METHOD AND APPARATUS FOR | MAGE SEGVENTATI ON CROSS- REFERENCE TO
RELATED APPLI CATI ON [0001] This application clainms the benefits of
U.S. provisional application No. 60/666,711 filed on March 31, 2005,
the contents of which are incorporated herein by reference. FIELD OF
THE |1 NVENTI ON [ 0001] The present invention relates generally to inage
processing, and nore particularly to nethods and apparatus for inmge

segnentation. BARKSRIONANOQZPARAEUS PORIRFGR SHBIMENTATION
applications. For exanple, nagnetic resonance (MR) inmages of human
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i mages can include white matter grey matter (GV),
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i ntensitiesfrehdats RleiBy lef@@fcean be segnented based on the imge
intensities. For exarrpl e, I't my be desirable to segnent brain

ti ssues (WM _a rom ot her non-brain matters. [0003] A nunber of
appr oaches (ﬁElr eTE'EdWMth have been devel oped. Different
approaches have been taken depending on the types of the inages. L.

P. d arke efoed1] r%@ﬁ%@eHﬁfﬂv@Hﬁo@P&é@% rélﬁf tdMinbd@ $Rocessin ,and
segnmentation in "Ml grrent ation: Metho Appl i cation", gnet

Resonance | MRIERgrticuieslyse mefippds and aa@arsmfgsmaqaﬁemtamrs of whi ch
are incorporated herein by reference. [0004] The existing imging

anal ysi s teghtiKiureUNm be divided into two categories:
single-contrast and multi-contrast. In a single-contrast image, also
call ed grey scal e ﬁé" single image, the intensities of the pixels or

voxel s in al@%di ﬁQ?d?fﬁFes(Sﬁ"@ hge WiEeRRRICAEORS. JFRl exasmple; maghede
an obj ect Vagdhn@Rcd MRD naiageagafsuu.%ﬁltﬁamwré lofteArclgRiintddTBERRe fFHRS

called mul ti -spectra i m
analysis. Segmentagon is often necessary because the tissue classes visible
in typical MR images can include white matter (WM), grey matier (GM),
cerebrospinal fluid (CSF), meninges, bone, muscle, fat, skin, or air. Additional
classes may include edema, tumor, hemorrhage or other abnormalities.
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.,

f0003] 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 “MRI 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



an object have different grey-scale contrasts or colors.
Traditionally, different imaging processing techniques are applied
to the two types of imges. A single-contrast imge typically
contains less information than multi-contrast imges. Thus, a
techni que applicable to analyzing nmulti-contrast inages is often

| ess appl i cabbajitnensivaay2D)@r shiegldmensibhalsGD) Megs of Barokge@vaheon a
clustering techniques have been conmonl npl o unsuper vi sed

A ! y € ed 1of :
(aut omat ed) SuHeERRLEFRR MRliAniRstBAdess Alsoreaied rBu-ReeEA!HERIBR 9f
|imted appl 8%&%@&@@@#?%&{&1@ gBQﬂré‘ﬁg%ch%?é. TiaB@SRall QfRént
Several approaches have been devel ope or segmenting single-
contrast i mig@gingCpcessinpdechrienss asedpplarhid doedwostypes X HalegeagA

I h t e ' . La i - d. . i

of an 1 mage ST oBlfast e CRRRRy in B S MRS e Pt Rl fad
ahrrears]ulr gd limages. T%us,rmeédhmlmd@ amﬁliﬁgbbdtd gnﬂgﬁggd?ul_?gidmtrasﬂ orages is
t hr esho and. a hi t hr esho may .be used. , ere._are a
hunber of oGeEnen PP IESBlR e EEhEs S S eRe IS e R ol PR
approaches gapgsd tetidlidued tHavB b¥sn CadrRBRhiye EmEeVate fbi tdrsDperviid
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can be apprecia uch shortcomngs relate culties arising
fromtwo fdethnigue, R ribteshdidf iseseactedi adidhe [ vassiefpixaly diaae iniafé earent

relative in |1 | | f dif ch
e 71 wei gnigaerstharmc bTSERS o h R he SR AP E BB
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(FLAIR). Second, the voxels/pixels for different tissue classes are
of ten not |U519§’o| ated either in space or in intensity, or in both.
Different tissues may have overl apping intensities, both natural

over | appi ng [@dab]overHeapErag dumbeo dof envamiiinzg apposedss afcdeladingi fhked
threshold. These approaches generally fall within two categories: curve fitting
and model fitting. In a curve fitting approach, the pixel intensity histogram is
fitted to a curve function, such as a Gaussian curve. An intensity threshold is
then selected from a point on the fitted-curve, such as a valley point of the
curve. In a model-fitting approach, an empirical formulae or a model is used to
calculate the threshold from the intensities of the voxels/pixels.

[0007] Each of the conventional approaches has some shoricomings. As
can be appreciated, such shortcomings relafe 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



2 inhonogeneity and noi ses, such as noise due to novenent of the

| maged object, introduced during inmaging. [0008] For exanple, one
problemw th the conventional techniques is that sone techniques,
such as the curve-fitting approach, do not work well when there is
strong noise or field inhonogeneity. A problemwth the nodel-fitting

approach i s ihighogdneity shid hoiegbt stich adtrise dud a6 Midbvermentacihdeimddaalt
can work well _ in wdely varying jnmagi ng conditions and can account

for vari atld?péeqtrfnt"?ﬁiﬂﬁe\%%'ﬁﬂ "$BEE¢t s to be i maged. [0009] Furt her,
i n conventional image segnentation techni ques, thresholds for 3D

i mges are tpppogiel | Fordsipigie Nesk bbbl vith theomatiodaltedthidu@s is that
determ ne a global threshold fromall voxels in the imge and to use

this gl obalSoms Eshbidges csurbigamfite @%eélmagnﬁwoa%éi%ﬂﬁ%wor&w% when
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sufficient \lmﬁﬁﬂaaimbj@dt@ﬁﬁﬂémégamm s for accurat e threshol di ng.
[ 0010] Thus, there is a need for nethods and apparatuses for inmage

segnent atio n,overcone re ro ntion
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plurality ofgidhax#lréshdidh€o §é@r§énﬁhemrmége Aih%&JtRera Yo BB/idHHRNRIXEISasT
ina first Trange, the second cluster of pixels having intensities in

a second r afir 3Dtimageinoenibeelsesuchas R gisesnand daigemis lagalinigsaplds
than the '“‘%&“éé%ﬁ es?;b's%'t(§llt33 IHacht sudRPSR: 5 %%' %Cmfel?]gs lfnbﬁt%j a&h %e

pi xel s fromthe rst uster and a secon set rom
second cl ustcerresdnetig rioes cthrpsheaadl. 6\f profdeimi math @nth SHpoerrheet that

extensive computation is required. Another problem is that some 2D slices
may not include sufficient voxels or classes of voxels for accurate

thresholding.

[0010] Thus, there is a need for methods and apparaiuses 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 pixei 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
3



nei ghbors at | east one pixel fromthe other one of the first and
second sets in the inmage; determining a statistical neasure of
intensity of the first set of 3 pixels and a statistical neasure of
intensity of the second set of pixels; and conputing an intensity
threshol d value fromthe statistical neasures for segnenting the
plurality ofpixélzelnd.a ﬁwstlﬂallméawye of imexsitysoimhy dezont usk ofF ikdditahd a

plurality of cIuIers ea v, a ranking in. ntensity, where the
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node. The pixels may b cl ustered fuzz means clustert
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plurality ofmagy kelssléaied frem pl meahj & ymedian) asd er moelach“hbaMkéIg rRAX ks

of intensiti tive r determning a nean intensity

value T and E’FS'E%'%H%Q(;@ZZ&E@%‘?ﬁ%ncq%ﬁgeff"f%m T for pixels in one of the
clusters; and determning an intensity threshold value /t for

segrent i ng {0@13]l urlalactordahcinithl othererspist dftthe plescht mvehBohahes @

nunmber from0Q 0, abou The clusterin ri se fuzzy 'C- means

clustering. PO (ﬁeﬁ '-Hetbi?g&f(%fﬂg@ ¢/ @H%"%\P/f H@‘g@&f Jy impage B?%ﬁf‘

i nventi on, lrﬁemsﬁityl. sTh@rmétiﬁﬁdc@mﬁﬁélhg’dc@fste?ﬁgﬁﬁﬁ%t b!ﬂf%lﬁ% of p;xels into a
| mage based on intensity. mage

t hr ee- di nens nla% (f
conprises af E‘@"t‘ ith o \%@?@ @3h hAYDY mixels of iplensiiey in éwdeﬂwch‘ga range;
associ at ed Wetdimiigy f m@aﬁ'lh‘t’éﬁ'ﬁ‘tﬁ yaRb Vaxgla Qﬂaﬁﬁéﬂsde\zﬁ@o T for

conprising: selecting a subset of the set of voxel s
havi ng voxeP@fe’Sr!a@@@cqfut%plyst@g%@ﬂdaieé@mvmmg araiptersite ﬂtm’eshd:id vamwea for

cl asses; dekgs ik | dy 0
voxel s; and féegngﬂrtl hé%l%@ng%??h%séw‘%@ﬂ%dl ngé ?’gbtt{%znqsﬁpgﬂtﬁff{fom 0
t hreshol d. tehebaulBs éhe olustesinglrsayregmbdses izey Ceoheahs eiustering.

t wo-di nensional (2D) slice in the 3D inmage. Both a low intensity

e R L G G
i mge. A riigvigedod methed eksegmenting anhge- uimgenb@ndb(:m)mmm iysed on
classi fyi ngldgitg YPRE B mage comprises a set of voxels each having an intensity
and being associated with one of a plurality of voxel classes. The method
comprising: selecting a subset of the set of voxels, the subset having voxels
respectively associated with each one of the voxel classes; determining an
intensity threshold from the subset of voxels; and segmenting the 3D image
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 infensities 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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voxel s i nto 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 |argest group of connected

foreground voxels, the largest group of connected foreground voxels

and the subsayesfgreop el somiscteelibeagoyd tiels forimvgdetregioow) intérest.
connected foreground voxels formng the region of interest. [0014]

I n accordan th anot he t of the pres invention, there .is
b ovi ded a SBoHAl: o RSkAEEnES RER indroRpRG Tl crE et iyahteh 1RER 5

execut abl e kefgsd Bheorander HhgabrRXeediLeg siXing PEREPSSSMp@Er axsammiter
causes the conputer to carry out any of the nethods described above.

[0015] I n a&e8fdHifE04¢ twhe@ne%mecaweetpr@tﬁe%sné ree SERP UV eatses the
there is prg F@?é}taca H{éﬂgoﬂtﬁé'nﬂi&hs %éé&lb%g dhopgocessor and

persi stent sto conmuni cation wth the processor
storing processor executable i nstructions adaﬁtlng the device to
carry out ah9OHH tHe aseemrsnee wibanokal asapei. the poassint inveatienrthenece

wi th”anot her, aspect of. H&Rﬂg eﬁ/?%n{;? Pﬁﬂ% roceggr:ar%{cf%%%?éﬂt%‘?&aﬁg

appar at us fgr segment1 Ag a”p
conpri si ng: mmramy momorsml.temaimg mﬁiihr‘d’te armcessmostdrmg mmcmesoobxqzﬁmm]e
fromthe lxet] the first cl ster shV|n

ot s b ko Bhaiaiolee advite ko lodny lttaRte 4s fesigd

intensitiesabov@ second range, the intensities in the second range
bei ng higher than the intensities in the first range; neans for

251 et pO el S gt Rl b Bl R G0
first and pasiied $@t apmauhbmr5s@gmém&@t 20 PRirdlity edf iulx@m bheanotnheje,

one of the first. . and second sets or determB

a statisti cAPMRENSEr B168NS fP’h?%’ﬁ%ﬁ”i%/PE?F atnﬁes%oﬂgthgﬂ?rso?f pixsle| feora ige

statistical piRaRYE pileld, Mhe ARt tctustr 6MSixelS SRR ﬁz@énsﬂfesnh@hei réitfd,
means for corrputl ng an |nten5|ty threshold value fromt

stati stical thfesscped ¢lvstes cninelongaving prtensiiast y» & %ﬁcﬁéd stangeo ihg
I'n accor dangge Wifids ANPleNSicoREPerbe Heitd RigHFSRAN thOVRBRLIASs it AR frd:S

range; means for 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; means for determining a statistical measure of
intensity of the first set of pixels and a statistical measure of intensity of the
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 info 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 ¢ from 7 for
one of the clusters; and means for determining an intensity threshold value %
for segmenting the plurality of pixels, wherein 4 =7 + a o, o being a number

from O to about 3.



