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WD 2004/ 072900 PCT/ GB2004/ 000400 | mage Anal ysis FIELD

OF THE I NVENTI ON The present invention relates to the
wa@ondaoaoeed anal ysis of digital images. It is mMBECEGB2004/000400

particularly concerned with the autonmated assessnent

of nucl ear pl eonorphismfrom digital inmages of

hi st ol ogi cal or cytol ogy speci nens and nopst

particularly for the purpose of assessing the

presence and severity of cancer in breast tissue, and

it isin this context that the invention is
|mdyéﬁwm9§gly descri bed herein. The invention may,

nomever also find application in the assessnent of

er _forns of cancer, such as colon and cervical 10

F'E&QrQEFHEa'WENfT"PNe anal ysis of various other kinds of

structure resenti ng 1 na corrponents whi ch are
Theaﬂr@ﬁ%murévepﬁow EReaies 19 fegtavgwqt?ﬂ analysis pligitgh{magasat It jssmore

parti€uigBYconde@es with @ altBatkd4dsesdrfentiot ﬁUdl@rfﬁéo‘ﬁ%rMhlsm from
ot h boundari es and whose shape is generall

digifa) fages o NIRGIERtion CKPI9eY spesmBi R BURRAT I dRRpUPoSe
of 28bEssid\MMBRYesehcd b éé\MﬁMéf%née':r ifvBraast taus adidsit Bfin this context

nmen di.e needl essly each year from breast cancer, a
tha@%ﬁdr@fenflq;rbﬁ,pr\wﬂpeliy({ fleed RereiRe ofhg 'PE%T‘W g h@wever also find

apdiEsAah lmé Nss@Esrietit\of Yider fd*rm@i%ﬁf esicRf st bt ebiBRtahY cervical
early. t he presence of cancerous tissue i s mssed

cancer, gng W@na{yﬁ@ ®f vaoustriherikingstoh strpdyie Rresanting image

cortitRhisAkREh alcln&RBEEH iddhifibRiR nﬁ’é%ﬁﬁl% 5\)%9 tﬂﬁfjlstt@i‘ 8ay images
chance of survival significantly reduced

contaipipe Lhissts Wih rglatively SRGORRRUBARIIRS andé@,fweusﬁapw generally

corv@RPrfiSededA it H6H&aEObEcIodtls, be over - enphasi sed. A
typi cal national breast screening progranne uses

faor the ea det ect i i npal pabl e
BACKGRAUN %@%WM@B@E%&%&W%I@@ breast_cancer is
deE ect ed t hen t%ssue sa are ta nd exam ned

Mapy, thousangs R Vament p Rewde y@agg@g cgneer, & cancer from

whidh &6 % Bedriatcaly gigrs pfbbaMDﬂyQ)f §aﬂ/tvtanﬂdjaébt¥d safficienfly ér®. |
princi

PSR o o BHeRANS Tk, LASLEL e Lol W Ry 1SERES nd ottt
UndERERES- thJ b@ice'r ﬁwawas@progréssa@ BRBkhd ¢Epue ot Ul Bsignitantly
|theI| cells have gsr uIar structure i

redp it THP ImEARce e et Cprgots Bsq R T8 A saoe AL Bgtstore

nottdeeoverehphasies. become | arger and irregularly shaped,
vvith a marked variation in shape and size. In the

R RBRTER A RO it BBk rogens

. detoctit@rof ampalpains khs arwnmmsmSncaca’tﬁg lobPre@bt ddncer is detected,

the$1 rtlsgu% sargplctas? ar‘rflasﬁcal‘?ent and gxamlned by a trained histopathologist to establish a

diagnosis and prognosis. More particularly, one of the principal prognostic factors for
breast cancer is the extent of nuclear pleomorphism present in a sample. That is to say
in normal tissue samples the nuclei of epithelial cells have a regular structure in terms of
size and shape, whereas in cancerous tissue the nuclei can become larger and
irregularly shaped, with a marked variation in shape and size.

In the existing manual procedure for grading nuclear pleomorphism a histopathologist
places a slide under a microscope and examines a region of it (referred to as a tile) at a
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WO 2004/ 072900 PCT/ GB2004/ 000400 2 magnification of
x40 for variations in the size and shape of epithelial
w@edos/omeed ei . Hi s observations are then convePCEGBR@4200400
poi nts score indicative of cancer grade typically in
accordance with the follow g schene: Nucl ear
PI eonor phi sm Points Score Small, uniformcells 1
erate _nucl ear sjize and vari ation 2 Marked nucl ear

ma%{ Ga8Pn Oh x40 Bor yadations indbe §ize agd shapeof epithelial kel hegsit His
obs‘éﬁfa&n@h@a@ﬁﬁe@cér&eﬁ@@ td@%mf%esrcb@lﬁdlc% JeSof! c§nc£§¥§&’eet§/plcgly in

consum abour intensive and expensiVv
accﬁffgg@%y'th t@@lﬁ?\f"ﬂﬁéﬁh%ﬁﬁt o perform such exanination is
not easy to obtain and requires frequent review. The
exanNagldap Plddniiiphign®dui r es the inter prkfidi o ref
col our |nages by eye, a highly subjective process
charac ”P% consi derabl e variations in both
i nt er, bj O E8lS. observer analysis, i.e.Tvariances

LN ob erv t on occyr for the sane sanpl e by
Ml %Hf‘c %ﬁ/qw‘fﬂ”@ Pts, and by the sarke

hi st t hol o |st at. di fferent times. For exanpl e,
st ud%@‘ §ﬁ¥wﬁ'9ﬂat two different 3
hi st opat hoI 0ogi sts exam ning the sane ten sanples may
give different opinions on three of them an error of
30% This problemis exacerbated by the conplexity of
wheye @epairdsptas of ¢ sptheiledst gelicusrand @ indthe mast@nd:ﬁs.v\her e
there may not be a definitive concl u3| on.

f t f bl.e thi
o g B e ALy b
Quqizﬂc@tmmu talpeyfoine adéhmexaninatienionetieasy &seltamrandtrequired frequent

rewgﬁ/l e é%@lh?@c{ﬁoﬁeﬁaﬁm@gﬁw E%E;Lr%@f)gﬁf Qoéﬁt)]%&frtnaégselgye eye, a

practica Ons "on
hlghﬁ Bdmeq:twerm@sess charactedsed mgcdnsidetabdmedriatiamciarbotih Inkert aved

eSO A SRR B S BP B SESe o
differenidsiistopatholbglss fad byithe same histephthologist ardiffiertutrignes. For
o KRSy 5 i RIS S5 o o s
ten pemelelslraehy give differest dpiniong ab theaé ofithery as saor bfy30%t Thés
proﬁgﬁ% %9%%%%’(8& 8§/ g}ﬁeat%dwsfp?&t&/\%ns Crﬁ eif ﬁ%%ge%%%gﬁ ; @unrﬁﬂrggal cases
wharethese mayb]oébela\daflamvje carsfusefr etftsuﬁflelehbtndunedastaﬁsarshoﬂ n

avahéﬁe \fﬁ% ﬁ%ﬁsolzr?o%()p%égés%%g%ﬁqu %%Oa%alysis, potentially leading to

erroneous assessments and delays in diagnosis.

