. In the following section, we show that this is no longer true.
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towards | ow eccentricity. affine invariance: Let us
represent the conic as xTAX + xTb + ¢ = 0. s Under an

wa@bkdocnessty ansf orm H t he | eadi ng form becones APET/BIFAING/000113

so that I Al =1 HI2 1 A . Being the Rayleigh
quotient that we minimize T &1Sa , the new error
nmeasure is a scalar nmultiple of the original one of
and thus the new minimzer is transforned by H, which
proved the affine invariance of the nethod. 10 4.

BXPER! AREALT RESUPEE-SPECTBRS FipIvEsc! | bes some

experimsnts that illustrate the interesting features

9h dkdlg t§ gx‘ff"ellﬁ%{‘sg)@cﬁegh qs} LAl 9‘%&?{&%{3 %fﬁéhg:‘ff o?%%ﬁ ﬁg)f the linear

to sone ast-squar es

t i.on re not ab
10 PE bt Hfﬁ‘?la*@n%d‘ye 8’19“@ b o et . Bpramstef Jistr oo that the
abund nce in -so we |imted ourselves to those that
SPRIC * tHfsp s efpreadoior be apesllipge;  Ehop @pprotiets cpapigaint is well
conduct ed using the Matl ab system [10]. Ei gensystens

dnewnsoamely thati the diseeiminnigl’yi fuy & SPaGiker dliowenes,. thidconstrained
shall use the followi ng abbreviations: LIN = |inear

pedtian ; is 2AfiRAAS Eolﬁ@dksgeﬁt‘ﬂal e tthe d<ihhl Tucked ABdiions [13] do not
Taubin nmethod [17]; GAND = Gander nethod [5]; BIAS =

C .
Eaahas dah o9 LA LAEREPfd bl ARSI {frend 28

%ﬁ&%l%ﬁ)@%% a glérg&z 909'9( thgJQacl:fl t% such a nonconvex inequality.

Although the imposition of this inequality constraint is difficult in general, in this
case we have the freedom to arbitrarily scale the parameters so we may simply
incorporate the scaling into the constraint and impose the equality constraint 4ac - b° = 1
[4]. This is a quadratic constraint which may be expressed in the matrix form a’Ca = 1

as

—
=o
1

COOOON

a=1 )]

&
SOONOO
OSOOoOO
OO OOOO
OCOOOOO
COOOOO

Now, following Bookstein [1], the constraint ellipse fitting problem reduces to
minimizing E = "Da”2 subject to the constraint alCa=1 (5)
where the design matrix D is defined as in the previous section.
Introducing the Lagrange multiplier A and differentiating, we arrive at the system
of simultaneous equations (Note that the method of Lagrange multipliers is not valid

when the gradient of the constraint function becomes zero. In (5), this means Ca = 0, but

then a’Ca = 0, so the constraint is violated and there is no solution).
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-55- 4.1 Ellipse-Specificity Despite the theoretical
proof of the algorithms ellipse specificity, it is

WO 2®bNI8549 ve t 0 observe its perfornance on sOPET/8EZI06/000113

data, of which Fig. la provides exanples with 5

hand- drawn datasets. The resuis of the nmethod are

superi nposed on those of Bookstein and Gander. Dat aset

Ais alnost elliptical i st pngui shable fits were
produced. The other szﬁx%ﬁbvaryi ng degrees of (6)
nonel lipticity and illustrat®©&lpotential of the

nmet hod for coarse bounding of generic 2D data. 10 4.2
ThisEaceatemiritich s Bieasysteing. | b shows t hree experinents

desi gned after Sanpson [16] (following [6]) and

basically consists of the&gsapgeaparabolic data but wth )
different realizations of added isotropic Gaussian

noise (a = 7% of data spregad). Sanpson's iterative fit
produced an ellipse withIAFéccentricity that was )
qualitatively simlar to the one produced by our 15 _
siherec$ isrdhchoskifes ahdtcix 1D Wes Thizusystdne ig otadily sobsed dfy cansidering the
nethod is the sane as that of acquiring his initial
?&Idrzﬂ%& cigeectids bf (DAULHL, W) §MesR7R \theio GRS (1.0 0w;) ¥&eany 1 and
ow eccentricity bias of our  method is nost evident

in Fig. |b when conpared to Bookstein's, Taubin's, and
Gand@) we can Sind thesvalue ofnusas gay &¥ai=d, gving ked that this

IS not surprising, because those nethods are not

el li pse-specific, where S 0 4.3 Noi se
Sensitivity In this seclLi _d_g_s_c.ribe sone )
experiments concerni hg d;Tlepoi ql.Tgﬁlrfor mance of our

met hod conpared to ot hers. The 'f1rst experinment is
concerned with the stability of the estimated ellipse
E’é‘ﬁ{llérsett%a\?\ll’:t/ﬁ‘iisﬂ]é’%@-i ng noi se |levels. W consider a
whol e ellipse centered at the origin of sem -

. SUBSTI WeTiotSthaETie (sBlulibn 26)he eigensystem (7) give six eigen-value-eigenvector

pairs (4, w;). Each of these pairs gives rise to a local minimum if the term under the

square root of (9) is positive. In general, S is positive definite, so the denominator u,-T Su;
is positive for all w;. Therefore, the square root exists if A; > 0, so any solutions to (6)
must have positive generalized eigenvalues.

Now we show that the minimization of ||Da||2 subject to 4ac - b° = 1 yields

exactly one solution, which corresponds, by virtue of the constraint, to an ellipse [11].

For the demonstration, we will require Lemma 1. -

LEMMA 1. The signs of the generalized eigenvalues of Su = ACu, where S € R, is
positive definite and Ce R,,., is symmetric, are the same as those of the constraint matrix

C, up to permutation of the indices.
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WO 2006/ 118549 PCT/ S&006/ 000113 -56 axis 1 and 0.5
and rotated by 40 degrees. The sanpled ellipse was

wa@oerocupssed with noise (from2"3 to 23) for 10BCT/8GH06/000113

and the distance between the true ellipse center and
the center of the conic returb®d by the fitting
al gorithm was recorded. Returned hyperbol ae were

| ARROOFed et a8 defires e bpsctrahos(s) kb the. seFbioigetivaRlBO¥BS bhe analogously,
90th percentile error in the centers as 5 a function

0 i : ' I I <-0.5),.all
o5 ) T e 6 enghize E WeBoR s 0P P T il e cfinga as the so
high | evel s, only the new (B2AC) al gorithm degrades

g?fga%&%’is o |og§_§), %{% #8dC) analogavsiychs the inertia ?frdSe%t)-e @hen, the lemma is
method is nmore evident when the data is occluded. In
teguivatend trdprexing thate(®, C)shigGn An SHs gosifte ddfiittec@siayde decomposed
| evel of isotropic i0 Gaussian was added to points on

casADVRP shileRid QakllRfifie ud hﬁwlﬁteasw' ar e Eﬁvgaﬁ E%@B%;@f substituting

noi se varies from3%in the |eftnost coludm to

ta spread in. the rightnost colhumy, the noise has - .
Hos QLRI REmiliolyite by 8\ HF ym A8 ER e oUb ) = A1 CQ) and
performance of the three algorithms is substantially

tthits €8ne) Tt (QowQ0i JromeFevestdr’ phawiof dnertiki[p8], wad have that for any
data. The top row shows the results for the nmethod
syopetidattene-sidgilnokighS) a(XESKE cThetefokd) eubdtiitet X5 X7 = Q. we
el lipses shrink with increasing | evels of noise [8] _

biave t(dp:li(qn'lcQ'ly hg(gld)i ptical arc will Took like a

noisy line), it can be noticed that the ellipse

di mensi ly with the noise |evel.

This i SW@a%QII n§| %gtt%?%%g%ﬁ{ a'el | - behaved fitting. This

shri nki ng phenonenon is evident also with the other

nmet hods but presents itself nore erratically. Mny

titative experinents on perfornmance with
SRR [ 7hE eliiose of Gereanicd tiing proptem s ke to the constraint (4
experiment that we show here is perhaps the nost
s exadtiygoreaellipticad solusion haoreespanding en thet singler postrhvedeeneralized
papers) and is concerned with assessing stability to
dickhei:endf (7y.eal i zati ons of noise with the sanme
variance. It is very desirable that an algorithms
performance be affected only by the noise |evel, and
not by a particular realization of the

PROQF. Since the eigenvalues of C are {-2, -1, 2, 0, 0, 0}, from Lemma 1 we have that

(7) has exactly one positive eigenvalue 4; > 0, giving the unique solution 4 = u; to (6).
As DD is positive semidefinite, the constrained problem has a minimum, which must

satisfy (6), and we conclude that 4 solves the constrained problem.