provi ded an apparatus for segnenting a plurality of pixels of an
i mge, conprising: neans for clustering the plurality of pixels into
a plurality of clusters each having pixels of intensities in a
respective range; neans for determning a nmean intensity value | and
a standard deviation a froml for one of the clusters; and nmeans for

det er ni ni ng 018Nt ehshtqorddriceshith dnotabigspdct of e prrE8BMhIEidhhthere is
plurality of [pi xels, wherein Lt =1 + a a, a being a number . fromO
to about 3. ROVE§IsIN ERPAGEST IIRGSMANIRY 4 dheerdimepaianalof3l) Heagee Humt
invention, t{erigd i: 0 : i ; :

t hr ee- di nensi onigidg?S%?ﬁ?Nn%g%% t% Ete%pggﬁ]a%mu%aeéhcg%%ﬁ??ﬂ%ﬁtgﬁ%& a%? being
voxel s each #Rdecimiedwithmnendia plusalty bbvogl clesses i the eppardths compdéing:

Cel'octing & TERLEroGroeRER.a cL BBt PR b huhh gy et
respectivel yreapsciiveht edsodistedendth eash whet be tHoxedxet| dasRs; MBaNS fbor
e o " B FRcH oSk BBl B8 e S e Sl rand reans o
thr eshol d. _[Qgh@intiiee spsRegbucanirRliis aRchliviiifushbRrent | nvention
wi || beconme apparent to those of ordinary skill 1n the art upon

revi ew of t&s fallow.n description of specific enbodi nents of the

i nvention i %ﬁ un@%hegrﬁssﬂe?ﬁ @ﬁ% fegiptesnpaia RipsenyinvestioppyiEbecome
DESCRI PTI ON Tk WL hg.J ihgu o (P A R

by way of exigrés‘lle_otﬁﬁ?, yﬁb%@?%g%\tsgmo? tﬁﬁabgr%@n{%ﬁ‘ggﬁdgnﬁ?@@ﬂ
FIG | is adesgupian ef presdic ambgdimends of theripention in[@oRIICHE Gith2thes
a flowchart ‘ i mge segnentation; [0023] FIG 3Ais a
MR i mage of %Eﬂ@ggﬁ%[iggig%esﬁ G 3B is a region defined by the skull

in the image of FIG 3A E%SOZS'} FIGS. 4 to 6 are flowharts for the
met hod showBRIEFEPESCRIPTICHO 98] TIHEGRAVMINGS f1 owchart for a met hod of
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t hreshol di ng; [0027] FIG is a flowhart for a another nethod of
threshol dinggozo] In the figures, which illustrate, by ‘way of example only,

embodiments of the present invention,

[0021] FIG. 1 is a schematic block diagram of a computer;

f0022] FIG. 2 s a flowchart of a method of image segmentation;
[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;

f0027]  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;



[0028] FIG 9 is a flowhart for the nethod of inmage segnentation of
FIG 2; [0029] FIG 10A is an image of a reference slice of a
PD-wei ghted MR image of a human head; 6 [0030] FIG 10Bis a
bi nari zed i mrage showing the RO selected fromthe reference slice of
FI G 10A [0031] FIG 10Cis an intensity histogram of pixels in the

RO of FIG [#i@BZdJBEé ShinRel $mage Bﬁé\ﬁmg'tﬁé{ RO | SRt Troih the xel s

at the bouncgary of (}] matter (GV) cerebrospinal fluid (CSF) in
the RO of reigrencemsiice gbBiEs. 108G 10E |s a binarized i mage of the
boundary pixels in FIG 10D; [0034] FIGS. | OF and 10G are binarized

i mges of t f ergac l; I i
t hr eshol ds; rE?}[(’)0135] I?;?G?O%éﬂgﬁsﬁgn%ggﬁﬁé% Bﬁg&gs@?ﬂ? [féb?Rg?pron 1DBG

10B; [0036] FIGS. 11A to 11C are respecti veléﬁa Ti - wei lg}ht ed MR i mage
of a head £%Bﬂ]tsFt!ﬁ?-naﬁlpz%anaﬁan%@mﬁg@mp yels at frepByyndancef arey A

to 12C are r@:ﬁ% and its
bi nari zed an (?Séw C%ﬁ%%%%ﬁhgﬁwg%%)] Ggglfggl fo C are
respectively a FLAIR MR image of a head and its binarized and
segnent ed i IRYEH. BHGAIRED dbBerzedinorgd olBs]boardaty Rixsls dnbléaitbht s

of the present invention include nethods of inmage segnentation and

t hreshol d' n l€S 18R W@ﬁ%n%ﬁ@%&%ﬁﬁ%}ﬁg&@qﬁﬁggﬁg {h%a&%%r;@cr{%ﬁfc’e ofby a

conput er |ce such as conputer , € ary of
enbodi msntstﬁ 10fe basaskemtlifiensrdiniesholdgD040] Conputer 100 has a
processor 102, which conmmuni cates vvith primary nenory 104, secondary

nory 106, [6 t XS 0 i %I y,tneﬁ nag@rgggﬂéef{oé%@ FlEY1 (ﬁ:-ptl onal |y

com‘rum cate*wth a network rocessor 102

i ncl udes one or nore processors for processin nPut er executable
codes and diiQ86] FIGS. 11A to 11C are respectively a -Welgh ed MR image of a

head and its binarized and segmented images;

[0037] FIGS. 12A to 12C are respectively a Ty-weighted MR image of a
head and its binarized and segmented images; and

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

and its binarized and segmenied 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.

f0040] 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 186 is an electronic storage comprising
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[ 0042] Each of nenories 104 and 106 is an el ectronic storage
conprising 7 a conputer readable nediumfor storing electronic data
i ncl udi ng conputer executable codes. Primary nenory 104 is readily
accessi bl e by processor 102 at runtinme and typically includes a
random access nenory (RAM. Primary nmenory 104 only needs to store

data at runt anomSeso reriableTRRAIM fdioﬁtoﬁﬁg elétﬁ}dmﬂﬁd%r PCRIRT c&hﬁmge
menory for storln dat a permanentl|y in the formof
el ectronic f X Godgar ?”ﬁ@r%we@@@ %&}/ '%I@Qﬂlb!eac%@'blef by [seergsor

pur poses knoypat Hﬁﬁlﬁﬁq%ﬁkf#@ g%ﬁy iRclbfiSs A trandbrf CRRMEE " mehfd %Qa(ﬁé\‘ﬁn)

medi um may be any avail abl e accessi bl e by a conmputer;
renmovabl e or PHG&Y Beeip|184 anly heeds/iol stoie mtarat nantinvel Sedoindary memory

Stor age devi 028 TRaY Tl pRAGEN SR IhONEET sidine Belit naBhFeny.
dat a i ncl udi tygloaﬂyr}uutlmr forexefceibatpbreic ifikst ISecbhoay mémoﬁ,aneb&n@ﬁgmsi@
corbi nat  on 1 iy’ 63, @ iosgboBrait tBduaeorn skl S dbe &t Aorrueder
readabl e rrednelaaab[eo%a]um Al bEOSnRYalldie UHSIIa NS REsiPRY B Sé“cbﬁﬁb'u?er
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a scanner, a camera, and the like. It may also include a computer readabie
medium such as removable memory 112 and the corresponding device for
accessing the medium. Input 108 may be used to receive input from the user.
An input device may be locally or remotely connected to processor 102, either

physically or in terms of communication connection.

[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.



[0046] It will be understood by those of ordinary skill in the art
that conputer system 100 may al so include other, either necessary or
optional, conponents not shown in the figure. 8 [0047] Menory 104,
106 or 112 nay store conputer executable code, which when executed
by processor 102 causes conputer 100 to carry out any of the nethods

descri bed he:oenm] [ &RA8dry F104, eb07B} @12t heycgﬁwtc@fnpe@cei@@w@%ee
may include cg@g f or selectln pi xel s based on one or nore of
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segnent ed accordl ng to the segnentation process S200 1llustrated in
FIGS. 2 and Pixely @deei@ér?@’f%”ﬂvmag intenpigd threpheld ofaludsebasass entone of the

invention. R5Qeess c%%egme@% &ngfolrlseégéndmba'ﬁ'i g@fﬂg%@tiet%f

the present invention escr| ow W
reference t ¥o¥elgarticul ar type of |mages magneti c resonance (MR
i mges of a head of a human subject. However, it is understood that

embodi ment s regagphe A ZaRNbe |PYRGAEH, FlinOs BBBbASE hefeirt HHAT Mld'Be

ot her types of
camed out usang a hardware device having circuits for performing one or

more of the described calculations or functions. For example, the functions of
one or more of the above mentioned program code may be performed by a

computing circuit.

[0050] A three-dimensional (3D) image can be segmented according to the
segmentation process $200 illustrated in FIGS. 2 and 4 to 8, exemplary of
embodiments of the present invention. Process $200, as well as other
exemplary embodiments of the present invention described below, will be
llustrated 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 technigues and
may include T1-weighted, To-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



[ 0051] The MR image may be taken using any suitable techniques and
may include Ti-weighted, T2-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 fluid (CSF), brain

ti ssues suchfli$ (9BFJ, aaramtﬁs%ueé\éubhmdmm@mm MY &M grey@iatter (GM),
bone/skul |, nuscle, fat, skin, 5% meni nges, bone mar r ows, _adi pose,

and the |i k& beBpiskall.fpussefak Wa@mgn?@@aﬁsdwe @ﬁffﬂ‘éfﬁeﬁ‘ﬂlpwi%,s’u‘é‘l
cl asses may thBaxe, @eﬁ%ﬁﬂlﬁ tod ﬂ?@ﬁnéﬂﬁ&'ﬁéﬁdl?@%&_@%ﬁt 'tlsédeSEEs%“ = m

relatlvelnten5|t|e ome of e nmaln asses wt
skul |, and thavedliiferant imageriniespitas Taple 1 iste dd mdmrvg intenbitids foxtsioote of

ill be d i.bed. b - Hi b
Shown | n_ Tat@ el odstis LOMAR LY SR Dt AMBEE B shelRlnge
bone narr ow thredhadirgosiethodsiveticic autll be destifddebelbaRlidh-iatansity $ordFainN
vet ght od | mgates BFs X Shaun Br TAIee: Biabie PumBlneky Tepean Sysiesn
be bri ght eringlb@b&RE mahdB-ind adipebatwiieh lahershightérankh 'Eﬁ%n QEESJé§§Ue
Cl asses (1= | owest 4=hi ghest) and Sui tabl e Threshol di ng M

Thr eshol di ngoMmyiMmeses/Nch v lawaisitedeBRGR, anrd TAAHR em/age$ l/ntTi'r

e vel gt od "T85 imgé%? TR T Emaply Rl SEe I 5o b
SRCT MASD [toighBy thRar CBRe purpose of illustration, it is assumed that
GMand WM (referred to as brain tissues) are the tissues of interest

and are to be
TABLE L Relative Intensity Rankings of Tissue Classes (1= lowest,

4=highest) and Suitable Thresholding Method

. Thresholding
Tgﬁg:gﬁe Bone/Air | WM | GM | CSF Method
fi fen
PD-weighted 1 2 3 4 MASD | TPBP
To-weighted 1 2 3 4 MASD | TPBP
Ti-Weighted 1 4 3 2 SRCT | MASD
SPGR 1 4 3 2 SRCT | MASD
FLAIR 1 3 4 2 SRCT | MASD

