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These different tissue classes have different image intensities and thus an MR
image can be segmented based on the image intensities. For example, it may
be desirable to segment brain tissues (WM and GM) from other non-brain

matters.

[0003] A number of approaches of image segmentation have been
developed. Different approaches have been taken depending on the types of
the images. L. P. Clarke et al. reviewed various approaches for MR image
segmentation in ‘MRl Segmentation: Methods and Application”, Magnetic
Resonance Imaging, (1995), Vol. 13, pp 343-368, the contents of which are

incorporated herein by reference.

[0004] The existing imaging analysis techniques can be divided into two
categories: single-contrast and multi-contrast. In a single-contrast image, also

called grey-scale or single image, the intensities of the pixels or voxels in a
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bhaesgi ties of the voxel s/ pixels. [0007] Each of the
conventi onal approaches has sone shortcom ngs. As can
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calculate the threshold from the intensities of the voxels/pixels.

[0007] Each of the conventional approaches has some shortcomings. As
can be appreciated, such shortcomings relate to difficulties arising from two
factors. First, different tissue classes may have different relative intensities in
MR images of different pulse sequences, such as T1-weighted, T2-weighted,
proton density (PD) weighted, spoiled gradient-recalled (SPGR), and fluid
attenuation inversion recovery (FLAIR). Second, the voxels/pixels for different
tissue classes are often not well isolated either in space or in intensity, or in
both. Different tissues may have overlapping intensities, both natural

overlapping and overlapping due to the imaging process such as field
2



tissue classes are often not well isolated either in
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[001Q] sedbnd, ithergejs thaeeed for methods and apparatuses for image

segmentation that can overcome one or more problems mentioned above.
SUMMARY OF THE INVENTION

[0011] In accordance with an aspect of the present invention, there is
provided a method of segmenting a plurality of pixels of an image based on
intensity. The method comprising: selecting first and second clusters of pixels
from the plurality of pixels, the first cluster of pixels having intensities in a first
range, the second cluster of pixels having intensities in a second range, the
intensities in the second range being higher than the intensities in the first
range; selecting a first set of pixels from the first cluster and a second set of
pixels from the second cluster, wherein each pixel of the first and second sets
neighbors at least one pixel from the other one of the first and second sets in

the image; determining a statistical measure of intensity of the first set of
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intensities in the second range being higher than the
intensities in the first range; selecting a first set
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prow ded a nmethod of segnmenting a three-di mensional
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according to the intensity threshold. The subset of voxels may be selected
from a two-dimensional (2D) slice in the 3D image. Both a low intensity
threshold and high intensity threshold may be determined, according to
different methods of thresholding depending on the type of the image. A
region of interest in the image may be determined by: classifying the subset of
voxels into background voxels having intensities in a first range and
foreground voxels having intensities in a second range, the intensities in the
second range being higher than the intensities in the first range; and finding
the largest group of connected foreground voxels, the largest group of

connected foreground voxels and the subset of voxels surrounded by the
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second set of pixels; and means for computing an intensity threshold value

from the statistical measures for segmenting the plurality of pixels.

[0017] In accordance with another aspect of the present invention, there is
provided an apparatus for segmenting a plurality of pixels of an image,
comprising: means for clustering the plurality of pixels into a plurality of
clusters each having pixels of intensities in a respective range; means for
determining a mean intensity value 7 and a standard deviation o from [ for
one of the clusters; and means for determining an intensity threshold value k
for segmenting the plurality of pixels, wherein /= T + a o, a being a number

from 0 to about 3.
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description of specific enbodinents of the invention
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of the present invention, [0021] FIG 1 is a schematic
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flomchart of a nethod of inage segnentation; [0023]
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[0023] FIG. 3Ais a MR image of a head;

[0024] FIG. 3B is a region defined by the skull in the image of FIG. 3A;
[0025] FIGS. 4 to 6 are flowcharts for the method shown in FIG. 2;
[0026] FIG. 7 is a flowchart for a method of thresholding;

[0027] FIG. 8 is a flowchart for a another method of thresholding:;

[0028] FIG. 9 is a flowchart for the method of image segmentation of FIG.
2;

[0029] FIG. 10A is an image of a reference slice of a PD-weighted MR

image of a human head;



[0025] FIGS. 4 to 6 are flowharts for the nethod

shown in FIG 2 ; [0026] FIG 7 is a flowhart for a
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for a another nmethod of thresholding; [0028] FIG 9 is

a flowhart for the nmethod of inmage segnentation of
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' ; d [0038] FIGS., 13A t 3C Lvel
[ORBE & BBt lo e seoresiion {@apB.ol B B AL EIgnd0B: - ¥
segnent ed i mages. DETAI LED DESCRI PTI ON [ 0039]
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met hods of image segnmentation and threshol di ng. These
headhend itadjnarizedearicosegicnted images; in part, by a
comput er device such as conmputer 100 shown in FIG 1,

5 agﬁ%g Pgﬁ?m gt ré%)etcn\?el 2 %@%Idh\?\%(f M]Fk ﬂﬂage of a

as a processor

headrand dta thdrsaridedhanyt segmngnteeinnragetPdnd secondary nenory
106, input 108 and output 110.

[0038] FIGS. 13A to 13C are respectively a FLAIR MR image of a head

and its binarized and segmented images.
DETAILED DESCRIPTION

[0039] Exemplary embodiments of the present invention include methods
of image segmentation and thresholding. These methods may be performed,
at least in part, by a computer device such as computer 100 shown in FIG. 1,

exemplary of embodiments of the present invention.

[0040] Computer 100 has a processor 102, which communicates with
primary memory 104, secondary memory 106, input 108 and output 110.

Computer 100 may optionally communicate with a network (not shown).

[0041] Processor 102 includes one or more processors for processing

computer executable codes and data.

[0042] Each of memories 104 and 106 is an electronic storage comprising
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Conmput er 100 may optionally communicate with a network
(not shown). [0041] Processor 102 includes one or nore
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] renmovabl e, e 112 and
EﬁgFﬁQLjHBV%SﬁﬁévﬁgénP aEEsséf '?h%“%%%ﬁdHQUQHSMFeS and
Q%R VndI8des akeyBoBREBhY & MBOYS. rimem 4186 inS88e a%ucrophone
i nput device may be locally or renotély connected

Bras@Bsshbra comera; ane thehiiei fanay ajgo includs ascamputer readable

0, t put
i ncl uge%eggrrgﬁr@pgﬁfgh%mé&e@f%eag,d %%i %#%%‘gﬁﬁ#ﬁ Jgyice for
acalisspigathedueditey. Iapoh168 neaybaiused .to Petdiad irpuadidphithe user.

h
gﬁﬁ:ﬁﬁ@sder\r/aéélesal T r(‘)%'g d8[ ?e&ﬁ&reiygggég%mfocagocgssor 102, either

ﬁlwgi’égll?ror% *térﬁ#’d &f ﬁﬂh\‘ﬂl‘ﬁ‘i@aﬁ‘i@ntd&%n@@%ﬁe for witing to

medi um LiKk
[0044]  Output 110 may include one or more output devices, which may
include a display device, such as a monitor. Suitable output devices may also
include other devices such as a printer, a speaker, and the like, as well as a
computer writable medium and the device for writing to the medium. Like an

input device, an output device may be local or remote.

[0045] Computer 100 may communicate with other computer systems (not

shown) on a network (not shown).

[0046] It will be understood by those of ordinary skill in the art that
computer system 100 may also include other, either necessary or optional,

components not shown in the figure.



i nput device, an output device nmay be |ocal or renote.
[ 0045] Conputer 100 may communi cate with ot her

W@ 09p04s8 syst ens (not shown) on a networ k ( noPCEHBG2G/000074
[0046] It will be understood by those of ordinary
kill in the art that conputer system 100 may al so
i?WHUde Memary H4.nt96 mucd42 angy stospcoomualter executable code,

e L e
wofiére metiindsededryibpddegsinor 102 causes conputer 100 to

carry out any of the nethods descri bed gerei n. [O|O43]
xanpl e, the c uter executabl e code may | ncl ude

E@@‘gﬁf or %re?’é%ppﬁg?%gﬁé’w als B SHablgecaste Mstelnstudengode for

§éietc_ﬁh'? PikblS D288 b BhE P mERIST ﬁ%’ chekar Qi 1déh%rein, code

statistical neasure of intensity tor each one of the

& deferdingy g, statisticaboesmstics of ontensitynipr @mchndrensf the selected

D TR 5. ST WA B O e
pielabs @ WefdHise averyd of tid fQQti@f ¢AmBh&@ks. TRE a[ﬁgram code

i
plurality of clusters, code for determning a
MaYelsp tijclyde gedader clustesingrixeledvipza plomality of glustarsptode for

' oy olo] - 1. Ng i nt ens, threshol d
efefinip S5 BTSRRI s Roglebtatd BURRE, Bra set of
pixels; ambelef for detéenininggintessiseiredidln vl sss babed BfEble of the

004 can%qk]) appreci ated, methods described herein
hﬁmu}lggse@gnle ﬁleé@'ne)lﬁ”dwp% far selepiingea deaset framiaget of
gbxayits for performng one or nore of the described
cal cul ati ons or functions. For exanple, the functions

of one or nore of the above nentioned program code nay
K049 t dxsrsanbbe sapepiated gmeithads deseigsd]hefein may also be

- dj [ [ ((3D) i . b t ed .
GER PHEER DL A et i PV ingo B 8GoB priiariag cane or
moré oBthe desdrthetl talcPations B fanctions. FEPERAMBRY, $hefuidi®ns of
gresent i nvention. Process S200, as well as other

Re @5k ehiivuaherr setionsd preeEmtcadevmayi ks performed by a
ass ﬁil*’%eraﬁ{ ow, will be illustrated with reference to
a pgrti u1

ar ‘type of images, nmagnetic resonance

[0050] A three-dimensional (3D) image can be segmented according to the
segmentation process $200 illustrated in FIGS. 2 and 4 to 9, exemplary of
embodiments of the present invention. Process $200, as well as other
exemplary embodiments of the present invention described below, will be
illustrated with reference to a particular type of images, magnetic resonance
(MR) images of a head of a human subject. However, it is understood that
embodiments of the present invention can be applied for segmenting other

types of images.

[0051] The MR image may be taken using any suitable techniques and
may include T-weighted, T>-weighted, proton density (PD)-weighted, spoiled
gradient-recalled (SPGR), fluid attenuation inversion recovery (FLAIR)

images, and the like.