This unique solution has also some desirable properties in ellipse fitting:

o low eccentricity bias: An eigenvector of the eigensystem (7) is a local
. al
mimmizer of the Rayleigh quotient 7 In this case, the implicit
a Ca

normalization by &% - 4ac turns singular for &% - 4ac = .O, which is a
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noi se. Fig. 3 shows five different runs for a-= 0.1,
and the results of our nethod, Ganders SUBSTI TUTE

WERBETISRULE 26) WO 2006/ 118549 PCT/ SG2006/ 000RABSG206F/000113

met hod, and Taubi n's nethod ag g given. This and
simlar experinents (see [11]5;713]) show that our

nmet hod has a gre ; b|||ty t 0 noi se h t he ot her

ot hods. 5. RESTGHiegs B i riop g fo yBRAp soldton away from
presented a | east squares fitting nethod mhlch i's

speci fic to sugulpiiss [14hdthgi vnigue gllinticel selidon itemds to be biased
Previ ous nethods were either not ellipse-specific or

were i ter attoweards\éw beoeatricitgor eti cal |y denonstrated

that our nmethod uniquely yields elliptical solutions

that, dnder frhge RRGEARIeZ ai,ét% égﬁesentl%ﬁe Torfic a@‘ﬁTA@—IZ &b +c=0.

the sum of squared o algebraic distances fromt

||
Phe advant aqfbanare Rl b topii Scﬁep?%?%{tat H' 48, 50

in ternms of occlusion and noise sensitivity. The

stability prtpae[ﬂt'L 87 Alen Beliy §GORAyRIgh 8dHenfahdtOWe minimize
of the algorith I'l'i pse Titting to cases where

the data are not strlctly el liptical but need to be

m ni mal |y r ted by an elliptical "blqb. "

our view, tHe mg? o B CHOE AR &y &5 o apllple o s griginal one of
t r ade- of f bet en speed and accuracy for ellipse

fitting, and its uniqueness property makes it also

extrenely rodubes thy ney seinbmiden ssatyhnsformedebyy /, which proved the
applications, especially in industrial vision. In

cases Wher effimriavatmos af theheshdd s are required, this

al gorithm provides an excellent initial estimte. 20

4,1s SipPERIVENTBALGROSi T8t ed by the inclusion in
Fig 4 of a conplete six-line inplementation in

ava| 61% %1'11 éégg{lbgst s%'n?ecéﬂp%ﬁm‘%ﬂt%%gqﬁﬁ%{g @t 1ﬁtgre%t§ng features of the new
tltug)d an {tsS Ingtge %grlformance cgtiflé)antgg rt(') § r/ng Iolf Ithl:eI fe%)set-rggl{lgreg?i’ctmg method
reviewed in Section 2. In this short paper, we are not able to present a large body of
results-which can be found in abundance in [3]-so we limited ourselves to those that are
the most representative.

All experiments were conducted using the Matlab system [10]. Eigensystems are

solved using the underlying EISPACK routines. We shall use the following

abbreviations:
° LIN = linear method;
. BOOK = Bookstein method [1];
o TAUB = Taubin method [17];
o GAND = Gander method [5];
. BIAS = Kanatani bias-corrector method [8]; and finally
. B2AC = our new method.
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Future work includes the incorporation of the
algorithminto a bias-correction algorithm based on

Wo bab/1efs4Kanat ani [8] . W note al so that the abgDsG2U0e00113

can be trivially 25 convertedS%o a hyperbol a-specific
fitter, and a variation nmay bée“tlsed to fit parabol ae.
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basically consists of the same parabolic data but with different realizations of added
isotropic Gaussian noise (o = 7% of data spread). Sampson’s iterative fit produced an
ellipse with low eccentricity that was qualitatively similar to the one produced by our
direct method (solid lines) but the fotal cost of our method is the same as that of acquiring
his initial estimate. . As anticipated in the previous section, the low eccentricity bias of our
method is most evident in Fig. 1b when compared to Bookstein’s, Taubin’s, and Gander’s
results. It must be again remarked that this is not surprising, because those methods are

not ellipse-specific, whereas ours is.

4.3 Noise Sensitivity
In this section, we describe some experiments concerning the noise performance of our
method compared to others.

The first experiment is concerned with the stability of the estimated ellipse center

with increasing noise levels. We consider a whole ellipse centered at the origin of semi-
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Machi ne Intelligence, vol. 10 17, no. 12, pp.
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ﬁpuss@nlw@ addedgo madmts ono® giveh jpﬂjpt@a]}—arcw’[‘h@ stendard 'dlqglatlon of the
Al gebrai c Ei genval ue Problem Oxford, England:
fisg emdsnfrom 3% in the lefimost column to 20% of data spread in the rightmost
column, the noise has been set to a relatively high level because the performance of the
three algorithms is substantially the same at low noise level of precise elliptical data. The
top row shows the results for the method proposed here. Although, as expected, the fitted
ellipses shrink with increasing levels of noise [8] (in the limit, the elliptical arc will look
like a noisy line), it can be noticed that the ellipse dimension decreases smoothly with the
noise level. This is an indication of well-behaved fitting. This shrinking phenomenon is
evident also with the other methods but presents itself more erratically. Many more
quantitative experiments on performance with occluded data can be found in [3].

The last experiment that we show here is perhaps the most interesting (although
we have not seen it in related papers) and is concerned with assessing stability to different
realizations of noise with the same variance. It is very desirable that an algorithm’s

performance be affected only by the noise level, and not by a particular realization of the

noise. Fig. 3 shows five different runs for o= 0.1, and the results of our method, Ganders
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SUBSTI TUTE SHEET (RULE 26) WD 2006/ 118549

PCT/ SG2006/ 000113 -60 w ... 37~ .. e 3

.., XG "xx O NCLM x -. y~dx( X - D

Rethod, andxTaublin’s method areagiven. This mchslrmla) ekpeﬂments (see [11] 3D

show that our method has a greater stability to noise than the other methods.

5. CONCLUSION

In this paper, we have presented a least squares fitting method which is specific to ellipses
and direct at the same time. Previous methods were either not ellipse-specific or were
iterative.

We have theoretically demonstrated that our method uniquely yields elliptical
solutions that, under the normalization 4ac - b° = 1, minimize the sum of squared
algebraic distances from the points to the ellipse.

Experimental results illustrate the advantages conferred by the ellipse-specificity
in terms of occlusion and noise sensitivity. The stability properties widen the scope of
application of the algorithm from ellipse fitting to cases where the data are not strictly
elliptical but need to be minimally represented by an elliptical “blob.”

In our view, the method presented here offers the best trade-off between speed
and accuracy for ellipse fitting, and its uniqueness property makes it also extremely
robust to noise and usable in many applications, especially in industrial vision. In cases
where more accurate results are required, this algorithm provides an excellent initial
estimate.

Its simplicity is demonstrated by the inclusion in Fig. 4 of a complete six-line
implementation in Matlab. (An interactive Java demonstration is available at

http://vision.dai.ed.ac.uk/maurizp/ElliFitDemo/demo.html.)

Future work includes the incorporation of the algorithm into a bias-correction
algorithm based on that of Kanatani [8]. We note also that the algorithm can be trivially

converted to a hyperbola-specific fitter, and a variation may be used to fit parabolae.
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function a=fit_ellipse(x,y) %Build design matrix D =
[ X.*X X.*y y.*y x y ones(size(x)) ]; %Build scatter
wotoei1x8s® = D *D;, % Build 6x6 constrai nt matriRCT/SG2006/000113
C(6,6)=0; C(1,3)=-2; C2,2)=1; C(3,1)=-2; % Sol ve
general i sed ei gensystem [gevec, geval] =eig(S,O; %
Find the only negative eigenval ue [ NegR, Neg(C] = :
find(geval <O & -isinf (geval)) ; %Get fitted
paraneters a = gevec(:,Negt); Fig. 4. Sinple six-line
Matl ab i mpl enentation of the ellipse fitting nethod.
SUBSTI TUTE SHEET (RULE 26) WO 2006/ 118549
PCT/ S&006/ 000113 -64 Appendix C lvanov N, A S
Parimal, Nowi nski W., Method and program for
non-|inear image warping based on specitic class of
radial functions. PCT/ SG2005/ 000420 SUBSE TUTE SHEET
(RULE 26) WO2666+1418p49PCY/ 067P001%3 - 65
War pi ng and Ty apsfqrnpti of |l es| Fi@d of the
I nvention g o