[0053] For the purpose of iliustration, it is assumed that GM and WM
(referred to as brain tissues) are the tissues of interest and are fo 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
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segnented fromthe other tissue classes. [0054] While the voxels, or
pi xel s in two-di nensional (2D) inmages, can be initially classified
into different clusters based entirely on intensity distribution,
such as by fuzzy C neans (FCM clustering, the initial classification
is often 10 unsatisfactory for segnentation purposes, as can be
under st ood byngatistactusy fakidgnashtation parpases, dhosn beWrideestosd by eiredis

| mprovenent, pr ocessi are ofte necessary or desirable for
det er mi ni ng %[‘?ﬂi &’Es%ngh”%sfuﬁh?ru ingment, lmrgwmerﬁogg]pr%esgmar%

reference slaffeg hécé&:b@cbﬁ@efsfrélﬂeafe?’@etéfﬁﬂ%ng %%o%laﬂrr@&]olr?p@é QRisALRS
this is not necessary i'f the image to be segnented Is

di mensi onal .bgl@¥56] As is conventional, a 3D inmage is represent ed by
a set of voxels wth various |ntensrt|es and coordi nates. The

coordi nate spa5eMm "RYsPf, £ %ﬁbé%ﬂﬁ%rs g&éﬁﬂeﬁeﬂd}‘h’r p%lﬁ‘?m%e AgBan be

il lustration, 1t"is assurred ereint eac voxel

has three Canpeesialadcdssds natesecessaryaiidthe, invdger 0 Yoe segimehitednist hreo
subj ect's rrcg'l;ll% ?HQ{ side to the left hand side, y fromanterior to
posterior, and z tTrom superior to inferior. However, another suitable
coor di nate system may be used, as can be readily understood by
persons skilP08&] i MAs h?ecam\tentiléoal @oBl émiagads, reprreeehﬁet{elnsatgetoﬁ \axels

! enst ty 1 AL VBt BGnglol b REuERbe TRGERRELER RiuBhy moy be

ti me- sequenaedvestmmal. prithe l‘p’mplrbw ofilllestraurcal lsyassugidce ﬁ@fdire%dl}'each

ti me-sequenced | Si hi st ograns ( ere the tine ' can
be readily é’8ﬁ9|e¢]’$ ﬂat%yt{%%ﬂ%é?‘é@e &fﬁ%s)laqgggrdgﬁéeq L/ ?”g)z dhere x
treated herghdfram th@tseb}éfae@@rgabh@ad £883d knd] bé‘Pt' et érfde 2y frehPARBAG to
slice my be selected such that all tissue classes of interest are

repr esent ed PRStERich @R &) ifeasn Wﬁ%"%iﬂ infesiorh ridaweyed( sHnotiyesr jsuitable
fromthe relogbriithe Sty oy B uiaad a%oca?regg‘?gédlhhﬁn@é!%fo{og SPpbIRAE

As can be under st ood, ant ageous not “havin erm ne
t hreshol ds fbilled i Fesalitceoroforveaiespe, thegatensity oha cyanelbe is denoted / and

time- consumyg ifhqe can be represented by an intensity function (x,y,7). In practice,
images obfained by time-sequenced scanning techniques are typically
represented by time-sequenced intensity histograms (/(f)), where the time “¢'
can be readily converted to coordinates. Thus, /(f} and /(x,y,z) are treated

herein as interchangeable.

[0057] Typically, a reference slice may be selected 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 fo 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 af, “Fast, accurate

and automatic extraction of the maodified Talairach cortical landmarks from
11



difficult and may not even be possible. Therefore, the reference
slice may be selected such that it has pixels representing all of
W GM CSF, air, and skull tissues. A possible reference slice is
the axial slice passing through the anterior and posterior

commi ssures, which nmay be determ ned through specifying mdsagittal
pl ane and tInwgrwtlcCremriemsarmsgeﬁddﬂagr@ﬂalﬁés&hahmm Medidime, Se0e8);, vog
the reference slice "Fast, accurate and

aut omat i c exPr 8Pt PéR- 935 @ﬁ% %bdh%.@aheréfr & N‘éﬂﬂ“ 85 inceHrorpigddheleis by

from 11 W%@Férﬁ:erﬁ%%ﬂé@ thiEB@RSren M%@Haﬁ/ 5@%9[3%3&%&8 BYedh G
(2005), vol. 53, pp. 970- d76 ("Hu(I) ), the’'contents of which, are

i ncor por at edli¢rewih theniird venticlenpresentransrwighaus eyes, tessshosfreindTiGe 341 i ce
may be approximated by an axial slice with the third ventricle

present _and (yddatouTiRyB o S8y Pe Stifctedbither HEMRY f&e reference

slice may b ecte e|t er y or autonati cal For exanpl e,
the refer enastqmmtlcbéy aur emampleaftheyreiereacs oy bessauthmadicalivt delected,

conput er, e he average intensity (N;) for each
axial sli ce)‘"(‘t“gAq %Q-, V@[ﬁ %dg}'@%g[gn& as described in Hu(l); (2)
determ ning the axial slice (Sn) whi ch has the maxi num average
intensity (Nrr); and (@) detemmtriimggtﬁermm@a iabeh sitl N farteach upd@l sidge (S;)

di rection, di t he st axj al ice (S,) whose average
intensity NPW“? Cﬂ%ggaqehgﬁ S@Wﬁ y I'thl’{b reference slice. [0059] FIG
3A shows an exanple reference slice 114 of a 3D image (not shown).

The image is a PD wei@htletrivRingregenid! sica (Brprwitielatias A warinhen
and, the brain tissues 118 of the head are

appreciated, the s
visible. TRSBPS] rﬁep%%r]@g, JBW encl osed in skull 116 is typically the
region of interest (RO). The RO may al so include the skull region

or a portion thereof.(3) 860y m:alﬁm &ngj flbag tied emmmda'bbiﬁxm iﬁsdag thaei al
slice, it c voxel

, is f all Th
Soxrs | n CHet aelsih @ umosd St hikrate RoRyER b GYSy 28358 e

intensity fmfefchec gRdeer ence slice can thus be

[0059] FIG. 3A shows an example reference slice 114 of a 3D image (not
shown). The image is a PD-weighted MR image of a human head. As can be
appreciated, the skull 116 and the brain tissues 118 of the head are visible.
The brain region 120 enclosed in skuli 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 z5. The voxels in the reference slice thus
have coordinates (x,y,zg). The intensity for the reference slice can thus be
denoted by /- (x,v,z0). 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 8220, the ROl is selected. For illustration purposes, the ROI of
the reference image is assumed fo be the 2D cross-sectional space defined
by the skull. FIG. 3B shows a ROI 120 binarized from the image of FIG. 3A.
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denoted by Ir (x,y,z0). For brevity, the z-coordinate for a reference
sliceis omtted and the intensity function for the reference slice
is denoted by |,(x,y) or sinply I, hereinafter. Further, the
intensity points for the reference slice are also referred to as

pi xel s, as is conventional for 2D inmages. [0061] At S220, the RO is
sel ected. Foi0062] usAs d¢ iconvegntiopak &s bindrizeRi\ irpage, téwchr piler enge higmee

IS assurredtob the 2 S-sect| | ,space defined by the skull
FIG 3B shom%a”a REFSY ﬁ @} '?ﬂa%?%ﬂ‘gﬁ?‘ﬁa%é?%fofﬁweP%ﬁﬂﬂqzafues

[0062] As isseanyentaenal A ﬁzﬁaﬁi’étﬁfrhé‘g% Al bﬁ?gﬁaveeﬁﬁ‘p@égﬂﬂé lﬁlfengllﬂ@s
image can be associated with a binary indicator having one

possi bl e valSeh,as klgel opwhite aldcampaisennwhen e Immeswegme@tacy ahrauet
two possi bl &4 LeRsit bﬁ@nal Iﬁféq‘lglti‘ﬁ it ﬁﬁi&b&{c{: fe. In conparison,

when an image I s segnente n ‘its original
intensity if it is an object |er [0063] As illustrated in FIG 4,
the RO nay [0863e| o3 diusiratedoin HiE. 4Athe omay Hee seleetesl 8§ folloavs3 AL

lLust S to
it and bone 2 il aP R s Mgl iy by SRS IRt
cgr res pond]?rqoe“ebpmwdmg\i( t@ atl arst _l?_on@,n@wia Wis me!l CHBassswan! b@lep?m;?tm
the type of ,jnages.taken ee 1a ecassn|cat|onot
voxel & may. (B8 SPRGTG BV EERR OB0cs P idoN Bt AoRel IaTLereaslslepend
i ndi cat or  hawithg tﬁmﬁoﬂhafgfag ikePO@ et HlapleVid! TIRS classifidhtidf of thdvdkeld FRO4]
The voxel s ph’a?y be classified or clustered with an FCM cl ustering

t echni que. IngeRiate BY FeERRiat Y RAGHWIOXY Wil Qovlasss indicater having ehgraf

and will  ngsulpsdpicidings shbh @gt@dls herein. Description of the FCM
techni que and sonme other techniques can be found in Recognition with

Fuzzy bj ec | ve Functl on Algorijthns, Bezdek, Pl enum Press,

New Yor K, 41t hel MoVl Mgy bwﬁa@‘ﬁlﬁafﬂé}n fﬁuﬁefﬁ@r wite @nEEM pluptering
reference. %umcﬁ@%ecmmqa&ma@é is KndPid h&ébh@%kﬂl%% megﬁ aAwill

al so be suitable, which include curve fitt

formul ae. HOREDEdesEi@ddn lﬂﬂﬁé#hﬁﬁfglmﬂesb@fwdhadj&ﬂ(iéecmue axbsphe,

model “and oouioh eI T B0 RourdP RARSFoGHO BRR (1 SRR Ber
Algorithms, by J.C. Bezdek, Plenum Press, New York, 1 981, the content of
which are incorporated herein by reference. Some other conventional
classification techniques may also be suitable, which include curve fitting and
empirical formulae. However, FCM clustering may be advantageous, 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
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i nhonogeneity are high. [0065] For exanple, the voxels nmay be
iteratively partitioned into overlapping classes, or clusters,
according to their intensity values wwth an FCM al gorithm The
intensities of the voxels in each particular cluster are wthin a
particular range. The intensity ranges of different clusters are

di fferent, aintertsitp, mb@ﬁmﬁetlwﬁéam@aﬂem@@) OvensiaR RhAnody RIS, or the
i ntensity ranges may

ranges. [006 fferent rs and their
ran_lged gcco'ﬁ%ﬁ' _ js @ssyned %Pr eﬁasﬁéﬁé{%’ﬁér'ﬂpr‘t that ihet @H%tpfﬁ e Qﬁde" ed
their corresaqpding o ﬂieﬁﬂh’@nsﬁ}‘@hk#@st fheaéﬁeﬂbiﬁﬁrﬂrti@lt Q‘ﬁ%tt}‘le fﬁélecluster

maxi mumintensity, the median 13 intensit e arit tic nea
(aver age) i n(tci-ﬂris*ﬂatsythet [pavash deiensitye FyTkIng aﬁﬂ thaelasi pklé’iel"lhasl &%b@ha&ﬂ

bel ow for egtﬁﬁ]nglt¥ q@ﬁfﬁg}?dlg%ﬂ&a{s SRl e{lls%l%n%qﬂégteéﬁgﬁlm@ont o

according t rankings, 1 n ascen
first clusteslustedhy bedowt ﬁ‘wd @hMrsl rrefvgd tigtensinkiragges) datehechaigered

cluster has Al ghest. i ranki n Thi s o i s,assunmed for
al | subseque%}s%%gf ?55188? o‘ﬁhec'ﬂ I'Ye(yl %f?tfé’PR?\% IR g"l’\‘l&‘? E’iht%sﬂ? Ty
two intensi texangigeie inteRsio rEigaerEdiudien 8endnduster a%rémcéﬂﬂ%gé&ey -
are ranked one ‘gﬁ‘ét to the ot her Thus, for exanple, the intensity

ranges of cldqystarshandfhavead lﬁcﬁf‘hra@@ﬂn&éé’htnt?%iyes and clusters 3
and 4 have adjacent rankings in intensity. [0067] At S224, a

background t[boerhol g $28), 4 Isackatdtinbiaheenby: (fs?ie)café@atéd 1 + 0. max
Here, 1 is the maximumintensify of the first cluster CI, and "c" is

a constant such as about 5. In MR ipmages, the first cluster typi cal |y
corresponds to air and bone. Th& éﬁné’t%nt ¢ may have a val ud) ot her
than 5, such as from 0 to 5 or higher. The val ue of ¢ may be chosen

Lyp ool VR HilGedcn Bafse TEXEHBNSITY 01 Bodirtlaust o estld Soiifon

| nhonogeni t o P GURRTE 43RS HEMR Mdts. iKY %%c*ﬁ%@ﬁﬁ@ﬁc%ﬁ?%’r%%m@s

desi gnat ed 48 aiiankdrone. The constant ¢ may have a value other than 5, such as from
0 to 5 or higher. The value of ¢ may be chosen through testing or based on
experience. It has been found that for typical MR images a vaiue of about 5
can produce good results when the image data contains relatively high levels
of noise and/or imhomogenity.