These problems mean that there are practical limitations on the extent and effectiveness
of screening for breast cancer with the consequence that some women are not being
correctly identified as having the disease and, on some occasions, this failure may result
in premature death. Conversely, others are being incorrectly diagnosed with breast
cancer and therefore undergoing potentially traumatic treatment unnecessarily.

It is thus an aim of the invention to provide an automated method of image analysis
which can be embodied in a robust, objective and cost-effective tool to assist in the
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3 di agnosis and prognosi s of breast cancer, although
as previously indicated the invention may also find
W@ppkiotavs on in other fields. In one aspect thBCT/GB2004/000400
i nvention accordingly resides in a nethod for the
automated analysis of a di@ tal inmage conprising an
array of pixels, including the steps of: identifying
the 5 locations of objects within the imge which
diagrasis asypgnests eiresssicaycenralthoigeas prevoslginditated the invention

ma?%fsb‘fi‘na% g&%@gﬁ ri(‘!tﬁei?%i&qa“ es for respective such

| ects; assessi ng significance of objects based
on statistics concernin | east the shapes of their
In anesgseeetithe inventianearcoeli ieﬁtdss irg neghdcfor thei autpreated analysis

of d@igﬁégr %@{)c&ﬂﬁrisciﬁg:jér?gilré)i Bf%pi)@‘ls Halhph si % oEf'r ?ot%ﬁtifying the

erived undaries 5Ub
locationg [of sbJ@ctssiiaihm the dmegarwhich hage snaﬁfleéin@}nmltymdmze As
u [ ,
b i OG0 S BRLARBERY Bl s ppesin
thejsignificanesof abjeptaibiasey anuslblistics ponsermingal lsast theoshapeagétheir
respéctivg 'déh\%babgﬁnd%giegagné Eéigﬁﬁtin TJ‘ﬁiebQLYrg Y 'tl'%lr\/azi‘ilaﬁﬁi%/ of at least
es | n apparatus ut omat e f
the@r@st ericlaset gy sabl dﬁywpd beundgriesayiyeat ¢o ﬁ@rreaml’m aflseid assessment

'ofé%{%ﬂbgg nmet hod and in a conputer program product

nprising a conputer readabl e nedi um havi ng thereon
conput er program code neans adapted to cause a

As pilpsutngerstoodftermithe ensiing detaitpsi degciriion s peaferrethembodiments,

%ﬁ? e tHsrh FoRS £@r do.

heng@Edsg{ I[’;}rag’]fpec Q“%‘id?%hgpﬁé/emi on We now be

hlSmﬁ@OWle @@earl y described, by way 20 of exanple,
with reference to the acconpanying drawi ngs and in the

Th%ﬁﬂ%ﬁiﬁn o @%ide@lﬂ R8s W?ﬁ@%tgﬁi@t&ﬁé}%’iﬁ& (ﬁ’%ﬂﬁ@fal fhage

basi s of the assessnent of epitheli al
corngr@u&megm%’@,ﬁgr@ﬁpgm faregning maihof @ag ésa gpmputer program product

j i
co@%@@%&é@b@%&%&a%&@urﬁ haﬁﬁ%:ﬁfgré&i corﬁ;%té'\lgeﬁi%% &de means

adairied o eansA gLonmUiRIte exequie tefprearingimaihethans Inaencomputer

rogi,grﬁiggﬁqsg&p%%ﬁ.ﬁa,dngqu&gédance with the invention for
ssessing t degree of nucl ear pleonorphismfor

patient diagnosis; Figure 2 is a nore detailed bl ock
Th@qed@daq{:h@faqpﬁ@tsrp&th@ '§‘i’%‘é'@§ Wilknqy be gre Ba@p@lpmégescnbed by way

of %{éﬁﬁﬁ’é 'W!’i‘itrefgrendéeco RhEAEBRIPRIhVAY HRinRsds SHY iAMsk S8kt RYan
ock ure

automated system or grading cancer on the basis of the assessment of epithelial cell

nuclear pleomorphism in digital images of histopathological slides of potential

carcinomas of the breast.
BRIEF DESCRIPTION OF THE DRAWINGS
In the drawings:

Figure 1 is a block diagram of an automated process in accordance with the invention for
assessing the degree of nuclear pleomorphism for patient diagnosis;

Figure 2 is a more detailed block diagram of the main stages in a first preferred

embodiment of the pleomorphism detection and grading block of Figure 1;
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WO 2004/ 072900 PCT/ GB2004/ 000400 4 Figure 3 is a nore

detail ed bl ock diagram of the main stages in a second
wee@heroed enbodi nent of the pl eonor phi sm det BCT/GBR004/000400

and grading block of Figure 1; and Figure 4 is a

vi sual i sati on of the boundady extraction process

performed in a stage of Figure 3. 5 DETAILED

DESCRI PTI ON Fi gure 1 shows a process for the
Figwreskis arraate dsttailed dingls dinpingn of thermainstdges in afsecond preferred
em%&h@%fﬁﬁ’é th%# hitnh 88&cfn émtﬁg&h@blogﬁ%?#@eﬁéaﬁ K

t he breast. &rocess assesse

nucl ear pl eonorphismof epithelial cells to produce a
Figwrarbifey ésudfisations theyboundperexipeliginsaroesss preoresd is & gage of
Figesessi ng patient diagnosis. It enploys a database 1,