Sigme=0.09

Sigme=0.07

Nl

(b)

Fig. 2. (a) Variation of center position for increasing noise level when fitting to a whole ellipse. (b) Fits to arc of ellipse with increasin

Notice how B2AC presents a much more graceful degradation with respect to noise.
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5 The present

invention relates to warping of
in particular warping a source
wo pwgaisshased on specific | andmark features,
help of a nodified radial

i mage on

basis functio

I mages,
to a target

n. io

Background Warping in inmage processing is a geonetric

routine that distorts an ineige by
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conpressing and stretching regions. The purﬁgse of
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regi ster an i
overl apping re
of a patient's.
atlas) is a pr
IS needed to

Pai rs of matchilng cort
known. These features

cl osed curvili

o a ue]

51 r&d

2to
'ngéan i mage
i mgge (brain
il nf & mat i on
hew one.
gesdmay 20 be

features are r¢
mappi ng i s cal
of functions fd
functions, 25
Bookstein in "H
deconposition d
Pattern Anal ysi
No. 6, pp. 567-
radi al basis fu

variable r sta
one fixed and 4
terned as a ceng
on a sphere of
such functions 5

@pen or
%hgge
i mge
ul & group

ra%ial basi s
F

spl# nes and

arsad i ons on
, ¥l . 11,
n ement ary
(B, where

two points,
poight is

Ils @énstant

e rgason why

a

Sigma=0.10

Sigma=0.10

B2ZAC

SUBSTITUTE SHEET (RULE 26)

TAUB

Fig. 3. Stability experiments for different runs with same noise variance (10% of d

WPETYSGIm6/000113



SUBSTI TUTE SHEET (RULE 26) WO 2006/ 118549
PCT/ S&G2006/ 000113 -66 The radial basis function

wo ec@adissnas one set of |andmark points to a deBCT/8G2006/000113
position. The nunber of | andmarks nmust be finite. Let
(S, T), (s2, 12), ... , (SM Ti") be N pairs of
mat chi ng | andmar k poi nts, \M%,gre, S neans the i-th point
from anongst the 5 source i'mege points, and 7 is i-th
poi nt from anongst the target inage points. The nap
contai ns Nwei ghted el enentary radial basis functions:

Fk(X)-~wkfl JX SI1J)+C X+v (2). !=1 An i-th term of
the sumis a product of a constant wei ght wk, k=
1,..., d. Paraneter d stands for the dinension of the

i mages, for the 2D case d is equal to 2. The

el ementary 10 radial basis function f(x)=(/(x), ...,
f (x)). Xis a varying point on the source inage. The
last two ternms, OX and v terns provide mappi ng
stabilization. The size of the matrix C is dQ, and v
is dO1 matri x. The value of function F(Y) is assigned
to be equal to Y. This yields a systemof 15 |inear
equations. It is further assuned that the sum of al

wei ghts wk is zero for all k, and that the inner
products of the weights wk with both x and y

Coordknz@tyegrgfvetcpgrs lLangdiBG sk and 74 are equal to

Zero. onst e tem of si nmul t aneous
4ot f’% r%?% ﬂi??/seﬁ g)sfor the wei ghts wk and

equat {,0 q_g
t he glcl are obtain si Ix.T_ t]h,e 2D case.
the sj the xsgsfye SHE D \PaesEs iz
above/ 'd%%’@‘nd é PHproach has been nodified in
vari ousS di eﬁq'l ons. F. L. Bopokstein, in "Landnmark
met hodsByide $%h r?@“%rtaﬁﬁhtmaltﬁ?‘ﬁﬂnar k? ﬁgr honetrics of
group dff&.80etic&€$Li N =08t 1GRe2XHapBtd.1 '?ﬁp‘cal | mage
Anal y$i 8olvgogeneraligpd 8igeRgysters. 244,
[gevec, geval] = eig(8,C);
% Find the only negative eigenvalue
[NegR, NegC]l = find(geval<0 & ~isinf(geval));
% Get fitted parameters
a = gevec(:,NegC);

Fig. 4. Simple six-line Matlab implementation of the ellipse fitting method. .
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1997, proposed correcting the positions of |andmarks

to reduce the binding energy. H 25 Chui and A
w@Rangarspan, in "A new al gorithmfor non-rigi dPEDBG2006/000113

mat chi ng", | EEE Conference Sa Conput er Vi sion and

Pattern Recognition (CVPR), W81 2, No. 1, pp. 44- 51,

2000, generalised a problem for dlfferent nunbers of

| andmarks in the inages. PPRENdiHEr oach adopted the

i dea fromthe assignnent problemin the discrete

mat hemati cs domai n. The objective function was

extended wth an assignnent criterion, that is, wth

Ran@n Ng XA @ gl ONo sk IVeDC Wethod 8Lk pirbgram: fandomiiliear image

Sf with YJ. K Rohr M Fornefett, H'S. Stiehl, in

f tion
PR SIS oL AR AL 000 0O
2006/ 118549 PCT/SGZOOG/OOOllS -67 and orientation
attributes”, Conputer Vision and |Inmage Under st andi ng,
Vol . 90. No. 2, pp. 153 - 168, 2003, proposed a
procedure for preserving an angle with a given vertex
poi nt under radial basis transformation. N Arad, N
Dyn, D. Reisfeld, and Y. Yeshurin, in "lInmage warping
by radial basis functions: application to facia
expressions", CVGAP: 5 G aphical Mdels and | mage
Processing, Vol. 56, No. 2, pp. 161-172, 1994, use
radi al basis warping for facial expression
correction. International patent application
publicati on No. WO A-01/01, 346, published 4 January
2001 in the nane of the University of |lowa Research
Foundati on, "Method and apparatus for generating
consi stent inmage registration", proposes using direct
and inverse diffeonorphic mapping. 10 In genera
pre-existing warping techni ques based on radial basis
functions, the weights of terns contained in a
war pi ng function are cal cul ated as the sol ution of
si mul taneous |inear equations. However, a sinultaneous
i near equation systemis an ill- posed problemwth
non-stabl e solutions, that'is, for robust conmercia
appl i cations
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15 special nethods providing a reliable solution are
necessary. The application of these nethods becones

wezteanshy conputationally expensive as the nuPESGTIN6/000113

| andmark points increases. This obstacl e inposes
serious di sadvantage on the nethod. Moreover, the
position of |andmarks may-@fenerate a warpi ng function
with a Jacobian that changes its sign, which neans
t hat such warpi ng woul d not provide one-to-one
mappi ng; 20 overfol di [ occurs. The ai m of
the present i nveh P e ’a‘“M/approach to
i mge warping. Wth preferred enbodi nents, there is
no need for solving a linear systemand the problem
L can be avoided. 25 Summary Accordi ng
to one aspect of the present invention, there is

provided a nethod of rpin .Sour Gge._ | .

sour cEh% BT tpaatiop Iﬁlf‘tﬁsfm@ I“FW’Q%‘% “B%geﬁ’tngpé\kﬁ | c% R S
sthdpaiogata t@Qetlimie, baaytsonapedificidndimadnieatufes,veth theldy of a

poi O.,.The, net hod conprises applying a nodified
P’é’dﬂ:‘tﬁflrﬁﬁlp@ﬁlﬁgf’?'on P(r,t) to the source inage, to
transpose the points along the rays, where "t"

ggfines direction and "r" defines a distance along a

n. SUBSTI TUTE SHEET (RULE 26) WD 2006/ 118549
PCT/ S&G2006/ 000113 -68 According to a second aspect of

t he sent. Lnvention. there j rovi : f

war pi NGPPEIBHPIES PrOsRisEe {5 Esog° 3?061 gﬁ(é tﬂ%giésgo Ihlgr(a %%etbﬁod

epuiplly copsprasging yidatyetahingnegiohs. éthe pagppel of el i toteanpiorm an

EE#Ir t% goirié‘?e source i mge, where "t" defines a '
FE3Y 7 §¥¥eoq HBRAEHE fi xed centre point, and "r”

defines a distance in the direction Y. 5 According to

fur t her. ARR8 $loBlent i Sralpheito' -9t 20 YhalB 3o ABRRIAE 8RN

conput'er
overlapping regions. For example, converting an image of a patient’s brain to a standard

brain image (brain atlas) is a problem of warping. Specific information is needed to

- transform one image to anothet one. Pairs of matching control features on images may

“be known. These features can either be points, open or closed curvilinear segments or

surfaces. These features are referred to as landmarks and image mapping is called -

landmark warping.

