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1 *159159* Aut omated Method for identifying | andmarks
¥%thin an image of the brain Field of the invention

e present invention relates to nmethods for
automatically identifying |andmarks within inaﬁmmmmmuunwmmn
a brain. 5 Background of Invention The Tal airac
transformation is widely used for anal ysis of *139159*
neurol ogical images. It involves identifying eight
| andmar ks, which are used to define a co- ordinate
system The Tail airach | andmarks subdi vi de the brain

! Rh&n’r&tea%g#@' féﬁ'idé’}ﬂ&iﬁ%?aﬂ—d”fhbﬁisr RERintdARsd RS BRtheBtain
1 es W I N eac cubol Inearly. n

this way the brain imges are nornmalised by a three-
dFmddh of theninvpntie®- wi se | i near warping. This schene has
several glppl ications, in particular because it nakes

[ 0SSl to ¢ are,_neur ol ogj ' e f : T
PR ERTe T dNATOR JSRE. ey S0t ConapismiBally identiying
WA RnaRk vAmingmages bfatpaigept ual rationale, is the

i nprovenent of the definitions of the |[|andmarks, to

give "nodified Talairach | andmarks" (as defined in the
aBackawund\{dnyesierra| ai rach Landmarks”, W L.

Nowi nski, Acta Neurochirurgica, 2001, 143,

pl1045- 1057, the disclosure of which is incorporated

¥€:hei ﬁ'alladr;rafwnf ¢eramstanatid® B prideti pskedathrapnalysisof tmeurological
alairach transformjs its,si icity. Although

nimeeess!t HBWTYE?%@gF‘}'MP&g%'QIl’i&n@maﬂﬁ%whﬂc&ﬂﬁ ‘g??e%toa?%ﬂne a co-
k%%vﬁaté S REHAC PhE THIMACA MhdmBHAN/LDARGIY aRY, bR into 12
non-| 1 near techniques have limtations which make

t weboitist Binduhe Tailaisehtensfdrratios éate wasm e dnages within each

In parti.cular, a rohi bjtively hi cQ '

tiCHEO| “F‘gaﬁY'rgﬁ.ths\h‘é’%a St X’éa'¥a|n3$$%scﬁqggﬁ&H££85 by a three-
t inghsiomal pieteckiselinenewavpimgd This beseme iais seveesl@applications,
in a standard personal . conputer, some non-linear . .

e HRTEcylag liacauaayis r‘&?ke@oﬁpﬂ‘t’%ﬁ'P@n?o ggmpare neurological images

Lg%qﬁ'mﬁér%lnlt Xndi(/{?i%a%‘?rblj% e3FoVEhERdSn AR SEHYMEPI WAl Yollowing
nmpl ex, ~and nus

its conceptual rationale, is the improvement of the definitions of the

landmarks, to give "modified Talairach landmarks" (as defined in the article
"Modified Talairach Landmarks”, W. L. Nowinski, Acta Neurochirurgica, 2001,"
143, p1045-1057, the disclosure of which is incorporated herein by reference).

A principal advantage of the Talairach transform is its simplicity. Although
numerous non-linear image registration techniques are known, in principle
providing a higher accuracy, the non-linear techniques have limitations which
make them difficult to use beyond a research environment. In particular, a
prohibitively high computational time is required. Whereas the Talairach
transformation can be peﬁormed in less than a second in a standard personal
computer, some non-linear methods require days of computation. More
fundamentally, the non-linear methods are conceptually complex, and must

be treated as "black boxes", which limits their clinical acceptance.
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be treated as "bl ack boxes", which limts their

clinical acceptance. 112111211 I i & @ © © 1t J i | |!
vt 1t 11t *000007* 2 Furthernore,
there is no established nethodol ogy for validation of
the non- linear registration techniques. One drawback

of the Talairach transformatior however, is that the

5 identification of the |andmarks has not so far been
automated reliably, so that when using conventional

sof tware whi ch enpl oys the Tal airach transformation .

t rRurtrsrtire kKtherti ik Indasablighbd metidologdfdryvaigiation of the non-
interaction (e.g. R W Cox, "AFN: Software for,
Aﬂ@ﬁ@ffﬁ?@sﬁﬂﬁp'\/?%‘ﬂ!quﬁﬁti on of Functional Magnetic

Resonance Neuroi mages", Conputer and Bi onedi cal

" Research, 1996, 29, 10 pl162-173). Quite apart fromthe

t iQmet deawbbaek actt ithe iTdaairach ctransiormatiohe howedemr ks that the
takes, different individuals are liable to |ocate th

| dRGRiTdRION P! e IS 19 PBh S0 REEFRACIOAISiaDl, SO tha
r GINES BsinSedRiBRBbRASONarehehighiditioys SMmalairaeh thaWsformation
I nvention™15 The present I nvention aifts to provide new

arttie uapdimiarks stilhihngue do dredl idendifiedabyi siseointerationf {g.ggR. W. Cox,

) ically |and it hi 1 ogi cal, i _
AR LSPtvdis EPETRRSuh ) BB, Vi arRE et RTBEBnal Magnetic
Takadsritd MedRGirehes", TEOMPIRAtdrR) Bidkedicas Rededrbie, 1996, 29,

concepts "foreground voxel s* and 20 "background )
vaxHiZ173). Bluitei apaig" frams dne oimeothd dn et identificgtion of the

cdnndifeRss sated. SRR, iR GRIEEe! e 3 ROBIETIAE tppamarks in

v0§1@|h§|¥ idiFfe¥ent g@ﬁtib@s} WHIEE redocse tportsistriess dgfitiieintéthod.
identity (cerebral structure), such as, 25 in the
context of this invention, the union of ~grey matter

a ur\ﬁmé & GiventiBpoeneral terns, the invention
pr ation of one or nore

The present invention aims to provide new and useful techniques and
apparatus for identifying automatically landmarks within neurological images,

and in particular the Talairach landmarks or modified Talairach landmarks. -

The invention makes use of the concepts “foreground voxels” and
“background voxels”. “Binarising” a set of voxels means to divide the voxels

into these two categories.

Furthermore, certain voxels are “object voxels”. Object voxels are voxels in a
location which corresponds to a physical identity (cerebral structure), such as,

in the context of this invention, the union of grey matter and white matter.

in general terms, the invention proposes that the location of one or more

landmarks is obtained by the following steps:



ST
-\

| andmar ks i's obtained by the followi ng steps: 3 (a) a
region of interest in a plane within an MR i rage of a
brain and containing the Iandmark(s), is identified,

(b) the region of interest is binarised into

foreground and background voxels based on at | east

one threshol d sel ected using and& om cal know edge, .5

(c) a set of object voxels is identified fromthe
foreground voxels, excluding voxels which were only
classified as foreground voxels due to proximty of
corti cal(afrdretfith @ikt 18t ; ' .
voxel s _a(rZ i dent i f%?é%k?%ér%ﬁt%mﬁ%tpgfj%g I@?}(@ﬁésgedaéa brain and
t o aaméainipgrthedandmack(s), é$ idartifidd nor phol ogi cal

er osi on/ openi ng, and 10 (e) an automatic process is

then carg.i + 10 d i ne .or nmore. | andmarks, in :
the nodi :’Z@e Egé'gh%#e@?%ﬁ% Bkﬁqlgsggéa{ooforegroun and lbackground
r eoloxeld badeton aX Rlast BRY theghld S61BBRd @siﬁ@@n&&ﬁ\ﬂiﬁgf knowledge,
(i) a first stage of norphol ogi cal processSing, an
(i1) a second step of restoring voxels which have
Speen i nd6t el yofr ekiegt yokelsd is identifiedofrprvltiog)i forgground voxels,

P QSRRRING -vokels HeHia Tégg, sgd
nihe e IVaSS|ny|.rl1g s\{&éé‘]g, %g%‘d_c_ )ﬁieraﬁérsﬁgﬁg%%%nﬁ Voxels due to
ex peoxistystfaquetical fandoman-catticahgtrocturen- cor t i cal

structures to nodify the classification. The

t hreshol g, i s. preferabl el ect by the steps of: (i

usi nz pr(lgblrc’% b WPES ea%bﬁﬁﬁgﬁﬂigrioﬁ‘g&e E’éc o ch‘gls) due to the
| NtpRBaAltwollias edicet ana%d@}ﬁé\o‘qjéé} ér@ﬁoﬁ@giggzrf@?iaﬂﬁ. of

interest; ' (ii) obtaining aTrequency "but’i on of
the intensities within the said intensity range of

10voxel s VRl Rinavieaalio gracegsols theni earsiedsoyt tanitientifyi pne or more

uS i AGhaRsTitHe HGHHER BihafisBbiitiig! on to derive the

The step of reclassifying voxels may be performed in two stages: (i) a first
stage of morphological processing, and (i) a second step of restoring voxels

which have been incorrectly reclassified in the morphological processing.