[0052] Head tissues visible in typical MR images include cerebrospinal
9



(MR) images of a head of a human subject. However, it
i s understood that enbodi nents of the present

w0 povenod4681 can be applied for segnenting ot herP€pex0ehH00074
i mges. [0051] The MR image nmay be taken using any
suitabl e techni ques and may include T-i-wei ght ed,

flgioneG Sk ddainplissues siafisas yvmtle[maﬂ@r §hiNand wsey eaatter (GM),

a P ersko
BicHbROAE e, GE. old Wb B BB NE e, anc
thes fikesDepending om th@' ﬂhﬁ@indvl%dhﬁi&w difiélend@issue classes may

er ebr OSpI nal fluid (CSF),. brain tissues such as white
ﬁﬁif@ gifferemy imade igiesipiting: ff ableIdigfs tha relathenistensitias for some of
e
ﬁ?g}é@g 1§§u é%eskﬁl‘ﬁh pengéliénag’ onw?}ég?grr%%wﬁe corresponding
.thafeblmloqmg métﬁo‘dsrwhmhtwdidaﬂaded;cammmw lhﬁgie-nﬂdléw eoh-brain

. t t th I
'#'g%a I?‘?‘?Z‘g’f Mgbfrbafb@ﬂo?et e S%I?alet h@éﬁ@t%saés@%nm'ﬂ.wwes

Hl:ﬁ,lcﬁakblbﬂ)e b Bﬁd%ﬂlé@é@ %vi‘é ﬁ%%%ﬁg}lﬂe{]ﬁfa‘ﬁsﬁpaﬁpﬁé%es in
met hods which w Il "be 'descri bed I ntensit
Aomebivi nmages,uelschanae ‘howeidded, SRGRy\bard |FLAIRomsagdse In T,-
intensity,no rain tissues inc one r
Qﬁ%ﬁ? JBBECL ARPHIoRER BeMisPs GOtk auars SVebaiean be
pefthdyRCsFages, such as Ti-wei ghted, SPGR, and
%\I R images. In T2- weighted imges, t he gl obes (or
m)re commonly known as eyeballs) can be brighter than
CSF. TABLE |. Rel ative Intensity Rankings of Tissue
O aBABLE(1= | Beledve llmteﬁs@haenkmga@féfmwm@sses (1= lowest,

1 st rati ont Tpnged eERbAeis ThRSRRS I Ehe  or e

to as brain tissues) are the tissues of interest and

areto be segnmented fromthe|other tissu Ias @
[005 ipe the voxels| or pixels in two 61% 8¥al
(2D) @ anBbrelAl | VaMl Y Glias G$F ed | nt

di ffle ters based ent|rely|on intensity

di strl but i on such as by fuzpy G peans |(F kn

cl ugt dﬁl nog, the Tnifial|classi fication i s
of t ariiANRI9BYeSct or y! f or | s€gnentat | orft pur PAARR, | aSPBEN

be ynderstood gk persons skijred [n the art. _Thus,
f ur thérwelghte@nent ,1 i npf odenend, pr %r dcdASHg| afEBP

of t gN_Necessar y[ or desifabte for pgetermii nég good
2 SRCT

t hr éshoY\@ightedi || | ust r at pd4 3 MASD
SPGR 1 4 3 2 SRCT | MASD
FLAIR 1 3 4 2 SRCT | MASD

[0053] For the purpose of illustration, it is assumed that GM and WM
(referred to as brain tissues) are the tissues of interest and are to be

segmented from the other tissue classes.

[0054] While the voxels, or pixels in two-dimensional (2D) images, can be
initially classified into different clusters based entirely on intensity distribution,

such as by fuzzy C-means (FCM) clustering, the initial classification is often

10



bel ow. [0055] At S210, a reference slice is selected
froma 3D i nage. As can be appreciated, this is not

woewedersy if the image to be segnented is PCT/SG2006/000074
t wodi nensi onal . [0056] As is conventional, a 3D image

IS represented by a set of voxels with various
HIRERHRIAGIPRS 04 17 GBS AP PHEROSve 26 RATIDR dindlesstopdynagrsons

Qﬁll@@qﬁqﬂé'ﬁg?@ u ?I‘Hgtbgﬁ rQﬁHé?ﬂéﬁtl ql%l\;/)&’é\;oe?ﬁa tgfs'ri nga%ésmg are

'S assuned each voxe

bfisn tiecess4igr be siesitableofati deteaaining goodnthrésholtieae iNustrated
hl:zp fromthe subject's right hand side to the |eft
@%%-side, y fromanterior to posterior, and z from
superior to inferior. However, another suitable

5] nad;tesmte%fwc%esw&qg se"l’é’ctﬁél"?rdﬁ? ar@?ﬁHa)ge. As can be

under st ood by persons skilled Iin the art

apphesiatehcthis tibendtnneosssayy df the vimage to ike degotemied is two-

aﬁﬂ%iqe Hnage can be represented by an intensity
%?ﬂ?1(x,y,z). In practice, inmages obtained by

ti me- sequenced scanni ng techniques are typically

SemLil bynidrienak g eix pagdieng dprtessehte'at P@rA88t of voxels
t)), where the tine T can be readily converted to

WBBrW#&tSeWG'TWUQS and )coprdinpies; yThe ogasdippteatsygtem may be
I

D59 RoRd. 1 SHEA0RERD. 4 ndT6E, I8 A8kt Ryt coch

mmge)soba Smima@smaartbreeeﬁ}raemerweebwdtdﬁtass kheg e#ld zewhere x

dis0Bhe UBiskhh BT LBhRSHE fa bt HRcsBOp ko Agterior to
Séstehsr, UBHRT St GRS isip&Adr be Elﬁﬁéfﬁﬁf gwﬁ?vé}m ah@hEPIsuitable
ice of the 3D

to determ ne threshol ds for each s _
corignateysystent anayp det Lsed, cansan g readityi ﬂﬁdeuﬂtmo@w persons

et 4250 25 BN i, RN L3S 8] P60t nc
thepingsen thn deatdprebe M l@\/lanGSFensﬂyffun@!% 4),k). In practice,

tissues. A possible reference slice is the axial slice
'Hh&qsnfmﬁ%@gﬁﬂ ﬁ@"‘%ﬁ?‘é‘r‘@"&ﬁedarﬁﬁaﬁﬂmer’f%fﬂn'ques are typically

R ict 89, 2 SRy BRYed €L MlsREftally (it whers the time *¢
gaidibei mzdily i cohoerteti toncoordiedtes.t Thas,t g ared dpeyek are treated
slice in Hu Q et al, "Fast, accurate and

;
heIeBhas !fﬁergﬁﬁP@%wsn of the nodified Tal airach

cortical |andmarks fromragnetic resonance images"”,
[pBeTpt | TyReanyaaceférentBdiictNMay( B Bolect¥@! such that all tissue

classes of interest are represented within the slice. This way, the threshold(s)
derived from the reference slice can be used to segment the entire 3D image.
As can be understood, it can be advantageous not having to determine
thresholds for each slice of the 3D image, which can be time-consuming or
difficult and may not even be possible. Therefore, the reference slice may be
selected such that it has pixels representing all of WM, GM, CSF, air, and
skull tissues. A possible reference slice is the axial slice passing through the
anterior and posterior commissures, which may be determined through
specifying midsagittal plane and the two commissures. Additional information
on selecting the reference slice can be found in Hu Q. et al, “Fast, accurate

and automatic extraction of the modified Talairach cortical landmarks from
11



53, pp. 970-976 ("Hu(l)"), the contents of which are
i ncorporated herein by reference. In practice, this

w0 efoenence slice may be approxi mated by an axiBCT/SG00€000074
with the third ventricle present and w t hout eyes as
shown in FIG 3A [0058] The reference slice may
@@g@efﬂveeﬁ%manée images| | Magpelic Resanaigeg iny qumme (2005) vol.

SLAP. G150 CALGEEIFE, EBMch® 8 WA oFE 1 dorBgl:g8d Fidrein by

ref/aeage impetsice, ytf\(isl\lréfef@‘fceegltde mayabe alppm(lmétéd b an axial
the 3D i as described in (I); (2) determnin
lise vth fehe 'g'lfﬂ' Ventrisly piasedk aﬁﬁyvlth%lt BHSS rAMSRAM HYHEIG. 3A.
intensity (Nm ; and (3) starting from Sm and al ong
[Pbssfup%b%@éﬁ@égwm o i\ttt MartéhiglorS1 i ce

Sr) an Nm a

whose average Intensity Nr ess
autematitaliye rog exbimpde, theme@yemanaamaamanawampmd
referen slice 11% of a 3D image (not shown). The

“rﬁS‘gEesY" 5“@9@% Yed MR i mage of a human head. As

can be appreciated, the skull 116 and the brain

ti ssues 11@) afatérhmhgmde éK/éra‘gleSih@n%ltY TN? f @adh &8I ize (S;)

120 enclosed in skull 116 is typical he regi on of
ofibeSesimageoas. deprebedin hwlal so i ncl ude the skul |
region or a portion thereof. [0060] Assuming the

reference sl Ferhﬁnuﬂﬁtﬁé‘bﬁial §f|¢1e°§§n)2/gh|8@%§%én?éxnrﬂ'uhw

voxels wit const a he voxel's i n
a\lmag@freelesm/e(l\!s,l); ard t hus have coordinates (x,Yy, z0)
The intensity for the reference slice can thus be

L8 Lkt 68 S 00 AR, 05

ffrb‘D@)tlamlcéqsr)tvh%sfeeé\%rﬁgé @ntehsucyam B (89 er10 oN,| &d they)
or sinpl hereinafter. Further, the intensity

rgtaranee ¢ the reference slice are also referred to as
pi xel s, as is conventional for 2D inmages. [0061] At

@ﬁg% P% R%e ; e éu? ch&thpl& %felréﬂéésgﬁc%t ‘l'i)%1 o@%éﬂ?ﬁ@%gs (not

erence I nma assumed
shoesy - $ketimagalis aﬁ%lb&veightedelulﬁaynagteoﬁbLHumaVFh@adSBs can be

shows. 120, hinari fromthel

Bhvoabs e Skl Jfvand om brainissten i el e Pragare visible
BRE Brath ¥8YioRf 120@ntBEE in skull 116 is typically the region of interest
(ROI). The ROI may also include the skull region or a portion thereof.

[0060] Assuming the reference slice is an axial slice, it consists of all
voxels with a constant z, such as z;. The voxels in the reference slice thus
have coordinates (x,y,z0). The intensity for the reference slice can thus be
denoted by I (x,y,20). For brevity, the z-coordinate for a reference slice is
omitted and the intensity function for the reference slice is denoted by /{x,y)
or simply /- hereinafter. Further, the intensity points for the reference slice are

also referred to as pixels, as is conventional for 2D images.

[0061] At S$220, the ROI is selected. For illustration purposes, the ROI of
the reference image is assumed to be the 2D cross-sectional space defined
by the skull. FIG. 3B shows a ROl 120 binarized from the image of FIG. 3A.
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can be associated with a binary indicator having one
of two possible values, such as 1 and 0. A binarized

w0 pwgao4asd | only have two possi bl e intensiti esPCESGIN0@800074
bl ack or white. In conparison, when an inmage is

fe mented, .a pixel can retain its original int_ensit%/ )
19083] ;| Asids sapeertignakelo. bingpsgjanimage.ueachpbe! iof the image

4 : ; ; |10 2RI
FRE s T LRI o d Sy hop i vaos
slidistasr $ Jral0t A Biharized riesgendillngnlly havier tweo pobsibR irdhsities,
VW an Cég A?“gca\‘/}kbe appreci ated, the specific i
EHeh @§3%Jﬁ REYNEL i ERAMRAEFRRL WheR D iagdesisiregnented, a pixel
b Qi ofs n (see Table 1).
%}é r% ggg?? {Iglgta |F @ﬁe%%@?“gfsv%ﬁ;gﬁg% Frggé Ee i ndi cat ed by

associ ating each voxel with a class indicator having
0eddr fAsirllystesedlie RIG. esthesBEN may lbe selected @B6Hllows. At

5o%2, BN IR b e, S e, B astiieRd S Taulidatdrs 57 o ca)
peITe v dily td @it sind dtmeaBMamiVWaht OSE. P &las pel Afteciated,

in detail herein. Description of the FCM techni que and
Heoeniliceotrespandanes keiwepe & dusieriandre tiesus class will depend

| ectl k [ rd t - ' Kk
RIS Pl GatRs ARS) (S, £8P it SR N vets may
be dndicatedpby atssdciatingieachyvaed avitinaeclas® idieatdehaving one of
onvent jonal classification techni ques nmay al so be
rQspible ilbes ‘Qf"r‘r‘@l%?dit%f}rve fitting and enpirical

fornmul ae. However, FCM clustering may be advant ageous,

LOTU648X anHeevo 8 'may b ¥8ssifibd idﬂgcllg&%m AR alli"chngcﬁustering
CM does _not _assune’ noi se nodel and can give goo
tesboique. derF CM tesbnigpiesis Kneva taapersions eskdliedyin the art and will

PSSR gl BRESl o Ry Bt o
othes seshniques tars ter founddaaReddhifich Wil Fuizyt @bfdctiVe Function

lues with an ECM al gorithm_The intensities of the
S BieBrmPnbe . Bareel biEnUE] Rsees, Mew Varkni1§84, the content of

Wﬁfchi GH& afncroﬁﬂﬂﬁed-rhr‘?erjem i r@(er’éﬁ@@.e%%edioﬁﬁ{rr eBhventional
clusters are different, and two clusters wil ave no
dassifieatsimigchnigersinmgy alsoges sutaiflé sShih heluelet curve fitting and

é:rlnlﬁlshtc%[ Sforarﬂglateh Icgwle\?etr?r}?'é&/ly c[u%?grleﬁg nrﬁgy bbee re?cpvlé\%?ageous, for
example, over a curve fitting technique, because FCM does not assume noise
model and can give good results even if the noise level and intensity

inhomogeneity are high.