. A popular group of functions for warping of this kind are radial basis functions,
as was proposed earlier by F. L. Bookstein in “Principal warps: thin-plate splines and
decomposition of deformations”, IEEE Transactions on Pattern Analysis and Machine
Intelligence, Vol. 11, No. 6, pp. 567--585, 1989.

An example of an elementary radial basis function is:
J)=r"log .
where variable » stands for the distance between two points, one fixed and another
varying. The fixed point is termed as a centre point O, The function is constanton a

sphere of a fixed radius; this is the reason why such fimctions are referred to as “radial”.
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program product for operating in accordance with the
nmet hod of the above aspects. Introduction to the

wor@wiingggd 10 The invention is further descri beBCbyGrmy/000113
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of non-limtative exanple with reference to the
acconpanyi ng drawi ngs, in which: Figure 1 is a plot of
war pi ng function, as used i_g an exenpl ary enbodi nent,
whi ch includes the Gaussi an ?uncti on; 15 Figure 2 is a
schematic view of two star-shaped contours, a centre
poi nt d ray, Figure 3 is a schematic view of two
segnent & rag'ﬁl t@ﬁ‘g Brstihfrapsforms enessshefdsndmark poingwietadiarized a
C @bditicn. [Thé MmbRAGK inthafi@ Yifuist bEIaIY, Sotys!, §9)ars? 'z@)\,NthrS’Y, 1% bo N
var.i o e sed in transform ng a source’i mage |

t 8*‘“4‘#5 %ﬁé&é@%ﬂ“ﬂ%ﬁ@% ’1",116&?"0 dipeRs tg “thpoinhiryr amepgsttho f

a stured image N, A F'IOER6HKHonThEMES: tRadost ﬁﬁgﬁﬁnﬁg Q‘ﬁg ap

vi ew.of ,.a tion of interest of Figure 5A; gure

i SOURDSY P’Vgggg{eh'ﬁlg‘é‘emryéadéﬁléﬂsﬁ,ﬁn@é?qs.éspondi ng to the MR-
i mge of Figure 5Axshowing landnmarks on the atlas

i mage to be tr&(gf)ﬁrxﬂdf\(md’-l\&h)ﬂ-@@ew andn@®ks; 25
Figure 6B is an enl dffged view of a portion of interest
ofn Fitgufie ofifle Rindidarothct |y Aseh 2 pf |

wi th overl apped co%tour oi?gﬁdglrsr%étks, %gggggf"é%gg%?lﬁ%ad
t Handrforjtheadjmension thelimpgss, iftri ter2D) cdst g isrequal B 2. ThaBlementary

e ' - rtj interest of Figure 7A;
CARISB4 (85 R0 BN, B i B oSt
| laptdve foeas, (G- wlermscorevideMRppia) stabiigeion. aTtdnsk Iof the matrix C

PRSI 085 1s Jdiy8, 8B is an enlarged view of a portion
of interest o igure 8A; Figures 9A to 10B

dermonstrate transforming ventricles to a desired
posi t i9R Ry of function F(S) is assigned to be equal to . This yields a system of

linear equations. It is further assumed that the sum of all weights w,“ is zero for all £,

and that the inner products of the weights W, with both x and y coordinates of the
landmarks §° and 7° are equal to zero. As a consequence, a system of simultaneous

equations for finding values for the weights w, and the matrices C and v are obtained.

In the 2D case the size of the system is 2*N + 6.

The above-described basic approach has been modified in various directions. F,
L. Bookstein, in “Landmark methods for forms without landmarks: Morphometrics of
group differences in outline shape”, Medical Image Analysis, Vol. 1, No. 3, Pp. 225-244
1997, proposed correcting the positions of landmarks to reduce the binding energy. H,
Chui and A. Rangarajan, in “A new algorithm for non-rigid point matching”, IEEE
Conference on Computer Vision and Pattern Recognition (CVPR), Vol. 2, No. 1, pp. 44-
51,2000, generalised a problem for different numbers of landmarks in the images. This .
approach adopted the idea from the assignment problem in the discrete mathematics
domain. The objective function was extended with an éssignment criterion, that is, with
an expression of efficiency of matching a landmark ' with 7. K. Rohr, M. Fornefett,
H.S. Stiehl, in “Spline-based elastic image registration: integration of landmark errors

H]
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segnent | andmar ks mappi ng; SUBSTI TUTE SHEET ( RULE 26)
WD 2006/ 118549 PCT/ SG2006/ 000113 -69 Figures | IAto

wa2deitkdsust rate the inverse growi ng of a tunmuPCT/SG2006/000113

Fi gures 13A and 13B show a test inmge having a hat
segnent defornmed with the c5$7| p of segment | andmarks;
and Figure 14 is a schemati©/representati on of a
co uter systemwhich is an 5 enbodi ment of the

htetion diibuted” cComiear Mighin and hﬁgamkia’etaﬁang)w I90 No 2,

B0 B R U

10

15

20

30

m@n@m@frrc@dlal iasietransfpropating. i 14 Aryd D& DynD. Reisfsld,3ae V. Heturin,

f th
frglgﬂfﬂ J{%ﬁﬁ}p{a@g&gégﬁ&% % gtéo&to ?%gg(%éersgons Evarp:
pPeaghical ddpdelspad fnimge Prncising, Mol f5ﬁ,dm 2hep. $61:1 72 19 ge ratig

t Bgﬁmﬂﬁ?gjf ARERI %g{égslénocoﬁgc‘?% Oﬁ%%a om? ﬁaé%{t ?}? gtfsogls med -

| andnmarks rom Ceé 1 nHge
t ppblippion HiedWek-A 161,346 Qublahfgldthmmey 200 dn the anad ofthat i on

Oty IR R QLR ARE B SR ICh Bl RORAD DU

(the ceéntre point

cymtistent gmags registigtion) epfopases ll.Sing dizdot malslevmydlﬁfaynonﬂuc mapping.
described by an angle {p, inthe 3D case aray is
descri bed by two angles, tp.and V. The direction of a
ray i & saewrbiregxigingtyvaminginednigues hasedharratia rbesls funetionk ehe

2f2 :
B i gt Skl gl ¥, .
Firiapsoyn lipeageppations. Howevane emlmouﬂmGMqomoglsyst@n 1s|ah ill-
%fdhéﬂpiob@er@@itﬂhorl—é’tﬂﬂ@soﬂhoﬂs u‘ﬂaﬁg %‘ft@bl{st élc&rgﬂar&glea gﬁca butd

to d| stan al ong he SO
|SBYReRTEe r@Vl lfl&wﬂléblﬁﬁdutm axemecqssmg eFhelapplitatiorkef these

Utdthitgs Eé&bﬁesf dxReinb] ?@ompumﬁnﬁﬁr &?éﬂ@i% ?sgthé h@ﬁ%? of %ﬁcﬁnaaﬂ( S0

taken into account-during t rans
FEYETGERRsesy Llig phsiacledmpeses seripus disadvandizoin fiampthod Meteoger,

e poBiALof ndikitsQihy pBn RS £ WhiBRE FRRLGY Wit a Jacobian that changes
its sign, which means that such warping would not provide one-fo-one niapping;
overfolding of an image occurs.

The aim of the present invention is to provide a new approach to image warping.
With preferred embodiments, there is no need for solving a linear system and the
problem of overfolding can be avoided.

Summary

According to one aspect of the present invention, there is provided a method of
warping a source image. The source’ image has a plurality of points which fall on stralght
line rays emitted from a fixed centre point O. The method comprises applying a
modified radial basis function P(1,t) to the source image, to transpose the points along the
rays, where “t” defines direction and “” defines a distance along a direction.
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class of functions for the warping and deformation of

wo pwgasss4speci fying nodified forns of radial beeT/$SG2006/000113
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functions that do not need stabilising, and

summari sing factors that geggral radi al functions

need. In such enbodi nents; the Jacobi an of
transformati on preserves its sign, thereby inplying
one- t Acsoingepp sevgud dspegtiofehelprésentdnvphtivin, thére d prowidddl aamethod

f j s . Q._The inventiaon c be used tog .deform
| bl seilolimp b ATk SYERE b LSS alityfiEh
Amodifiedwailiel ks fivetitnRist) af thevwnre image haicra iy ddfmeed ditection

f §.Sq] 10N 1S, t r.ansf or .Lon qf, a
p%é L en {foé ‘%r!ﬁ%\ég v%lgl?ﬁ a?deé p‘?ae%ﬁ estaoﬁsﬁc%ﬁ%?&{eﬁ%odb% .
SUBSTI TUTE SHEET (RULE 26) WO 2006/ 118549
PCT/ S - e jni.tial .data are t
agoe e nn i eddher el i} i B8 ol Gl fGorpuer
| pregram pradgettfol operatingin @edoglanel withrisegeetbainfdie dbQee dspeots.
pre-processed first to becone a pre- processed
| mage-source |s. Suitable nmethods of pre-processing

i 5 Survey of Inmage Registration
Techni ques, ACM Conputing Surveys, vol. 24, no. 4,
Decenber 1992" by L.Brown and in "Bionedical |nmage
Regi s{Thainvemiopys deseribd b way of o dideiutivdrgrathple vHEhbI C.
ToferoR P10 BRI Pl IS, k\Pigipor di nate systems and
is an__elenentary step 1R any warping, involving basic
t r ans Figiueak is 6 wlot pkwarping fisbtion] asgisedsin an exegplignemimidinant,
aftlidHBcHdeR Al B RSion: ThE sizes of the two i mages
are dinmensionall'y simlar io after pre-processing.