15 Anatomical knowledge may also'be used in the reclassifying step, e.g. by

using the expected shapes of cortical and/or non-cortical structures to modify
the classification. |

The threshold is preferably selected by the steps of:

() using prior knowledge about the image to derive an intensity range of

20  voxels in the said region of interest; -

(ii) obtaining a frequency distribution of the intensities within the said intensity

range of voxels within the said region of interest; and

(iii) using the said frequency distribution to derive the threshold.
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The intensity threshold may be sel ected by m nim sing
a function which is a sumof the variances of the
intensities bel ow and above the threshol d.

Optionally, this function may be a wei ghted sum
defined based on two constants IN, and W2. This is
referred to here as a "range cohstrained 5 weighted
vari ance nethod". For exanple, l|abelling the possible
val ues of voxel intensity by an integer index i and
their respective frequencies by h(i), and witing the

I OY‘ﬁé iRt sity BRshblit A1y e %%lécﬁé@ezfyt m{rﬂhﬁ W/g d unctidRtwhich is a
hi gh, the weighted sumis given

awnmf(tm yaf@mﬂyweuntms@aang%@)qabave Ehelthrwml@
Pr( ) denotes the class probability (Pr(Cl)= zZh(i) and

rh; . i) [

by OPUgal s, tGHekgn ey b P el BakEd on wo
- loonstantsWiey @ndeWZ— This R(irgferfed itot herek ashagtradd® constrained -
leh(l)andp "}eé%% / =rk+1 The steps (a) to (d)
nayeited vaganeRimesbedt edl y for different |andmarks.
One 15 or nore landmarks may be |ocated for each of

th 1 BSsiMR VallRAe of MaxEPtE i
[ dgﬁfi él Eb% ﬁ;‘i@aﬁgngr kSI whi ch | soa p())(sn t |toﬁ§§/neg an integer
coinaex| / apd athe)r teispertive frmauenc@st byahf)e aangf writing thei lower and
”HMpE’Sr I%{eenasﬁt%% %%{Jtelcyveﬁy? ggrnaofv %ln&’r,,,-g,,, the weighted sum is given by
Orcuwy W W2) = max Pr(C))D(C W, + Pr(C, ) D(C,)W,),
where Pr() denotes the class probability (Pr(C)= ih(i)and

i=r,,

Pr(C,) = rkih(z)),, and D(Cy) and D(C,) are given by:
12!
D(C,) =(u, - ,u.r Yand D(C,) =y, -, ), where Zz x h(i)
= iixh(z‘)and Uy = i:-i:-liXh(i) .
The steps (a) to (d) may be performed repeatedly for different landmarks. One
or more landmarks may be located for each of_the starting planes b'f the MR

image.

In the case of identifying the | landmark (which is a position on a coronal
plane) the left and right halves of the brain may be treated partly separately,
such that the | landmark is identified using the half of the brain which appears

to have been segmented more accurately.

The invention may be expressed as a computer-implemented method, or

alternatively as a computer system arranged to perform such a method.



10

such that the | landmark is identified using the half
of the brain which appears 20 to have been segnented
nore accurately. The invention nay be expressed as a
conmput er-i npl enented nethod, or alternatively as a
conmput er system arranged to perform such a nethod. 5
Bri ef Description of The Figure® Preferred features of
the invention will now be described, for the sake of
illustration only, with reference to the follow ng
figures in which: Fig. 1 is a flow chart of a nethod
whiBtief DeseriptioboflThemigekst he 5 invention; Fig. 2 is
a flow chart showing in nore detail sub-steps of step

Cofselliecfeatins o Etaé’fmger%@ml;wiﬁh?mf%%ami for the sake of
pefif kratiBE dne vﬁ&ie Feﬂcé%%%&%ll&vﬁﬁg@igg?es b \ﬁﬁ‘lwn

| andmarks in the

i s conpdsadiobs Elw chaa) of ca 4ﬁelbhod Whmbslsaraneaafmba'nent of the
of erformngthe steps to identify the S [andmark in

thg1 r%‘tt'ﬂed of Fig. 1; and Fig. 5 which is conposed

of Fi gs Fi§(2)s bFiow Bhart ShRAng"in SHGHEPISalsuBStESE BF B&p 3 of th
t he stepséto identify the | Ign%lmark |natt$lél %og]; %p ortne
Fi §owicharbotkigaill ed Descrl ption of the enbodl ment s

hi ch 1 %> cRBlsh dssmlsds, o7 Hiag Bl 48 24 Bhien example of

. 2@eHormirRpthk stapdad asstifyehe A, iIF [2aA8 Y MriBRgEKS iin ‘Fhe method of
an_imge of a brain) is loaded. 'This inage is a three -

di fithshional dat a, typically obtained froma nunber of.
Fig. 4, which is composed of Figs. 4(a) to 4(d) , shows an example of

performing the steps to identify the S landmark in the method of Fig. 1; and
Fig. 5, which is composed of Figs. 5(a) to 5(d), shows an example of
performing the steps to identify the | landmark in the method of Fig. 1
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Detailed Description of the embodiments

Referring firstly to Fig. 1, the steps of a method which is an embodiment of the

invention are sh_own.

In step 1, a-datas_et which is a neuroimage (i.e. an image of a brain) is loaded.
This image is a three dimensional data, typically obtained from a number of

scans in different respective planes.

From this data, the midsagittal plane (MSP) is determined. This is preferably
done using the method disclosed in W002/069827, "Method and apparatus
for determining symmetry in 2D and 3D images", by Hu and Nowinski (the
disclosure of which is incorporated herein by reference). However, the

invention is not limited in this respect, and any other technique for determining



scans in different respective planes. 25 Fromthis

data, the mdsagittal plane (MSP) is determ ned. This

is preferably done using the nmethod disclosed in

W02/ 069827, "Method and apparatus for determ ning

symretry in 2D and 3D i mages”, by Hu and Now nski (the

di scl osure of which is incorporated herein by

reference). However, the invention is not limted in

this respect, and any other technique for determ ning

6 the MSP may al so be applied. Indeed, it would al so
betmokllﬂFblnmwvatslmi be tapplied c bpdead, it weouldaisn ibenpessiblehwithin the

t d fy.,.th f th
B ol ER b e P P iRt (B
(PC) are then determ ned automatically. This can be

done by the nmethod disclosed in W02/43003, "Methods
anaham@@rdmamf of ther actesisr senmBisisuts (ACkEgesPosteyior commissure

antresy e Hhin GRUBIRA] SpRRHaN, Tl TR BrE by the method

al BE@I@@BdQHCWGUH/%(D(b@ "I\neftﬁmidlsoand Sapmtratublmrtpﬁ’dcessmg medical
this respect. 10 In step the data is

notmegessedyt Moydasihyand Jrfé%fa\/#éga@say ¢ha) discloghege of which is

- ACHROM LRy Wf@#@{&%ﬁb%@@@?)'gl)cgwgér*ghgﬁgvmion is not

coordi nate syste

- X- hevited iirs tHis cespdoe subject's right to left, the
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y-axis is fromanterior to posterior, and z from
superior to inferior. Thus, an 15 xz-plane is a