10 which naintains digitised i nage data obtai ned from

hi stol ogi cal slides. Sections are cut from breast
DETALSRDERGRIREON,i opsi es), placed on respective slides

and stained using the staining agent Haematoxylin &

Flgﬁ%51 Shdwdsdprocdl foPtheSasBe SsPHEHP Bf §sBb BamBles 4 tHeT8AH bnJ
sue and cellular structure. To obtain _the digitised

hmi"ﬁﬁ@@'%h’?@"ﬂ@? obppipnfigl carcipoppg PBWﬁtbﬁ%qségl-@le RERCHTS agsesses
theiiegfé% &M@I@aﬁple&rﬁo%%ﬁpﬁéﬂﬁﬁe@ﬂ geltto HREULE B%Fameter for use by

fication selects regions of the slide whi

a pé"ﬁ‘ﬁl@ﬁls" £% thedeasisgot aiﬁeéﬂf‘% PAPT Aiagaesis @fe"PRJEYSe%\fjatabase 1,

wmeh ARIFREIRD idfyNsad $|ﬁ§§é7@aﬁb obfefEd Rm h@mudaqs gl'idé@.S $éctfoR&8re cut
hot o raphed usi ng, the mcroscope and a digita

frorg lisqUe SHHPICSCRIgRSED). Riaged 98 rosPPEeTRs %%%%‘6‘&@ using the

| stafdfy éfg%ﬂf‘HbiérﬂQtoMIH& Eodif MARED, khidhri8 arc@mnddhlataindbBddiiRbating

canera. This produces for each region a respective
t'SSﬂﬁﬁnﬁl%@Har%@rﬁFn three 20 colours, i.e. red, green
and blue (R, G & B). Respective intensity values in

To bbfélrﬁhe@m?ﬁyéd iRaddBAA &Y ARBBIsA b istdpith |§1|56§@ls & @ﬁde under a

each pi xe n an arrax In the referre PJQ? bnﬁ
micrRe0RS PR 2h 4@ iver BRETisaiioe ssiects weeNs At R SIig Which appear to
be (68t piRmisthg M tte@n@éﬁ)ucfe@r p@aﬁbrprﬁm BsHesaent. NBad 6fbiese

conprises 1476 pixels oss 116 xeLs down, with
rogfo B B OrRSIeS St ik RCoRT 8 ARISLEASE P In Ono
exdrhislé adZdiRRasskbp |nMcr6§cobefHé@ He@ﬁ Qkedi@wih a'ﬂéﬁo;ﬂﬁs Progres 3012

d|g|t|sed| Fgg electrﬁnlc equwalentcﬁg %
digiiglegmesr- TS RIeduee i Pagh deYPharerpestve el e‘é’dF”age in three

col®hre o Ird | B redndPhlugMR, b &E»enR&p@én@bemten@mwamés |a the R, G and
nosti c nciple the

Ry T A AR kR

. emBo&ihfeat MereVB\eRksgH-bitande éfrpn@ lnftémm@s gra@sc@rmbms) fUﬁ each

of them In practice, _howeve
colour and the array comprises 1476 plxels across by 1160 pixels down, with a pixel size

of 220nm square. The image data is stored temporarily at 1 for later use. Two
digitised images (electronic equivalents of tiles) are used for the detection and grading of
nuclear pleomorphism at 2, which then provides input to a diagnostic report at 3. In
principle the processing stages to be described in detail below can operate on a single
waveband (R, G or B) image or a combination of them. In practice, however, the red
waveband has been found to contain the most information for discriminating between
epithelial cell nuclei and other tissue when stained with H&E, and is assumed to be used
in the following description. With the given method of staining, cell nuclei appear dark
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waveband has been found to contain the nost
information for discrimnating between 30 epithelial
w@edo/oma9ed ei and ot her tissue when stai ned w tPCH&B2004/000400
and is assuned to be used in the follow ng
description. Wth the given5net hod of staining, cell
nucl ei appear dark WO 2004/ 072900 PCT/ GB2004/000400 5
relative to the background. The process can be
relatiee fothadackgroand uiThalpraceps cayr berpetbrmedriis asaitakty progtaanmed

per&f %c@é &EPE’%?S)‘?%ﬁ{e?lgeRé{'gggﬁg%st‘e %ﬂﬂ)tu?%’m sy a%&@%c?ssv{)g power

or Irmﬂecﬁicated herdvfese.r ed Pl eonor phi sm Det ecti on and G adi ng
5 Figure 2 shows in nore detail the processing stages

Ov&IERY bFEflst Is‘retfc%]?e&’ b%%‘ﬁxlgﬁ'gﬂfsn{: b8t¥chion agdrb&di

preferred enbo y are carried out both of
the two digitised images referred to above and wil |
Figwiewd showsds endre detafl dhe precessingrstagasgenrisee n theblagk @ df frigure 1
in o1 HORREE EAMIGLR! Tt Sroleshtd Bl BPooh bF 1R thoUgifdRs
process is to identif
imagps teferredio wveendyvﬂb@@@ P® riesqrxhﬁéﬂ’qfemec,suﬁh énaﬁps(tllﬂ) To aid in
the r&%erstdﬁﬁ Wi ehit BES rmﬁ@n Qﬁ@élﬁ%ﬁﬁé ﬁch%§s is39 HRER%Re nuclei of as
assess t ir varla quant nucl ear
mapy epiinstipviedsras pagrikde (wmthertcanserﬁ@ﬁ orm}emyrettbelr
chdré’cfféﬁstltzéf Q%éheé a&&e%s?ﬁé rl veﬁll'éﬁl 'to lqariti nQélé(%rbleerﬁrphlsm

ficient nunb rmar resentative set
No’freﬂbah it |n@hn¢maarug¢ mensfvaipo%mfdse eelhnusiel imanysaivesdtile.qmly a

sufﬁ’é@{t% beY' td;%}y EQHtQﬁ\(eI Jég‘ﬁ‘roﬁmlﬁi ﬁh&%&@b%tagsrtgg gan be

| dent| e aval I'e nuct 157
meswe@,tmrrayeaﬁget ih baaabwfpumdﬁhastm&ﬁIs¢rﬁh@tl@€gél§e%§0%rvcﬁ¢he

[ 2: (21) Image filtering to identify
availlg%lgtn%glﬁg of possible cell nuclei. (22) |nage

segnentation to determ ne a set of pixels associated
Thewrord stroetutsa@idhel algerithobisde six stages eg shown incligegct er i se
their extents. (23) Rejection of unwanted objects such

(2123 dég%’ﬁ?ﬂenﬁ&'td ’leRify 'Idémcdftp%sﬂe'c%naclelzo classifier

on size and grey ' evel characteristics. (24)
Tracki ng of the objects' boundaries, and findjn

(22e alRGERAUMENEATioN 1 SSteRTING A S 1 Bikels esFRTiRiechwEl ga%@@épndidate

obj§@cCFNBildé7HtH%Sfacfe?le‘mélr‘Hktéﬁége rejecting objects of
|ncorrect size or shape, and final classification

nd sh
(23|)| ksﬂeﬁ%ﬁ&fﬁwn&sﬁﬁg%s Yo @H‘%B?'E&f%(fg&}mytes using a
cla&dtfidribRkédbn eRklanb ¥eéyersel characterlstlcs

(24) Tracking of the objects’ boundaries, and finding shape measurements such as
curvature and compactness. \

(25) Second clutter rejection stage, rejecting objects of incorrect size or shape, and
final classification based on size and shape measurements to give a likelihood that each

detected object is an epithelial cell nucleus.
(26) Calculation of cancer metric, quantifying the variation in nuclear size.