Sour cEigpeerdaastsmatiavieva plfep staashdpadrokatons.e ehtrapoigdnd a
why;h the help of professional experts, in a known
manner, The | andmarks on the original inmages are

def i nE&W53 18 A sehgmatic \igys offFa sepments, apreatepsiarcefdhs sogmertisto
loBREEs, S Vehtepditdnd tWdfagsVO | Mages become di nensional I'y
simlar, the | mage-soqurce |lies on the |nmage-target,

and t Hig"e4s & dows us qtgps uepddn trangfosming edowser imaghly to
hnmgaihagegpt as | andmarks Cs. The result is a pre

Figure 5A is an MR image of a brain, showing landmarks;

Figure 5B is an enlarged view of a portion of interest of Figure 5A;

Figure 6A is an atlas image of a brain, corresponding to the MR image of Figure
SA, showing landmarké on the atlas image to be transformed to MR image landmarks;

Figure 6B is an enlarged view of a portion of interest of Figure 6A;Figure 7A is
an atlas image of a brain with overlapped contour landmarks, to be transformed to MR
image landmark positions;

Figure 7B is an enlarged view of a portion of interest of Figure 7A;

Figure 8A depicts the warped atlas image, with the landmarks transformed to MR
image landmark positions;

Figure 8B is an enlarged view of a portion of interest of Figure 8A;

Figures 9A to 10B demonstrate transforming ventricles to a desired position by
segment landmarks mapping;
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is processed i mage-source containing both source and
target |landmarks. The aimis then to deformthe

wo pwgaisseur ce | andmarks to the positions of theCT/SG2006/000113

| mage-target |andmarks. This is achieved using novel
functions of the invention. Enbodi ments of the

i nvention provide the warggng of inmages with surfaces
as 20 landmarks for 3D i mages. The 2D case, with

Cont %%ﬁesﬁmawﬁm o thSinfer Mdﬁgwm&e&e of 3D

e mal n di st |nct|on 2D case, |s t he
r epl atbmm%@mdé% shawcaest image heNingn I sagmept dsfrmpd wiathe

f,éi%lf,fge erﬁ%dﬁ&%%ﬁ gfor direction in 3D space are

one angle for direction in a_plane. The
3D cdligure b4 argfieamalieraresmniaoneol asamaytensysigm which is an

LA GG bAthé AReRfonsur faces is constructed and a

specific flunction simlar to radial basis 25 function
is found. The base for this function nmaybe any

ﬁggm&gﬁggmﬁ&{ea3|ng function of a single argunent

mapsS non-negative real nunbers onto thensel ves.
For exanple, it may be any wi ndow filtering kernel

f unctp QMbasinll e ifERHESH By be WddGE warp EQB&Ganedg@ﬁﬁ(Z@ﬁrget
etc., transforned to_ provide nonoton ﬁ% not oni ¢

ﬂ%ﬁsemtbﬁespwﬁtoﬂwa@é@ﬁeﬁw e §Qusge g CP8sul ts
Ib_)lﬁc&% 28 Rfught tehsRemdd fo thdkiAERe e Rdeet Bage HI'l@'I&fdknark features

aramaterlzatlon SUBSTI T H LE 26
obihe farEek Barge p@m@z&g %ﬁ %&%ﬂaﬁgﬂ (’“r Soe lffeg? ge
ﬁh@g&%@ hd¥biab 16 idfefp?étfcﬁssoﬁheaﬁﬂsp‘ékéfdﬂzﬁifdﬂﬂikﬁ goﬁl:rtg@sgh&e ﬁ:{a@e
sur 0 pre ed_enbodi ne
#1g theg @%ﬁfwﬁ ng‘%? b ?-‘a?fé‘?eéffﬁ’?té’&ﬁ The IrpSp R gy Do
ﬁéi‘f(ﬁﬁ@@&l 10%5s @fEbirg Frobi ﬁn Grigdf (ikhanetot)d Menpee centre
ns t hat ay (strai.ght
s emtcr, thh depR O goprhionisd 1o e 2D By P QP eAPR BY o gtele

fo,Eﬁ thteEBcagé iRy fuﬁdeambed by te@\ahgles, platid §. Tha Wirestion ll‘oSEfaiy&s

e second su e t at  one [ onl y. _
IR Rl R TR et 2 poeb e P s A o s e
funtburg treingora@tién 2(r,3pdepbndd oty en gie\dérection ¢ and the distance r to the
origin Q. It shifts a point lying at a distance r from the origin to distance P(r, ¢) along the
ray. The source landmarks are transformed to the target landmarks using this function.

The surrounding tissues are also taken into account-during the transformation. A detailed

description of this method of warping using our novel function is described below.

Embodiments of the invention are able to provide a class of functions for the
warping and deformation of images, specifying modified forms of radial basis functions
that do not need st‘abilising, and summarising factors that genefal radial functions need.
In such embodiments, the Jacobian of transformation preserves its sign, thereby implying

one-to-one mapping,. Figure 1 is a plot 10 of such a function, G(*).
The invention can be used to deform a source image to a desired appearance or

position. An example of the type of warping that may benefit from this invention is the

transformation of a paﬁént image with respect to an atlas image.
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: [ldﬁﬁbf‘rh}' MM%E@%PIWQWS@\% aligys iggoo

by A.Lopes-Ortiz and S. Schuierer, in "Searching and
on-line recognition of star-shaped polygons",

wo ndoonnsstd on and Conputation, vol. 185(1), pp.P66SE88306/000113

2003. 10 Figure 2 is a schematic view show ng the
source contour Cs and the target contour CT, a centre
point 0, and an arbitrary-pay 30. The ray 30 neets the
source contour Cs and the target contour CT at points
S and R respectively. Therefore, if the surfaces Cs

a”d %e %&aﬁé BN REG e tMhidbiPa M@Hamn{b.@él&d@ceg@& i an 15
0, can be represénted as functi ong ttg heri cal

hmgmhrgfaize%‘he @tgg(at Ymage-Fqurge Tpipprepyoce (R PAY e
Ly ?e%gﬁdqgﬁ%%ds%ﬁt.lcg gd Sﬁﬂbleﬁﬁ&hﬂﬁ? Bf pr %—pfdc&smg Ban WTonddn “A

IS a subset, of direc dyct
Baxyey ofjlibpeo, nglsmtwmél‘&ghxmues, A5 SomRtiRg SUYPYSe b‘ﬁe’? :E g% HC

E&E&g%g% B4 GeHibRedRal EHagQR@gﬁstﬁﬁorDlﬁy HBlaglic Wdlping
nct| on Spheri cal ara}_g,g;erl zati oﬂ@Of t he

P SEIFBRABA &P of
tﬁa é{’ fh 4?19%%6 irk/BQing 88did 1R fofnRilioh ﬁkd@dnlsl@fhng, Byling
const arameter t yarl es qQver
NPT fktreion ﬁerme&qfﬂ%em gt Y i
R Brepko oGP RERES MR SndAUn® faked} BndHharniiesttatadd with the help

ates.” It means for eac

orofssipnpl aperts) in-a kpoys yantgr dhe ﬂsdlaﬁﬁs o P'ig%éﬂd E#Wf %o

%ﬂgﬁﬁ AR @R Gdd,. 1h ﬁﬁﬁ&kés lite Tmgd-stigce Fosathel two i 1mages
epend’ 30 on paraneter BSTI TUTE, SHE U
Weyonpdinensigmlly SP@WM%@ WE?E igs onthe ‘%6%‘3 "’E‘?S}e e

(RDAmREOV, gﬁe &RispdsbdGhtOhe BhdgeRRitas lafittitarkC ahe r€8lt isa pre-

Siti on
FIj)rcxxassed image-source containing both source and target landmarks. The aim is then to

" deform the Image-source landmarks to the positions of the Imagq—target landmarks. This

is achieved using novel functions of the invention.