Cofrpﬁ@ﬁe :ong‘? f the" cFlétar@ do?rrﬁah%é&'tbtd?ﬂcu?{/"’H”Breo%’?ﬂearbray-scale

xy-pla n ‘axi al  pl ane g(x,y, z) dehote th
gr eangeevacmrﬂlrtgwdm ﬁmﬂstalmdardatradnohg(ml aDnvmimrt i o write the

and ote the gre evel.s
{ nabodiiatBaysiem S g T NE Ko o tar SHpelght to left
t hede gRxad fRIN aRRSrior ié pebtdrive, A9 glffom Raperiénto inferior. Thus, an
intensity greater than gl. Then, we obtain a

nokEglansets gcagonabpianeg@ W-plane iswpisagittal glang, @indean xy-plane is
po%htéx%] pqgﬁ'\ey. Lze)t g'(xQ‘ y,g') \ﬁgﬂo@/ the gray level of the input data at a voxel at

position (x,y,z), and let g, and gy denote the grey levels such that one percent
- of the voxels have an intensity less than go and one percent of the voxels

have an intensity greater than gs. Then, we obtain a normalised gray level

&(x,y,z)which, for a given position (x,y,z) is given by:

g(x,y,z)=0 lf g(x,y,z)Sgo

A X, V,Z)~— -

g(x,y,2) = 8x.2:2) "8 if g, <glx,y,2z)<g
1~ &o

£(x,y,z)=255 if g(x,y,2)2g,

Each slice of the normalised data has its own co-ordinate system (u,v) where

u is the horizontal direction and v is the vertical direction.
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g(x,Y,z)=0 if g(x,Y,z) Sgo g(x, Y, z) =9(z, Y, z -

go if go <g(X Y, z) <gi 91-90 g(x, vy, z) =255 if

g(X, y, z) > g, 25 Each slice of the nornalised data

has its own co-ordinate system (u,v) where u is the

hori zontal direction and v is the vertical direction.

7 In step 3, the position of the A, P, L and R _

| andmarks is | ocated. This is done by the series of

steps shown in Fig. 2. Firstly, in step 3.1 a region

of interest (RO) is defined. These may be the voxels

wi ihHatep 3héhes pokitionTdfdhe AdRel andaR ibrduhaties 1w loedtdaly This is done

the follow ng 5 steps: .(a). hi st ogr am based
| et AR P o Hioc? b nari 6 the AP pl ane
(as used for exanple in M E. Brumer, R M

. , : | - , . 1 H ; n H
LA W tfh 1, S, ol SRCYE s OO ma oo

Treoxsds withis tbe siudi. chihesemygixaly ton3be 1dgteimined by the following
pl';‘i%- 166). 10 (b) A norphol ogical closing operation is :
pesf B¥ned usi ng a 3x3 structuring elenent (SE) to

connect small gaps in the RO. (c) The | argest

cqaheéc hiztogranpbaest theshailihg frethodasiddaetdbingsise the AP plane
Wi thin th1e conponent are filled. Fig. 3(a) shows the
AH38| aed fon exampledaiMekasbEnper, theVludderseraay, K. L. Eisner, R.J.

”ﬁEJW@e “itdihtitic 34O OV gﬂ’&ncgéﬁﬁﬁ%r\ﬂi MRIREhta |, IEEE
step 3.2 an optinumthreshold i's determ ned, based on
t hEransagéoncon MedicalddhagngHO86; 12(2) aptE3-11B6eshol. di ng

met hod. This includes followi ng steps, which are
f )é(@l)aAnrﬁgrdh%Ioagigglpglrogltn% 88}3% fona%pblercfgmngg ubgfngg\g[)B% structuring

element (SE) to connect small gaps in the ROI.

(c) The largest connected component is identified, and the holes within the

component are filled.

Fig. 3(a) shows the AP plane in a typical example of the use of this method. |
Fig. 3(b) shows the corresponding ROL.

In step 3.2 an optimum threshold is determined, based on the range-
constrained weighted variance thresholding method. This includes following
steps, which are explained in a separate patent application by two of the
present inventors‘: "Methods and apparatus for binarizing images", Singapore
patent application 200307531-4, by Q. M. Hu, z Hou, and W.L. Nowinski,
which was still unpublished at the priority data of the present application, and

the disclosure of which is incorporated by reference.

Firstly, prior knowledge of the image is used to define an ROl which is a
subset of the image. This process can be done by whatever means, either

automatic, semi-automatic, or even manual. Then an analysis is performed on
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present inventors: "Methods and apparatus for

bi nari zi ng i mages", Singapore 20 patent application
200307531-4, by Q M Hu, Z. Hou, and WL. Now nski,
whi ch was still unpublished at the priority data of
the present application, and the disclosure of which
is incorporated by reference. Brstly, prior know edge
of the image is used to define an RO which is a
subset of the imge. This process can be done by

what ever neans, either 25 automatic, sem -automatic,
OrthSVﬁémr@wabf obBeReAte dfalnishsities wAgiif Qh&EROPNafkd a range of
the frequenCy of occurrence of intensities within the
Rdrequengies issiefiecdf againasirea pries knewlgsidened, agai n
usi ng prior know edge. For exanple, w thout |osing
generality, we denote the inage to be processed 5 as

f (F@r, exdmgple, Withbut Bsiftegenaalitgwed dehote N@(ﬂhadéihﬁbé elocessed
is further supposed that the ancessed I ma

ha%s f(X)gr‘ﬁéBﬁrPé'()@I% tfb%ﬁﬁﬁYe'@V&/ at a et iabelled xaff is dvrdyesr supposed

aﬁgaﬂﬁﬁrﬁrﬁgﬁﬁ%%%?%éﬁgﬁfé By busserhle by bhherd) R ieger

U AL 05, 2S5 e St o
grlﬂ&%&ﬂ 94 Hfgth}'?l?%tgglt 1iGBs!than 9= BSE%ﬁggfgybﬁgste that dge to

ect ercentage range pero
h(pr)ordiemmukedgbeof rtesiuweckmcow thadytheeprdportion afidheeROIl which is

X odaunyet by dhe Spictt B tdhe Plsamaas Hedod hatte pery.—o

ConS|der|ngtvvo val ues of i vvritten as mand n, the -
frequency of intensities in 15 the range rmto r" is .
| gt 'h(i) dencte twe deaqueney pef cgray tevet ul,aeed alegri() denote the

I evel roe,, , such that we are sure that all the

vowhalaheélmd@wrwhi@hqgs Yi(i") S RUIRSBNY | s Bﬁ%@@é‘#@hmmy index.
r.,,-can be wittén as: (1f% r,0 = mni H(i) >_ pero

I . L e
Considering two values of j written as m and n, the frequency of intensities in

the range rp to ry is Zh(z"). Thus, we can use perp to calculate a gray level

Now , such that we are sure that all the voxels having lower intensity represent

background. riow can be written as:

T = min{i | H()) 2 per,}. - (1)

Slmllarly, we can use per; to calculate a gray level rygn such that we are sure

that all voxels havmg higher intensity represent the object:

s = mini| HG) 2 per,}. @

Let ry fall within the range row to rhign, and suppose that the voxels of the ROI
are in two classes Cy and C,, where C; is voxels of the background class and
consists of voxels with gray levels riy to r, and C; is voxels of the object class

and is composed of voxels with gray levels r+7 to rygn. The range-constrained
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| evel thigh such that we are sure that all voxels
havi ng hi gher intensity represent the object: thigh =
mn{i | Hi) >_ per, 1. (2) Let rk fall within the
range row to thigh, and suppose that the voxels of the

‘RA 25 are in two classes C, &hd C2, where C, is

voxel s of the background class and consi sts of voxels
with gray levels rowto rk, and C2 is voxels of the
object class and is conposed of voxels with gray

! W&hﬁgﬁ‘vénéﬁcé Wh&@ho?ﬁq Jﬁ@ﬂ'?ooc?r'\‘a?} riddiethed "welqglted between-

wel g variance thre I'ng met ho maxi m ses
\mwmmm%dasass vari ance" defined as: &RCOw

= Pr(ClL C2) W k
oiosr TR T alPS G N EOT R C N 5 bol mt e

by the user and® 5 representing the weights of the two

or SREER | WF, B Be G ol ol SelghRR By P user and

h(rebresermmg-lﬂtheamd gb{sCaf) thentiwv®(rEpective gasenalignced); i) denotes
)2 and D(C2) (ul P7_)2, where u7.
theﬁ'ﬁ% erobaPﬂWd rk thigh 10 po = L i x h(i) and
p, = Zi x h(i) . i=rk_+1 Wen W is bigger than W2,

bapkgﬁpgrgmgm@igig ;zih@-),en”phasi sed.

i=r,, i=n +1
and D(C;) and D(C,) are given by:

rhgh

D(C,)) = (u, — 1y Yand D(C,) = (1, — ;)" , where p, = szho)

szh(z)and Yy = szh(z)

’="'1 i= = +1

When W, is bigger than W,, background homogeneity is emphasised.