Further details of these processing stages are described in the following sections.
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(26) Cal culation of cancer netric, quantifying the
variation in nuclear size. Further details of these
wWEe@ams®INg St ages are described in the fol | oWww@mGB2004/000400
sections. WO 2004/ 072900 PCT/ GB2004/000400 6 21
Location of possible cell néclei Epithelial cell
nucl ei may be hollow or solid, so the algorithm needs
to be able to identify both types. The fact that many
21 nudiedatignefipeissible pelbolicigbs a SI npl e intensity

| ding neth si nc set the th h I ) )
EoiRlis ST it dedEee Rellow afecliosht BRELDE: Hbdep op bl 1o identity
bothvewles. PHectact tgatt lﬁarﬁﬁ)e?l;iclélfar@hmbhﬂjrecl@& @énw@mﬂer{sw
0

i f n c
trecb Bt anos s ging e REsstERLaTPBE fo gaig mostof the
obj¢ut® 6EiARIret wabldhesld barexdedsngd cluftes is to apply sone form
of difference filter to the imge (e.g. the Sobel as

Ong R B bL PSR hlsfi sl SoIeR in s tebbasea treir gdgps. The
tradWtwnisl inig8 Drocesbing metindtbdoe asing this Brtb @aplymm forme pf diffehce
ok RSk S BSBESTReRai A p TRk A BBE Dlra
Pictubs Pejtebsiegl, VaiS. 1 &2, Aoademit Peegsi Kewsyoeiarioe2y amiihngnhiances

st .changes i,n contrast ar ret.al ne

r eat S ..
conlipSisdh dEuioeh IS aptPHPR Rt osteas & Bt aP R ERRGH TP esultng
edg‘e%lt@écﬁ@a@@&vouw;ﬂh@h be nhr’ebmd@age it ohly thel pixkls\corresponding to

q_the nucl ear -.boundar
the GFEAtFR CPBT 1R SP TR GES TR Tt 2Rt eVt duen be
linked togettiesrde thrmtragions ietietoin thie caskawbeld idually obfrespopd ¢o the
c?efl nedc,l ei ther being faint, or having a gradual
nudlegriperndarigsn an abrupt change in grey level intensity
across the boundary. This neans that, to set an
Howewroin rth@hletdld”gi@ﬁs incdgdsdor witieh thegeedeant prcess nsnrﬂgﬁdemdﬂe

f t I . b tified
“Uﬁt]??étbf? ﬁ&aae ?ﬂnag%g\;%ﬂp% ,%ﬁggréaell% Fﬁaqr %\r}llng %gdual rather
thab aekepupi tHari® i lgudyt IGVeI(lrilteﬁslty(zh'fdsslﬂse wourlary. This messUkat, to

sel A b OB a6 ap Ry BEe Lhedaeh ifert Bt nuctear
bouleiafies beddentified, the ArBsisidivelild hanel totbeCso Kakthat @log bf ladckground

oluligs 8 Stk TR Wiessus DalenrieBorupd e RupieBiuEiiy al6be

inclubied. Evenalse o€ hysteracisdiresiediting (By desdribet key. pTAkEtosmsfeId and AC

el B re e e T e P KT e B e R o pB2) may be

ina@eqet@ass several nuclei at once, |eading to invalid
nmeasurenents for their shape and

Another problem is that of closely packed cells. Even if the problems associated with
edge detection mentioned above could be overcome, the resulting linked edges could
encompass several nuclei at once, leading to invalid measurements for their shape and
size, particularly the latter. It is important not to pick out cell clusters, since one of the
indicators for the most severe cancer (Grade 3) is the presence of very large epithelial
cells; just a few of these indicates a Grade 3 classification.

The approach adopted in the present embodiment for identifying the locations of
epithelial cell nuclei is based on looking for concentrations of pixels which are dark
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size, particularly the latter. It is inportant not to
pi ck out cell clusters, since one of the indicators
wo oro40®oDst severe cancer (Grade 3) is the pPEFEBC@®4/000400
of very large epithelial cells; just a few of these
indicates a Gade 3 classififcation. 30 The approach
adopted in the present enbodi nent for identifying the
| ocations of epithelial cell nuclei is based on
relafivryia theg bRelrgrewnd: éreseard beiesessarilyedopnedted grompe otidark pisdls,
but%qgiérngﬁtgpu ing qgl%%%u%gégpdarg gfxg{ aﬁ'ﬁlg%ettﬁ?ot g%ble to
groun Fece are not necess conn ps
encompgsg &ides ﬁent@;nmmth aolldeeg1ddmllowmmalen isinge én tshaﬂattezn aaretglon
: N
A SN S BB B gy
boundatyeand eftercgormeof the lnt@mqr@rxelsaare stiil darkersthan thertickgroand
: |1 contain at least all the dark
p.x%kféJggﬁbr{}g%ﬁ&cﬁna ear 5 boundary, and often sone of
the interior pixels are still darker than the
Thepriefegicd apgroash ieiodisestie rulliresobution dlab fitedng desprbed below. The
£ ' | Notagial
ger}%reff tpgﬁ&ﬁlé |§ eﬂq Jh% ;IS;S’rok'iﬁ'%té QE% gﬁllgtra gﬁ@%ﬂg ﬁhdl) pﬁ‘ B agBIy a
radigilx-eymemegric ftluséwam@r @tpyids largs ingnagmitudrwheie fhere fssa region of
loca 'Bﬂgﬁ‘meéé)ora@a(?kﬂesé wHogé %ﬁédeyarﬁiyj?@éﬁﬁr&nfnb eﬁ;}%af@ﬂ9§ fhat 01% the

In nmagni regi on

e
filteg. i @ter sbwlg%eree@ﬁer@ncajfdtek Wi geghoean, §ﬁeﬁ5@as@9f@0§$t§@t
[ tches that of the filter. This filter
mte@ﬁ@{ﬁ% %gbﬁel%l ference filter with zero nmean, so ar eas
of constant intensity are suppressed. The nethod w ||
Theaathed wikk gew ibecigseribeddn tatmafof g 3§9@&q implementation, namely a muliti-
scakéTHbﬁ ﬁﬁé}té%tﬂfn% %‘Tﬁrﬁy “ﬁlum%srolu'tloﬁ %ﬁél?sn? bplkén{dtély §én@ij

resol ution ana %SI s of renotel
|mag@n/s,ele1®npﬁd@w yhomas, .G daswicket, It ¥hidemate Sensing, 1991, Vol 12,