[0068] At 8226, 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
and 0. For this purpose, a skull mask m(x, y) may be constructed where,

if 1{x,y) < fg, m(x,y) = 0O; otherwise, m(x,y) = 1. (2)

A pixel in the reference slice is designated as a background pixe! 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 ROIl. For
example, there may be more than one isolated foreground components.

Within a connected foreground component, there may be pockets of
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background or foreground. This can be acconplished by binarizing the
reference slice and associ ating 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 Ir(x,y) < 18, m(x,y) = 0; otherwi se, mx,y) =
1. (2) Apixel in the reference slice is designated as a background
pi xel if it$ackgoues nmmlé rng:rmluuttéd nRs Koreglaidd gixBls, Qeferraddo e Gs0Hblds

pixel if its carrespo sk mask value is 1. [0069] The initial
skul | mask B ﬁ‘"% %he(ﬁ}g‘””i’ 'B@Yi“ﬁ?ﬂéo Lﬁéefp?@d For exanple, there
may be nore than one isolated foreground conponents. Wthin a

connect ed f go@rjounnt STEBPERELBkull HAek en(TRY) Rereftsk &iehokfindihent can be
backgr ound plxels sur rounded by foreground pixels, referred to as

hol es her eipRdilyiggrieq g Wil Ppn‘@m@nﬁhﬁach@ew 8Y Pers TS waad inabe eyt At
S228, the slggl Exéﬁ?ié Mihembht hfay 156 | b?ﬁ' cﬁH% ffr&f;{)er?‘%% l‘{%‘ﬁ?qlcaé
ec ons

readily carried out wth conventiona ues by per
in the art. closing igtaeske] maek; susieds withya wemalstrue?drmgleldmerﬁquﬁde 3

erformn 0 I t K h as, w
auare st Pl g SR smat 06 u de ‘R TR gl E St iehlhy' o7
th?l )skul I rrhskc::-rsjuas tctesmain@d Inmva(rh)|, esugirhy Tok rrimqﬂ&ﬁogleﬁddesmgl bﬁg b&
Hu supra e Jforphol o closing m rried out with a
sui tabl e Eoﬁ%'ﬁ %ﬁ&ﬂ‘f %ﬁbfo“gﬂ”ﬂﬁr‘ rg%mﬂréncgoglf@@(?gl}m%e el i mi nat e
smal |, isolated foreground spots, such as those in the skull region,

the | argest [@7dlip 0o aimingietsdall, dssigidotkgpbuel Spdts, $oh, ay thoreen the

det er m ned t he ot her foreqgroun |xels re re-desj gnated as
backgr ound a@lﬂ&@%ﬁ“ #E IgSSHATEUP 5 COupEStR aft:f?@mw&% S8 AFG

i ndi cator t gefermir@@%Hd fhe &hé%?@r@uﬁ@b&éfé é‘retr’éfders%'téﬁ QQ bE@IEﬁ*GIIHdI’”d

conponent, each _background pi xel surrounded by foreground pixels is

r e- desi gnat BYfegsf Orﬁﬁﬁ@ﬁ%bﬁéeﬁi“ﬁéhglr apeRciaigd Piasy "Waé@ttfl’l%g its
associated binary indicator to 1. [0073] At S230, the RO is

sel ect ed aS[ddm]reqboaanﬁ#ﬁéﬂenﬁaeawntthé refr%"rﬁﬂéq R% nﬂeé&nb&qémeeébmal
skull mask m(x,y). FIG 3B shows an exenplary so sel ected, where

the foregr ob#ekapPynsl oixgl eswr%md&?e@yaéorsgwdaﬁatels is re-designated as
foreground pixels, for example, by setting its associated binary indicator o 1.

[0073] At S$230, the ROI is selected as the region defined by the
foreground pixels in the final skull mask m(x,y). FIG. 3B shows an exemplary
RO! so selected, where the foreground pixels 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 S240, as illustrated in FIGS.
2 and 5,

J0076]  As illustrated in FIG. 5, a suitable thresholding method is selected
at 8242 based on the particular type of image to be segmented. For T1-
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background pi xels displayed as white. [0074] After the RO is
selected, an intensity threshold for segnenting the 1inmage can be
determ ned. Both a | ow and a high threshold value nmay be determ ned.
In sonme applications, only one threshold needs to be determned. In
this exanple, both | ow and high thresholds are determined to identify
G:V: and V\deb@(h’(@:], Hmmowgdhmml fmédds,i b istipdeisdni magdeabnSe4ifed as
illustrated in FIGS. 2 5 0076 pllustrated in FI G, 5,

sui tabl e th%%?ﬂﬂ'@ﬂ%ésﬁgﬁﬁ(%eth%‘g Fovet bk, Vaplkstop d2ureightepiaia Po-
particul ar {xp@itd inhdRES alifeh® aﬁ@%@f&ﬁ@deﬁ@fioﬁ&MA@@)Wﬁéﬁbﬂﬁgus&?%
and FLAIR i mages, a supervised range-constrained thresholding (SRCT)
nmet hod i s uSadb.abeilast i BRGTomefiodviipydthagnafesaibed\vigi fHt@d el al.,

i mages, a r LAt ARy ' ':.’tﬁﬁ]q 46.
Det gi | s of %e@%&%ﬂﬁ%ﬁr&@éh@eeﬂﬂ éscrl égglkﬁuajn%a et a(?ﬁ, |m§‘&e

" Super vi sedPRaegsinGoBa808,araled5, T 220240 ftkiy()'EBRe Toumbesds taf avisclomre

| mrage Procgssin 06.. vol .. 15 p =240 (" Hutl )" h

content o of ERRCPAaf dersin b rafstatiost e RSP fipthed Mibhd dbecrlndt eigy:
met hod will be described below. [0077] The choice of threshol ding
met hod may [p@7FhdeThaseloiof oflniadeghbldmy kmeihbe dgeyahd/ oradanypasediesn

rior acquired i nformatjon aboyt the . different cl asses qof pixel

P eoent i Blofkad TN e s heotes o Sravired Rem et I end

i nfor mat i ongigrafentlckRskaiol %@d@l@%@é\éhﬁintﬂhéﬂﬁﬁ@bﬁh@%ill HRicbeé ¢tisapelbived.
e

For exanpl e, know edge about t groport lons of different tissue
cl asses sucHHs kapwledggnand nigfansation tam stk itdtenraynew & sbieshelding

The  SROT rChise aPRREE YA Rl ISR B FERortad & iTaaR:
know edge. iesueariasnesapipniess aiedontoandr CSkekifhinethe BRERNanke mo R
G5 and boiePhnpe R talsib® B TN SESRateoULER ek fe
CSF and br@R&Tt irssthed isn arhesampipesetifod rhge dakdshmjvantagd el such
threshold ig dEHISUNL &S be appreciated, for Ti-weighted, SPGR, and FLAIR
images, the low threshold is to be used to separate WM/GM from both CSF
and bone/air. There exists substantial intensity overlap between CSF and
brain tissues in these types of images. Thus, the low threshold is difficult to
choose with conventional thresholding methods. The SRCT methad, on the

other hand, may be advantageously used for determining the low threshold for

segmenting these images with 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 ievel can
vary and the proportion of background pixels to the pixels in the ROl can vary
at different frequencies. The frequency range of the background in which the
propoition 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

around iruth are available, or in the form of approximation based on any prior
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choose with conventional threshol ding nmethods. The SRCT net hod, on
the other hand, may be advant ageously used for determ ning the |ow
threshold for segnenting these imges with good results. [0078] In
the SRCT nethod, a threshold is determ ned by m nim zing the
classification error within a frequency range of the background. In a
gi ven i nmagesnowiender arousarat judgemené when sapipkeinsagats sra bt dvdilableent
intensity level can vary and the proportion of background pixels to

t he pixels i frequ |es

fr quency r a@&%&gf % -F%Q'c?@ (Lﬁ@‘é ipﬂj W%%@ﬁec{ s r@‘ﬁ PYV?BW%%O('%@ to

3ac kgr gu gd_ tthUb@d R& swraﬁ@Bmmbd@\e ad IViIRE admleyrélr@mglhgv@ylﬁ_@éyh irtemiliyas
escribed in rie ower limt and a higher
limt of thé)vrﬁéa:'?@ ff%f%@ﬂ%fﬂn@ Nﬁ%i%ﬁh@%ﬂ\%@én@spémwg%eﬁwwe

super Vi si on,gndijfidierstey be in the formof training when a nunber of

sanple mages with ground truth are avallable or in the form of
appr oxi mat i W edge or visua udgenent

ci:n based on any prior kno I
when sanpl e Pﬂﬂges fé?ﬂluatsa‘fegxﬁaﬁ@m?e the bighothresdioldr femids @ﬁ%@ﬂ“%neﬁ
PD- wei ght ed (B{r260) Adgghoyery gﬁ:’ 8@! thd Srde ofb&ei‘éﬁﬁﬁil i foy %Ef?jt hng

ai r/ bone an ere is rel y’Iess Intensity
ai r/ bone andhregholtta iray heheevierso. rret hod may be effecti ve and
sufficient. [0080] As illustrated in FIG 2, the high threshold

(/t,h) is d n a 0 ec) , :
order of deﬁgggﬁm ﬁﬁis @é\frgtﬁg ﬁl gﬁﬁ %hg@éﬁéﬁggg‘%gﬁﬁg{g ﬁ?ﬁ‘f‘&%@?%ﬂu
As il ustratusadifor RI:@reat tytidsf of dmagesr Eshdmwa@htmt, h3d&Rar anch JaiAiR
used for dif 1-vel nd FLAI R
mges. "t he RLE ¢ HBERRnehE pd Bred il bl i tydiaaels

i mges thethe ghght ﬂnrﬁmﬂ d; tcsbécusbd to sseghatate SHVROAGM \Wdno higBMnftaresity
hi gh |ntenS|t -brain tissues such as pone marrow and adi pose.

[0082] For f? ‘ir’"B EaEHRY 1S RRIGW FRaUPO%%e hi gh threshol d is

to be used to separate GM and CSF. Again, this separation can be

di fficult wfgts2]a cRmW@qwéighasld aid PEhwbightegl imedigasd thelhigh, threshreldhiedo

referred to bheurs%'d% separate GM and CSF. Again, this separation can be difficult with
a conventional thresholding method. Thus, a method referred fo herein as
thresholding with pairs of bordering pixels (TPBP) is used, at $265. As will
become clear, the TPBP method is suitable for separating two classes of
pixels that are adjacent to each other both spatially and in intensity ranking.
As can be appreciated, CSF and GM/MWM 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 $208, 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 aiso be

voxels, such as voxels in a 2D slice from a 3D image.
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thresholding with pairs of bordering pixels (TPBP) is used, at S265.
As will becone clear, the TPBP nethod is suitable for separating two
cl asses of pixels that are adjacent to each other both spatially and
inintensity ranking. As can be appreciated, CSF and GM WM pi xel s
are such classes of pixels in T2-weighted and PD wei ghted i mages.