Step 3.2 may be done by specifying pero and pery to be 14% and 28%

respectively. The optimum threshold is denoted as §,.

in step 3.3, we segment the AP plane by assigning voxels to foreground if
they are bigger than 6,, and otherwise assigning them to background. The

binarised image is denoted as BWAP1(u,v).

in steps 3.4 we reclassify the voxels: firstly by a morphological proceésing,
then processing using anatomical knowledge, and finally performing a

restoring step.

The sub-steps of the morphological processing and processing using

anatomical knowledge are as follows:

(@) A distance transform of the ROI is performed using the 2-3 metric (in

this metric the distances between any two voxels is determined by defining



Step 3.2 may be done by specifying pero and per, to be
14% and 28% respectively. The optimumthreshold is

~denoted as 01. In step 3.3, we segnent the AP plane by

assigning voxels to foreground if 15 they are bigger
than B, , and otherw se assigning themto background.

~ The bi nari sed i mage i s denotedlas BWAP1(u,Vv). In

10

15

20

25

steps 3.4 we reclassify the voxels: firstly by a
nor phol ogi cal processing, then processing using
anatom cal know edge, and finally performng a

r Qﬁb%dﬂﬁsﬁbﬁﬂ} ofAfbxEREbStEET 81een 0dnd HEdiRE tRE elifighédincrements
processi ng processi ng usi ng ‘anat oni cal knowl edge

aralong fthis Ipaxb The) distanca dneemeniasheimecsr twaevagls jwhich are

Ssé?f%{ﬁgﬁ e@%@&% hriré dﬁﬁgﬁé‘éxﬁﬁél@ <oy gbérgrf{nh:ee 2 %éég Q4-connected |

dehéaresondidhbblies) s @ikefsds Rakhd dfie Wit ce Ib@ttmmrthmels which

and addi ng the distance increnents along thjis
Th%redn%@r@ﬁt: ée|Qﬁ‘@Péfﬁeﬁ@§°BéHM§ﬁ°ﬂﬂ@C§¢6x@%’eﬁhP@BhHPBTS) is taken

nead tglgbgfé’iaﬁ'}de cBads r&et bBHvé?ﬁ%oallrlitgl dfs?ar?ﬂaéﬁ ér%gl%ess by the

the a (?4 con nearest nei
2, m@ti@bd hef st Qride bBEwoeamdt vtbree@dlaiawsvdmaihsEelat(mization", WO

nearest ne| hbours di aggnal |y connected nea
neD&/0B8008). e mamuméﬁstépcsaégﬁ e a8 reetaskuh e
converted into distance indices by the nethod of Hu

kel i
S a0 e o i AT s SE with

mase3Plegt ta BWAPNUW) ghaibsaincRYWAIPYKilg operation is
perforrred with a 3x3 SE wwth 10 respect to BWAP1(u,

bt WAP?2 h s i .
") 60, BB LER phind BheBy P R PSR s wie
BW&%H&H@ BWApbcLaW)rtoBamaa(lWAPs(@d,)) The foreground
corrponents of BWAP3(u,v) are found. For each

(d) The foreground components of BWAP3(u,v) are found. For each
foreground component, its minimum and maximum distance indices are
denoted as minD and maxD respectively. A foreground component is treated
as an objéct component when maxD-minD is bigger than a value (e.g. 20) or

maxD is bigger than a second value (e.g. maxDSkull/2).

() The object voxels are exciuded from the foreground voxels of
BWAP2(u,v). The connected foreground components of BWAP2(u,v) are
found. The number of voxels of each foreground component are denoted as
nosVoxel. A foreground component of BWAP2(u,v) is categorised as an
object component only when the shape of the component is not similar to
meninges. According to anatomical knowledge, meninges have a shape
similar to the skull and are quite thin. So, when maxD-minD is smaller than
0.1*nosVoxel, the component is highly likely to be a meninges. Otherwise, it is

classified as an object component.

The lost object voxels are restored by the following steps:
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foreground conponent, its m ni mum and maxi mum di st ance
i ndices are 15 denoted as m nD and nmaxD respectively.
A foreground conponent is treated as an object
conponent when maxD-m nD is bigger than a value (e.g.
20) or maxD is bigger than a second val ue (e.g.
maxDSkul [ /2). (e) The object vdtels are excluded from
the foreground voxels of BWAP2(u,v). The connected
foreground conmponents of BWAP2(u,v) are 20 found. The
nunber of voxels of each foreground conponent are

t edOBjechesXelsefar fridnt tie gkalinestchugp enené nddrphological opening
WAP2(u,Vv) is categorised as an object conponent only

\Nh@nafarfaﬁ@n sapestared hdhisoifparbisversbyeheskingl the pegn-object voxels
'Te\mtﬂ%eﬂhstff?&ogﬂr%'l? Fe%té&”ﬁﬁﬁgﬁag{qémw eﬁglﬁelrrgrgﬁlr]ﬁ\?eﬁ is bigger

have a s and ‘are qui
S%hawh@ntﬁﬁi%&eﬂ% Ak réclasafie® bstobiectxBisl *nosVoxel ,

t he conponent is highly likely to be a neninges.

O herwise, it is classified as an object conponent.

Th(ﬁb )] osﬁbmqt emxeimm@chrﬂ@ermndamsb;oat hatuief dOItbw n@rphologlcal

auePRIng et Bl S greier e oal RGehBiral paidry V6% (an object
r esé@ﬁcmiy vOREBIsigh asjetevetIhaviipakicat bhe ritosiee¢dxel as one

voxels Wwth a distance index greater than

ma®Ddsu Bl ;mmemateheenghgpugﬁ)l adh iof s g§elimmedigte gneighbours is

oA S B Rl £l Wil PVET st iRrdned d s

nmor phol ogi cal opening operation are restored. For

eaRIBtePQhﬁcfh@%@ﬁﬂéb{oﬂ%eﬁoﬂ BBrieRhegt ardepdnefs Ynéfﬁxﬁhtenor (i.e.
is an object voxel having at | east one non-object

v OREhimaLm oﬁeandyfmostspastemdl et maxéhyghb oy msrs eéuthne straight line

its 8 i bour ecI S.

obf%r& %Ee [Efsﬂégrgé %‘éé\)/@l trlgs greatéeljﬂoe?rﬁ nmges Wc'ﬁca"y’
Noggppdiat tﬁ@lmaklﬂﬂrﬁraﬁd aRinigudty Rordihaests af ostijdct Rexels are

nost anterior (i.e. mninumyv) and nost posterior

(i man Mﬂnmm\awaadﬁtsge@fvemearsc{ dgngiq the geordinates of AC on the
AP plane as (acUap,acVap) and the coordinates of the PC on the AP plane as

(pcUap, pcVap). The restoration is not carried out in the following two regions:
‘|u-acUap|<10mm and |v-fninVap|%3mm.. (3)
|u-pcVap]<10mm and |v-maxVap|<3mm, (4)

where |x| stands for the.absolute value of x.

(c) Object voxels (that is, all voxels which are physically either GM or WM) lost
due to the partial volume effect are restored. Since the statistics of GM, WM,
CSF, air, meninges and bones are not available, the partial volume effect is
alleviated by reducing the threshold by 10. That is, for any object boundary
voxel, each of its immediate 8 neighbours is re-classified as an object voxel if
its gray level is bigger than (6,-10). The restoration is not carried out in the

two regions defined by formulae (3) and (4).
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connecting AC and PC, to avoid the sinus and neni nges.
Specifically, suppose the maxi nrum and m ni nrum v

coordi nates of object voxels are m nVap and maxVap
respectively, and denote the coordinates of ACon the

15 AP pl ane as (acUap, acVap) and the coordi nates of

the PC on the AP pl ane as (ch’ap, pcVap). The

restoration is not carried out in the follow ng two

regi ons: ju-acUapl <10mm and | v-m nVapl <3mm ( 3)

| u- pcvapl <10nm and | v-maxVapl <3mm (4) where [ xi

stmBep 8.9 thdenippaahure ma&Uﬁuﬁkaooaﬂnéte)s dﬂmhetz)bject voxels are

voxel s (that is, all voxels which are physicall
ks resReHVEINfAS ety CRATEinAIes RE Al PUShdmaTks respectively.