No &) E@f Ybg kfie prb@éssqmll Feapi &ibes 'ﬂ?r'fmgmngltgg lma%@hsiﬂ&a particular
107-1 process W | descri bed for
siz¢ pi b!@b fl . Wherei th@syearegeﬁ@edaatrﬁap@%éweactavgK&%NQS# opRbisale
si %é.l ter, where these are defined at successive octave
powers of 2) scale sizes. The recursive construction
process for the nulti-scale blob filter involves
The fecuesive: cogstrogionpsoqess fof dhemuli-sspler blph @Fercwlveaﬁ\uo al’fers a
3x3'gll<%l§d@rp$lhb RAerf (Lé LRE a(33&3 sAfootifthd e (HelsA¥finedbdiBw. = S
=11 1 These two fil tersforma basis for filtering
over a set of octave scale sizes, according to the
foll oAy prlocelss: 1 21 ‘

-1 -1 -1 1 21

These two filters form a basis for filtering over a set of octave scale sizes, according fo
the following process:

To enhance blob-shaped objects at the original resolution (octave scale 1, pixel size 1),
the image is correlated with the 3x3 Laplacian filter alone:

1 1
F,(m,n) = ZZI(m+i,n+j)*L(i+2:j+2)

j=—1j=-1



10

15

20

25

To enhance bl ob-shaped objects at the origina

resolution (octave scale 1, pixel size 1), 25 the
WO pagm73980 correl ated with the 3x3 Lapl aci an f i P€EGB2004/000400

alone: 1 1 F1(in,n) _ I(mri,n+ j)*L(i+2, j+2) WO

2004/ 072900 PCT/ GB2004/ 000460 8 where | is the

original inmage, and the range of the indices mand n

is set such that the indices in the summtion above
whegig éisghevasigingliimage, andghe rangerodthe ingiges o ansinsisses syahdhat the
i oo Fhinafln dhove o Uy Sluthnd bl faiiflebd BferRlons oo m
andgostpiti eh2). dahles of theclilieradyimaga lat loghtiangtdutaide thesd ranged are set to
zerdlot be perforned explicitly. Thus the filter output

value for a pixel located at position (I,j) 'S given
by: F(i, j) =

* Fochq;m)outa@pnal Jeff[p)enp(/,fmuljtlfql[p)atlcpr(q b(s,/1+1J neep)rlqﬁ pppgrgoweq @fphgltly Thus

the Fittdr oulfut $08 G &kﬁhoéa‘ﬂé’oo ,)Slsﬁﬁveﬁ by sol ution

one octave above the ori gl tave [e 2, pixel
size 3), the image is first correl at ed vvlth the 3x3

R S ét-WirAg-$i-10eb - %8y 10 -1.0+ D ofir g 6/ s hobtHed Vi age) ~1¢+L7+1)
(S2). The 3x3 Lapl acian blob filter (L) is then

To EnRmEE 8dbhaped 5916&’@ rat ereédMTtbon kb)ﬁe %@Qb %ﬂoi/é tHé' dridinal gctave
zeros, to forma 5 Ite

scalej2, Pl gize 3), th@m@ag@ ) fl@t corIeI@ted j{VI’fb thqjﬁx3 e,r[quth|rg f{ltﬁreﬁ;)

forrﬁlﬂlfg ra‘%n%o%%d’%ﬂa@e}__(@ $ﬁ@9§ﬂ"‘@ébléd@gﬁol§ fitar (LPisftlﬁérﬂé@anded by a
tered i ma & i but for con‘gutatl i ciency,
factonpiiwonby padding it yithizerasy tofgem fisxp dierl-1 Qr?eouée%o OGhQrs1 080

-1; @0'0 é@ 11 d- 1F(?(’m 'mls* B RENESeltEdiwith thd é\%obthgb! lmége (Bz) to form a

wher e is the original .inmage, and the ran
et arbirmagg(EgsDyh PP aicdal STigietpyy Rl TN Fafh igeeopicients

aretdggdStHUémt' on above are always within the original
i mage dimensions (so m and n start at 4). Val ues of
the filtered i mage at | ocations outside these ranges

cquie et Xﬁ?f@%r ReRPREITaN of the original |

i mage Wit W d7x7 filter forrredfromcorrelatlngthe
eXp%”&?%) SXE: E?S)l(%cﬂl- Ay WZ]P* i@g 23}(-13 2)
i=—1j=-1

where / is the original image, and the range of the indices m and n is set such that the
indices in the summation above are always within the original image dimensions (so m
and n start at 4). Values of the filtered image at locations outside these ranges are set to
zero.

The above double correlation is equivalent to a single correlation of the original image
with a 7x7 filter formed from correlating the expanded 5x5 Laplacian with the 3x3
smoothing filter, but this larger fiiter is never formed explicitly.

To enhance blob-shaped objects at a resolution two octaves above the original (scale 3,
pixel size 7), the smoothing filter is expanded by a factor of 2 in the same manner as the
Laplacian above, then correlated with the smoothed image (Sz) above to give a lower-
resolution smoothed image (S;) thus:
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snoothing filter, but this larger filter is never
formed explicitly. To enhance bl ob-shaped objects at a
WO e®alod®dn two oct aves above the origi nal (scBCEGB2004/000400

pi xel size 7), the snoothing filter is expanded by a

factor of 2 in the same man®er as the 25 Lapl acian

above, then correlated with the snoothed i mage (S2)

above to give a | ower- resolution snoothed i mage (S3)

t hu 2 900 PCT 2004 000400 9 | | S3(mn)
%{%Vg gﬁ:ﬂii ity (%Sﬁo# dMiflg this, the 5x5

Lapl aci an iy i s expanded by a factor of 2 by

paddi ng with zeros to forma 9x9 filter, which is
Followingethist the 5»d5tl_laplahiansfn‘terus legpanded gy o fa3pr ofp b padding with zeros

ner hus: 1 5 F3(mn
to tGATRERHEN FhlcK it ared g Shoohdd friach Gl i P Suls
computatemeby efficient rnérer nthugsul ts at successive octave
scal es, nanely expanding both the snoothing filter
and the Laplacian blob filter each tine. The above

F(%de?gzw | (RS- HSEA4 Y RF pducesp bl ob-filtered” inage

he requi red octave scales. Objects of

|nterest (i.e. clusters of dark pixels in this case)
have the rea t val ues .of the magnitude of
Thig | HB’CP?ﬁ’ isé?p%ﬁli%tﬁ’to Fp r%@a@r Jeecessive ?qtamc‘@?eéag%me'whe

expaf@idb bpttsthe @RBBHiIng fillet @hd Gé IplaciMn Blol®fiter leash tilne
centre of the object of interest. Individual Obj ects