[ 0083] The d0085p! eFichresiosiralienh prideed STI0er ofethicd:Holihey etcdingngte

are also li Table |I for _easy refere 00 Bef ore
descri bi ng hﬁ%\ﬁg&l&ﬂ ?CﬂreéQWW e *m%nﬁﬁgiﬁ%hwaﬁnw 13k ocess
S200, a general description of the TPBP and MASD net hods is first

gi ven bel ow joeséh rEheTPBFemethc RIRuEBREor WhdcJshar ea tBQ have the
reference sl ce froma 3D | naﬁlh Wi |l e pi xels are use
e

represent tHel¥EPg %@rafﬁt%ﬂﬁﬂﬁs imagenkas Pixgiss Hisg cam b‘?td“{‘@e‘j ‘nto at
under st ood tBad {ReieAlifaei Mste8aRath SPade of w;eéfél fnuagﬁwx &b 1SR |

ina2Dslice froma 3D i1nmage. 17 [0085] FIG trates a process
S300 of thremae@redg"eg@@omsp@cq oThawéNomemraouOrdsr«mlaﬂsgsaﬂ the

embodi ment _ofo LOG, A RS SMe iAXEOY Oigel 09801 (T02icTEEE SPELAA h%ach or
hz%'l'ﬁ Pl

sui tabl e for procesSsing T-mages oW ng
char act er i staves. ovdriapi Hagethhasatplieaeﬂ sotriaaaplxem lrbeead:hvcldesi arst adjatent

| east two identjfiable.classes. Each,cl ass of orm

eact one | dERabRoE® FoRSRT R offet BeSsin e aC e ar, o havTets
cl asses in trhsonsFRBSRnddtatoft Aehiphie! hédd efifd tifo! GBS Ghayt hespeively
cl asses are close to each or even overlap and that at |east sone

pi xel s i n ed&OFeEPekiopielsderesanting rQe?‘Fgﬁﬁgrhrﬁ'@)t'%iiﬁél“éc%q“ng &ty YWy

class in sp I BXAMhe, ithfgd ge HeL PR i e POfsifabl
human head, aa?‘ﬁecﬁﬁv\o cl agggs haggregggctfﬂv% |y corrggjgorlljgmt%o plsxerlase

repr esent i nglassificaiien techniquei issiding ertvaaiional ssaifiaiiorategheRtes RKSh

t he i mage pleéq{,]é FWteQ:ﬂnf&h@ss' fied using a suitable <classification
t echni que, including conventional classification techniques, such as

the FCM t echni qr 0087] As will become clear bel ow, the TPBP net hod
may not be 409§ Abl Swﬁlh%?@mﬂdear belews éhmTPﬁﬁ’e@ethodumﬁy@Obbeuahntabfe

certain applgGRERAIS: cditdin IHPbEimage or in certain applications. For example,
when the two classes of pixels to be separated are distant from each aother in
terms of either spatial position or intensity, the TPBP method may not be

suitable or may not even be applicable.

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

be classified info two classes.

[0089] At 8302, 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 ciusters

based on intensity and the infensity ranges calculated from statistical
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when the two classes of pixels to be separated are distant from each
other in terns of either spatial position or intensity, the TPBP

met hod may not be suitable or may not even be applicable. [0088]
Assum ng a suitable 2D imge has a plurality of pixels, which can be
classified into two classes. [0089] At S302, two sets of pixels

wi t hi n the pheasires pf thie ghistelssasundl Isefieteetiusirded dlefdv.S1 and S2. The
two sets of pixels are selected based on at |east two criteria.

0090] First h £ pixel | t i t .
Fequi tement 1008 o SFtarlly Hetf ol Bie WRESRte fSkts A et ohe snatieh <
of pixels haetnigerhatiehsieighbsrs laﬂeastfdrre%:xélﬁﬂﬂ@tiﬁ-ﬂéthtehgeisﬂrﬁﬁﬂid, #ettwo

consi sts of pixels intensities in a second ran her than
the first #é%copﬁ* ?gr’?%ﬁgr”i%/p}x&f?glé%twﬁﬁp he tWﬁé%%‘ﬁ?ﬁn%&PP ing fareitent

manner s f or bofdiRstest gkl 6 RS oPth TBARS LR tho FAftic RIABRb RaibRe

plurality of pixels may be clustered into two or l'ust er’s
on i ntensi t 1SgPofiRg pikelengayybe ﬁﬁj@@dcdﬁ@tﬂr@m@sf gy bt andetsited by18

nmeasur es of I r r.i-ne

10001] - Secoldl e i ar Yoreafrlentilales T s e Sy sgare
spatial rediKalsiwatpixalg aMImiﬂmrsmenltbaearecﬁmomiIecméd.f romthe ot her
set. That is, the two sets consist of bordering pixels between the

t I u h f

o, 1 55 RS REIh U SBemAOH O BRRE 5 DARSeR

defi ned di ffohrsﬁﬁsqu phass, oﬂhncih)earemmﬂmratsmlﬁbtélyfropeﬂmﬂaralw bf ﬁﬂelsn Thbe
art. For ex Wt h rte oor di nat.es .and xels,, two
pi xel s are ﬁ\gﬁgfﬁ‘%?@ When® %x‘??eé{ré Cﬂ%‘?\ﬁg‘élﬁ% l{%&ﬁ%’y FF% that the
enbodi ment, firdtecidsier 5&s mfst pitesdity range %ﬁﬂetﬁb%écbh@rﬂldéwr h&d Hséé?foﬁd()f

pi xel s, which are in turn selected fromthe pluralit i xel s. The
two cl usteré”qﬁ‘éﬁ)iytfé”%% hesih ’i’@(ﬁf‘f%trfaFﬁ?eFr@ﬁPSﬁ”% oggn ireRgs of @

that the fie&l, felfieilfias mapld@ﬁesbaﬁ@rﬂélsra.nr@w@saﬁe‘!ua.hg WEELBHA
cluster has a second intensity ran I gher than the first range.

For exanpl e3rdYoMmadiRT mrd; thagwecend clustenman perresposd ol GSFerT hﬁafyrs’r and
correspond t8cdHPhdts hhP HE Sed Vel Wil d Boffhe first and second clusters,

by requiring that each pixel selected from one cluster neighbors at least one

pixel from the other cluster.

[0093] The two sets of pixels may also be selected based on additional
intensity or spatial criteria. For instance, each pixel in the two sets may be at
least a pre-selected distance (D) away from each one of a third set of pixels
within the image, such as from a border of the image. For an MR image of a
head the third sef may consist of skull pixels and D may have a value of about
10 mm, fo 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 8304, a stafistical measure of intensity for each of the two
bordering sets is determined, denoted P; for ST 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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grey matter and the second cluster may correspond to CSF. The first
and second sets may be respectively selected fromthe first and
second clusters, by requiring that each pixel selected fromone
cluster neighbors at | east one pixel fromthe other cluster. [0093]
The two sets of pixels nmay al so be sel ected based on additi onal

i ntensity ormegalrtahsitss, oesbme &her émﬁo&ftbmier%ﬁ?fvalliesa"or each bethewavo

sets may be at sel ect ed di stance from each one
o 5 thl o s grheniai Bf G aiCRG s b b tiea! M e e sspaas By
the imge. Reg p%mdMFér'dﬁgﬂ@at% eﬂqd iheaﬁieﬁ/h@tehgw alusﬁehtuaﬁyarropm B¢ nftlde

skul I pixels and D maK ave a val ue of "about to ensure that
t he sel ect edYppsiePss grieddn [thayait alterngyviewing thl@ﬁpewécatmuaas wiglhas the

As is appar of bordering pixels are within a RO
defined by t ]feer%'lli&t%%aﬁtlty O%ﬁpl xels but the third set of pixels may be

outside of the RA. 0094[]n At S304, a statistical neasure of
intensity fdP08&lch AFS30fs thewhresndébiingoraptisdias alweightechakrage nbthed
P1 for Sl an[{;!l0 %ats%al% ﬁcti vely. The statistical neasure may be
t he respective average arl metic mean) intensity for each set.
They may al so be nean intensities, nedian intensities, 19 node
intensities, or some other expetted’i h{brmpiffy val ues for eacl)of the
two sets. The choice of the particular type of stati stical neasures

may depend %here gﬁs %atfcfglsféhlt %Dcﬁ%@ lelofh k@R, Ly Iﬁg K‘ﬁh{ v &t@?—:bg%g

di stribution, per sons’ ski I
review ng t mrsthspm'hu‘:ufaiaapmjmaaen V\skdh as base oneffrlwtbacriess desieabléido den.

[ 0095] At S3 the threshold (ILt) kS C ed as_.a wei d average
of the o et MpeREoR st nutels i gArap g a8 bt fudSe e 3 LS
constant such as fromO to 1. The value of a may vary depending on
the parti cuI[&ﬁQ&]pplAs:aam e, apmedna’ml Hass‘éxdesimldnﬁseﬁdatermm‘edltmsédsm bdthe
to be over certain.cla

aged mat v SPotslaganERE Y HiAe DR tiTunt At duffif g HRcectection
determ ned hisiedtvansdet-hay be made based on prior anatomical knowledge when the

image is a brain image or other medical images. Advantageously, the
threshold can lead to good results for a wide range of imaging types and
conditions, particularly when the image have neighboring pixel classes that
have significant overlapping intensities andfor low contrast. Averaging over
the bordering pairs can also eliminate the effects of size difference between
different clusters. As the threshold is used to separate the two bordering
clusters, it may be advantageous to concenirate on separating the pairs of
boundary pixels in the two bordering clusters.

[6097] FIG. 8 flustrates a process 8400 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 technigue.
[0099] At S404, a mean intensity (/) and a standard deviation of intensity
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spatial and intensity characteristics of different classes of pixels.
The selection of the two sets may be nmade based on prior anatom cal
know edge when the inage is a brain inmage or other nedical imges.
Advant ageously, the threshold can lead to good results for a w de
range of imaging types and conditions, particularly when the inmage
have nei ghbdo} oy pnexef tied akskss ta‘latdetdslameedsi"mé pirtizotar mhestéapeivgen

can al so of ITHPRAND et e & Brediiinietnker SlvRatns i Hebeett
clusters. Agpitdie Hath@s R GhibAsiieS diheOcBSRANAAE Hha fiMe chx%téel(@m For

clusters, it may be advantageous to concentrate on seﬁ@ratl ng
pairs of bd&liRtRatgdhe slassioh piwls hawnpbiohditengities.dse 6 ter[romeb@ a#m

8 iIIustrate'cﬁ1 ﬁt@ﬁess S400 of threshol ding according to the MASD
nplary

met hod, exe an enbodi rent of the present invention. [0098] At
S402, pixels in the RO are classified into a plurality of clusters
based on t hd@@1Gt ensht H48hdhe Faresheldis delereived@sl, ..., CN). The

classification can be carried out using a conventional
classification technique, such 85 % or another suitable r(h}lsteri ng
or classification technique. 955] At S404, a nean intensity (1) and
a standard devi ation of |ntenS|t éc;) for one of the clusters are
det er m ned. WHeEe s giconstapt, @UQB?@WF%G dsen depending on the type
of thresholding desired. For elimnating the class of pixels having

| ow i ntensi ya@po1)t he Akﬁmg%rea@vﬁ%egs fs:aroﬁto@éﬁ@d it d(s@hgse Sbove with

elimnatingthe class of piI xels havi ng intensities, uster
may be a | ag¢feraficgsioed ZPCNyagq db@@@}ﬂeﬁhomom almbemsgsihwrdia”t@mmmg

det er mi ned ?‘"ﬁ‘ﬁ to
3. [00101] Eﬁt%oué%* p%%kg{s@?ﬁ%gm&S%@g?ﬁ?mda%cusse@m %%\?‘Eeﬂl%rt h
reference t diuatra@dibednye, t hese met hods can al so be used for

determining thresholds for segnmenting three-di nensional (3D) inages,

as will be jagfodg" IHAdISErAEE RGIentation of the thresholding methods in

process 8200 are as follows.

[00103] At S244 (FIG. 5) of process 8200, the SRCT method may be
carried out by classifying the pixels in the ROl into two clusters 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 ROI may be limited to the range from 14 to 28%. The
particular values for this range may be determined based on available clinical

statistics.

[06104] The threshold that maximizes the between-class variance is

then determined as the low threshold.