[0065] For example, the voxels may be iteratively partitioned into
overlapping classes, or clusters, according to their intensity values with an
FCM algorithm. The intensities of the voxels in each particular cluster are
within a particular range. The intensity ranges of different clusters are

different, and two clusters will have no overlapping intensity ranges.

[0066] Different clusters and their intensity ranges may be ranked
according to a statistical measure of the intensities of their corresponding

pixels, such as the minimum intensity, the maximum intensity, the median

13



according to a statistical neasure of the intensities
of their correspondi ng pixels, such as the m ni num

WO paoensi4ss/, the maxi numintensity, the medi ani PCEBGC200§/000074
the arithnetic nean (average) intensity, the node
i.ntensit or the like. It is assunmed bel ow for ease
dtepaibe rt?;%tﬁrtﬁ'ﬂmﬁﬂﬁtm@% (eyerspe} intansityortbe meade dntensibnpr the

et 1t Sl PSS SRR B brr
rsan&iding ’amﬂ\eirhatdns&y rahkisgsrin %EehﬂmgfbrdbﬁsﬂhuSnﬂfmﬁﬂs‘t Yluster

i,ng. d or all subsequent
(PR e b Sbrintarsly GaiTkGonandneTiRe: Slliseelonas the highest

tirY’l.'@nél n%@% T8 %S 8er ¥ %s QRboR &l %’l?x?éé%{t{?ﬂg cﬁ]ssmcatlon or

adj ac they are ran ed one nex
Thusterirgobetvanivey  ¢lsters)t enstintoy imtengigs rahges ustrer céhsidered

RGeing b adacREEwRRh 3RER arh ety premd Jo The olpsiy This, for
(@&ék@l@%ﬁé lﬁt'éhQW%ﬁ’géé B clust<iad Gl Iﬁ eP)ﬂ ar% adfécent ranges

he” maxi mum intensity o
@ndeﬂj@ﬂer@ 31an<é|4d1ave adjgcentgenkingatn :memsntys about 5. In
MR i mages, the first cluster typically corresponds to

i nd it her
- MoeAACT SR, S FadPRb T neC s (R AR ot
may be chosen through testing or based on experience.
I't has been found thai= U@r-Lﬁplcal MR i nages a valgg

of about 5 can produce g60d results when the inage
data contains relatively high I evels of noise and/or

Hehonuenist the BGBLNALNEBASRy Fagle Bistetlustert®® and “c” is a
reference slice is designated as either background or

tonstignisuuh. asThbsutcarin MRdnages) inefiret tyster ltwld:ezllyr@rtd@onds
e and associ at hﬁ%eeach pi xel a

I E P e af B COGRIBRT Gandy B 6-vabes ofardleh Bpayeh ag from
@Hé'ﬁ of"ﬁ@ﬁe?(?ﬂc(e X/langéiMf E%é?%%t éﬁﬁ‘ste‘?ldtn_rﬁ?%ifteétﬁfg <, l})ased on

lr(x, y herw se
91<§@enicra i’[H@eE’r béen dpurd ghatder rtwl@mg\/lﬂnlmagbsas value of about 5

PR AR Bl 1 Y A0S DL S S vl

oﬁﬁdﬁsgahd,@rumhamo[g@aﬁﬁj The initial skull mask may not
be ideal for defining the RO. For

[0068] At S226, each pixel in the reference slice is designated as either
background or foreground. This can be accomplished by binarizing the
reference slice and associating each pixel with a binary indicator, such as 1

and 0. For this purpose, a skull mask m(x, y) may be constructed where,
if k(x,y) < Is, m(x,y) = 0; otherwise, m(x,y) = 1. (2)

A pixel in the reference slice is designated as a background pixel if its
corresponding skull mask value is 0, or a foreground pixel if its corresponding

skull mask value is 1.

[0069] The initial skull mask may not be ideal for defining the ROI. For
example, there may be more than one isolated foreground components.

Within a connected foreground component, there may be pockets of
14



exanpl e, there may be nore than one isol ated

foreground conponents. Wthin a connected foreground
weewpomast , there nay be pockets of background PCREGH06/000074

surrounded by foreground pixels, referred to as hol es

herei n. Thus, the skull mask nmay need to be refined.

dvgr})um ixels syrreURdaS byrmiarrgiRUnd pixelss fedprraddio as holes
&l U ﬂfge Clﬁﬁlgag 3@@@ b Yo FET&AiRsg out Wi th

conventroh persons skilled in the art.
For exanple, refinenment may be carri ed out by first
[OO703r m'Artgsm phelskgil casslc hiis| poisi nefitrdadé. Such Irefireskent can be

S
F&f éxérﬁllﬁ‘lé RERTEThéM ﬁ%x%@&rred%ﬁ?@cﬁrgeﬁéﬁoﬁnr'ﬁg tphologioal

supra. The norphol ogi cl osi ng carrie
olosingande tskbll enasie senh iasnaith mqlrare@@rucwnrrgeelbmam of side 3

7 Toelrmntesmal i so]ated f round, s
tifer o e Rn At e e Kl 3heSk 12ert SEBF 16 Siggnsity of
BOn&ENNAE Cdetribes ey PHIH, Rupphs The Pﬂdrphdlbg%ﬁ closing may be
det erm ned and t he ot her foreground pi xel s are

FaITigd Auj Mathetis vitalia srgvenianab maspbologisal tecmmte by

setting their associated binary indicator to 0. [0072]
r .
R e SnitRte Sl IXHareqTRigtrdthd SRERL $UEf as those in the
élorllewgmmdhprlarejest |g$om|@orﬂexangeateeldfoa@grbondzgnxejlsrgn m(x y) are
els, for anpl e, by setti its associ ate [
0% 'f)érfems'ra%ﬁ){e %f%ﬁeéA@U@ bels A erlsn%f@rie%% aclseround
biRels! ﬁﬁ'é?@nﬁﬁé ' lﬂﬁgetmig Eh&ir fa@é&ﬂé’r%ﬁr}:qné’r‘y)iﬁdr%a{dr‘ t

final skull "mask B shows an exenp ary
R(] so sel ect ed, vvhere the foreground pi xel s are

B032] ayde aliminate ckes! ib4be gemaningi fraéegroun@ plomyeenend, each
PRt e SUEnbRa, BF, 0 RaRale e B iAo =

fdoedroant pixel)dorexargple, biyesshitrity asstsciaray dgary indicator to 1.
determ ned. In sone applications, onl y one threshold

h bot h |
IOGHT  ntoBatf Tare i o5 necibeas Seqtin | g detimedidy the
fb@é&r@hnd*ﬂﬁél@i’ﬁ e M%k@ll(rﬁésk )n(k§/) dﬁ@r:m 8REwatarednplary

lustrated in
ROI so selected, where the foreground prxels are displayed as black and

background pixels displayed as white.

[0074] After the ROl is selected, an intensity threshold for segmenting the
image can be determined. Both a low and a high threshold value may be
determined. In some applications, only one threshold needs to be determined.
In this example, both low and high thresholds are determined to identify GM
and WM.

[0075] The low threshold (k) is determined at $240, as illustrated in FIGS.
2 and 5.

[0076] As illustrated in FIG. 5, a suitable thresholding method is selected
at S242 based on the particular type of image to be segmented. For T1-
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[0076] As illustrated in FIG 5, a suitable

threshol ding nmethod is selected at S242 based on the
w@amobilebiar type of image to be segnented. ForPCT/SG2006/000074

T1-wei ghted, SPGR and FLAIR i mages, a supervised

range-constrained threshol ding (SRCT) nethod is used

gig , SRERe ansr ALANR tagas, aAd SUDREVised etANgeme@astrained

ARSI RO b ISB O8 SUERT TP 8 g
weighteddmagesila meaSugre Staﬁﬂdrd?degletlﬁnmmfaimmthod is used at

Thr eshol di ng | EEE Transactions on | mage Processing,
Q45 Detsils distha, SRGBamstiod hpvig (hgen) deswibech i el Lopt al.

%p&ﬁg ﬁ’d?\‘g%r @8ﬁ&?£ﬂe@ efrh‘?{e%hwﬁéf ng Ogl%lﬁﬁan%b‘ﬁo% Image

e descri bed be oice o
I?ﬂmceshnngGQGneolhddB oy A28-240 " HhaHEY the eowrieots oflwhich are

know d/ th ' d. i nf i
B0 4148 here ndpeinienass bad MASP FariHonaL b ddsiiprd below.
i mage. As will becone cl ear bel ow, such know edge and

[OOWI Matrhan cﬁ@l&ea|o$°tHr€§ﬁdléiﬁ?e M&hod ke HolHad8 based on
met hod i s applied. For exanple, know edge about the

graspaical dnowdgdas andfosranyt pbien drier asgeised uafermatian @bout the

AR TRt ige P s S5, BB nfBe’ PEolf h Kl HgS betow,

sumgknoWlédg%R@'ﬁdmﬁifbﬂdam@"l amnemhﬁﬂmdeo%omhet thedshslding
advant age of such know e can be apprem at ed,

mgthothis\anrgreefor emmpleamﬂlomqg@ a%ge@e RIRBOftiRs of different
tgé'[g@ gé%eo SutiR a{%e SSGneOa e sué)lﬁtt r%"réépmaﬁpbe used to

I ere eX| antial 1 nt
detemhiap thet Imme’mreﬂr‘oldrfdr br'ﬁhweﬂghiedeSPlGR tdnd%leAlF\’ypmage The

' . Th the | ow thresh i fficult
SREGSaTRMOH | donaBnERBAe « FeBH| Urhotaies nadLantahg of such
IPRWedgs. had, can b@eam&raeratéwnfbr wm&gh@dwaspm@oaﬁbwmm

used for determningt | ow t hr eshol

ineges, thmmtlwesho@ldédwte% ysed to [seoasqtel\NM/%é?%Ib% CSF
e, B8pret TSRS SOftd Pttt BUSHR, BetipbisF and

mankugmdm these tgpesof | nmages Thes, fthedoenibyedhuldtie difficult to
pi xel s at each differenf intensity_|evel

r
Cémseﬁwtfp;rc@mesewwlahre@a@ m%mhewereet%@ﬁmﬁfw on the
dtfet Bendthaf BB Ylt o@lbf rﬁéfé}\ljﬁﬁ’iﬁgfiﬁ% IoWehreshold for
frequency range o e ba kground I'n
segmenting these images w;th good results.

[0078] In the SRCT method, a threshold is determined by minimizing the
classification error within a frequency range of the background. In a given
image, the frequency (number) of pixels at each different intensity level can
vary and the proportion of background pixels to the pixels in the ROI can vary
at different frequencies. The frequency range of the background in which the
proportion of the background to the ROI varies may be estimated through
supervision as described in Hu(ll), supra. Briefly, a lower limit and a higher
limit of the frequency range of the background are determined by supervision,
which may be in the form of training when a number of sample mages with

ground truth are available, or in the form of approximation based on any prior
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proportion of the background to the RO varies may be

estimated t hrough supervision as described in Hu(ll),
weapsao#ss i efly, a lower limt and a hi gher |iPeT/S©1006/000074

t he frequency range of the background are determ ned

by supervision, which nay be in the formof training

kihwedon aryisuabjudgemant Whesesamplenmagss aie ol enaiighie.

avai l able, or in the form of approximtion based on

ri Ae,e [ laid :

Rl ok o d ot O ey e s BRI shold i to

B®-wesidg fareseparatieg aitbend andr IMr kot ds irelativelyeless ddtensity

for,separatin ir/bo WM There is rel ativel .

perieh Bielbiem vBobe pag B VRS, 4re RSk Tunfioind kb efrective

Lhe siielenet hod may be effective and sufficient.