(call ed "blobs") ar dent, flndln )
The Secpreress RN 19 Fa56 1 oLasEs 2 BiRkr GerBmageat ok SF e required
oct@sessc@l&d o&;a@mfum@@sa@d clodtersdfiddrk mk&s in&hk%sbﬁwnn %ave the

he value of th t put a the | ocal .m ni nmu

aretss) Veen ot aeiaidecs Tl Bltauh{od oGty S S B dan Eose). The
loc&lR sllﬂéﬂbésr;ﬂfllt@rﬁidtpm wall é¢cur whihe h:eﬁ{fr@ oﬂmé I@b;ebﬁbﬁhﬂe\de%t tiadividual
are identi din m ni.m

r ,
obigls (1o THIERS s Mt esiehay Towias kisalibiTa o PR it &Upe,
whérésaah Rbas bedignetichpssithon(@hdhiehsigy t @@erofeur@hh@wémb%f the

acr-oss cal e (63 pixels across). In less
f'lt%QV@“ngctEﬁg‘?ﬁaimﬂ‘f@u@pl thelial cell nuclei are smaller,

so tend to get picked up at scale 5 while in nore
In thie\epbhcatian ©BjeststwitcHimay edpradnt bpntHeaalgfen nuaeu anithheaderk

rela?’lrgg)}g ﬁ'{ef & éjr\(?glth,‘f?g?a ki%f\ﬁféed%y fo ndlngcloca? m|n|ma oq?heI fsllter}%tutput at two
chosen scales, in this instance octave scale 5 (a nuclear size of 31 pixels across) and
scale 6 (63 pixels across). In less severe cancers the épithelial cell nuclei are smaller, so
tend to get picked up at scale 5, while in more severe cancers the nuclei may be larger,
and hence are detected at scale 6. Also, scale 6 alone is not very effective where the
nuclei are closely packed; scale 5 is better at picking them out in such circumstances.
The aim is to ensure that the nuclei of as many epithelial cells as possible (not just the
cancerous ones) are identified to measure the overall variability in nuclear size for

pleomorphism.

At each scale the local minima of the blob filter outputs in position are located (since
dark objects are of interest), and the corresponding positions designate the most likely
approximate locations of the objects in question. These positioné are only approximate
at this stage; they are used as nominal centres for positioning a local region around the
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nucl ei are closely packed; scale 5 is better at

pi cking them out in such circunstances. The aimis to
wepadneddhat the nuclei of as many epithelial PE/GB2@8/000400

possi bl e (not just the ‘'cancerous ones) are identified

to neasure the overall vari®bility in nuclear size for

pl eonor phism 25 At each scale the local mninma of the

blob filter outputs in position are |ocated (since
respkatike ohipeldostharsegmieniatiore peess inastapet 22 Toe unieafbogical OR) of

the ﬁ%ﬁk%lﬂlﬁsatqlfésstegt@gt galgg tgpeﬁn{ ah él#‘% onbléﬁ.ﬁé@ré's%@%fﬁa&g or
scakerGeomtly sequs,dlxemmtse)utmrt anthittee caresgponditgeybjectds ret@@dedhfor

i nal ntres for positioning a | ocal region around
furthet BB o588/ 072000 PCT/ GB2004/ 000400 10 respective

obj ect for the segnentation process in stage 22. The
29 UNI i m the bl obs found at these two
2sca Fbg(lllgg&té‘e@m t' hat if a blob is present at scale
5 or scale 6 or both scales, then it is output and
The 3 of dhie stagerielinigentify aset ofconaeciet piels sprrespangdingrto each object

Iocaﬂ &’ﬁ?scté%é‘g‘l O tRat tﬁ% %Tée ale%haﬁ@@ﬁﬁ?beebPéénTﬂéem8+éE&ﬁrately

IS stage is to 1d connected pi xel s
mew%ﬁ@@ﬁuwgf \ta@a’@a@hn obfhecet! intersityaad liphting; legal (21 adapdive)

thrdshBii ng%oﬁl'dztfe é';dg.uﬂ Eﬁ‘%%ct?f)bjé&eﬂ‘?@fdﬂ%lizeﬁ%?lgp\%l m%fg% (red

accur Because of variations In .
corasirent) i w3 foy thigetage. giesnighatiitde Gpveraed crigs |bVé)Jbtractm9 each

plxél VF m@rﬁj B SNA cfﬁjé?:?s RReh bﬁ%niilgfrap%éﬁﬁéd%@ﬁéw aﬂ_ﬁ‘@ar bright,

S|ze ori gi nal "1 nage conponent) I's used
and gee vérisa. st age, except that it is "reversed in sign"

by subtracting each pixel value from 255, so that
Se@rﬁérﬁ'ﬁﬁcﬁl I%ll\é; Bro@éé%f@('trbé’tl %ﬁ@?gu@ 8f ﬂﬁxé]QWoﬁ‘M?ﬁﬁfage according

VI Ceé ver sa. egnentation is the process,

to a)glvwseptaxf tcrlt@gaégsethgrsmpie@fbemgx@ﬂegsﬁyr\tﬁiﬁea)nTh%w@entatlon
proglgé‘sotlﬁéé'd%re Aol il %9&s§§hp9{ lﬂ%bt(l%rdl c’?ﬁn{p%ngntz tdeRther w15th the

bei n i ntens he segnmen at1 on
outputo‘m stage&d dheve aﬂ@@étgaqtm@err@wemgw pixalp wthighRagesperstio a

speg:gfg\algé@% )arc}u?ﬁg %tapﬁ Blo | EL 2R bIdBUG |‘2:W:u|£rr rﬂgéksl"s %gﬁtré’dlon the

\ nd extracts e ram1|nage plxe s whi ch
respestive positian fayng frogpﬁf@. resragtiveginynuare inaifiltes ertryt Bistage 21

withr Qra&as Br H g&els%r‘%cﬁf‘e@ Cjﬁé@ﬁ&elb ForRal'ee FoP v iffaige pixels

respectrve position found fromthe respective m nimum
within theheespestivermasittyathreshaldsagye catculajgd #s QIO us of 31

pi xels for scale 5 and 63 pixels for scale 6. For raw
Up&)ﬂqﬁ%sﬁblé%lé 20 within the respective mask two

reshol ds are cal cul ated as fol |l ows:
Lower threshold = b + 0.1*(a-b)
where:
a = the 95" percentile value of image pixels within the mask

b = the 65™ percentile value of image pixels within the mask

The 95" percentile is defined to be the value such that 95% of the pixels within the data
set (in this case within the circular mask) have values which lie below the percentile
value. Similarly for the 65™ percentile.
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Upper threshold = a Lower threshold = b + 0.1 *(a-b)
where: a = the 95th percentile val ue of inmage pixels

wowdohioreddhe mask 25 b = the 65th percentil e vECTIEBRG04/000400
i mge pixels wthin the mask The 95th percentile is
defined to be the val ue suctthat 95% of the pixels
within the data set (in this case within the circular
mask) have val ues which Iie below the percentile