[00105] At 8246 of process 8200, the method $400 is implemented as
follows. Pixels in the ROI are classified into 4 clusters (C1 to C4) by the FCM
technique (at 5402). 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
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[ 00102] The particular inplementation of the threshol ding nethods in
process S200 are as follows. [00103] At S244 (FIG 5) of process
S200, the SRCT nethod nmay be carried out by classifying the pixels
inthe RO into two clusters by maxim zing the between-class
variance (as_described in Hu(ll), supra) with constrain of
background pfesEsamentation purposea. Farmxaimpe,atheemaximein dttahsityr optirt firsh

of air, bon | ] ] be limted.to the nge from 14
Co 28% The TuaBr (G 6 s il FERHE o f5<Bi) Yt e B Rronsi i
on avai | abl egodd ttirestiold $dragagmnénting thelidk. The thiyshslIsthiB etermined
maxi m zes the %@tween-cl ass variance is then determned as the | ow
threshol d. [BOHUEYSAt S246 of process S200, the method S400 is

i npl enented as follows. Pixels in the RO are classified into 4

clusters (C[00907¢) byrHehtedCMterisg 1M taed é@hd&@@éviatﬁh%ﬂn@é%@&iﬁ)
may respectiyel cforres(gondto bone/air (A), WM (C2), GM ( , and
CSF (C4). [d‘@id%‘? Auesli Jusies&d arodeterttned (At $404)c I Theseraluge cai then

unsat | St act gy dalfAbiea e R G isRh R For exanple, the

maxi mum i ntensity of the first ster or the m ni mum
intensity of the fourth cluster C4) is often not a good threshold
f or segrrenti[ﬁé'“?ﬂe i nddje lowkuesind dnisicommitehas (2t8406)i ned as
follows. [00107] The nean intensity (P) and standard devi ation of
intensity (ocl) for the Iomest;,@;@t,e[goci are determ ned (3@8404).
These val ues can be readily cal'cul ated by persons skilled iYi‘the

art. [00108] The é ow . threshold /t,i is conputed as (at S406):
/ti_Tc' +RociViese B {hEpe B tps3.f Fshpotugd valueTeleB ssnube readilyechdsepaby an

be readily Bad i ' j - de ' e,
applicati ongﬁﬂgxaﬁlmeﬁﬁi?ﬁﬁ%?gwﬁg{l rqg%:%p?%ét}og]dﬁgdéﬁ%p?& M)t 1S
m scl assi fi d&sireleds resisetmiselnssifieation efsiobrhiain tissss we brainrtisgue Haraya
higher val uggygugh hhefPN e 2 subll L ASoReS) " #Pke id Ol EAURE 1o reduce

misclassification of brain tissue as non-brain tissue, B may have a smaller
value, such as less than 1.

[00109] At 5264 of process S200, the method S400 is implemented as
follows. Pixels in the RO! are classified into 4 clusters (C1 to C4) by FCM (at
5402), 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 (o)
for cluster C4 are calculated (at S404),

[00111] The high threshold kyis computed as (at S4086);
hn=T%+ B a®™, (6)
where {8 is from 0 to 3, but may have a different value as in equation (5).

[00112] At 8265 of process 8200, the method S300 is implemented as
illustrated in FIG. 9.
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m scl assification of brain tissue as non-brain tissue, (3 may have a
smal ler value, such as less than 1. [00109] At S264 of process S200,
the method S400 is inplenmented as follows. Pixels in the RO are
classified into 4 clusters (O to C4) by FCM (at $S402), where the
hi ghest cluster (C4) corresponds to high intensity non-brain tissues
such as bond0fti3ow ardthcakidrdesny satdard fist ewldcid (8362 ot $266, SYBBOr

GM [00110] i _nt ity (F4) and standard devi ati on of
intensity (o%fo’gzgg aéﬂ{aﬁ"?fe%)‘ CA are calculated (at 5404). [00111] The
high threshold /t,h is conputed as (at S406): /t,h = 1c4+ R Q C4 (6)
where R is 004 to ¥ tHiexaraylehthedirat bit bf pixeRtars @sbemad tb BoRasRIndon

5). [00112] ,At. S265 of 5200, hod 5300 is inpl t ed
8o 1 Fustr dbdtitinenes icB5s Pan G| amh ST sbe R c0Be Seh PRPPRIGRIe.
sel ected (S3R2urrade 23ALsp&2PH C_Sﬁ?/liQ caﬁ%%pﬁd?@oia(j{%&f‘%he Moée%ébg b&{ag

this exanple, the first set of pixels are assumed to correspon
brain tissuc¥eiorepirundpiris af Gwskalimaskand the second set of pixels
are assumed to correspond to CSF. As can be appreciated, the two

sets of pixqhg1isre f%é%?aﬁme b éathaBé It skih !ne@?mgBring{; ﬁQiPoﬂa fi{te
spatial requirenments are that each neighboring pair “of a rst se
pi xel and a S$&pbwl agdta peswd aetepigelcaen®cortbcied asdctachi Me¢l inrthe Heo

two sets i il i stan = h
backor ound SorysieRgedes 18 i S8 SR R, il R, HREHTRG
pi xel s or slindl (i xbedhird 0K PhlelsTive hatkgrmint\pixals teskul pxdss).

determ ned as follows. Pixels of the RO are classified into 4

i ust or Ca- SETR1CY o £ et iterity it upeefling, dL BplsileS Hipls e

However, t hdRQleehr&t d:laf&aiﬁiett éniei4t indiml lohistere rby(SEMa(ed S2663r i thid tasgnthei n

Ige dapgr PD- W?dh%g{ I%jtiall TR Cf-]}_ %grerSgérIdfsetBe@éF ,I Qr% gl?.:'s% r C? Icgr%slp%n rseto
GM. However, the relative intensities between CSF and GM are different in
To- and PD-weighted images. Thus, different intensity criteria are used for
selecting the two bordering sets depending on whether the image is a Tz or

PD-weighted (S268).

[00117] For Tr-weighted images, high (or upper) and low intensity cut-
offs are calculated by (8270):

fu= I and I, = I%. . 7)

where ¢

mn 18 the minimum intensity of cluster C4) and 17 is the maximum
intensity of the background pixels in the ROI. Optionally, the low intensity cut-
off L may be calculated from a statistical measure of the first or second initial
cluster C1 or C2. For example, i 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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selecting the two bordering sets depending on whether the imge is a
T2- or PD-weighted (S268). [00117] For T2-wei ghted images, high (or
upper) and low intensity cut- offs are calculated by (5270): /u = Imnm
, and /L = "'flex , (7) where |l,c,nis the mninumintensity of

cluster C4) and 1.8. is the maxinmum_intensity of the background
pixels in the RO . Optionalds(*theg d%){\fahdlﬂLGng}\éTﬁ/yp@%, of f /L8ay be
calculated froma statistical neasure of the first or second initial

cluster Cl (o) | e | to the maximumintensity
of C1 pl usqlghe%%!:sa%ﬁoeféﬁ%dg\ghér%Jéﬁ%’a@cﬁ.ﬁ%y equal to the m ni num
intensity of C2 plus a constant. [00118] For PD weighted i nmages, the
hi gh and | of00TtSInsi t Regatdiexdsf sf tueeimagal typd athedintens(tp222yes &3 the) two
=(1C4 + vyl %Cgs) and IL = I&l ;],+ ﬁact) (8) where yl is about 1 and
where y2 i s “&bodf '§5P§HYe é:ﬁe'ﬁ@é Ydl ess of the inmage type, the
intensity ranges for the two sets are respectively defined by: 11
?/u, and/u>12>/L, (9) whehel)lantd;#2 afe the respective inpensities
of pixels in the first and second sets. [00120] The two bordering

sets of pixels are .selected based. on,, in.part.. equation (9 at

S27a. “The. s 1BeS Feae S B BEP SN e EEbLoiaS Bt i Pt e gedtine
described aketse in relation to method 5300. All pixels neeting the
intensity and spatial criteria are selected. [00121] At 5276, the

i ' 1 1 h set | i vel .
cur ol en. TR a0l Bord st el e RGP SR ot
the stati st iegahtiore@y a2 BiRdsdiaction FaAhe e bo(c@rinﬁ[%%%théﬁm@ 48,

and correspondi ng to S306 and. equati on (3§ the hig threshold
intensity ( p!le,sqq)befjsaw,ecim rgjatigng- method 'S300. All pixels meeting the intensity

and spatial criteria are selected.

[00121] At 8276, the average intensity (/i and L) for each set is
respectively calculated. This corresponds to S304 and 7; and L, are

respectively the statistical measures Py and P in equation (3).

[00122] At §278, and corresponding to 8306 and equation (3), the high
threshold intensity (k) is calculated as:

kn=al+(1-q) L, (10)

where d 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 inciude non-brain fissues 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 4y, and a value of 0 if otherwise.
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/t,h=all+(1-a)12, (10) where ais fromO 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
cl asses of tissues. If the cost to exclude brain tissues is bigger
than the cost to include non-brain tissues in the segnentation, a
shoul d be bi@Mk24]t hanA birrizbfiorbinbticost sinarizatequahslyB(xmpoy taamite  or
one wants to_hagve ni.mum cl assification error then a should be 0.5.
[00123] As P} E'{Gtt?rﬁ dPS'% FIG 2, once the |ow and high threshol ds
are determ ned, the reference sllce or the whol e i nage may be

binarized at B /(x.Fay <ekaBikg,z) eal;hothentike i B(xjyg = 0rge naylhe
assom ated with a value of 1 if its intensity is in the range from

|t , to /t , a Vv [00 ]
bi nari zat i oibq'@%iti onﬁg\%ebﬁ%?q Qhﬁ Hirﬁ?si?%( iél@ tg)fit’a a'}%nA to 13C
const r uct edshyh@ngges &f dlanlple ®ferentezlicss bhd theiféegryematich d¢cording to
ot herwi se, B(x,y,z). = 0. (11) [00125] FIGS. 10A to 10H 11A to 11C

12A to 12C, PERFES18&000 13C show i mages of exanpl e reference slices
and their segrrent ation according to process S200. [00126] FIG 10A

is an ImageF] 128 X R, A0 |Fseefr?fn%§eeoﬁéh @Reliblaty Phlerdiietdiice bf MRPD-
i mge of a human head, selected accord @pocess S200 at S210. FIG

108 is a bi Welahiedi MRrigaoe 96 h@ﬂ{aﬁma@h sglectask aerordipen Rrpeessy 8280 @hce
slice of FI §2160ﬁ|@C@QBdilt;”§ Hirtare8 C 839@@%@%@01 [t P e

intensity histogramo t he pi xe is shown In
10C. The x- mierenvalsliessof Fii. dﬁﬂ@qcneilmﬂ melbrom:mseﬁaw at §820.t he y-axis
values indicate the nunber of pixels at each intensity. As can be

seen, the i (/tgllﬁl??!/t :OgISTn @‘.térfé‘?c FH:é‘tSQtI n%f é;tﬁ?é;ﬁaﬁeﬁ%ﬂéo}fﬁﬁé R@ﬂ’osff BRSEN ! u?

no obvi ous {epar cl asses p1 xel's
at higher ihtG&rHIG.iBs x—p@@l\@&]e@mmcamtﬁesmimmmmeiw andrike yyaxia ¥alogs am

of pixels a y. t repr j ”

il ufa” (oo Mool R Rortixe RodB Bl s PF nE RSN PR R R

accordi ng tof fined beeds 200 cahitiB2fiGly and there is no obvious valley point for
separating different classes of pixels at higher intensities.

[00128] FIG. 10D shows the intensity histogram of pixels at the
boundary of grey matter (GM) and cerebrospinal fluid (CSF) in the ROI, where
the boundary pairs were determined according fo process S200 at S266,
$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 $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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S272 and 8274. 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 GV pixels are in the | ower range
and the CSF pixels are in the higher range. As can be seen, the two
ranges do not overlap. [00129] FIG ICE is a binarized i mge of the

i mge of FI @liceloiFhdlifbaseadhen thuestidds deliersinsdafcchidihy TODsmplatiGé
and non-bou | bl ack O0l,.Fl& ,10F is bi nari

age of ¢ naotp RSB BRI E he BT 3 bigiiliae H0 i SRSy FEM
det er mi ned afustarthigngnd cherlowesisd $2gH) threblesids tdre faispbctiviely € ohiginnwas

det ermi ned usin r.gcess 830 t he TPBP net hod) and the | ow
threshol d i ﬁ%‘ﬁ@?%%h%ae%RﬂE’oC?‘éq(fﬁfga%E@qu%'WH‘ b7 g o qustara1]
In conparison, FIG 10Gis a binarized imge of the reference 25

slice of Fl @o12p basad ean they eppriciged eberpdraqtt agmed dinnghd Gl after
si npl e FCM net had, m@gre the pixels in_the RO are classified into
four cl ust eFEMBFrRENTICS: [1OFepnd 104 dthen EPBBwhgHwth pEpsiuchs ednarereved e

respectivel yadu€oysr B i i f 3
oo mum |t Ao G Kl N bR, A RAgRESRED ThiEh RudH BhdifBre
appr eci at edekgiuged JoFdGs APF|than iim RiGe 186 (the texcludednpsels raje RhG8In a9F
and 10G th t i . . the sigple
FoM et hod. VRLS BLeg 115 HREH T IR ARERT & 89 g MGl beri
10F t han i nTBP8 me&thad(deienerecdfiadticeipreckice dassifiltion easrs oM foeintensity

i xels). The reason . for thi,s difference,.i ikely that, in_this case,
Phe. Thre nerdiED ol Rl bOfacke FPC RoT Pls Wl Sicts s ipreh kel rig, B2
due to intentddigssifiedeinl tap singld POIMC AEH@S Hue kO sup¥@rbheintaftpiovehsp
are nore Ilkel¥ to be mSC|aSSIfI?d in the sinple FCM et hod due to

) L TP !
subst ant i al 2PHMHENRAP CRItAshpeardhe lowsy ieagly ek of el Whkakelhe | ower
intensity limt of the WM pixels. [00133] FIG 10H is a segnented

i mge of thpoRGB] of MIG. 10 isagcesghagel OiNRCeFStho28D] 48 MED 108
appreci ated, classification_ errors maé exi st in the segnented i nmage.
For exanpl e2C96HBI 4R rPCqssx4 0. Asecan BpPpreGiater) dassifigalion ereasimabf
m scl assi f i §aét iAnhEURghertas RaGe. StETe @8] §6madul) H&s are visible in

i nhonogenei t[y. ) L
FIG. H as a result of misclassification due to factors such as noise and image

inhomogeneity.