[0080] As illustrated in FIG 2, the high threshold

/t,h) is determ ned_next é‘g S260). As can be _
bci AetiustraiedoindElG.02, et kighi thiesholdwand detghnined next

2t 5265 45 FRACHE 4AHFEERBIL hG Hiber G et Pyl hioh

froestibldd argrbie teveeseddf i mages. For T 1-weighted, SPGR
and FLAIR i mages, the MASD net hod may be used, at
becayse for. th i mages the high threshold is ]
&ﬁ’%ﬁl u?@d”@étrgfaﬁ&af%ﬁ&v\ﬁb SHftetent .tfefmsﬁpymg Rieiheds are again
i h; n [ ad| e
L e e o e rigorCepand FLAIR
mages; thedoBld methiod may lsedsad) at §26datbecaldanat B85 images

8B MO SEkst et Snsenatate ML br Edrdinghioh intensity
heH-BrdiRtistGedSich Bs BBNEMMSFORIMdNatipbsd pairs of
bordering pixels (TPBP) is used, at S265. As w ||

becone clear, the TPBP nethod is suitable for

E0821 at o5 hAwyetahied aaddfDprsightect Imagess ehadigictieshaeld is to
595851 SEpHRND GAUALISE B0 T Sepiiey BRI it wi
8| canvestiafal phredhwlding TRetkmidg Hhes, @ndéBodvaetdrtext to herein as
' . [0083] _Th itable th | di t ,
\DEE I8 VU BRI RO ORHES S T BB ¥ P o8 §24%,AS wil
esomé iedarenre . TREPSHatRSS W Qufssier i SKhRMNMEIWB classes of
t hreshol ding nmethod is inplenmented in

pixels that are adjacent to each other both spatially and in intensity ranking.
As can be appreciated, CSF and GM/WM pixels are such classes of pixels in

T2-weighted and PD-weighted images.

[0083] The suitable thresholding methods for each type of MR images are

also listed in Table | for easy reference.

[0084] Before describing how each thresholding method is implemented in
process $200, a general description of the TPBP and MASD methods is first
given below, with reference to a 2D image, which can be a 2D reference slice
from a 3D image. While pixels are used below to represent the data points in
the intensity histogram, it is understood that the data points can also be

voxels, such as voxels in a 2D slice from a 3D image.
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process S200, a general description of the TPBP and

MASD nethods is first given below, with reference to a
weostreges whi ch can be a 2D reference slice fPORsa 08000074

i mge. Wile pixels are used below to represent the

data points in the intensity it i

o
(MRS st JI6- t7hB!u;ztrﬁt@Sdatpaog%ssqsé%teg%rfg&i{otdﬂlnsc@@@pgqing to the
FPEP AR S Pupld of sroenbBo gl S pIERAS i

according to the TPBP nethod, exenplary of an
0a863i nefite 9PBPFhmethed énsuitaierfor procdsedigoimades fiaBRave the

thod is suitahl e for processing. i es that have, the

RGN (T RICs: e Pasoq s, Rugh Tl Gfkbpoabket into at
(3Rt BRodidkhifibié diSssts. B fade bidgme'lé‘ in%) $orth 3t SIBEst one
Each class of pixels nay format |east one ‘connected
cegnenied regioack sphee.t Wecivas skasses earsobdetering claassedn the

th .that, th i xel i i t f th
ot el B8 Pl Muebsll PG AT e B 580 el loe Tngech or
alen eadrlapOBRd Pihek! &t Idhstasdme! pixelsair® chaeRits are adjacent
nei ghboring) pixels of the other class in space. For

aring) pixelened ke icthereclaaaie sppaRgEOLEXAMPIMER @ magnetic
e clcsass pegct i y es d :
%%%gﬁgagemg\e@een#i %gﬁég%nﬁt?%%r a{h% g\ﬁésﬁléggé%crﬁggi F]égs%ectlvely
botréspiividatedpidls Epresernthngy CBrganibrainstistigshbiacluding both WM
cl assj fi using a suitable classification technique, .
Pﬁ@l M-né%’énv@ﬁt iIBREE PP 'F'iaé’a_tb%rﬁ?k%s@éffﬁq HRMg 3yshitable
. q . " .
B et R G AR o hu icttel RS R aRaf tEdijayes, such
astheECivhiachnigpes of image or in certain applications.
For exanple, when the two classes of pixels to be

SR G R R T A
oRyisefl fhecstaihahpes @F iMdigendt ire¥emaibeasiiebtiod®! Bor example,

[0088] Assuming a suitable 2D inmage has a plurality of
yhea|tBe typictasses Pfixels 4 ersaparaigdArevilistanhieas each other in

%Ql%%g%)fl é&hésgéatiéé}’ﬁb%ﬁ o?finfér?éggl,sgﬁé&ng?g? ﬁ&gﬁg mzy not be

urality of pixel's are selecte
Siimbievor ety atfevpinbed ap@licablel ect ed based on at | east
two criteria.

[0088] Assuming a suitable 2D image has a plurality of pixels, which can

be classified into two classes.

[0089] At S302, two sets of pixels within the plurality of pixels are selected,
denoted S7 and S2. The two sets of pixels are selected based on at least two

criteria.

[0090] First, each set of pixels meets at least one intensity requirement.
This criterion is satisfied when the first set consists of pixels having intensities
in a first range and the second set consists of pixels having intensities in a
second range higher than the first range. The intensity ranges may be
determined in different manners for different applications or image types. For
example, the plurality of pixels may be clustered into two or more clusters

based on intensity and the intensity ranges calculated from statistical
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[0090] First, each set of pixels neets at |east one

intensity requirenent. This criterion is satisfied
wob@e/104368 f i r st set consists of pixels having PCT/SG2006/000074

intensities in a first range and the second set

consi sts ﬁf pi xel s havi_n%ﬁl ntensities in a second
PERRUres ghife Gluaiars, 1Re will ey fupthap dlustraledibalewsi ty
ranges nmay be determned in different manners for

iqéeéﬁlr 5?35?(?6}91!39,0@5&0&?@%&“[5%% Qétserﬁgétseé‘tqgagte%?e spatial

alirty of pixels may be cluster rnto two
nequirashenit & meidgrdsesl abteashioargiixgl feoma théethientsehsThat is, the two
res of_the

SPRoFaR GebGdBng S ibwerh e il dasins iepqsti pn the
Se6RIMAtes @) PeX8hapé tdF thd %él%ﬁcﬁﬁ@e rﬁ?&&itémlaléaegotpncaﬁon,

| east one spatial requirement: it neighbors a
orighporiey pixels May behdefised . diffarantlys ast isant e sedarstood by

i st ixels,bet. the t I :
B e R o B SUUEE A BBl B AR souare
pixetd, swapikeld ardasighbotsavhanphécatd 82onAettaabori ng
pi xel s may be defined differently, as can be

wderst ood by persons skilled in the art. For exanpl e,

14971 Carlpedid Fekpsidenht 108 Ry seifuat Bxgiscars selagied from two
Bluégdrs @ﬁ)&ﬂ%‘ GRRAT SreMreflr @%{escﬁ‘%cf fr%rﬁ%@%ﬁlrgﬁge%fg@?é%. The

I'n one e nment, the two s pI xel's are
twao eiusiers ahay ter selectedi basdesl, omiritehsifyr sudmas doynFCM so that the

lLect ed .he .pl it f pixels. The t
b iuer hag B S oty rdad an e sasntit gusBehassarspeond
rdhsiy raRge HigkerfthaAthé lfilﬂég’ttrﬁh%8.5‘I50r3e>fain‘f1|§lta, fditeﬁf‘ﬁlF\: glfnage of a

range and the second cluster has a second I ntensi _
headethe §rsérclysian mae coirespondirigearairotissesninich)dingwhite and

j e ' ster nmay.c spond.
M, e e e d e b B8 BR8P st ana
sdeoreesestnay bet mispaeivalp sekspsth dohrp tHeSfrst Hne dddoditl clusters,
nd second sets may be respectively selected fromthe

Y requidng thalceeh eixgs pelestedforequd lurdet Raighbaksmat least one
Biixépﬂrm?tethé%tﬂ?& émﬂg}_one cluster neighbors at |east one
I xel

pI xe romthe other cluster. [0093] The two sets of

Fi xels may al so be sel ected based on additional
0093hsi t Yhertwepsats 4f pixelsonay.alfwbei saleaiedehaseat hn additional

nixel. in the ts may.be at | east .a pre-sel ected

BTl el ione ol Mbea e sash Beiin RS 48P e Fiay be at
lpaseh preideiicted istaneg D) awel) fasimfd=m endof dethirafset e pixels
i mage. For an MR inage of a )
within the image, such as ffom a border of the image. For an MR image of a
head the third set may consist of skull pixels and D may have a value of about
10 mm, to ensure that the selected pixels are at least 10 mm away from the
skull pixels. As is apparent, the two sets of bordering pixels are within a ROI
defined by the plurality of pixels but the third set of pixels may be outside of

the ROI.

[0094] At S304, a statistical measure of intensity for each of the two
bordering sets is determined, denoted P; for S7 and P, for S2 respectively.
The statistical measure may be the respective average (arithmetic mean)

intensity for each set. They may also be mean intensities, median intensities,
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head the third set may consist of skull pixels and D
may have a val ue of about 10 mm to ensure that the
w@edoeaoa8 pi xel s are at | east 10 nm away from PEESG62006/H00074
pi xel s. As is apparent, the two sets of bordering
p| xels are wthin a RO defined by the plurality o
oglg| igtansitiesh er semejother eespegtesaen ngiy veliesuios |e@§haf the two

%t?ensn 5 %?éae%éhpaﬁﬁgﬁlﬁeﬂ{ t?\ﬁ%tr?c%l]g saaﬁ%lHég nPdy depend on

thet particoled apgicatioedamt the ity ﬁ]t@mtdtyFiﬂstfrmutIGﬁ and can be made
respectivel The statistical neasure may be t

Pw&mn%k'ﬁ%ﬂa be @if PltahEriewingalhs sﬂeaﬁgaftqn pgwell as the
F@gﬁénﬁgg C,té"gqa,)éréqﬂy al so be nean intensities, nedian

Infensities, node intensities, or sone other expected
intensity values for each of the two sets. The choice
[0095he Fer33Q6yithe thrgpboldf(/sisatansputed asreweighted asgrage of the

M t'agﬁmlthe articular application and the likely
Bsp d"?%?l' Y'8%ti on, and can be made by persons
skilled in the art after reviewi ng this specification
as well as the refergrcg® o led)lmerein. [0095] At (3)

S306, the threshold (/t) is conputed as a WEI ghted

average of the two statjstical measures: = abPi +
Wherey§t ipa conslanisseiek ag framd f@ohsmﬁ]valgam Ua@aVrV@Fb{ depending

on tﬁé‘?g}ﬂ?%&fn?r ggglﬁcaﬁ%}‘u LAY o4 < ﬁ‘gr"ﬁﬁth?'e it Qr&ésﬁ"ék%rto be

appl'i as based on
oeerber anderinctusivedef pikels|fascentainfclgsises|af imaged endtiern
cl asses of imaged matter. [0096] As can be

ERRTS) e R AR AR GRG0 o
§;ba’tta$ Qﬁd Qiﬁteﬂs?&e tBarabististies o Hifieff clads! d’ﬁ]olﬁ@leTﬁ@)éelectlon
made based on prior anatom cal know ed when t he

@fn@getwcvsseatsway heimage basedtaneprioreanaiamigaligewledge when the

RGOS OHRY . intdlfe ) SR il fAshde ARDINEGRHLLS, the

e range i magi ng types and ctond

tbmamhoidllwri leadhen gobd iesalje fomvewits ginipe |dﬁgrr|agmg types and
ave significant intensities

cl t ha |
GRS, GAHIaR WOt GgRug Mver MERPABRGARKSlasses that
RAIE Sigrititamlt Qﬁ/eﬂbﬁmn@aﬁﬁeﬁé"ﬁeﬁaﬁéﬁﬁ%ﬁﬂc c§r‘lt¥§st Averaging over

di fference between different clusters
thier eaydleridg ipingsean atsoseljnminate theh effeois chfoslzi@rdlﬂf@'ence between

different clusters. As the threshold is used to separate the two bordering
clusters, it may be advantageous to concentrate on separating the pairs of

boundary pixels in the two bordering clusters.