Thegpg|tye threshfldssare jhérousader nBtdiegie threstolding (340h as described in A’

e T
Yorjie1382) pEifieipixes withkp SwnhasidaraadThe [@irpese, of hvstgretsaﬁ thresholding is
fo a%b@;&tlgr ‘?%Jgét%%g%eﬁ%d ’ulpg({g lkrie %,%ttﬁ‘re%h?lﬁ§ ai‘il]%rﬂy&t r(—[ésgsc't?fﬁs%\%ng |
aCCSQiS;ﬁ)@Eeldfft dhyhixed hes ESlahlhl’a@Qh@tf@l higheir éhr%hpltaoué fi$ vaue is above
the rl(ﬁd/éer%reehﬁgla d lﬂﬁ EP(SHQ WBnhdied ’(‘fyoantothreiE { tﬂgt% is EES\{e the higher

steresis t accepts a
thre;&%se@t “Amgptad”v@djwa@ev’éplmieam tghre asalgne@lsthe values 1iahdilt s

resHé’étH@lg{ sb lﬂQPt‘l‘n@ ou’ipﬂu‘? frbﬁlv‘tﬁfs sﬂl{eﬁ? g@eﬂo%ﬁar&?ﬂég% )éﬁé fdr¥ach

conne anot above
masl ieasih of whlch Ab@é@c@@tamam@gloneaom@dg apqomm@echs@t of pixels

Iabé\l%%' Q{&%??lﬁlpn%tnﬂo\‘é% caré@s:bgn&}n i3 B?ﬁ(trb%ﬁh Wthﬁﬂhé Bﬂémél@‘ﬁde of

out pu 'S S
aprreximetebhthe sagte, SImtOdie wecuad @hmrdewtbmﬁtlaahcnll auq:le@a oif there

is n?&ossu H%gsu%h Egﬂgﬁﬁatr% Stthe Rlask dﬁfﬁ) tﬁejogle cgnk%'éétj tSQhelcentre of

ol es) correspon
thewnasiis selh@te@ for@itéml 23halome. &uﬂhaﬁmrexlf am @uoyl reblen é@maes the
bordbrA &t tRS rés??aﬁlﬁ%%{ i§ (ilrefafe(ar%sacﬁht%ﬂ’ 'ahg‘ %f %ker?%!n’vard to stage 23.
nucl eus. ere 1S nore than one such region for
t he sane mask, only the one closest to the centre of

23theFir,rasé1 s efd@foned for stage 23 bel ow. Furthernore,
any sﬂcﬁr Zégqlqon touches the border of the

respectlve mask it is treated as clutter and not taken
The abavgrriogess shayg i gdglitionttg ideptifyingdtruecenitheliat celbnucielj @Jpo detect

darWF@q@Wi%uMHéQﬁéﬁe Wikioh 4rB n%fjé%lfh'e%l ckP nh&&nfo'r ExaRpielstemal

hel 1 al nucler, also d regi ons

ce"w lyAiPRogyies, Cathaeciambi (66 W@W@@Pﬂﬁé‘ﬁl)eﬂ)r qtler dapteeliwlar
stch‘HEre%tﬂWﬂh@ b§&l€g‘?&ﬁ4d tjseBe. |'ﬁns 1 RPORYE: %% rer?n@béd lSVé’FStleetﬁé'

. e. he cConpl ete nuclei), or other dark cellular
Ca'@t'@tl%tQimédﬂP'tﬁﬁfﬂﬁt'Pﬁe background tissue. This "clutter"
must be renpoved before the 20 cal cul ati on of nucl ear

VafdatibsthtesSre measured from the data in regions of the original image (red
component) corresponding to each of the regions identified in stage 22 above. These
are:

Area = number of pixels within the region

Thickness = minimum thickness of the region, defined thus: for each pixel in the
region, find the minimum distance from that pixel to the outside of the region. ‘
Thickness is then defined to be the maximum of these minimum distances. Note
that thickness is not the same as width; for a rectangle the thickness is half the
width, and for a circle the thickness is the radius.

Maximum grey-level of the pixels within the region.
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Various features are neasured fromthe data in regions
of the original imge (red conponent) correspondi ng
wo 00eardof the regions identified in stage 22Pebe®Be004/000400
These are: Area = nunber of pixels within the region
25 Thi ckness = m ni mum t hi ckdhess of the region,
defined thus: for each pixel in the region, find the
m ni mrum di stance fromthat pixel to the outside of the
r egMimumEeyelenelssf thespikéie wittiafth@ezbidro be t he maxi num
of these m nimum di stances. Note that thi ckness 'S

lefg%tnt yﬂgs %ﬁgﬁttésc(#{‘tﬁémbe éct@d ﬂsﬁﬁé %%lu? r(}:&tﬁ?h ¥ AGRSse

ness IS
featurﬁas FatipxampleOymaioaytas age sgnau@ww daTketrhfmrpepdeehal welt huaiei,

whn@’ﬁr&n‘?ﬂ o815 ar@@aﬁgpéﬁé) R0, IP ﬁ’g% %‘?/e%?%fqg ané%mlqle feature

M ni mum grey- | evel the
in igglatioarie msutfigieatiopacarale tdacnmmtlorm bam@en epjtieatinleckllusiclegand
r f e
O b B ror NS B el BBt P e
ce_I | nuclei, while strorml cell's are darker and
The hisherdinear ¢lagsifier bae he@bs@se@@Sttmmpre&ms;eds:ilaﬁsglﬂéatmamﬂw@d for

the§e huit-GifleRLibAA 1 §tu1‘e@s'\’i§|§ IisCé ﬁl’érdére ééfl ab smcatlog method

di scrim nation between nucl el

(deggrinedder, example wﬁe@@mﬁi&ﬁt“%ﬁs’u@f P@t\tﬁfn Recagritons by ndrew R.
WeBPoﬁ(l‘?\ogqelﬂeQi eI%Q%)” BasthioRGhd Hr%;ec?ﬁﬁ ofin ﬁfﬁ%mlehg?&@a’l data into a

assifier een chosen as the preferred
lower dissinsiopak speae.righiefbenrt iben mq|‘i%§§S'W1hetq|as(§lﬂﬁé P Yrealequired

nurﬁ?aSSI ses. r%?eka?n;ﬂogf ﬁ?g'lzgg'%{ Iﬁgﬁ’é&l E)E;'raf:f@éture ata I|sted above