Embodiments of the invention provide the warping of images with surfaces as
landmarks for 3D images. The 2D case, with contours as landmarks, is a particular case
of 3D mapping. The main distinction for the 2D case is the replacement of spherical
coordinates with polar ones; that is, two angles for direction in 3D space are replaced
with one angle fdr direction in a plane. The 3D case is a moré general one; parametric
representation of surfaces is constructed and a specific function similar to radial basis

function is found. The base for this function may be any monotone increasing function

_ of a single argument which maps non-negative real numbers onto themselves. For

example, it may be any window filtering kernel function such as: Gaussian, Welch,
Parzen, Lanczos, etc., transformed to provide monotony or any monotonic function

introduced by the user. The monotone results in non-over folding during mapping.

Landmark Parameterization
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surface Cr for each feasible value of paraneter t;
therefore, the landmark surface Cs is nmapped onto the
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Cs are shifted along with the I andmark surface Cs. If
the paraneterization (3) of the landmarks is 5
continuous, it is possible_tg_construct a napping
function P(r t) which is continuous in total over

al | arggat r t

shifts poi ntlgt%ﬁgésﬁbé&rtg@&%%%egé el sfmmﬁ%ﬁ{nﬁeareaq?\{% fefage Cr.
neah@ehad Qﬁﬂlemfefqusﬂﬂ}homm\feddmmmgttm rehefomrptande. used if

Eﬂfé%ﬁl‘f&%%’pindt g 8504 ﬁl\vﬂ??(g?ﬁx sensforaath qps ar s that ¢ any

(r JerTVakTVes
f W&Waéﬁht tie) emity nstile PQLMEO theaothe anfaoé Cy hat mm@thent ene tlme,

f h‘xﬂptlik@ﬁsé %s' ﬁty te 3138? obdnd. durack( b egigctly Vagogu G’;)0{1)6 only

(7), errvative 1s poSit
n%ﬁ?%?@ﬂsﬁﬁ@ﬂgq wgfa@p a!dﬁgdnﬂm@tfpnﬁtﬁ(ng the dentprpainta ek given

aby Al I f.un n,.of

by ATRDAFIOND una biSciliGh L Karclihe il M GodoBREH of s feped
cBAiYEoRs b nfermatien and| Gompytatien, woly18661),mb. 66288, 700S. Gaussi an

as Transformation Function Enmbodi.nents of this

|nvent|on are built on a special class of nodified
r adi alFiBe? & 2 sehpmetic vy showing the saurve comspurdisend die target

f soReli a
éﬂli}s Sf gﬁ |c§ntfgﬁlagﬁ Dn%ﬁll Gaa\é”lﬁﬂé\:lrag}f’]‘raf A& “‘Ble‘%?ﬁo lﬂeé@tq{a fdued
Lo

208yt +eand the fArget coptoprsGrnt neinte S gnd By remedtivels. 25
appl i catl ons. The base Gaussian is represented here as

afun valﬁltﬂthree araneters a, ¢ a:. g¢(r) = ae
(8). ere ore, if the surfaces s and Crare star—shaped w1thacommon centre point

O, they can be represented as functions in sphencal coordinates:
S§=8@),T=T@),tc® 3),
where § and T are functions defined for argument t=(p,y) on the mutual domain @, and

@ is a subset of direct product /0,22] (0, ] of feasible angle values of spherical
coordinates with the centre point O as an origin.

The Warping Function

Spherical paramieterization of the landmark surfaces with one-to one
correspondence of points is a basé for the desired transformation. By construction, if
parameter £ varies over domain @, the mapping function P(r,t) transforms landmark Cs
onto Crand preserves the origin of spherical coordinates. It means, for each tc @ :

P@0,£)=0 (4)and
PSH=T (5),

where S and T correspond to points on Cy and Cr, respectively. Values S and T'depend
on parameter 7.
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A supplenentary identity function is added to function
(8) for transformng it to a 30 nonotone increasing
The function becones SUBSTI TUTE SHEBOT/§&0&000113

26) WD 2006/ 118549 PCT/ S&2006/ 000113 73 g(r) +r=ae +r
(9). To provide the restriction (4) above, a constant
val ue may be subtracted freff2the function (9). This
constant value is al g(0) + 0 = ae P (10). 5

Fi nal | ¥he ¢onsfrairgsi(5) pm@d@&ﬁﬂﬁgaﬂﬂ];ﬁmﬁg S@*Dsurﬁé’e &5(t6 p&t®nd on

B & S PR bR B e e i
a)mappql Do thd Byidmark sﬂrﬁacEG,'H allibsaes shknding ﬂds&ﬂﬁ&&l’,}@%hﬁied

t
pos s?a’ﬁh t W u&%ce (’S ? itdhe WHEFO A géer‘\éTet{QPQ?) ﬂ?fé?nlrdv’éfkis\‘rse
wiaprtinugus, it is possitdd B c()ﬂs&)mt a nppip finotion Yy, @halich Bicentihdeds in

y cr>a =0.8577639a (14). e 15 The
)r/gﬂa{g?%‘r?ﬂ eg%ar ant ees nonotony of the function r)

represented by fornmula (11).
This transformation briefed above shifts points on the ray outgoing from the

origin. It means parameter ¢ is preserved under transformation. Functions of the
coordinate transformations are
R=P(r,1),

T=t. ©).

If partial derivatives of the function P(r, #) exist, the Jacobian of the vector-

function (6) is
oP oP
— OP(r,t
Ir=[zr F|=2rd. (),
0 1 or

and the derivative is positive due to monotore increasing of the function ’P(r, ) onr over
all parameters ¢ Therefore, if the function of transformation is differentiable, the
transformation cannot have overfolding at any point.

The Gaussian as Transformation Function
416 Lyaussian as 1 ransformation Function

Embodiments of this invention are built on a special class of modified radial basis
functions. An instance of such a function is explained with an example of a modified

Gaussian function, A Gaussian function is an analytical function used widely in various
applications,

The base Gaussian is represented here as a function with three parameters g, g o

(r-a)?

g =ae 8).
A supplementary identity function is added to function (8) for transformmg ittoa
monotone increasing function, The function becomes
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If the paraneters of function Gr) are calcul ated for
a specific ray and a point |ying distance S fromthe

wa@embnesspoi nt 0 is shifted to distance T from BCT/BGHEI06/000113
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the restriction (5) for fixed paraneter t is 20 T
—a(e al -e _2) +S (15); there exist infinitely many
sol utions.for paraneters a, »q; 0. One of the feasible-
selection is a=s (16). This is a natural selection;
wth this selection, a | andgagk point is transposed on

maxi mal 25 (see fog(mua=&8)¥F shift, @pd points from
t he suryounding, area are subject to |l ess shifting.

T 8P&Vﬁéé*}e fﬁﬁhﬂ%og EPabaveoreopst®y valpe map e sublractedFom the
Tametich-(8). Thiks t&astahtValue UBSTI TUTE SHEET ( RULE 26) WO
2006/ 118549 PCT/ SG2006/ 000113 -74 The second
paraneter a is es,tirmt%d fronfithis equation (17), T -
S (18). 1-e 72 Rew i&PAdT44], red®ts in an

| FRaUathctdodmy daadshagt er or, o- > 0.8577639 a (19). 5
Paranmeters a and a are mutual |y dependant. A possible

way to find themijs in-$mfti a to any feasible
ratio of a, for @hnple a=—6.90:7 and §ddve
transcendental on a equation (18), nunerically.
Figure. 1 is a plot 10 of the function, (r), presented
by f orlffifictiom§hshorld Rrereaseatherefods, BsfiOderivathanispative,
(16), (18), (19) an =0.9a, -and of a straight |ine
12. The val ueGE(fr)ra,—-g-“—Gz_—a). a'0:'_5)+1>0 (12).

Equation (12) is transcendental and has no analytical solution. Nevertheless, it is possible
to find a minimal value of first derivative, which is

Ton =a+0 /2 (13).
Substituting (13) into (12) yields inequality

o*>cr\/%- =0.8577639-a (14).

The relation (14) guarantees monotony of the function Gi¥) represented by formula (11).