[0097] FIG. 8 illustrates a process S400 of thresholding according to the

MASD method, exemplary an embodiment of the present invention.

[0098] At S402, pixels in the ROI are classified into a plurality of clusters
based on their intensity and spatial closeness (C1, ..., CN). The classification
can be carried out using a conventional classification technique, such as FCM

or another suitable clustering or classification technique.
[0099] At S404, a mean intensity (/) and a standard deviation of intensity
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clusters, it may be advantageous to concentrate on
separating the pairs of boundary pixels in the two
whorodaed4pr) cl usters. [0097] FIG 8 ill ustrat esP@r/sSG2006/000074
process S400 of threshol ding according to the MASD
met hod, exenplary an enbodi ment of_the present

i(‘i’l)\/@ftq)'?ﬁ] of top ghistpis axpdetasmirgds The psetiqutsr gluster is chosen

e e
SaRaG o, P Ry B RELDHAL SSHygh °FSr LAARERHY Ycbiss o
plmlhbvvm@t low intemshiesc dhei ddsteutmaysitm aa figstnglestarofGd). For
hassﬁl cation techni qu'@IV ch as FCM or anot her
nading t SSroTrRIXeJ? havingshigh dntengifies ctbprfildgier may be a last
[EI S404 a mean intensity (T) and a standard
evi atlo intensity(s) for one of the clusters are
determ ned The particular cluster is chosen dependi ng
00100 t ypAt SH0Bhithesthodshald)isddaterreihedrey el i mi nat i ng
the class of pixels having lowintensities, the
cluster may be a firsgt Fl 1E{er (C1). For elim.nati?g)
the class of pixels Havi n? igh intensities, the
cluster may be a last cluster (CN). [00100] At $406,
wheré¢ Brieahwindtdrs, sladreasrfrord0eas3/t = T+ b s, (4) where
b is a constant, such as fromO to 3. [00101] Although

RO T et R B S i
P@‘Sﬁéﬁc@rtod§t2qﬁ rh’*n%'g@g the¥ee Altahass ©ah. %IFS WPE@& for determining

hr ee- di mensi onal | mages, as Wi
thresmldatf@ldsewnemlng Gbre(ezc]iln‘iﬁnslqrmi (BDYlimages, as W|Il be further

tation of the threshol ding methods in process
@98{55%5;56% Wfoll ows. [00103] At S244 (FIG 5) of

process S200, the SRCT nethod may be carried out by
[0Ci02] f yi nghé hearficulal Smiplerhbetalfiéh oMt thveshbldiiensethyds in
maxi m ézg)g thes\kl)&%iween-cl ass variance (as described in
PERCEFY AF8)28fotlWeonst rai n of background proportion

in the RO. For instance, the total proportion of air,

m%?:Tnd CRE g2a4t {FIGRQ) Wro@@sé 'Sﬁdoe%é BRET MM may be

4 to 28% articular values for this range
wyled@uﬂ@w@iaﬁaﬂfymgofé@e@lx@a imitzg R&Ylietoctwaneloaters by maximizing

the between-class variance (as described in Hu(ll), supra) with constrain of
background proportion in the ROI. For instance, the total proportion of air,
bone and CSF in the ROl may be limited to the range from 14 to 28%. The
particular values for this range may be determined based on available clinical

statistics.

[00104] The threshold that maximizes the between-class variance is

then determined as the low threshold.

[00105] At §246 of process 8200, the method S$400 is implemented as
follows. Pixels in the ROI are classified into 4 clusters (C1 to C4) by the FCM
technique (at S402). The 4 clusters may respectively correspond to bone/air
(C1), WM (C2), GM (C3), and CSF (C4).

[00106] As discussed above, the initial clusters are often unsatisfactory

21



statistics. [00104] The threshold that maxi m zes the
bet ween-cl ass variance is then determ ned as the | ow

wo boveatabgl. [ 00105] At S246 of process S200, tPET/8€2000000074
S400 is inplenmented as follows. Pixels in the RO are
Flassifie{j into 4 clusters éncqilto C4) b_}{qthe_ FCM i
U ATIGEEHIQD RYIBoSes The 8xampls, dhe ayimuss datensityof the first
el i . ,
e T Do Al Aun by Y theTRurtFiisi C4f fEpfieh not o
goeddhreshalth fert $egraeniing the irsegeefhatthmshpit otes. détefmined

e}nﬁ)le the maximumintensity of the first cluster
%él? ((V&‘?‘ the mninmnumintensity of the fourth cluster
C4)

is often not a good threshold for segnenting the

[0®ie7] The Tharmehelitehsi ' - Ny
[00107]% The nmean ir|1t Snglih{ T?Iﬁ%ﬁgﬁgmﬁggﬁﬂ* bPWﬁ’ensnty (c)
vihg owesitclusierfs] @ye (deteminedr (athS8404ekhesel usiues @n be

B R herRhy e sRfied )RR 2o Tn the art.

[00108] The low threshold /t,iis conputed as (at

Powe] /t, Thellow threshokkh (iSromipetei hs (st $408) 0 to 3.
The actual value of b can be readily chosen by a

person skilled in the ariydepepding on the
application. For exazftﬂ’é TFF‘BD?t 'is desirable to red®ke
m scl assification of non-brain tissue as brain tissue,

whery phiviom bi@her THa! auaSvaleast ett%\fﬁb% reabilly ichok&n by a
desirable to reduce m sclassification of brain ¥| ssue

Berseansiilied in the sl depengdingherv éhey application. viedruexampleh if it is
: . : f_process S200, ..t he

BERRIE 16 58k mistesiieltn SERPaRa LSRR G W el B may

RaYe aaehighessvdlued sutho ok clbisieers (FClt ti9 §ddirdble FM reduce

{"@‘St S40(1),. where the highest cluster (C4) corresponds
C‘t‘ﬁfg'ilf'z PR PrRin, igsUE A nend¥aiBstissien Bgnaohave a smaller

VaROE oy sk rALRRSS 1 and cluster C3 corresponds to WV

or GM [00110] The mean intensity ( 4) and standard

devi ation of intensity (sC4)
[00109] At 8264 of process S$200, the method S400 is implemented as

follows. Pixels in the ROI are classified into 4 clusters (C1 to C4) by FCM (at
$402), where the highest cluster (C4) corresponds to high intensity non-brain
tissues such as bone marrow and adipose, and cluster C3 corresponds to
WM or GM.

[00110] The mean intensity (I°*) and standard deviation of intensity (%)
for cluster C4 are calculated (at $404).

[00111] The high threshold 4 is computed as (at S406):
/t.h - I'C4+ B 0.C4’ (6)
where f is from 0 to 3, but may have a different value as in equation (5).

[00112] At 8265 of process 8200, the method $300 is implemented as
illustrated in FIG. 9.
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for cluster C4 are calculated (at S404). [001 11] The

hi gh threshold /t h is conputed as (at $S406): /t,h =/
W@2006/1446C4, (6) where b is fromO to 3, but nBYT/bE286/600074

di fferent value as in equation (5). [00112] At S265 of

ﬁqo,ﬁ@as 823_% t he met hod S300. is inpl epent as

r at ed NEnP@ering. %Qf@@rﬁﬂrsﬁﬁéleﬁtﬁ%l@?'% 3ed S266 5268,
f5|2|7§t s9 %%q:lb 302, and S266, S268, S270, S272 and

S274) F 0114 this exanple, the first set of

|xels are assuned to correspond to brain tissues

F M114Qi ng bothis exampte, e fired sehef gikelsrate smsunfedpioxadreespond

B Bl TS IR ERhG SRR RM el A 8 s rugt sk pixels are
B @hed @b cbhespénd ko TFFK.Ad %Eé]apﬁ?@cléf&t [ fwo sets of pixels

requi renents are that each nei ghboring pair of
3ea fosegieung iixels of thenekullbmapk.xel are 8- connected and
each pixel in the two sets is at least 10 mm (i.e

{81, T e Pl e RREH AR o a et

set pixal lanolexsée()nd [se pixkhlard FBcomiestad tahdcéadrﬁbiﬁl @ €he two
det er m ned |ows. Pixels of the

SPEdS o {east :ﬁ’t ranh(h%dﬁtam% s @rrt)yavmvfrpat eapipbpckground
bixel (1S, th8%Kird Bgﬁoml%‘lg%tr? 'S)g'tckg%&la fix 1€6r SRull pixels),

corresponds to responds
However, the relative intensities between CSF and GM
F00416] f f er Ehe intermity @:rﬁdrn@l:ara/ed@ibtmmadnage‘elloW’huE’ixels of the

REL 4ierThetied TG 4 el GhaRef 5 BAREATRR56) TS ifcepse, the
h@hésﬂ'ﬁntlaﬂ)rclLBEéN@ﬂg&HrQ%p()ﬁaﬁ% C$P03Ad kiUs®r C3 corresponds to

T2-wei ghted | mages, hi u per) and low i ntensuﬁy
G- Hewsver; éh%dﬁt%watl@ nmtle(sstzatwpen/QSE and GlMare1diffeent in

¥ )atg% ?%&#ed'tﬁn 4;{5)(n?lﬂlsmjcmférréh?r\ﬁbh%lt\?fcn%rfésta% used for

MU i Nt el t
wek@rgaﬂmdtvm berdering $dte dePlenddef onrwﬂéther tHeeinhanye is a To- or

tens ff /L my be calculated froma
a‘@'?'@bf%da&%gsure of the first or second initial
[00117] For T>-weighted images, high (or upper) and low intensity cut-
offs are calculated by (S270):

l Ilg:l 1 and IL = ngax ! (7)

where I:! is the minimum intensity of cluster C4) and IZ_ is the maximum

intensity of the background pixels in the ROI. Optionally, the low intensity cut-
off /. may be calculated from a statistical measure of the first or second initial
cluster C1 or C2. For example, | may equal to the maximum intensity of C1
plus a constant such as 5, or, /. may equal to the minimum intensity of C2 plus

a constant.

[00118] For PD-weighted images, the high and low intensity cut-offs are
calculated by (8272):
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cluster Cl1 or C2. For exanple, /|_ may equal to the

maxi mumintensity of C 1 plus a constant such as 5 ,
woergosiremesequal to the mnimumintensity of C2 PETISGZ006/000074

constant. [001 18] For PD-wei ghted i mages, the high

and low intensity cut-offg, are cal culated.py (S272):AJ

=(/c4 + Yi sca)li=dngt N10:4)(a0@/Lﬁ(fS "ZYBQC% . (8)®

where g i is about 1 and where 2 is about 3. [00119]

Reers 9] _RSsh i 1t ' e intensity ranges for

t he two :aZotS ar%ﬁjr{é’g%g%ﬁﬁ yOL%efi ned by: where | and

|2 are the respective intensities of pixels in the

[00k9] and Regerdleseiof th¢ ddage]tymdethenmi¢nsityeranggssfet she two

f. pixels are selected hased on, in part, equation
%353’81’8{6%4[\/83"1%6%(: e®i on of the two borderi ng sets
is otherwi se as described above in relation to nethod

S300. Al pixel ¢ Fretarthg 3 ptensity and spatial (9)

criteria are selected. [00121] At S276, the average

i ntensi t. Zi and T2) for each. set_ is respectively

WheER [arhlz arthe resnestive Hiensitessabrixgledn dhe finst agidesecond
pectively the statistical nmeasures P -\ and P2 in

equation (3). [00122] At S278, and corresponding to

S306 and equation (3), the high threshold intensity

[00120] i s Thedwbadiarderiny sets bf pixels/ aretsdlécted)based ¢ri,ah part,

' 0. 1 -h I f A .
ST ) o 527 The cplart R of e R inciod g, 580 therwise as
aesorieidhatiovd i Feldfsn tEPhathb@ $BOM VAN pixels meeting the intensity
underincl usive of pixels for certain classes of

gnd spatial arifeisharecselected. excl ude brain tissues is
bi gger than the cost to include non-brain tissues in

gmenhatd ' rogt Orpgal f t :
(BAATOTSTARt S, BiSTAMEGDSpAR 1A 0 ol ok ot s
respentively | ealsulaitedit iTdris ecoroestdmels 4o sB30Ud dme Ty 5and L are

0012 illustragted in FI.G 2, _once the | gw and
{ﬁsﬁﬁcﬂﬁj\é@?ﬁ)? Séﬁ MRIYGY Eé@,n%t’?‘?eml’eé‘*@t“@ﬂc(g)'sl ice or

t he whol e i nage may be binarized at S280.