[00134] FIG. 11A shows a fypical 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 $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.

[001386] [t can be appreciated that in different embodiments, én image

may be classified into more or less than four clusters, depending on the type
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[00134] FIG 11A shows a typical reference slice of a Tl-weighted MR
i mage of a human head. FI G 11B shows a binarized image of FIG 11A
and FIG 11C shows a segnented inmage of FIG 11A based on the
binarized imge of FIG 11 B. Simlarly, FIGS. 12A to 12C
respectively show reference, binarized, and segnented i mages of a
T2- wei ght ed oMRweigmgmd ‘rfaarsde EleESes ommerest. laGonespedicatiensy astissification

ref erence, b arlze se e s of, a FLALR i e I
of these se& 80 '?CH;E '@’b %%%ea%ggpml A{‘!.'grl\ﬁﬁagre%% E?@b)
[00135] As @@hnhﬁeaﬁ@m@p&@tj@@b@tboﬁ@y@p@m&hIskill@dmmetahﬁ art, the

segrrent ed i mages are of good quallty for all four different types of

obod nant s [OERTT or ot <Rt PRLGH ALY Iad inioneilist o dbon g b

clusters, degpeshmed Waﬁﬁ@uﬁdﬁh@maﬁﬁepénd fﬁiﬁ@ﬁcﬁﬂﬁi Ftdr%%blﬁ)p@ s8I
interest. In sonme applications, a classification step ma

be
per f or med wPeHras! Sy aeAle | imaghng High igtemsity Manbe Froreesnted é&ﬁﬁh%fd@ht as
wi Il be undgfgteudidy a person skilled in the art. [00137] It should
al so be understoo t hat intensity of the inmage may be represented in
any suitable manner and in any color. For exanple, in a single

cont r ast grBIgD1§81a| e iAmgen be ndmisiondeifsprogesn P08, aepn@gélm duesheld
ther ligh
either lig e @&%ﬁ.ﬁ@ %81 Eﬁgé&%lebl dext[&aeﬂo% 98?%%%91%%@}?@8 SS

S200, an in e s erm ne rom any sul
subset of voa@d goblfe BIZD @Da ofdpe SDMnagh Armntdbiacﬂublset ahdlmd have:mxeﬂs

the 3D inage, uita bset hav vox so¢) at

each possi b?%soc?f %e‘glﬂ?} Xgpgﬁ@% "?3?6? h %tsq gﬁagﬁ??lsg\%évi
repr esent at svfeiciehtlyt hepradaitativeedt tHeowholerdet) Fiot yORSIn Qf{pémﬂﬁﬁagéshehe
sui tabl e subset may. i ncl ude, co nected voxels, so t both .,intensity
Snd spat | aPUEDIR SR T g e RGeS VaRler 1P Ak Pote TEHRITNAG
[00139] ThegsatripdqirgnRmeriaypet ol gsicddtbafinterBk thiesRoliave w de
applications in imge processing, including nmedical image processing

and [00139] The exemplary embodiments described herein can have wide
applications in image processing, including medical image processing and
other types of image processing. The thresholding methods according to
aspects of the present invention can be readily implemented for various
situations 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 abave described embodiments are intended to be
illustrative only and in no way limiting. The described embodiments are
susceptible fo many modifications of form, arrangement of parts, details and
order of aperation. The invention, rather, is intended to encompass all such

modification within its scope, as defined by the claims.
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ot her types of inmage processing. The threshol di ng nmet hods according
to aspects of the present invention can be readily inplenented for
various situations and types of images. Good performance can be
expected even when there is heavy noise and i nhonbgeneity. [00140]

O her features, benefits and advantages of the enbodi nents described
herein not expressly nmentioned above can be understood fromthis
descri pti onvﬁﬁﬁTt]ﬁ MRS by those skilled in the art. [00141] O
course, the above described enbodi nents are intended to be

illustrativd: G‘hmﬁfmﬂjﬁ seanetiag 3 plhalibhef pixie ofiel dnagrBagsfbeiti nent s
are suscepti of form arrangenent of parts,
Ohfenkfy, TR mBRA dAkdse of 1 ent

details and or ope vention, rather, is intended

to encorrpass aI suc nodi ficatio t hi_n |ts scope,

the cl ai ms. hfésfcﬁm AR TCIR L RER G I A

plurality of FB&?&?‘F%’:QJIU% biBsteIsbRs Al ﬁﬂenélﬁgsefﬂlsbtfk‘st @%FQ g&bhQeond

conprising: selecti n]g first and second clusters of pixe fromsaid
P

plurality of pivaeisof pialsdhaving intensiiesin af sqsioRel @naa,vswg inteneiisptines
inafirst rangg; .sajd Jﬁﬁ%&?ﬁgmgﬁ @%r‘?ﬁar%alﬂ ShSitidiH i kirkk t i es

in a second range sal ens sal second range bei

hi gher than s dtlné gl's;t et o‘f@yﬁeﬁ% Grohd "sgfd ﬁ.%{‘%st r ﬁiae‘étéé?:%né ﬁfét 't
set of pixels rom irst uster and ‘a seco of pixels
fromsaid secq:mebiefrustmid sabrmded:!usteacﬁhqmem@aobfpmﬂnﬂséxii:irf'u;et amidsesendnd

and Second sorl MRERPE PGt ons BRR ity e el 8o o S A B

intensity of ssicand Béﬁ;tmeaﬂ infagp} xel s and a statistical neasure of
intensity of said second set of pixels; and conputing an intensity

t Ihr eslh_ol d v?l w@tér}mmhgei slatidtatal ﬁi@lé\@a#e @iFiﬂ;ﬁmE?ﬁ o\f;\ﬁaid fﬁegmrd&‘imlete aingl
plurality o i xel s thod of clajm1, in said plurality
of pixels are %?tagﬁtﬁ’ﬁﬁ@eﬁﬁ‘ﬂ'"@ n BP%‘ a‘i’f'sl‘aifJ %ﬁcoé‘F’L?@? QEE'X@écﬂ“%avi ng a
ranklnglnlntensm% sajd fir L R % ?

computing an mtensﬂy thres old value from said statistical measures for

segmenting said plurality of pixels.

2. The method of claim 1, wherein said plurality of pixels are clustered into a
plurality of clusters each having a ranking in intensity, said first and second

clusters having adjacent rankings in intensity.

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 4 where i =

o Py + (1- ) Ps, o being a number from 0 fo 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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clusters having adjacent rankings in intensity. 3. The method of
claim1 or claim?2, wherein said intensity threshold value is

cal cul ated as a wei ghted average of said statistical neasures. 4. The
met hod of any one of clainms | to 3, wherein said statistical mnmeasures
are respectively Pi and P2 and said intensity threshold value is /t,
where it = 7a TPie methbd aianiP2neaf biimg 1do By wibersih saiw ithdge id anSmagbef
nmet hod of any one of clains 1 to 4, wherein each one of said
statistical méad s is selected froma nean, a nedian, and a node.

6. The nethod of claim5, wherein said each one of said statistical

neasures i 8, dheanhiethdarificRimTaeacZ Bixél of i fiet bad setomhyeteneadibast a
clains 1 to 6, wherein said inmage |s an image of a head, 8. The .

met hod of cl aiPg-pelestechdipianep auRYSER Fachaneaplya daich agt QkpixelsOfgald

| east a pre-gghgsted distance away from each one of a third set of

pi xel s of said Tmage. 9. The nethod of claim8, wherein said third
set of pixels_are designated as skull pixels. 10 The nethod of claim
9, wherein Zailllepnathed afclaim §iweremppaid diifchpet of Pixelp ave sigsicaglesnsof
interest in s%kgrkﬁggg. 11. The nmethod of claim 10, wherein said
region of interest Is a region defined by said skull pixels. 12.The
nmet hod of any one of clains 9 to 11, wherein said pre-selected

di st ance i s1&Bdgt medhgenof 1daim &, nwheretn eridapluraiie &f peels age svithn 22,
wher ei n each Bia?é%*eoqf gﬁzﬁid*iﬁtkfe%i in @&iﬁﬁ&gnd sets is 8-connected to
ofe e of .

at | east one pixe er set. he met hod of any one of
clains 8 to 12, wherein each pixel of said first and second sets is
4- connect ed!t.dhatmeibad of slaén J0x whetsdin said regiesrof dderest issa Teaiomdefiead of

any one of cl a|,8; further conprising designating each one
of said pl uraﬂ/{%mﬁ?ﬁ@ip}(xelsé as one of a background pixel and a

12.The method of any one of claims 9 fo 11, wherein said pre-selecied
distance is about 10 mm.

13.The method of any one of claims 8 fo 12, wherein each pixel of said first

and second sets is 8-connected to at least one pixel of the other set.

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
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foreground pixel in a skull mask, wherein said first and second
clusters of pixels are selected fromforeground pixels of said skull
mask. 16. The nethod of claim 15, wherein one of said first and second
clusters corresponds to grey matter and white natter, and the other
of said first and second clusters corresponds to cerebrospinal
fluid. 17. The grey hwdteofard afourthGpitimhdusgien (G4 abreespending ¢o saiethrdspirst
and second lehjds‘{ ers conprises clustering said plurality of pixels
into a first i'M%ial cluster (d) corresponding to a non-brain
tissue, a second initial cluster (C2) corresponding to white matter,
a third initiBalhecinesioarof(cf@n 14 whesginordidgustering Qogpeiyesrhizze C-maads a
fourth initial cluster (C4) corresponding to cerebrospinal fluid.
18. The net hof'$e¥%i m 17, wherein said clustering conprises fuzzy
C-means clustering. 19.The nethod of claim 17 or claim 18, wherein
sai d i mage 9. EhelmetMidobt @dm TRERekit 16 wHdineaidiasge #0a Thevaigtibed
of claim19, wherein said fourth initial cluster has a m ni mum
intensity val JBaghetic respnansgdRg¥dund pi xel s having a maxi mum
intensity value Inzx , said first range being between I",. and Im",
sai d second2parn@emedRIdG ctaiml 19, wherdh J418 OBt Bt ol &teér Hasld nARinflnai m
18, wherein said inage is a proton density (PD)-weighted nmagnetic
resonance i nadeiengity YaloenEt howidbadtgibund pixelshbaving & alakirhimsintensity
initial cluster has a nmean intensity value Pl and g standard
devi ation of ividunéi.i.salctfirst saiiog Hebud betweehi Li.afNE ViistS@id fRePnd /RBem:
intensity value 1704 and a standard deviation of intensity a04, said
first range bdISiH bdtaeen (/ 1+ y2 ac) and (' C4 + yl aC4) said
second range being > (F4 + yl a®4), where yl is about | and y2 is
about 3. 23 t Nt 4 | i ' f: ' e
based on i%f\'g:% B&%@aiqﬁ%tg)zn@o%ﬁ g’{&g‘g\!vﬁéfreﬂ{ sQldX?rhégé’ is A pldtiy
density (PD)-weighted magnetic resonance image.