If the parameters of function G(¥) are calculated for a specific ray and a point
lying distance § from the centre point O is shifted to distance I from O, then the
restriction (5) for fixed parameter ¢ is

(S-a)* a®

T=ale @ ~e)+S (15)
there exist infinitely many solutions for parameters @, o; 6. One of the feasible selection
is
a=S (16).
This is a natural selection; with this selection, a landmark point is transposed on maximal

(see formula (8)) shift, and péints from the surrounding area are subject to less shifting.
Therefore, with selection (16) in equation (15),

S’

T=a(l-e*)+8 7).
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obtained fromthe equation (18) is 37. A function
&r), as presented by fornmula (11) is constructed for

varying direction of the ray the distances (points) S
15 and T, and the paraneters a, a and a depend on
direction t=((p, ir). Thus,7the function r) may be
witten nore generally as: (1r'-S(t))2 S(,)2 r, t) =

a ‘(r)a - e ()2 + [ (20), where paraneter a
ighgrsgéfﬁlg@érmefﬁ“’lefém%@Pé‘@?@éf“&‘éﬁ“@%,(m:n the preferred
case a = S (16). 20 Mregegerally, the function to
be used may be in the f&rm—R(r AY=agr,t)+c, where
f(r,t) is a radial basis fun€tion and "a" and "c" are
c n:cl ased .Supface Landmarks 25 The net hod
cgﬂ%@%gﬂ’eﬁe 4agﬁ}ls 7q l?e(ﬂuﬂgﬁf‘%?%%ﬁe@urf ace | andmarks in
the 3D case and to segn&m%slgadgdrrq[ s in the 2D case.

L. and be rt.s of closed surfaces. If they are
et R SR oo drmrisreenble smis fndtiom scnpnigng
polamyt fefkitsielfakio bhay foPexample o2 Jol ,%gd Ecﬁ%‘ﬁg@sc{&?&}@l érJ]e (g F%uation

iggface I not nore than one tine, ,
S), fymegically. 30 neets the surface CT as well and has
only one neeting point. SUBSTI TUTE SHEET (RULE 26) WO
2006/ 185;1l9. PCT/FriGZOOGI 000113 -75 This treatnent of
non- cf B8 T aRighLY eithedypetion, G@epresegted by Femulad] Yavith Rxsl13,

10 tSHa50, phramek @RS, @Y, fl@fﬁldla@@.@?%{gﬁ%fg géa‘i%qt Hﬁéjlufg‘ﬁ% %g% 0% ¢,
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eﬁ%engi nIg he non-cl osed sur es t ose .
Shemed e YR B3 Toer f or med in any of various
different ways. 5 Figure 3 illustrates the extension

of se nt, | mar ks. Two segnents, S(t) and T(t),
R'ﬁmhon %2‘?, as presented by fonn%la (1D is cons(tru)cted fora ﬁ(xec)i ray

emitted from the centre point O. For varying direction of the ray the distances (points) §
and 7, and the parameters a, ez and o depend on direction #=(p,y). Thus, the function
G(r) may be written more generally as:

(G 10 Sy
G(r,H)=a(t)(e W —g°® )+r 20),

where parameter a is replaced with its selected value, in the preferred case g = § (16).

More generally, the function to be used may be in the form
P(r,0) = a-f{r,t) +c,

where f{1,) is a radial basis function and “or” and “c” are constants.

Non-closed Surface Landmarks

"Ihe method can be generalized to non-closed surface landmarks in the 3D case
and to segment landmarks in the 2D case. Let Cs and Crbe parts of closed surfaces. If
they are mutual star-shaped which means there exists a centre point O such that a ray
emitted from O meets the surface Cs not more than one time, and, if it meets Cs, it also
meets the surface Cras well and hag only one meeting point.
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wotoobhesss9 ext ent

paraneterized with a centre point 0, are extended to
two cl osed contours 32, 34 (which are common for nuch

segnents. S may transformto T irrespective of where
Slies. 10 Figure 4 is a flowhart of various steps
used in transformng the original Inmage- source |as
onto the | mege-target IT.- The two original images Los,
IT and two original |andmark surfaces Cos, CT are

T A T e

el sbxg@g EmERALKE &esblﬁ)ed wbdva, Hy?ﬁtdﬂﬁiﬁé(ﬂle sair-flesed sBcdsdo g.

a ri [ such a aling, rotat.
Scpabizet SR B ey i grridted gk B RRrsrrent veys
Srgil&éb) illus@ted ﬂ:atextfeimamtdﬁ/@egmmgﬁﬁhrmﬂcs Two prgemet) Hi anChT(a),
g%:téé enqeg wo ?iﬁg tegngfs% ?t emezgtet dc' tor esésge% coﬁ]t?% gffBQ Wﬁ@h
aRebilinoa fee nays biheio éxtéﬂt; and tmgeystB&r IpctondtiBin the eggments.Gofay
%he surfaces S& par aneterised (step S

a
5’8? g, 1 WP%%%O Wlﬁ?crﬁlon P(r,t) is.constructed to
map the |mage IS onto the image I T (step S 110). This

0 i3 00 e S gl
El(utqeﬂ);s cm@ thpphagedarpd Ii. e thed mmljlmagm{gs Ipnd beeoniginal

ls
ia%?&%é;gﬁld;}a%@s) c%g% Fas is ?M&Eﬁ/ s 10%}‘ erre 3 gﬁhal iR S SypiBty
pn@rg@pmms*ﬁwe@ingmwn@ rarisor mt@eaefggﬁswr@m@ withylmdowgly | e
@l&?acég ? 2. 4 Hﬁlﬁfﬁ%{p})ﬁg s 38 sediilg r&tﬁﬁ&?aﬁﬁélfnﬁﬁplﬁé sTpYe 18-
consi der ed e

I nal Inage source pDr ocess
dinsar mapnieg) (Sp1PHD), ﬁmthet%bmwoemwes prarpTesentedsinagnuiual

%&Mt@ ShstediThlis BRHE & afdéﬁﬁ&éﬁﬁla TARIHEX @NIBhRE Yurface, Csin
odi ment 1s shown in ?ures Athroughto 6B., 30

thegaprdinata systemypf thedn @K@f@% 106). ofhe giinaces Erand Crare

B@nbeddad (%%1@@ qmé gfﬁﬂbﬁ 2P00,1Gd. cotfs&lﬁUéEﬂ&G Rap Bi@ ifnbge
1.S an

cor pus cal whi t e, %gﬁ
ésﬂng’rfg@ewagviréwwk%. “s"luwmns Frmaﬁm fSheddesiensd iiEpegpRdgnce
SAth férhRiAE €11§416)5(19), aed @0 ke feRficERBHIeipped to the deformed

Image-source Iy (step S112).

Occasionally, the input Image-source may not need pre-proceséing, either
because it was pre-processed already or is already in the right scale and size. In that
case, the Iimage-source Is may be considered the original Image-source, and the process
omits step S104.

An example of warping using a modified radial basis function of an exemplary
embodiment is shown in Figures 5A through to 6B.

Figure 5A is an MR Image-target [ of a patient’s brain and has a landmark

surface Cr, representing the corpus callosum, marked in white. Figure 5B is an enlarged
view of this portion of interest of Figure 5A. Figure 6A is a reference corresponding
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bl ack. Figure 6B is an enlarged view of this portion
of interest of Figure 6A. Figure 7A shows image is
transfornmed and scaling o ?50 I T. Both landmark 5
surfaces Cs and Cr are deg Cted. Figure 7B |s an

e%@%ﬂ%ﬁal‘ﬂn Ef‘os?ﬁﬁr?%do?r sggx}; .nn gn oﬁ% ace ﬁﬁ«%ﬁr &d in
| BlackEiegkre @B is @Feﬂdﬁm@dﬂwﬁﬂhepqr@qumdeqboﬁxgum GA50 onto

| andmark C. Figure 8B is an enlarged view of this

portion of interest of g;q%ure 8A. 10 Figures 9A to 10B

denondtiguse &4 shaymdmege [atwrnvirkedrag pialing onta it bnimak

| kB i |
G a0} irb B fied. FigR w&q&gg&r@%&%ﬁﬁﬁ%@é@g@

a tar get segrrent | andnmar \
atfdigee 74-ofigums A shpvhthe wamedlrsefource yathad lndamatlaCs

CQUTBTRId fA4 FequiRQIpaLitidsh onEd]Qmﬁ‘aﬁP@ Floure3® is an enlarged view of
transforrmtlon area 68 (area show ng surround ng

Parion phigterest of Figro$hed) . Figure 9B is an enl arged
VI ew of a portion of interest of Figure 9A. 1s
Def orpati on of the source | andmark 62 to the position
of t aE;a s AR P Remopsirate sepman landmarkimpgpiag, troglormieg Jateral