[00122] At §278, and corresponding to 8306 and equation (3), the high

threshold intensity (/) is calculated as:
ln=0ol +(1-0) b, (10)

where a is from 0 to 1. The value of a may vary depending on the particular
application, again based on whether it is desirable to be over- or under-
inclusive of pixels for certain classes of tissues. If the cost to exclude brain
tissues is bigger than the cost to include non-brain tissues in the
segmentation, a should be bigger than 0.5. If both costs are equally important

or one wants to have minimum classification error then a should be 0.5.

[00123] As illustrated in FIG. 2, once the low and high thresholds are
determined, the reference slice or the whole image may be binarized at $280.
For example, each voxel in the image may be associated with a value of 1 if

its intensity is in the range from &, to ky, and a value of 0 if otherwise.
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For exanpl e, each voxel in the inmage nay be associ at ed
wth a value of 1 if its intensity is in the range
wo e@aiid48 to /t, h, and a value of O if PCT/SG2006/000074

ot herwi se.[00124] A binarization function or

i narization mask b (x,y,z) can be constructed, where,
li%mﬂfl], <4\@0%2@}'0%'?%09(9&tgmawzai'oy;maﬁlﬁ X/ &% can be

3 ( 1 1) [00125] FIGS. 10A to 10HL 11A to

%%’t%f@,&it%l%ﬁc and 13A to 13C show i nages of exanpl e
reference slices and their segnmentation according to
pr dessIsRaPs [Q0BR6].2)FF &; db@viise,dB(xiwage Oof an (11)
exenpl ary reference slice of a PDweighted MR i mage of

Rodd8] 0 TR SRR TP TERCRG RERTHR. TRy =Bl B dg 1oc
SHAMMrhAged of exAfpR eférefcoklitd{and Geinssghehioh@ccording to
process S200 at S220. [00127] The intensity histogram

procass S2AB. pi xels in the RO is shown in FIG 10C. The
x-axi s values indicate the pixel intensity and the

, | S :
OUFESE, 1y, MRS 10K Bhdid® ¢h AP She it Eictofibe 86 of @ PD-
weigated MR ymagetofnadushan hedd! beleetads aocording precess S200 at

SBQTEE B gfon BRRAR (fbee ploniog) e ROIselbelkslugom the

Sl el . S
oo 3 b ElG 10T S0k SE0Q ASEZYT ) U1

RO, where the boundary pairs were determ ned _ ]
[99d@vHi ng Tle prtessits histogram obaldhe gixets amdhaRA is| shown in
J . Lptensitles, St ,
AR A AR Aok BRI B8 otes
iatidate tHeomahberolsixer dtheachi iglensity hRs civh pexsden, ahe irtensities
the | ower range and the CSF pixels are in the higher

ofafife Ps ity peorskwiousiyh @ngwineranige 80 aebYiss o\l apoint for

' i i [ .4 he i mage of
e SR Y AL PRSPt & 10D as
whi te and non-boundary pixels as black. [00130] FIG
[0028F a UFlGar 19Bd shesge tbe irtensitf dristegears| iofepixels at the

812 06383 e VR AN et R BEAL G ST dPRRr g where
tHei Peund0y asdirsSafPe (détermmel seddramy angrodess S200 at S266,
S$272 and $274. In FIG. 10D the pixels have intensities in two distinct, narrow,
and adjacent ranges, a lower range on the left and a higher range on the right.
The GM pixels are in the lower range and the CSF pixels are in the higher

range. As can be seen, the two ranges do not overlap.

[00129] FIG. 10E is a binarized image of the image of FIG. 10A showing
the boundary pixels of FIG. 10D as white and non-boundary pixels as black.

[00130] FIG. 10F is a binarized image of the reference slice of FIG. 10A
based on thresholds determined according to process $200, where the high
threshold was determined using process S$300 (the TPBP method) and the

low threshold is determined according to equation (8) for “/,”.

[00131] In comparison, FIG. 10G is a binarized image of the reference
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| ow threshold is determ ned according to equation (8)
for "A" . [00131] In conparison, FIG 10Gis a
whreanoaesl i nage of the referenceslice of FI G PAIBG2006/000074

based on threshol ds determ ned according to a sinple
in the are classified

Cl\/l d th ]
rf%@f M’Egé& OBﬁh%é){()reJLf%%%f@rmH@daaﬁmr 89118\ sifple FCM
me@mbd hx/ﬁéaoﬂh@s iREI8 ih qﬁ@g%Léﬁé Y Biel! .chmaar'crﬁé%g.%' :gy FCM
of the second c uster an e maxi numintensity of the
clhstecmngl asd e¢the [O(W)HBIEI] high tfaaslb@damreeneaieedvéiy the minimum

eeTocat 6 5 FonmbElbleR <108 SVRAaT R TiFpe e a pluster
over the simpl e FCM net hod. As can be seen, nuch fewer

[00q3ks ar eAsxehnides apsprEb@tecl%‘y tﬂ@Qoh@ ﬁdnféd JiHQHCet het after

excl uded pixels are shown as white pixels). The reason
PompaIing MG o1 @ncind 4005 kasyTERR: mathod Hiredgerse Ant Weproved

N e

exc&mtéce in \MYGPiPOH thear i mmbek(atw delidedpbEa sse fs|h©0l/n as
B he si rm,_e FCM net hod due to substantial intensity
WOEe |RKEI8hd

heeasaiy forclivs diffarenears thkely m@é; in this case, the
TS o OB R 165 A e

prertaps N800y castrashn fer eppmet, W\, pirélasaid intati hkely to be

. . t Far exanp] e,
RS rp s pindle S USRI Hoe € SUiista el TR gveriap
A varsade 6ahirast r@aetﬁé)lavmtlﬁtreﬁswﬁmnacﬁ tROVIR SRéls.

i mge inhonogeneity. [00134] FIG '11A shows a typi cal

reference slice of a Tl-weighted MR inmage of a human

§99443]1 FI G KB éﬂbhss £ bsqsmﬁerzt@d image th:a cBO:lmf &kg. 10B

Ao EKEe s SRRETRAY bR ialad g P BRR s may

@&dstlinGheesquenentell ?nagaao\é%’reémrmﬁlh geSOMmekullzpokeg,agb G\éISIb|e in
d t I ma an

AT 5~ Fores B quepparoalionihianaranets Suhas npis, anhinage

iAREMBREREIty.mges of a FLAIR MR image. All of these

segnent ed 1 mages were segnented according to process

S200. [00135] As can be appreci ated by persons skilled
[0A184E ar tFIG.HKIA shows a typical reference ‘slice of a T1-weighted MR

image of a human head. FIG 11B shows a binarized image of FIG. 11A and

FIG. 11C shows a segmented image of FIG. 11A based on the binarized
image of FIG. 11B. Similarly, FIGS. 12A to 12C respectively show reference,
binarized, and segmented images of a T2-weighted MR image; and FIGS.
13A to 13C respectively show reference, binarized, and segmented images of
a FLAIR MR image. All of these segmented images were segmented

according to process S$200.

[00135] As can be appreciated by persons skilled in the art, the
segmented images are of good quality for all four different types of MR

images.

[00136] It can be appreciated that in different embodiments, an image

may be classified into more or less than four clusters, depending on the type
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segnented i mages are of good quality for all four
different types of MR images. [00136] It can be

wappsaeidet ed that in different enbodi nents, anPCTagE06/000074
may be classified into nore or |ess than four

clusters, dependlng on the typeof i mages, and tissu
flimages ape Isﬁtlércé%stsesl‘?f iRfgFRst aé‘bﬁpﬁfﬁ aRplisatigns, a classmcatlon

fibg Sl Bét ﬁﬁoﬁﬁﬁ n\ﬁ[i%fe %ﬁﬁ Ié’rﬂéﬁﬂn?ﬂblaho?ne?u Hagp'tﬁe FCM

techni er t echnique, as w |
teddeigee oamlwﬂlyba upderstood ky bl pEatsom sk|l1ed arthe 4H0137] It
shoul d al so be understood that intensity of the inage

BT Fort SRaMTst e Pasiiloed han et FEipeL Bt may be

repR&@nted m Sy bméﬂﬂé'rﬁdnﬂ'@)érﬁ.\emrﬁﬂf &S8Rty é)@n%lé hlﬂra smgle

l'ight or dark color. [001 As can be under st ood
W@eé grepecale dmaget arfygh ynter\snéys maydbermpraeed@tdemrﬁlﬂf@cﬂ light
%ﬂo a %) sui tabl e subset of voxels of the 3D inmage,
AR REED not be a 2D slice of the 3D i mage. A
sui t abl e subset shoul d have voxel s associated wth

[08¢B8possiAd eanl s sirdemtood XAl frosess 1$2001 ke mt&m‘iy theeshold
sufficiently representative of the whole set.

raaYy P8 det@wegd drom apy sulitaplgesuhiget stw@a@ime éaslmage which
r{éé‘a' M%éawgﬁ&doméeé@ i é&etﬂgﬁu tQBFe?dB“ste?Eﬁb&M @aﬁ% voxels

spatial requirenments may Pe lise termnin
adsoeimlfed dwith O@ésﬂﬁ]po‘élsd)lexeia&tﬂ yof e rbxels nwtﬂnad:lemer shbeset is

A EhrEa aale PEgRE it SEtn GO ARRB HePot R dgiages. the
duiBsR BUBé?@tSﬁiengchHU% tdohRebRbdydebISEEH Ofat atﬁﬁﬁrlﬁ'[erﬂﬂlty and
to aspects of the present invention can be readil

sna}tiabmmr@mem Mzt be used fargatemmsingnibetth rsholt.

i mges. GCood performance can be expected even when

i's v ' 0
PIESEL oo, "GRG BTy SORROIRAIRI S hbed AT bl PR wide
appdicatidred irmdmeage pmateesxnpgeamlqdmgnhedmad lralagaqomaesémg and
derstood fromthis description apd the dr gs
Qg bhed of dwadh Prrceasio. [ i diesopdint raehopRescqiving to
a%%%éfs' B?C{hénpr‘@ébﬂ?%\?erﬁfoﬁ bﬁﬁ%@%aﬁﬁy hﬁ]p‘lélﬁéﬁtteﬁaFdrVﬁanous
onl In no way limting. descri bed enbodi nents
sﬁuetlons and types of images. Good performance can be expected even

when there is heavy noise and inhomogeneity.

[00140] Other features, benefits and advantages of the embodiments
described herein not expressly mentioned above can be understood from this

description and the drawings by those skilled in the art.