22.The method of claim 21, wherein said first initial cluster has a mean
intensity value " and a standard deviation of intensity 0%, said fourth

I°* and a standard deviation of

initial cluster has a mean intensity value
intensity 0%, said first range being between (F'+ y, 6" and (°* + y; %%,
said second range being = (F°* + y; 0%, where yy 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 7 for

pixels in one of said clusters; and

determining an intensity threshold value £ for segmenting said piurality of

pixels, wherein ;=T + B o, 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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clustering said plurality of pixels into a plurality of clusters each
having pixels of intensities in a respective range; determning a
nmean intensity value | and a standard deviation a from|l for pixels
in one of said clusters; and determining an intensity threshold val ue
it for segmenting said plurality of pixels, whereinlIt =1 + (3 a, R
bei ng a nunb# The omtbod of aleéat2330r daim Fhevherelosaidfimapaiisrerdnaghef @i n
sai d clusterlnﬁe ééﬁ@éwﬁuzzy C-nmeans clustering. 30 25. The net hod
of claim 23 or a|n1 erein said inage is an image of a head of
a subj ect. 26.The met hod of claim25, wherein said image is a

magnet i ¢ r estfhdhe enethodgd, claind 26aivwheptiorsdid timagé islmmmﬁccmfpmrhm
four clusters corres ndi ectivel rain tissu
white mattor. G rRncad Pl ot TEBRRL A aees MRSt e BHdthoo
cl ai m 26, wherfu nre%pedm@qgngt henbesionisee, | WhgS iatienegely matter, and
T2- wei ghted and pr ot on- ﬂ§n5|ty wei ghted i mages, said one cl uster
having the | of@EProsAtngndyity ranking within said four clusters. 28,
The net hod of claim 27, wherein (3 is fromO to 3. 29. The nmethod of

cl ai m 26, W?hé‘nfe@héﬂ BBEAIRt D6, WIRSBMAE mMdYR8Es kFSsdpBRcO®fmade is one of
Ti - wei ght ed i nage, 1;@980' | ed rad| ent-recalled (SPGR) image, and a

fluid attenuat ioWeigh @%ﬁrqt@&@@@ﬁw VElghied Imawesa@r@ﬂ%alﬁateéﬁ@vmg
cluster havi ngatihgadl; g%ﬁg, yl‘ﬁrl]l %%g,gyn \%\ﬁﬁ%ﬁ%]%&@ n said four

clusters. 30. The neth erern I's about 3. 31.A
met hod of se rrentl ng a three-di nensional (3D) inmage based on
intensity, thaps; dyrpé . svhiegein ietfraph Ovidxdel s each having an
intensity and bei ng associated with one of a plurality of voxel

cl asses, saizg, Tﬁ@hﬁ%&@ﬁ@é:hﬁ?@%hé@in@%ﬁd H%g’?teﬁé”?@é%haﬁée ﬁﬁé@a @Gﬂnecﬁf

voxel s, said subset having voxels respectively associated W th each

one of said vokdir-wgightedsimage, a spoiled gradient-recalled (SPGR) image, and a
fluid attenuation inversion recovery (FLAIR) image, and said one cluster

having the highest intensity ranking within said four clusters.
30.The method of claim 29, wherein [ is about 3.

31.A method of segmenting a three-dimensional (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, whersin said intensity threshold is

determined according to a method of any one of ¢laims 1 to 30.
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determining an intensity threshold fromsaid subset of voxels; and
segnenting said 3D image according to said intensity threshol d.

32. The nmethod of claim 31, wherein said selecting conprises selecting
a two- dinensional (2D) slice in said 3D inmage, said subset of voxels
- conprising voxels in said 2D slice. 33.The nethod of claim 31 or

cl ai m 32, whe#t éhe nsethdd phtleims i3t yortdieies3®)lwharsin sitd detesrmadngean drtdigity

to a nethod of ,an ne of .cl ai 1 to 30. 31 34. Th thod qf claim
57 or ol ai m 321G FrRasier WRERRRING  BuuliTestiolhend 5 Mg feettid; and
conpri ses det esatin3D0infigeol t&grashelbddasitiding odhothhbesaR thw & hiAl d
3D image is Se%%?d according to both of said | ow and high

t hreshol ds. 35 thod of claim 34, wherein said 3Dinage is a
magneti c resonance image of a head of a subject. 36. The net hod of

clai m-35, WRTR: MaAsd oPBBIN34S Mhdrdih 5ald AIGMaEE W' madgi&R Sk dnance
thresholds is deternmined according to a respective threshol ding

net hod dependeiftagsoftaeegcheigesibipe. of said 3D i mage. 37. The met hod of
claim 36, wherein said | ow and high thresholds are respectively

determned agePhelifetod off bbfhoss, WAERM Uhnnd=iNof3  frsBandNSacond
met hod of claim 37, wherein said 3D image Is one of a J20el ght ed
i mage and a PDM@risghitei@sheldgds detarminkst aceardingdosairestestivatitrebhaglting

t hreshol ds co bS) 1. i i ' |.d according to
the method om%k@dg%gggpgétmaﬁﬁqu%?%% %F#géﬁﬁgg%bd of claim 38,
wherein said determning said | ow and high thresholds conprising

det er m ni ng Maile Iroethoir e ki 36covhdireiy saidt loev amdt hipdh dfresimyide reve of

ne of & TT-wel SRE AN U IEIRG Bhedhi B Alrardiiib B Rt milan O° ' °

imge, and a fluid attenuation inversion recovery (FLAIR) inmage,
sai d det er ni38i Hlee swthod oficlaiml 3, giereih rsadch 8Ddisnageniprars ofja detvezightedng

sai d high threiﬁ%(éledaﬁc?caowﬂgigﬁw?e& rﬂ%age, said determining said low and high
thresholds comprising determining said high threshold according to the
method of any one of claims 1 to 22,

39.The method of claim 38, wherein said 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 T;-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 defermining an
intensity threshold comprises classifying said subset of voxels by fuzzy C-
means clustering.
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met hod of any one of clainms 23 to 26, 29 and 30. 41. The net hod of

cl aim40, wherein said determning said | ow and high thresholds
conprising determning said | ow threshold according to a supervised
range- constrai ned threshol ding (SRCT) nethod. 42. The net hod of any
one of clainms 31 to 41, wherein said determning an intensity

t hreshol d cddprhe petirdelsildiy 312y fedhat muipstngdsteonielng Diegiarzafyini@rest
means cl usteri.n%. %%94? The nethod of claim 32, further conprising
determning a " af 5% nterest in said 2D slice. 44. The method of
claim43, wherein said 3D inage is an imge of a head of a subject,
sai d det er middi Hge mettegi airclaiin 43)vereesih sa@hPDiisibgg is ah dnsgd yi adesdiviia

subset of voxels.into.bgckground voxel s _having intensities in a
first range an%%%?*eﬁ‘%aﬁégr\?mgﬁﬂiw HB’“?%?%@@WW@%"QW a second
range, said intensities in said second range being hi g-gg.r t han said
intensities irclassifyingrsaid sulpsel g voxeld iftd ddickgrotind vioaelgduwingriotgpsities

connected foregr , i t £ ect
f oregr ound vo§g|a§‘ﬂ§ﬁr§%§§?é’§sf8%§§w@ %%%e‘?asﬁiﬁ ?n%&'r%gﬁ%biecggfiaa nge,
| ar gest group s@id ademsidseth $ad ageontheangexiediag fhighmartban saiddintergities inf

interest. 45.The fTE hod of él aim 44, wherein said classifying
conprises cl ust 154 @Bed@ dubset of voxels into a plurality of

clusters, each. cluster correspondi to anidentifjable tissu
Clhss. a6, Thd A% HORPGBRmSof Sanfertad Jaiearenil Fecing s frossts
fuzzy G neangrody . ofl nietizad f@fefgﬁdl.@'dmvﬁﬁels%ﬂﬂe'sﬁiosaelu%séi x| sofdls
said i mage being clustered_  into tour clusters corresponding to, .
respectivel y, SATHRURCBH By paid lsgrst gipir ef copftactad fajparpundvosels famming
cer ebrospi nal o8 infEgstmet hod of clai m 47, wherein said i mage
IS a magnetic resonance | nmage.

45. The method of claim 44, wherein said classifying comprises clustering said
subset of voxels into a plurality of clusters, each cluster corresponding to

an identifiable tissue class.

46. The method of claim 45, wherein said clustering 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 threshoid value, said
threshold vaiue 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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49. The nethod of claim48, wherein said first range is bel ow an
intensity threshold value and said second range is above said
threshold value, said threshold value equals to the sumof a
constant and the maxinum intensity of the cluster having the | owest
intensity ranking within said four clusters. 50.The nmethod of claim
49 wherein sal.é¢ gwikedof imags. segyeergation, nearhprising detergdnisg gare rintansityn,

conpri sing det Rl b I . r i r.dj ng
fo The nethod o oaiyddoradh imad akedkying 46 T8 Mena® br Bfh ofBRE 213 o

i mage based ong0atnd eegmentingaaid, insmjedbasddeos, ayleathirephn) shid HZXehsity
conput er readag_lge nﬁgﬁil um storing thereon conputer executabl e code,

sai d code when ?%}?: 'ed by a processor of a conputer causes said
conputer to carry out the nmethod of any one of clainms 1 to 51. 53. A
conput i ng ded2.decompyies danigbie PediLes sIingiHeRehSIcHREr 8%syidRe code,

menory in comunicatjion wth said, processor storing processor )
execut abl e i nsBRcES é“’@&a‘ﬁ’ﬁ%&edsg’ydadgﬁ’%@qdﬁcﬁr? RHIET CABSeReEAEM

of any one of c@rhﬁhﬂ@tcicérﬁ/ &kt th8 Mo RBPANRLAS of QinkePIEBii Ny a

plurality of pixels of an 1 nage, conprising: mneans for selecting

first and sgpond clusters of pixels fromsaid plurality of gi xel s,
said first clustEPMBHLRG xdeuce RAMRYISINGE endiresessor nand fRarsistaninyerage

sald  second chigsicty §f BhRRUMARYANUINIGRS! blSRsbs ORRONHJR005

said intensities in said second range being higher than

intensities i neXegugeble iinsfructiong @dapinsaitiodedes detcany eutithesnethot af

pi xel s from sa&%ﬁé St cISiALS %Mmd a second set of pixels fromsaid
second cl uster, erein each prxel of said first and second sets

nei ghbors at | east one pixel fromthe other one of said first and
second set s 94pAB gppaiateyier segranstinga pliealiy of pixaly of atiawgst coaprising:
nmeasure of intensity of said first set of pixels and a statisti cal
nmeasure of inteeans joraklcpting it entdesend olusiirk ef Sixels from said plurality of

pixels, said first cluster of pixels having intensities in a first range, said
second cluster of pixels having intensities in a second range, said
intensities in said second range being higher than said intensities in said
first range;

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
secohd 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 piurality of clusters each

having pixels of iniensities in a respective range:
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and nmeans for conputing an intensity threshold value from said
statistical neasures for segnenting said plurality of pixels. 55. An
apparatus for segnenting a plurality of pixels of an imge,
conprising: nmeans for clustering said plurality of pixels into a
plurality of clusters each having pixels of intensities in a
respective rangeansformsdrmifiog adeten mtangity valueAand atstasizry dedhtion &
and a standard de\r/fﬁtéi on m.% for one of said clusters; and

f
nmeans for det eP-?ﬁn Ogﬁc’?ﬁ?lg:?glﬁt?/rstﬁ'?%shol d value | for segnenting

sai d luralit X erein A= % ein nunber from
0 to about 3, e o RZimitg fibh&udivahtashgvalie ddogsReRenBiLpal
(3D) inmmge, %Idra?:@ ofiRests, GAMEREINS] 99 +3 56k b@fng@ﬁ@ﬂnﬁeﬁ%m d”‘FEaVa\let an

intensity and being associated wth one of. a plurality of voxel

CLeSSeS: S AT GO APPSR IgaTo Judgd o8

associ at ed w timzgecboropésing = aetl oimoablscbaeh;e&vmgeanslnfe@xeltyd%mr B@alﬂgng
an intensity thres of ,voxel s and ans

segnenting sai %Bﬁﬁa?ef’?gd\ﬁ{hag’]@?:ﬁ’ ny FEU”%'EY &fi m)@,llsq:l@sqshr%niomgparatyg

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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