CBntriElegLH &u&:@ Beg‘r@enﬁﬁncﬁﬁﬂrl@é%@ a\fdrgéﬁfs%ﬁleﬁt IQ&ﬁﬂa!ﬂQSh At shown
|n er es %ﬁg 10A. Figures 1
Tt B0 leé#aianqhﬁmfaws Gﬁ\ﬁP@acawg%ﬂnapntmoaﬁ and

st

a

‘| the scafl eDtpOfREfotrintion Breh 60QMR sEEiRY d%ﬁbhﬂ%géﬂsﬂfégtﬂé‘c b

n ure 11B is .an _enl ar ed vi ew of
RN TIPRE b iin ol ot s pavton it phBiEuts S
dbdfamgtich ofitiegoafce ldnbRark &9 tlﬂﬁ@ipdsiﬂﬁﬂ of ta@@tl Iﬁﬁcﬁ%;rk &fis ghown in
Fd L 2 i i on can S0 _be used. i n
e o £ 10F eI BB o dleaes i of 2 pariah LSSt iy
il84t ance, Figures 13A and 13B show a test inmage,
having a hat segnent in Figure 13A deformed with

segnent | andmarks in Figure 13B. Figure 13A shows the
Figures 11A to 12B illustrate shrinking of a tumour, A rectangular grid is

exposed to non-linear deformation along with landmark mapping. Figure 11B is an

. ‘gnl.arged view of the tumour portion of Figure 11A. Figure 12B is an enlarged view of

the reduced tumour portion, of Figure 12A.

The present invention can also be used in photograph and image correction or
alteration. For instance, Figures 13A and 13B show a test imagé, having a hat segment
in Figure 13A deformed with segment landmarks in Figure 13B. Figure 13A shows the
two landmarks surfaces. The initial landmark is shown using small white crosses 72 and
the final landmarks are shown as white points 74. The initial landmarks are deformed to
the position of the ﬁna} landmarks and the deformation is shown in Figure 13B. The
initial gnd and the final deformed grid explain the result of the transformation.

The invention can be used in many, if not all areas of image manipulation,

including, inter alia, also: object morphing for movie production; the metamorphosis of
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using small white crosses 72 and the final |andmarks
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are defornmed to the position of the final |andmarks
and the deformation is showsin Figure 13B. The 30
initial grid and the final deformed grid explain the

r %%}é!:t% m%rt&&h%&?@s“ §r§cﬂf1 ls&bn or Jl%?a&oﬂ%@ﬁi&lu%@x Cﬁ% be

use areas mani pulati on,

i mb?f%ﬁmfoﬁwséngeanmis obj ect rmrphl ng for novie
production; the netanorphosis of SUBSTI TUTE SHEET
(RULE 26) WD 2006/ 118549 PCT/ SG2006/ 000113 -77

obj ect Appamtespr Resioraias thywpsratipneideserébed abave.cios igptanse. the steps
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Figure 14 is a schematic representation of 2 computer system 200 suitable for

performing the operatiohs according to the invention. A computer 202 is loaded with

suitable software in a memory, which software can be used to perform steps in a process
that implement the techniques described herein (e.g. the steps of Figure 4). Image data
Tos (or I5) and Iy can be input, and an image obtained using such a computer system 200,
mapping Iy into Ir This cbmputer software executes under a suitable operating system

. installed on the computer system 200,

The computer software involves a set of programmed logic instructions that are
able to be interpreted by a processor, such as a CPU, for instructing the computer system
200 to perform predetermined functions specified by those instructions. The computer
software can be an expression recorded in any language, code or notation, comprising a

set of instructions infended to cause a compatible information processing system to
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Application Specific Integrated Crcuit (ASIC).
Numer ous ot her possibilities exist. 20 Figure 14 is a

suitable for performng the operations according to
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as a hard disc 234, and a bus 236.

The processor 222 executes the operating system and the computer software
executing under the operating system. The random access memory (RAM) 226, the read-
only memory (ROM) 224 and the hard disc 234 are used under direction of the processor
222,

The video interface 232 is connected to the display 210 and provides video
signals for display on the display 210. User input, to operate the computer 202 is.

provided from the keyboard 204 and the mouse 206.

The internal storage device is exemplified here by a hard disc 234 but can include

any other suitable non-volatile storage medium,
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the conputer 202, input and output devices such as a

woeylbaassdo 204, a nouse 206 and an external nMeMPCYSG2006/000113

device 208 (e.g. one or nore of a floppy disc drive,
a CDdrive, a DVD drive a flash nmenory drive) and
a display 210, as well as network connexions for

conn eE&c’hr&g th%Qo&B@neﬁé of L @Jnﬁkﬁﬁer 200%s cdiRSetSO RIS HRE 28 Bat

i ncl udes: processor 222 first menory such as a
Rasldopdata, ad@@?éxﬁﬁa ooRlighbusess @@Ho‘a@eép mppm to gorpRYRigRta
Iiihehdipsigr228 for connecting to external networks, an
i nput/output (1/0 interface 230 for connecting to the
i nput and output devices, a video interface 232 for
conneghd dach hﬁr §}1§@n§ﬁ0§ Bﬁtﬁ% cofnebie@{0A@8 ofiRlcGiheSsififlar S a
hard di sc g bus_ 236, 20 The processor 222
é&@%ﬂ?@§m@ﬁ§h@B§F Qr@§§F@WW d t he comput er

software executing under the operating system The

( Row) T FHE PP B DooRRg BaAmENp s

(i)rdd&&]z Dﬂﬁn@ﬁorhﬁﬁlsﬁ,rtmlﬁsg‘r&g maz 32 ;tor%& of Hfle h‘dtd%g 234.dHowever,
inter s connecied t.9 the displa an .
R SOTHRE RTAs P ghARL LT PR SR N L Pegmedim,
2302 CDFEOMireqdy, thd m@mmerytdaﬁc@:mm Wlemat@dy, e, computer
pr VI ded bf rom tg oartge rgggz t he nouse 206. 30

The T heer R 4Ty S lified here by a

hard di sc 234 but can |nclude any other sui table

20) v bter s BB AR R Srg e e
&eyhoand 2084 sndahe miouse@OhouiperatexOprogapmah emmiter seftwaie bus
%Q&uﬁ&% the computer 202.

The computer system 200 is described for illustrative purposes: other
conﬁghrationS or types of computer systems can be equally well used to implement the
described techniques. The foregoing is only an example of a particular type of computer
system suitable for implementing the described techniques, .
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nore other simlar conputers via the Internet, LANs
or other networks. The conputer software program may
be provided as a conputer program product. During
normal use, the program na§0be stored on the hard disc
234. However, 10 the conputer software program may be
provi ded; recorded on a portable storage nedium e.g. a
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We claim:

1. A method of processing a volume image comprising a plurality of slices, said
5 method comprising the steps of:

establishing the midsagittal plane of the volume image;

defining a sub-volume for Atlas mapping;

identifying the most superior plane and the most inferior plane of the sub-
volume;

10 determining for each slice the shape of the corresponding sub-volume profile in

the plane of the slice; and

registering, for each slice, the determined shape of the corresponding sub-volume

profile to a slice in the Atlas.

15 2. A method according to claim 1, comprising the further step of:
associating information for the slices in the Atlas with the corresponding slices in

the volume image.

3. A method according to claim 2, wherein the establishment of the midsagittal
20  plane of the volume image comprises the steps of:
determining a first version of the midsagittal plane for all slices in the volume
image to establish the dorsal and ventral extents of the volume image;
determining a second version of the midsagittal plane for all slices in the volume
image between and including the most superior plane and the most inferior plane of the

25 sub-volume; and
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combining the first version and the second version to determine the midsagittal

plane.

4, An apparatus for processing a volume image comprising a plurality of slices,
said apparatus comprising:

means for establishing the midsagittal plane of the volume image;

means for defining a sub-volume for Atlas mapping;

means for identifying the most superior plane and the most inferior plane of the
sub-volume;

means for determining for each slice the shape of the corresponding sub-volume
profile in the plane of the slice; and

means for registering, for each slice, the determined shape of the corresponding

sub-volume profile to a slice in the Atlas.

5. A computer program product including a computer readable medium having
recorded thereon a computer program for directing a processor to execute a method for
processing an image, said program comprising:

code for establishing the midsagittal plane of the volume image;

code for defining a sub-volume for Atlas mapping;

code for identifying the most superior plane and the most inferior plane of the
sub-volume;

code for determining for each slice the shape of the corresponding sub-volume
profile in the plane of the slice; and

code for registering, for each slice, the determined shape of the corresponding

sub-volume profile to a slice in the Atlas.
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