[00141] Of course, the above described embodiments are intended to be
illustrative only and in no way limiting. The described embodiments are
susceptible to many modifications of form, arrangement of parts, details and
order of operation. The invention, rather, is intended to encompass all such

modification within its scope, as defined by the claims.
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susceptible to many nodifications of form arrangenent
of parts, details and order of operation. The
WO pwenod46s, rather, is intended to enconpass aPCT/SGLING6/000074
nodi fication within its scope, as defined by the
claims. WHAT IS CLAIMED I'S: 1. A nethod of segnmenting a

I [ ' I s of an i mage based on intensity,
@Q#’%?ﬁ%%ml sing: sel ec?i ng fi rst and secong

| usters i xel s.from sai.d Iur of pixels, said
§i A o P S Tentng AOINAIN: ] RS 46 EnBabe baser drot
@S ic RIBASH BbuBiRIGoT Pl xels havi ng

|ntenS|t|es In a secon said intensities in
sai d, second range bei ng hi er tha ai d |q%ensghles

in S@iﬁ ng;tirst ap nﬁ%‘or‘geF'@%%r%@fao'ﬁ? ford e3al fp|‘|ﬂ)r W ef pixels,
fr %@icﬁﬂfsﬂ dildiet 8@ g‘t&«*—.‘l@ha@ﬁ%ﬂﬁﬂéﬁéﬁ@&dl atfiref ré’r‘l | $id second
sal d

from sal d secon ter erein eac pi xel
fi robustendf Qb«edmdmaymgslrmmsyﬂrﬁmrrs aasedombtartgee qaldéhtensities in

fromheotero said, first..and s o

o] e GooBiaing Rige® tharl Sae a3 fEs N saRist nge;

i ntensit of saldf r st t of el s an

st éﬁ?%qt'ﬂ A Tirglagelr ¢ BP@%%@H&??@ é‘lSt é%tﬁilers,él?@rﬂ‘j sgepnehsset of
(’gﬁ}iésf ﬂpsﬁa%‘ébhag:h?éﬁer‘ Wr%‘ﬂélptéé&rﬁlﬁélhﬂlééld’ ft s‘t'%nd second

sa| statistical measures for segnmenting said
pI sedd |ntejglrrh‘orsp|atelaast 2ne pixel rﬁm*rhdtleocbther aime of said first and
wherein,sajd p a |t of pixels are clustered into a
pl gpgpp%e mcﬁqﬁi{r@?% ‘each havi ng a ranking in

i ntensit said first and second clusters havin

adj sté%rmlxmarw istical MRA_WS; ¢fintepsityal sid ALY 5&? of phielg and
1 g st‘éhﬁidé‘l ﬁneasﬂ?@bﬁln@eﬁéﬂg%ﬂs@ﬁoﬁé@dddﬂ éé‘trcﬁ?”s@léi AR ue
| s calculated as a wel average of sal

o a'b@:fd{lﬁgl arg‘?rﬂ \Aﬁélﬁﬁ ihrésholgr\%lﬂ%tﬁrb?ﬁ s%Fd aitisHes r‘ﬁfeasures for

erein sai i stical neasures are
r espgotamiial \sakRl pluralitgd oPpiasets.sai d i ntensity threshol d
value is /t,where /t = a Pi + (1- a) Pz, a being a

@uﬁ@%rméflﬁger &ifint 1, whel&f 5 E S/ cﬁrbfxé?é‘gx]rgfcl&lté}jeﬂﬁnto a

el n eath one of s atistic measur es
i s pheblitytaf dlistens woiremwngzarredklag in imtdnsityysaé it amdeecond

gft&rqsgefrggm%r}geggapg@ranﬁmgs n |nc{en3| h one of said

3. The method of claim 1 or claim 2, wherein said intensity threshold value is

calculated as a weighted average of said statistical measures.

4. The method of any one of claims 1 to 3, wherein said statistical measures
are respectively Py and P> and said intensity threshold value is k where |, =

a Py + (1- a) P, a being a number from 0 to 1.

5. The method of any one of claims 1 to 4, wherein each one of said

statistical measures is selected from a mean, a median, and a mode.

6. The method of claim 5, wherein said each one of said statistical measures

is an arithmetic mean.
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is an arithmetic nmean.7 . The nmethod of any one of

clains 1 to 6, wherein said image is an imge of a
whemd/ 10868 The nmethod of claim 7, each pixel o0PCH&GZ06/000074

first and second sets is at |east a pre-selected

di stance away from each one of a third set of pixels
fof TBaingethpe g8 any onenf Glaimsodl tof, whareh saidimeaas is amingege of

thérh%ﬁﬁet of pixels are designated as skull pixels.

e method of claim9, wherein said plurality of

pi xels are within a selected region of interest in

&aTHe inmged of tlalime7 , retchquixeifof claid finst Bnd \sieeord rsekﬁlsdat least a

i on of est is a_region defin sai d_skul
p. i SeiSgted SRlanie R HPTLRGCR S BItATShSe of FOls o said
%%_ said pre-selected distance is about 10 nm 13.
The thod of any one of clains 8 to 12, wherein each
pi xel of said first and second sets is 8-connected to
Qat Th@areeth@deofpilalm 8pherein st thigkbset aipixgliscaneedésignated as
¥ @p@ % clains 8 to.12, wherein each pixel of said - -
' § "8'Ssecond sets is 4-connected to at | east one
pi xel of the other set. 15. The nmethod of any one of

10. FhesmBtiiadl ot clhimi t iewhepsinr s&idn gludakty goflpixds earehwithin a
one of said plurality of pixels as one of a background
pi fectefegignpidgiesesidn ﬁﬁ%ﬂmqgﬁa a skull mask, wherein

sald first and second clusters of pixels are sel ected

1f1r¢ﬁéfn%tﬁ88‘2#'&féuﬁ’l' Wlﬁh&élrﬁﬁe‘ug régl‘éln'of'ﬁt% st38a rEfon defined

hod of claiml 'wher el n one said first an
seby)ﬁaldﬁl‘{ufﬂtrex@scorresponds to grey matter and white
matter, and the other of said first and second

FAYR PRI G018, SRR AL ot b pliGprcts
andisggrend abbust@nsmconpri ses clustering said
plurality of pixels into a first initial cluster (Cl)

185 o ahelPod o1 2t G ShAHIGSLD 21 BHRRD GecT P phSaid frt

' néﬁdl §éc<514|d4§éi§ﬁs @Q:Bnn‘é%féoeﬁpftrlgéé’t%rfeoﬁﬁ%ﬂﬁéto?ﬁer suyd
a fourth initial cluster correspondi ng t

cerebrosE|naI _ o
14. The method of any one of claims 8 to 12, wherein each pixel of said first

and second sets is 4-connected to at least one pixel of the other set.

15.The method of any one of claims 8 to 14, further comprising designating
each one of said plurality of pixels as one of a background pixel and a
foreground pixel in a skull mask, wherein said first and second clusters of

pixels are selected from foreground pixels of said skull mask.

16.The method of claim 15, wherein one of said first and second clusters
corresponds to grey matter and white matter, and the other of said first

and second clusters corresponds to cerebrospinal fluid.

17.The method of claim 16, wherein said selecting said first and second
clusters comprises clustering said plurality of pixels into a first initial cluster
(C1) corresponding to a non-brain tissue, a second initial cluster (C2)

corresponding to white matter, a third initial cluster (C3) corresponding to
29



fluid. 18. The nethod of claim17, wherein said

clustering conprises fuzzy G neans clustering. 19. The
woredohoat4e§ cl aim 17 or claim 18, wherein said POE§E2006000074

a T2-wei ghted magnetic resonance imge. 20. The net hod

of claim 19, wherein said fourth initial cluster has a .

ni Arewimatter.cans ajowdh initigl clistersi4) apsasyepding tpiceselrospinal

ha |'{(1jg a maxi mumintensity value / ax , said first

range bei ng between / 3x and J1 n , said second range

being >/ . 2 1. The nethod of claim17 or claim 18,

1 &hei methaiddofiaisige 17 swhengirosaid deastering coRPrisesifgitye@-means

mag[l%&i ¢ resonance imge. 22. The nethod of claim2 1,

wh %IN%aid first initial cluster has a nean

intensity value and a standard deviation of intensity

5. The RatHbd SUEIRIn 171 & @hin® MBS WilerdiiSsald Rage i9BENSWEhted

value F4 and a standard deviation of intensity sc4,

samidgnetistresanaywedoiagg. bet ween ( 1+ g2 sc 1) and ( 4 +

gi sC4) , said second range being (F4 + gi sC4) ,

B ' ey _ d_af

L 3h8BelnpSonraih b SRSl B o el Rad g pfimum

| NiRBRsTHY vapdl gimeshiathLRGRIUrR Piiels hHFhgr 4 MHaGf Ui intensity

plurality of piXels into a plurality of Clusters each

havane Pi xedfid dfstirBhghbeingasetivBed I'eSaRG iy essianr@eond range

min

determinihg a nean intensity val ue™fand a"Standard

deyfg s from/ for pixels in one of said clusters;

and déterfffning an intensity threshold value /t for
segnmenting said plurality of pixels, wherein /t =T+ b

1. Thebmiatipodh afucthien T4 om daino 1&)ouber@in Z4id Tmageeishadproton
of cl aj wherein said clustering conprises fuzzy

& HenRy T vEigE Pretehe eaiasiredmadal m 23 or i ai m
24, wherein said image is an image of a head of a
BUlheCinethod of claim 21, wherein said first initial cluster has a mean

intensity value I°' and a standard deviation of intensity o©, said fourth

I°* and a standard deviation of

initial cluster has a mean intensity value
intensity o®, said first range being between (I°'+ y, a®') and (I°* + y; 6%,
said second range being = (I°* + y; 0®*), where y; is about 1 and y is

about 3.

23.A method of segmenting a plurality of pixels of an image based on

intensity, said method comprising:

clustering said plurality of pixels into a plurality of clusters each having

pixels of intensities in a respective range;

determining a mean intensity value [ and a standard deviation o from I for

pixels in one of said clusters; and

determining an intensity threshold value /; for segmenting said plurality of

pixels, wherein |y =T + B g, B being a number from 0 to about 3.

24.The method of claim 23, wherein said clustering comprises fuzzy C-means
clustering.
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26. The nethod of claim 25, wherein said inage is a

magneti c resonance i mage, and said plurality of

w@bwstienss conpri ses four clusters correspondi NRCT/8G2006/000074

respectively, a non-brain tissue, white matter, grey

n%tf and cerebros |naI fluid. 27. The method of

% '?ﬁ ms%thwh@ Elamst ar fERet4 Mh%@&h&ﬁ'@'ém%@g@ grsinggge of a
fq F @ and proton-density weighted inmages,

sal one cluster having the Iowest intensity ranking

wthin said four clusters. 28. The nethod of claim 27,

vhelfhe mdthod ofr olm'rﬁ 2% ®headn sHick imagkoid a)fmagnaeﬁn Pésonance

wher ei n sai,d C re opnance i m

T e 0K SR gLralty o TR Goupies. fodt Sl stars c3peaponding

' rrqge redpectively, U'ad ndhLigRiR tisdfiel NYRES | RAHEEC QYEY Ymatter, and

( FLAI R% I mage, sai d one cluster having the highest

thﬂﬁ@ Wpﬂmhﬂuﬁg within said four clusters. 30. The

met hod of claim?29, wherein b is about 3. 3 1. A nethod

O SROMBIALY) QB AL SR P S B ono o

eacn-\lverght@ and iprotonsdénsitynaleightettindegey; isaic dnvi dilistenRaving
nlE? plurality of voxel classes, said nethod
|

laweg} intepsity ramdng vithRseaid deurselisteset of voxel s,

sal d subset having voxels respectively associated with

o8CThePRRtidd éﬁélerHQ#ebvh%Pélﬁl%‘jé frohe &by ni ng an

intensity threshold fromsaid subset of voxels; and
segnenting said 3D i rage according to said intensity
2Rr B¥holethodof claine 2hevheteinisaid aiagnstic resananserimeagieds one of

i d QR GG, SEtkd WhefistbRecBGCERER) HRbe, and o

corfluid sittegusiiore lirsversionaiedodlys{ALPER) Ihagéhanteddid bref cluster
claim3 1 or, claim 32, wherein _said intensity

t hraving e kighestdriensity rapking Withip sajd ziOlr*fefﬂH%f@r%f any
one of clains 1 to 30.34. The nethod of claim3 1 or

gbafHa Béthd S Qhith 291 \ﬁ’/h@?élﬁﬁ% BloBgt 8N i ntensity

t hreshol d conprises determning a | ow threshold and a
high threshold, and said 3D image is segnented
at doroethwd ef beegmentingi @l these-divdensignal (3D) image based on

intensity, said 3D image comprising a set of voxels each having an
intensity and being associated with one of a plurality of voxel classes, said

method comprising:

selecting a subset of said set of voxels, said subset having voxels

respectively associated with each one of said voxel classes;
determining an intensity threshold from said subset of voxels; and

segmenting said 3D image according to said intensity threshold.