C&%ﬁérlfrﬁler ﬁﬁﬁlﬂ{ﬁﬁ ‘a § ReKirhlm ﬁtﬁdraﬁ'agé:ﬁ BL r@vbbj}]éM voxels are

ges and bones are not av
paﬁker&bs\tbéwreoelfdimmlcﬁ thel Il evidaRddnbsnariexd cespegtivélg. Note that
threshol d ound

Th f b
VSR -CoBiENase T 1he ARRlahe BT SRENGRIG i Hapordindte of the three-
r %’r‘ﬁleﬁ§ﬁ'n§a| 9gluﬁ%oa{hf°§Hee\‘P-EoBRﬁﬁété in the Ap %leﬂf@&or’r@é/p%nds to the

is birgger than , he restoration is not carried
omyt-comdtriaée in the thege-dirnedsibnabdolbyne.or nul ae (3) and
(4) 12 In step 3.5, the m ninmum and maxi num v

" decorueny A oty Bt i ded,fr KB gnd ghe 4 landmarks

I VBB Sve s PR WhiRk YrorizShtal lipes howhper mmmamdof the A and
maxi mum u coordi nates of the object voxels are

ake
asP ﬂa@mad@omlﬁa‘h@swbﬁe vigstical dingsrehawi thg luscoordmates of the L
he u-coordinate in the AP
%ﬁ&%‘é%%éméﬁ?hplg?écoor di nate of the three-
d| mensi onal volune, and the v-coordinate in the AP

pliangep of o€ H@Nds wieodéteemine tioomdisitatreof the Belandmark. The VPC
t hr ee- di mensi ona

sqffenied 9@@59£4@3°5£‘#35@w8u%rﬁg%8>ﬁ%9 W GheSg A éfane, and

' t|t P%E?e ghoﬂh'eZPCt 3lo Héf&#ﬁmﬁé‘%‘é td’b%lt)bncépfﬁé Saf@@mark, we
10 P | andnarks, while the white vertical

I |cmé$ n@ledm determineoits Wicsaoetinate. (The v coordinate of the S landmark
is the smallest v coordinate of all the cortical voxels on the VPC plane. The S
landmark is localized by segmentation of ‘a virtual slice aVPC(u,v) with the

close skull.

The VPC plane is denoted as VPC(u,v), the coordinates of the PC within
VPC(u,v) are denoted as (pcU, pcV). | '

In step 4.1, a virtual plane aVPC(u,V) is constructed in the following way:
(@) aVPC(u,v) = VPC(u,v) when v is not bigger than pcV.

(b)  aVPC(u,v) =VPC(u,2pcV-v) when v is bigger than pcV and smaller than
2pcV. '

Figs. 4(a) and 4(b) show a VPC and the corresponding virtual slice aVPC.



and R | andmarks on the AP plane. In step 4 of Fig. 1,
we determ ne the position of the S |andmark. The VPC
plane is a coronal slice perpendicular to both the NMSP
and the AP plane, and it passes through the PC. To
determ ne the position of the S |andmark, we 15 only
need to deternmine its v co-ordilBate. The v coordinate
of the Slandmark is the smallest v coordinate of al
the cortical voxels on the VPC plane. The S |andmark
is localized by segnentation of a virtual slice

a ' i I I ' | ;
Gt M2 R B O EomecRTRnEy avPCTs SnE AR Aiferdure is done
20n MRCsame) way én ddaieit the RO |(foc the AP\)lané wast fepnd.ahove (step 4.1
virtual plane aVPC(u,v) is constructed in the

A9 ng way: (a) avPC(u,v) = VPC(u,v) when v is not
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bi gger than pcV. (b) aVPC(u,v) =VPC(u, 2pcV-v) when v
'Slnbétégéﬁr.%;t( )@rb Wurﬂrlﬂréé%lgeb i '?J%‘Pern%ﬁ@&’bg%ﬁeﬁ‘aﬂ e-cgnstrained

4(a) a show a VPC and the corresponding viFtua
slweightedPthredRoldiny atetipodi. By $pecifpitlg peryr asdpeti tg b 20% and
aVPC is found, This procedure is done in the sanme way

i #Q%iTeAPEHVEND for the AP plane was found above

(step 4.1 above), In step 4.3, the optinumthreshol d

62! siﬁg%,t.f,rtme %%éélérga;is;%%gﬁﬁﬁﬁ%ﬁéiﬁé Bed oﬁmW?r;H ﬂ{%gﬁc&ld 6,, by

t hresnol di'ng nmet ho ying pero and per

2GHeafine 48061 SEPSERPE \blainkl i s&id 4.3%bdvee aVPC pl ane
is segnented using the optinmumthreshold 02 'by the

sane set of sub-steps explained in step 4.3 above. In _
stlapstep.51 the thieekeld] @ O adjusied wsingdanstiomjcal knowledge. Since
now edge. A Sinc e vertical

anat omi cal 10 i '
Bl e TR His P AR CHET PP % G rint ooYictiy & The S landmark
| adj g e interhemispheric fissure voxels, 8,should be higher than the gray

levels of voxels on the vertical line segment starting from 2mm above and

ending 2mm below the object voxels with the minimum v coordinate found in
step 4.4. If 6,is indeed bigger than this value, then it is not changed.

However, if it is lower, it is modified to be 5 plus the maximum gray level of

the line segment, and the aVPC(u,v) is re-segmenfed with the modified
threshold 6,, by the same sub-steps as those used to segment the AP plane

in step 4.3 above, including the same morpological opening operations.
In step 4.6, lost object voxels are restored. This is done by the following steps:

(a) Object voxels around . the object boundaries lost due to the
morphological opening operation are restored. This is done by, reclassifying

an non-object voxel which has an object boundary voxel as a nearest

neighbour and which has a gray level greater than g, .

Note, however, that to avoid the sinus/meninges, the restoration is not carried

out in the region defined by:
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shoul d be interhem spheric fissure voxels, 02 should
be hi gher than the gray |evels of voxels on the
vertical line segnent starting from 2mm above and
endi ng 2mm bel ow t he obj ect voxels with the mninmmyv
coordinate found in step 4.4. If 02 is indeed bigger
than this value, then it is noti4«changed. 15 However,

if it is lower, it is nodified to be 5 plus the
maxi mum gray level of the line segnent, and the
aVPC(u,v) is re-segnented with the nodified threshold
02, by : sed to segnent th
AP pl an!sl'hsl nﬁgﬁ?ﬁmba@ E’E@{/@?‘a\?ﬂgﬁﬁmjng t he sane &))
nor pol ogi cal opening operations. In step 4.6, |ost
obbere miréagp depotassthermithimiim g cosrdinate cln‘;ottje«a voxels.
follomﬁng steps: 20 (a) Object voxels around , the

arle dye to th mor hol ogi cal .

g O ADER loREER h8 Pty BB Rsfebtie restored. This is

r e@bﬁéﬁyfr&éblé@sﬁﬁﬁg RN ct W%l hafihg %nh@l%eéﬂb%@é?? voxel as
boundary voxel as a neares nei ghbour "and whi ch has

gr ayneéarest ngighiroer anthiwhich hast e, graywevet hughertthau (6, 10) The
avoi d the sinus/neninges, the restoration is

cafstew@tiopds g, WQWQW% FRIHES PR threErdign dgﬁned by equation (5).

| u- pcU <10mm and | v-m nVavpl <3nm (5) where m nVavp

denpkaseghiental %Vp@déﬁe?qeét@r%r?s% s?@p%/sgfég néér%éfé)éigtsﬁw@wn in Fig.

bj ect voxel s | ost e to the parti al
ar é(d)estored. This is done by reclassifying an
non- obj ect voxel having an object boundary voxel as 5

a ne st ongi gh : i h | evel
ISR 1o R e S E S BBIBr R S ruBlRm i Fprdinate of
ouhlliobjddigokeiinaweti Tied vtbbcﬂ’dirhété @flS(lﬁ)the aVP’C plane is equal to
segnmented aVPC after restoration sub-steps (a) d (b)

i sllgRARerdinaty '@‘theéf%}hreﬁrﬁ'm@éﬁ'%awo@ﬁ@v coor d| nat e
of the Slandmark is the mm mum v coordi nate of 10

?Lgigg@éggrg\ﬁg%é ée'gnz?e%ﬁgd AISCVsIic8OLA MG 4fd) shduls the original
VPC overlald by a horizontal line-indicating the z coordinate (or equivalently v

coordinate) of the S landmark.

In step 5, the position of the | landmark is determined. The VAC plane is é
coronal slice parallel to the VPC plane, and passes through the AC. Only the
v coordinate of the | landmark is need, and it is the maximum v coordinate of
all the cortical voxels on the VAC plane. It is determined by segmenting the
VAC plane directly constrained by anatomical knowledge. It is assumed that
the maximum difference in the z-coordinate between the AC and the |
landmark is no more than 50mm. We denote that coordinates of the AC in the
VAC(u,v) by (acU, acV).

Specifically, the | landmark is obtained by the following sub-steps:
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its z coordinate in the full three-di nensional vol une.
Fig. 4(c) shows the segnented aVPC slice, and Fig.
4(d) shows the original VPC overlaid by a horizontal
line indicating the z coordinate (or equivalently v
coordi nate) of the S landmark. 15 In step 5, the
position of the | landmark is determ ned. The VAC
plane is a coronal slice parallel to the VPC pl ane,
and passes through the AC. Only the v coordinate of
the | landmark is need, and it is the maxi numyv

i f | , . i .
oo, VachuhindidireE By ttahfend! GRe iheoray levels
d'Hig%ﬂ Hhafops lthabd esrelYoutRveREIsahnkinel R4B8s Bdckigfound voxels.
ass d that“20 the maxi rum di fference in the

z-Treobuhariste ilmageds Menbiedras BWVAIGH (U,v)] andmark is no
more than 50mm W denote that coordi nates of the AC

in_th , h U : ifi ly. the |

| dncrigpiSiss Bt beiba SpUPHEOAGs rprriiia] paake subsequent
| n's8E8RGD fdasiiRCHE)"sk&diRgN Afd ROt DN RS S PEHL8E cBhponents from
voxels with gray |evels bi &jger than e2 to be

f o sgeoifind waxed|(Sseeshit witheall dse vexelsatik treoapapeosel being of the

The binari sed i [ ! .

srapsne B T S4B ol TERRBHnG s PGS i algh Bround the AC
ek econistadeny sdtting ahdi BYVVAEas ) éo fdeegrolmdedieg” jv-acV| is
means to find connected conponents from a specified
vostegllgrtb@aemmai th al | the voxels in the conponent

being of the sane type (i.e. background, foreground

or - nhi o6t . .
oot &3 droe i ARGy Hhe vRSskisfutbuch Ine ATRELGrardle the vaC
snimtd ¢eft ahdrightnhalies.STlep voxalseoplthy svartivariinecwaithla neoordinate
passi n hr ou he. AC t epar at e AC _.i eft .
DA g e st SERerHd, chal s WD A fs setto
a NaQRPbEhdAfen gfi§4ﬁ%tthaﬂ (aeVa8 B Eas U ib®qual to acU. This
background. That is, ACl (u,v) is set to . :

has the effect that there is foreground separation in the neck region.

In step 5.4, a morphological opening operation is performed on BWVAC1(u,v)

using a 3x3 SE, to give BWVAC2(u,v). This op'era_tion breaks weak

connections between the cortex and the skull and between the cortex and the

neck.

In step 5.5, a morphological erosion operation is performed using a 3x3 SE; to .
give BWVAC3(u,v). This operation further breaks the connections between

‘the cortex and the skull and between the cortex and the neck.

In step 5.6, we seed from (acU, acV), to obtain the foreground component.
Then, we perform a morphological dilation on the seeded foreground
component with a 3x3 SE, to obtain .BWVAC4(u,v). The serial operations
(erosion followed by seeding and dilation) are intended to break strong
connections between the cortex and the skull, and between the cortex and the

neck, while retaining the original shape of the cortex.



background when v is bigger than (acVac+3mm) and u is
equal to acU This has the effect that there is
foreground separation in the neck region. 15 In step
5.4, a norphol ogi cal opening operation is perfornmed on
BW/AC1(u,v) wusing a 3x3 SE, to give BWAC2(u,v). This
oper ati on breaks weak connectifss between the cortex
and the skull and between the cortex and the neck. In
step 5.5, a norphol ogi cal erosion operation is
performed using a 3x3 SE, to 20 give BWAC3(u,V).

(ndT SBT S oft RO PHGRGSEY RedERE (BBl EvACAwWY
t hgoreltdxists havirepu Snfallenthaieaduf rsolsubdcahd aeNdtedtas maxVL.
obtai-n the foreground conponent. Then, we performa

nmor phol ogj cal dil ati on on the seeded foreground

COHE 8 the mamurgeyglpe gbvalon vé\;«m@?@neeyqunm@WVAC«u,v)
ceri . . L | .

di Pg?%loﬁﬁgﬁ{ed [ E{c%n é%%%gﬁ%ﬁe%iws{% r ong'gﬁgﬁt%@?tt%ﬁg%)(\m'

bet ween the cortex and the skull, and between the '

5coin stedd tthe leReoidf ofBWW A 4iN) fice.tthe valugs redlu smaller than
sha of the cartex. 16, In.ste . I.nthe X1 pum
apl0) & rertoish i Ris R Sieps L BRRY A Ty Agmm:
exi sts having u smaller than acU, is found, and

dengt ed Rstigpxie. dffects eff Xh8, rhb jicalMopehif Obparati
forlo )f/vhi ch av?oreground BW/ACA(u V?H%xel g)?iés:r? peration are

ha¢PHptaiagted, |y Shargingagoy ibackgigynd ya¥eldavhieechass at least a
| af f (4l V)
??ﬁég{%&@\éﬁ&%f%%ﬁé%ﬁ@r5? %ﬁ% ofggﬁﬁ%%dlétéoﬁélghbours gnd

ues of u Ran iS res

101 N wHikh ﬁub%tgaag level (Arendiuan \Grehfer 3t lgefo fohédrodAAM
(a) Firstly, the effects of the norphol 6g| cal ~ openi ng

operation are counteracted, by gharégl ng any
‘baéRlgr oferongieithevafiestshelstha pestial ivolume eftagt @ie¢ounteracted by

- ite 8 i .
vl A4 K S OBE M i AN ey vl (e
gr éaviegrodithbduidany fvexegivwndoreground voxel, within its 8 immediate

neighbours there is at least a background voxel) of BWVAC4(u,v) as one of its

15 8 immediate neighbours and which has a gray level in VAC(u,v) bigger than
(6,-10) to foreground.

Similarly, the right half of BWVAC4(u,v) (i.e: the half with u not less than acU)
is restored by two corresponding steps when maxVR-acV is smaller than

50mm.
20 Object voxels are all foreground voxels in this case.

in step 5.10, if both (maxVL-acV) and (maxVR-acV) are smaller than 50mm,
the v coordinate of the | landmark is obtained as the v component of the
object voxel in BWVACA4(u,v) with the biggest value of v. if one of (maxVL-
acV) or (maxVR-acV) is smaller than 50mm and the other is not, the v-
25 coordinate of the | landmark is obtained as the maximum v coordinate of all

the object voxels from the side (i.e. the left side or right side) for which the
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(b) Secondly, the effects of the partial volune effect

are counteracted by restoring any background voxe

whi ch has a foreground boundary voxel (a foreground
boundary voxel is a foreground voxel, withinits 8

i mredi ate neighbours there is at |east a background

voxel ) of BW/AC4(u,v) as one ofl7its 15 8 i medi ate

nei ghbours and which has a gray |level in VAC(u, V)

bi gger than (62 -10) to foreground. Simlarly, the

right half of BWACA4A(u,v) (i.e. the half with u not

| ea8xiHAR vacddrdinate bﬁﬁ'téJéSB}éCWOké‘@ i§ QRiz@IeP eHEeH (E;o@cwsnf both of

when maxVR-acV is snaller than 50mm 20 Object voxels

ar(maxML-acY)kgndUmaxMxacy)i arer higget dsan aOﬁnr@t e 3. aeordinate  of

ol RrHEREK o5 3 maRE AT KooRirkidioF A Te' Ghiekl R on the

asiddgi.y. RABOFGHT) Whosdaenagipneat objesel dobrBiiEfEAE l$m‘éller Note
with the biggest value of v. If one of (maxVL- acV)

( taat/thea¥ \poardingim Pf VMU oneersesrands o ther zmmn@mate of the
”heat¥ &5 coordinate of the | landmark is obtained as

t he 'maxi num v coordi nate of all the object voxels

fromthe side (i.e. the l'eft side or right side) for

wHtigh S{die shaws nthei oniginal 8AACdiFigt 8(b)f shidwes dbg dsinarised VAC (i.e.