32.The method of claim 31, wherein said selecting comprises selecting a two-
dimensional (2D) slice in said 3D image, said subset of voxels comprising

voxels in said 2D slice.

33.The method of claim 31 or claim 32, wherein said intensity threshold is

determined according to a method of any one of claims 1 to 30.
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t hreshol ds. 35. The nethod of claim 34, wherein said
3D inmage is a magnetic resonance i nage of a head of a
W@ apaets68 36. The net hod of clai m 35, wherei n PEBGTNG000074
of said first and second intensity thresholds is
ggt rm ned accordln% to a respective threshol ding

t igimethech abelpirg 37t dreclpifa ge, Wheeeiprsaicfatesmining g intensity
37. tlgg%g]logﬁg&g]ﬁgné’és aét%'rﬁ’i‘irﬁﬁ% gﬁ@ftﬁr&h%gi g %VYHQWhr%%HQId and

t hr respective eternined accor
di fdada 31 itrfages lsolkdgmegntedt odsrdidg. toThethmef huzdd dﬁw and high
cl a}hg%? wherein said 3D inage is one of a
Rldsy i mge and a PD-weighted inmage, said
determ ning said | ow and high threshol ds conpri sing

Q§t'ﬁ’fénﬁétlﬁk§1:| SRt o Wﬁﬁr@ﬁhé’éla :ﬂﬁﬁiﬂé ér@attﬂaﬁ‘f% resonance

met hod of any one of 'clains . The
cl dnagesf alteackoia subjectiet er m n| ng sal d I ow and high
t hreshol ds conpri sing determ ning said I ow t hreshol d

A6 A LTRb B B 4B e B sBEF Sla SR iy Second

onéntehsity Tlhre‘ﬁﬁblﬂbtlgcﬂetﬁﬁglﬁedaaé‘d@@dlhgdo a resapectwe thresholding
gradlﬁnt-recal led (SPGR) image, and a

at 8% Qﬂldﬂpeﬂﬁ%#@n e F@Qﬂﬁ/B’W qfrsaid &P lnm@e sai d

determ ning said | ow and hi gh threshol ds conpri si ng

gz.:'lﬁ‘[)égirfg‘%tﬂgdséf Q:Ieh g h\ﬁ/ﬁéfé%dséﬂacw Zag'@ tf@grgqﬁrefholds are

f any one clalns
1. Teepecéwhb'obleiérminadraowrdm@m differsrati tHreddioéding mietgods.
said | ow and hi gh threshol ds corrpri si ng determ ni ng

[ d|n supervi se
341 BB BF AR, 3 RSP o™ BRIFdR Engte oin Trisionted
netimage cAnd iy Pﬂl-webgfjht@tlaim&?gé éalﬂodéteﬂrnlrm’ﬁt?rs%llm l6@i 8nd high
determning an intensity threshold conprises

cl 5@@8h9ldﬁgcgapa&§9b@%tfarram%)s@n% high thresgholdnageerding to the
cl lﬂﬁétﬁhafeﬁaﬁg ond dER{Ofl1Phocl al m 32, further
conprising determning a region of interest in said 2D
slice. 44. The nethod of claim43, wherein said 3D
39dde metbod iafagainnf38 whatkinfsaid determining said low and high

thresholds comprising determining said low threshold according to the

method of any one of claims 23 to 27.

40.The method of claim 37, wherein said 3D image is one of a Ti-weighted
image, a spoiled gradient-recalled (SPGR) image, and a fluid attenuation
inversion recovery (FLAIR) image, said determining said low and high
thresholds comprising determining said high threshold according to the
method of any one of claims 23 to 26, 29 and 30.

41.The method of claim 40, wherein said determining said low and high
thresholds comprising determining said low threshold according to a

supervised range-constrained thresholding (SRCT) method.

42.The method of any one of claims 31 to 41, wherein said determining an
intensity threshold comprises classifying said subset of voxels by fuzzy C-
means clustering.
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subject, said determining a region of interest
conprising: classifying said subset of voxels into
whawkgoed voxel s having intensities in a firBCT/8GHY&000074
and foreground voxel s having intensities in a second
ran e, said intensities in said second range bei
P metiaed ebelaim sEefther sompiising determinting arrggrona?fdnterest

f| qglsggj QBGS Eér gest group of connected foreground
voxel's, d argest group of connected foreground

voxels and sai d subset of voxels surrounded by said
Aargesmefhadipf ofin dﬁn%éeeinfsarcb@t)oma@e\mml imdger afianhead of a

sald r i on %{qlnterest g net hod qf. cl ai m 44,
Seleshd %rgsrw.%be%hﬁ in sswqmperamag sai d

subset of voxels into a plurality of clusters, each
cl Lcﬂasaify'rrrgr smd rmnbdéhgf vaxeds intd d!mckg rcmmidevd)d% havrog astensities
claim

46.. fe ge é rein 3‘? d g uste (o]
corPA 'YE5raNgE, ggroungpoxe %‘Pﬁh egsities 4 ?nSEG nd range,
wheyfd mtéﬁsrﬂeQ'u’f%bﬁj Sécoifd- F’add@aEé” in er'ngﬁercjd‘té?rt §3i89niRRies in

four clusters correspondi ng to, tive
norsaid fist rangsswnd white natter, grey mat t er, and
cerebrospinal fluid. 48. The net hod of claim47,

whdineiing tbé dargesgegroap aofmegneddted rfesegrauné voreds;. sdifl. largest
The nmethod of claim48, wherein said rst. range .is
o8N o nbeniatod foreaitond VaEB dnd Aid SuBeRaof voxels

r a"é@ﬁrdu%d@@%ﬁﬁséra' 18rgelt §Rd\R) Bf ¥ehioted %r‘ég%\fﬁ‘oﬂ?@*é’s forming

val ue equal s 'to the sumof 'a constant and™the naxi mum
i ntsaid regjondf irkerest.ust er having the | owest intensity
ranking within said four clusters. 50. The method of

£57H8 e tE6EEIRING 3 dwheRsh aBld éiasSifying comprEE8 @lktering said
i mage segnentation, conprising determning an

i ntseibset of verels iatoca phirality ofreligsterss @schi ¢lgsten corresponding to
"eg?wogeﬂ{rfrﬁﬂgtrggl? 8as§| aims 1 to 30, and segnenting

aid 1ma at least in part, said intensity
t hreshol d 52. A conput er readabl e nmedi um storing
46 drreometrartpoft daine 48 cwhaldire saidddystering comprises fuzzy C-

means.

47.The method of claim 46, wherein said pixels of said image being clustered
into four clusters corresponding to, respectively, a non-brain tissue, white

matter, grey matter, and cerebrospinal fluid.

48. The method of claim 47, wherein said image is a magnetic resonance

image.

49.The method of claim 48, wherein said first range is below an intensity
threshold value and said second range is above said threshold value, said
threshold value equals to the sum of a constant and the maximum
intensity of the cluster having the lowest intensity ranking within said four

clusters.

50. The method of claim 49 wherein said constant is 5.
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said code when executed by a processor of a conputer
causes said conputer to carry out the nethod of any
wo@p®enb4468 ains 1 to 5 1. 53. A conputing devi cePCT/SG2006/000074
conprising a processor and persistent storage nenory
ie,ﬁeéow(iﬁati,on wi th said processor storing processor
ungtned jofsimags: seamentation Meprapiising «deteBnining anr jntensity
OUttrﬁé%dﬁfj@PQn %ﬁé@%c@:ﬁﬁdiﬁ% t&ltl‘?t% ﬂ?etﬂro#i ¥f An 'or?e4P1AQIaims 1 to
apparatus for segneEnting a plurality of pixels of an
i mag@, acdrspgimsEntiog sedrimaberbasaldeoh) apldast s panigl said intensity
sec&nd cl(isters of pixels fromsaid plurality of
pi xEVeShAdi 4 first cluster of pixels having
intensities in a first range, said second cluster of
B2l SoriAneR SeddEERO ThédigM $tBridg IRERM EGNBEter BkButable code,
intensities in said second range being higher than
sai 8Rifl ne@des iwheass exacteddby i a aroeesapes; ofm@anemputer causes said

sel ' fLrst f Dl s fromsaid first

-cl u‘g ew%ﬁ?’ gé@g&ﬁ@'{esr&eﬂgq&ﬁw ng Pﬁﬁﬁaﬁﬂ?a Bond
cluster, wherein each pixel of said first and second
$StA oemphting sdetice eastnpoisibgpiax grot&sydrt BAdObBATisteRE storage
of said first and second sets in _said inmge; neans for

det BEAMNY nd a COMUPYRIEREQN Wihs (Fid oPrPGRSSAE! SIOTHIY sRfiogessor
fir fin i ang Sirst abiyShid

|t D inBdicDs AR, ShbShoE: (B7ERY Buflthe method of
conpp Omg obiolaims drisily t hreshol d val ue from said
statistical nmeasures for segnenting said plurality of

S8hSog 0 AR PR 1 L FGRLL b

said plurality of pixels into a plurality of clusters
eadRepay forgaietingsfiret andseeeid clestara of pixedptrom said plurality of

ra ; : } N an. Lntepsity val ue / .
andSelEy SRR DA A B RER Pl Pl B L st Fange, said
cl usdoend; chstermednsixéler hdeingr mishsigie@nin i &RSohd range, said
threshold value /t for segnenting said plurality of ]
pi %Bﬁseéﬂ,s't\ﬁﬁéﬂe‘ﬁ'id peceng range being Rigngy tham satseinténsitigsoin said
t o RBOMhgd: - 56. An apparatus for segnmenting a

t hree-di Hehsi onal (3D) i mage, said 3D

means for selecting a first set of pixels from said first cluster and a second

set of pixels from said second cluster, wherein each pixel of said first and
second sets neighbors at least one pixel from the other one of said first

and second sets in said image;

means for determining a statistical measure of intensity of said first set of
pixels and a statistical measure of intensity of said second set of pixels;

and

means for computing an intensity threshold value from said statistical

measures for segmenting said plurality of pixels.
55.An apparatus for segmenting a plurality of pixels of an image, comprising:

means for clustering said plurality of pixels into a plurality of clusters each

having pixels of intensities in a respective range;
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i mage conprising a set of voxels each having an

intensity and being associated with one of a plurality
w@bRoosnsEbs cl asses, said apparatus conprising: PEERG2006000074

sel ecting a subset of said set of voxels, said subset

havi ng voxels respectively associated_w th each one of
sai MedRK 1 thfg%laﬁlg AERA intensiyr@lye hrRg aastandaishde\igtion o

thrﬁe&hqi_ QrghgyBé%gigdgﬁaggzgtar{g voxel s; and neans for

segnhenti ng sai 'according to said intensity
t hrrﬁégﬂé For determining an intensity threshold value / for segmenting said

plurality of pixels, wherein =T + a o, a being a number from 0 to about 3.

56.An apparatus for segmenting a three-dimensional (3D) image, said 3D
image comprising a set of voxels each having an intensity and being
‘associated with one of a plurality of voxel classes, said apparatus

comprising:
means for selecting a subset of said set of voxels, said subset having

voxels respectively associated with each one of said voxel classes;

means for determining an intensity threshold from said subset of voxels:

and

means for segmenting said 3D image according to said intensity threshold.
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