(FBEMAG D FianatQnshoms dBe) Piacksspd JBreaadnd SBVAGA, and Fig
v ﬂegrsﬂb%tﬁleov coBFtﬁnété ?&dgaﬂﬁalétlty@cﬂﬁ?ﬂlﬁ%’t@ \6f(the | landmark

coordinate of all the object voxels on the sid
| edvertaid Dngheprlghmélﬁr&pianﬂn obj ect v coordinate is
srraller Note 5 that the v coordinate of BWCA(u, V)

to,t ' f. th
5( ?{% ﬁ@&&% ﬁgt ogﬁjtgsﬁoor s/'gé%}reéeg in §E§Bs g%ﬁgt%@ f)g ‘considered
bi s IdosRep¥AEingi tce thodAGIWN lrFngg S(for fiiwing theeA, P, L and R
processed foreground (BWAC4 and F

ig.  .5(d
t Hangmasks-di hadtie 3 aOlelauiﬂeatl I%/thz’eﬁ%‘ﬁd? ﬁ’éieé}e%@ft' frethe case
I SRREPRTK the threshold used is that same one derived in step 4); a
segmentation is performed; then a reclassification is performed; and finally the

landmarks are identified.

Although only a single embodiment of the invention has been described in
detail, many variations are possible within the scope of the invention as will be

clear to a skilled reader.



10 overlaid on the original VAC plane. Note that the
set of sub-steps perforned in steps 4 and 5 can be
consi dered as corresponding to those shown in Fig. 2
for finding the A/ P, L and R |andmarks. That is, a
RO is identified; a threshokgl is selected (or, in the
case of step 5 the threshold used is that sane one

;gerived in step 4); a 15 segnentation is perforned;
a reclassification is perforned;, and finally the
| andmar ks are identified. Al though only a single
enbodi ment of the invention has been descri

ed | :
1defatampuignpaseaf inetheAdoaIoeale SNBIE W%‘PHBM*QH%@ an MR
f th
Pagnf 2 BEF ¢ Bielfod Inpludifiy e Ribvi 8t d PPy
| ocati ng one or nore Iandrmrks using an MR inmage of a
b th t hod I i i L.
ot 2'p2a> captibinms regPRe e SRCU Wi LBl o B Wi roqoe
h I t th
tﬁ%ﬁc??r%r t?ﬁ]t}%ﬁ?@d?ﬁgﬁ%& ng ?hg Slngngogf alt ElenIC\J/R [ riage
into foreground and background voxels based on at
I t t.h I I
owi GaBEarSPRRN el of BecR Bk ARFIRENIng and background

oxESAdRNMonit Riast 8na thrieanefd selecteansisy afatomieal knowledge,
intensities bel ow and above the threshol

thelemashpldn@elag selectrd byjredtimizing PSUPEYRA YVII&(IY Braesmid
db
GiheRs 5" 3@ Tiueltaries HeEh AR e A o el s

plurality of voxels which were only classified as

BTN ERITREN LA A A

8&58?60%‘1’@(8&%9 18thed by 'ub-Re P iflidifg $@hh the foreground

voxels a plurality of voxels which were only classified as foreground voxels due

to proximity of cortical and non-cortical structures;

(d) identifying and restoring object voxels lost during the excluding sub-
step of step (c), the restored object voxels being: object voxels located far from
the skull, and lost due to the morphological opening operation(s); object voxels
located around the boundaries of the object, and lost due to the morphological
opening operation(s); and object voxels lost due to the partial volume effect;

and

(e) identifying the one or more landmarks using the object voxels
identified in the steps (c) and (d).



step of step (c), the restored object voxels being:
obj ect voxels located far from the skull, and | ost
due to the norphol ogi cal opening operation(s); object
voxel s | ocated around the boundari es of the object,
and | ost due to the norphol oggcal opening
operation(s); and object voxels |lost due to the

i al | eff . d j iy .
2hohanBlodagtRte G Seime BnbfEh $E3Hh o dhefiiso B offect
voR8s i @Forsad Antvd slagedd 2. A nethod according to

claim1l in which the step of identifying the object
voxel s is performed in two stages: (i) norphol ogi cal

pr chgmg[;ghwabféa g@eggﬁg J(ﬁfcﬁmmsvwr%uneiv%&en_smﬁmch

not ect “vox I'1) restoring voxels whic
nitveotieeobjentooxastdrd excl uded in the norphol ogica
processing. 3. A nmethod according to claim2 in which
the step of identifying the object voxels further

i ncl giﬁerést%?iﬁhpw&@l@watc%% b&EO MA@ty @xtidiestiih \nd he
obj ect’ voxel's. 4. A nmethod according to claim3 in
mwrpbhlogical arecessingal know edge is know edge about the
expect ed shapes of cortical and/or non-cortical
structures. 5. A nethod according to claim1, wherein

3. hey ridtiesdatebraingsl cigined ihwritie tiss step ofdient(fyingube object
prior know edge about the inmage to derjve an ir}tensi tjy
voaaigugher inslusies applyap @natginiil kpoyiadeedetidentjty fhe object
V\?%l))(%%l ning a frequency distribution of intensities

in said intensity range of voxels within said
region of interest; and (iii) using the frequency
40.II SAt\ He?r%é ggcé%irgge{ol é:/l%irfr%l % ih”&r‘ﬁ@ﬁ Itrtn%/ atng{o%%’ip:gll lgﬁowledge [

knowledge about the expected shapes of cortical and/or non-cortical structures.

5. A method according to claim 1, wherein the threshold is selected by the steps
- of:

(i) using prior knowledge about the image to derive an intensity range of
voxels in said region of interest; '

(i) obtaining a frequency distribution of intensities within said intensity

range of voxels within said region of interest; and
(ii)) using the frequency distribution to derive an intensity threshold.

6. A method according to claim 1 in which said function is a weighted sum

defined based on two constants W; and W.

7. A method according to claim 6, comprising labeling possible values of voxel

intensity by an integer index i and their respective frequencies by h(i), and



6. A nethod according to claim1l in which said
function is a weighted sum defined based on two
constants W and W2. 7. A nmethod according to claim6,
conprising | abeling possible values of voxel

intensity by an integer indexyi and their respective
frequencies by h(i), and 20 witing the |ower and

! el p d i-gh, i
w\%ﬁgs % ‘&vﬁéﬁéﬁd Sg%&@%ﬁnﬂeﬁ égélp%gtﬁ\; a%iz?‘gvé \%F}H‘ \ﬁw\)/vhgrem the
waghteé®Pslel s¥ican vy + Pr(C )D(C )W ), rrd4. rhg h
where Pr(.) denotes class probability (Pr(C, ) _ Y h(i)
and Pr(C2) Y h(i) ), and r=0-. D Cl) and D(C2) are

i vep, by: .. and i _(fro - fir
B W R ) 5 TR K PEh Dl o @#gch;@) 9 h(i),

and p, _Y, i x h(i) . 8. Amethod accordlngto claim

1, wherein the steps (a) rper forne igh
whereaPgdldenaites clash pg@wammtys(tpeq@ fd I)Wldn@r(gt) +eash(i)), and

one corresponding | andmark. 9. A method accordi ng»t'o
ajm1l, rein steps (a) to (d) are perfornmed to

ﬁgngagré&/Q(&‘g)eare %\'Hﬁngg’l andmar ks, and wherein in step

ere on er ey:ng defined within the AP

é@ﬁeq n %’?%p((?e)) ﬁae nbst anterior and nost

post eri or,h hf the obj egt voxel s being,, taken

Vy@geﬁtl_ M $) the=V 1th}£(@| a(?ﬂOpdl:ﬂEéﬁSh(@f the A and

P T andmarf respect favs Iy, and the reme horizont al

conponents of the obj ect voxel s are taken as the

hori zontal coordinates of the L and R | andmar ks

ges eCtthggla%cordlng to claim 1, wherein the steps (a) to (e) are performed

11111

repeatedly, in each set of steps identifying at least one corresponding landmark.

9. A method according to claim 1, wherein steps (a) to (d) are performed to

locate A, P, L and R landmarks, and wherein
in step (a) the region of interest being defined within the AP plane; and

in step (e) the most anterior and most posterior of the object voxels being
taken respectively as the vertical coordinates of the A and P landmarks
respectively, and the extreme horizontal components of the object voxels are

taken as the horizontal coordinates of the L and R landmarks respectively.

10. A method according to claim 9 wherein step (c) comprises:

performing at least one morphological opening operation on the binarized
image obtained in step (b); and

classifying one or more voxels of the image(s) obtained by the opening

operation(s) as object voxels or otherwise according to at least one criterion



10. A nmethod according to claim9 wherein step (c)
conprises: performng at | east one norphol ogi ca
openi ng operation on the binarized imge obtained in
step (b); and classifying one or nore voxels of the

i mage(s) obtained by the opesing operation(s) as

obj ect voxels or othermﬁse according to at | east one

o544 B afes BB nRg T SAPAFES A PR EbBlptonye) ane
aka@nhiegdighowliédgd net hod accor d| ng to claim110 in
which, prior to classifying the voxels, a maxi num

di stance maxDSkull is obtained froma distance
RO o iy L RECPLO BB e o

n@imodndiskgncehreari®Skoll iscabtpimes ﬁngm a distarme tftansform of the ROI.
defining the region of interest within a virtual plane
obtained froma VPC corona) slice; and in step (e),

1pdaniiethdd8cddiin Cté'dlélﬁm Whdrbm stepaainer(s) are Bﬁoﬁ‘ﬁ’éd to
superior point o f\sv)ﬁdse(:t voxel s. 13. Amet

oatamra@l&gartdﬁn@ﬂkathﬂ mzt ERINRISINGp (c) conpri ses.
perform ng at | east one norphol ogi cal opening
operation on the binarized inage obtained in step

(b); lﬁﬁtéfw{a@sééﬁmm@meafem et Inter@sehithipng vistualiplade obtained
voxel s o he i mage(s) obtained by the norphol ogi cal

fm@@ﬁlV@C@@é@fa@'ﬁdjﬁ?s?n f they belong to eight voxels
i mredi atel y adj acent to an object voxel and if their
intensity value in the MR image is higher than a

val uén dedp @ didentifyiripathieqpoditioraobtheo Sdahtmesk ak dhe tbst A

nmet hod accorg~I to claim1l1, wherein the set of steps
&’?”Pbp?'@} of ‘%@?@to‘for?@bs to identify an | |andnmark,

conprising: in step (a), defining the region of

interest within a VAC pl ane;

13. A method according to claim 12 wherein step (c) comprises:

performing at least one morphological opening operation on the binarized

image obtained in step (b); and

classifying as object voxels one or more voxels of the image(s) obtained
by the morphological opening operation(s) if they belong to eight voxels
immediately adjacent to an object voxel and if their intensity value in the MR

image is higher than a value defined in relation to a second threshold.

14. A method according to claim 1, wherein the set of steps (a) to (d) is

performed to identify an | landmark, comprising:
in step (a), defining the region of interest within a VAC plane;

in step (e), defining the | landmark as the most inferior point of the object

voxels.



in step (e), defining the I |andmark as the nost
inferior point of the object voxels. .15. A nethod
according to claim14 in which the threshold is

obtai ned during a preceding process of |ocating an S
| andmar k. 16. A nethod accorgjng to claim 14 in which,
in step (c), (i) at |east onée norphol ogi cal opening

L on,_ and/. | i n . N
15 oRrlet B ERENBR e Bl FRENARR T RSB R apteined auring a
pflzedirtegrocBss bechbhg ah’S ldhdieadkod according to claim
16 in which, in step (c), one or nore voxels of the

i mage(s) obtained by the norphol ogi cal opening

1épj@\rrﬁ%ih&§(z§t%comhg% LUfmn A iqx{%@@ﬁ?mét%f)glgffsy fied as

obj ec xel's are re-cl assi as o voxels if
they are one of the eight imedi ate nei ghbours of an
obj e voxe

( g I Landif tlheirlintensicgp\é valued'énthel\/R
i magd) PEIEAPLART MABACIRIIFA QRERLE; RSFTN rNUPT on to a
second threshold. 18. A nethod according to claim 14,
wherein the left and right halves of the brain are

t r eafip@t rgsdoacseedinghadpenaéiobbj ect voxel s used to
obtain the location of the | landmark relate to a
selected half of the brain, the selected half of the

br ai are paMbitgedd 8ANHE dirkfiized irgedmainedihetss (Ked
criterion. 19. A systemfor |ocating one or nore

| andmar ks using an MR image of a brain, the system

Enagl udingy Iyl f ag . MY di

R R B B 16 A ST et o
tﬁ@lrﬂ;}@g&(@}}obﬁa&tﬁ? by e hrd:emdlbgicago;aenrijagio(preratiori(nﬁ whightare not
with a ane of the MR e, t ne contai ni ng.
PrerentisiaRRIeCLIs OBIEC! FNelD Araro-Slass TERE L RIRE Yl they are
olB df TRE ighP irAnfeRfi RE RUGKb AR oPaR KM@ xel and if their intensity

value in the MR image is higher than a value defined in relation to a second
threshold.

18. A method according to claim 14, wherein the left and right halves of the
brain are treated separately, and the object voxels used to obtain the location of
the | landmark relate to a selected half of the brain, the selected half of the brain

having been selected based on a predefined criterion.

19. A system for locating one or more landmarks USing an MR image of a brain,
the system including:
an interface to receive data encoding the MR image; and

a processor arranged to perform the following steps:

(a) identifying a region of interest with a plane of the MR image, the

plane containing the landmark(s);



voxel s based on at |east one threshold selected using
anat om cal know edge, the threshold being sel ected by
maxi m zing a function which is a sumof variances of
voxel intensities below and above the threshold; (c)
identifying a set of object ypxels fromthe foreground
voxel s, the set of object voxels being forned by a

o RS RS S NS 0SB D Brckgrouns
vbRE18 BacEAbrvaMehst sheethréshdld @¢laBtéd usingcaidtbeidal &ndwledge,

non-cortical structures; (d). identifying and restori ng
thsbjhseshaldbeing selectedhy MgxirAing@ funitiog Wiish is psymy et

vghgecfés %ﬁ vc;){é? Cﬁt?ﬁélﬂ §geQ>W ﬁ& a\S%?'tﬁ ﬁﬁb Holgobi ect

X oca rom e skul ost due to
t he nor phol ogl cal openl ng oper at i on(s) obj ect voxels

| ocat ed ar o n t he ries o obj ect nd | os
oo (9 1ERBIHBIASELEr CHES Vel Hig e atsanyad Yoxpig. the set of
O%Eoff S/B;é‘l@z)%l r?g? \‘d}ﬁ{eod atsQJbtshép Qﬁ%&bl@kﬂlﬁ@ﬁé‘ﬁﬁh@%@“@%und
fylng e one or nore | andmarks usi ng
voRelsabpleicality of gbxelsivdich Were @niynclapsified @gfofagrownivoxels due

tcg p%oxnmuty of cortical and non-cortical structures;

(d) identifying and restoring object voxels lost during the excluding sub-
step of step (c), the restored object voxels being: object voxels located far from
the skull, and lost due to the morphological opening operation(s); object voxels
located around the boundaries of the object, and lost due to the morphological
opening operation(s)'; and object voxels lost due to the partial volume effect;

and

(e) identifying the one or more landmarks using the object voxels

identified in the steps (c) and (d).