I cation net exarrp e in
(aresy dfnlplmesa, rgaxjmumsang miniméalgrexievel} earreprgitctedsvch hat the

meaR 6N Riasdd %éﬁﬁl{?ehaﬂcﬁ‘!q{u‘éleF o ﬁ?ﬁ?*cgﬂ@gr%trug %ddrf’ H1atxl?ﬁsed and

rOJectlono I mensi o ata Into
thed/ianerncsasmalmls:prm@l thethihere isgeod Isess ﬁ@wafmwsandwwnted regions

caﬁﬁ@nﬂggsétéfq?e%elsﬁlﬂ%ﬁ ?cﬁ'qhe pléﬂ?re lafief Is aoga?ﬁﬁecf E}eraiaing

Mensi ona eature data
theattassifier paadarge tnhmolah@fsa;(anmﬂldamomvwembmamﬁpgatbyloglst where

such that the nmeans of the
acg&%@ﬁés@&ﬁﬁﬁﬁl {T;\%qgﬁf} nucl ei, other cellular
structure) are maximsed and 15 the variances are
TherFished linear elaesifiariiseeaisst gdaarmatieasbouracatdbinst Haghas been

derWé ta@%l;%%%s%cnﬁe%rbb‘%@e rl?écﬁ%?i%ﬁnat-gﬂese@%% %bgﬁ‘%vector that is

Fisher classifier Is obtal ne

an Pfd@lrﬁfﬂ \'ﬁé of faeénembers iepFie desanbiag|samgeasnapind ﬂh%@bl%%a@ﬁﬂhe
corﬁbd)r%%% nGr"nBé‘r‘ id %@né’%d an I?)b]%tc%éfdi‘@ 118 SthpdMBEF Ehe A&SHHTCRLIGN

ground trut I so avai |
algorlthm is o dlscrlmlnate between two classes of object based on the information

contained in their feature vectors. The output of the algorithm is a set of numbers, one
for each object, indicating the likelihood that the structure which it represents is a
member of one of the two chosen classes (in this case the classes are epithelial cell
nuclei and “other”).

For a given feature vector x, the Fisher classifier output is defined as:

n
F= Zakxk
k=1
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The Fisher linear classifier uses a set of information
about each object that has been 20 derived by
W@eakpri980 as descri bed above. Each i nfornati onPGEGBR2®4/000400
feature vector, that is an ordered list of real
nunbers each descri bi ng sont8 aspect of the object;
each conponent nunber is denoted an object feature.
The purpose of the classification algorithmis to
wheté gcaleriresaribes esaboembersandl s5Eesxdis thdfeatirelvastedx.ofhe

. tai . . ¢

paréfﬂgtet%%kga!j’?%hé%htg“gg{ég@? Wﬁer%'t ﬁg&ﬁ&"scg n&&?és% %‘SM&% fof S'béects with

kno@B dfass. each obj ect, indicating the likelihood that the
structure which it represents is a nenber of one of

In tﬁgg?%égﬁ§1%9ﬁj?€ygét&5§ﬁ&s %t‘tﬁé Bw?eéﬁar%a utsct'h%ﬁr?é?s% HFthe

a nuc
ma)flmamr@l e gzey-len@s wntbimdhe corsgspiondiog remorp Jtheu Fssher

Cla%@? ?ﬂ%%ﬁ\f)edgb 200 igx\l/(\hgré Z\E g?ce)%?ggg?lobed r eal

nunmbers and x=[x1...xkJ is the feature vector x. The

parErmhmwSagHag(émhphag@@xtmzsgi ve the | owest nunber of
m sclassifications for objects with known class. In

this case, the feature vector consi sts of the
whesgAde tthesaréfﬁe?i is the dhiiesk, r@sasandaﬁdm ?F%"?‘GS“WPmﬂddﬂ'a'mum

gre%?lé%el%‘%@é&'cﬁ\\/el* eyl tﬁe vbdfhitiehts BEnvB U8R n@neaon@orﬁ G| mmng
he Fi sher c aSSI i er val ue |s iven

stageoas [HE0, 07058 ottt ab S0 ey & B 12 s ilens, bop ang [

0. o@’ﬂf»‘ t@sﬁé@eS@BB@Hm gevd, G7 47631 for bhRarexbiBY OAPthose blobs
ni num grey-Ievels respectively, and the

Wh%e?@h% |C@§§'§e%‘@|WCS%FPrG@F€F (B&2i"%%-om t he trai ni ng
10 stage as [0.0059, 0.7633, -4.3937, 3.9017, -6.9772]

Thd @lﬁtg@t fﬁﬁ@ltrﬁs Stalgb @Pa s [regﬂomch hRMBRave @b&%z
- 476Lfor a scale 6 ob. Onl?fthose %sh
corjgspQrdance kerithelialget! paglel, PWE%ere ERp2¥ &tilhbe pegions which do not

corfedbahd RAndiTia8alipithstal f:élnﬂ]dé“f&r Sloaiie bl&st@r§®'tnu@fel so a second
regi ons which should have a better grres ’?gt;

cluesieRENHEgR i realERdeN oI ke B Shanectidne:B defiedn the

na&%&kﬁ3§n@@b§82d0 not 15 correspond to |nd|V|duw
epithelial cell nuclei, for exanple clusters of
nuclei, so a second clutter rejection stage is

24rqubuﬁdammdkm§es the shape of the boundary, derived
in the

This stage involves identifying a nominal boundary (which is some noticeable change in
grey level) of each remaining object. This boundary is defined as a contour (i.e. a curve
consisting of points of equal grey level) from the blob filter (stage 21) output, but at a
slightly higher resolution than that used to extract the blob (one octave scale lower). For
example, blobs extracted at scale 5 (31 pixels across) will use the blob filter output at
scale 4 (15 pixels across) for contouring and blobs extracted at scale 6 (63 pixels
across) will use scale 5. Contours are obtained as follows.

For each of the objects remaining after stage 23, a local region of interest (ROI) is
selected. This ROl is centred on the nominal centre of the object (as found in stage 21)
and has an extent of 50 pixels in each direction, the region size being truncated if
necessary to ensure the ROI lies within the bounds of the original image. This allows
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next processing stage 24. 24 Boundary tracking This

stage involves identifying a nom nal boundary (which
w0 g0030m®omot i ceabl e change in 20 grey |evel) PET/6B2HV4/000400

remai ni ng object. This boundary is defined as a

contour (i.e. a curve consigsting of points of equal

grey level) fromthe blob filter (stage 21) out put,

but at a slightly higher resolution than that used to
ROlsxhiclcwoult ethsngise pwentapdbe adgesofdhe irhageeto)be ifcuded.

AtefRHTBY o ROAPFouiie BFAEH 3 1pRT 1R, Rololhfedin 3R and
addingrabalef afra saerterlinimigeran gixelso bhn aither caseeil isndesirabledhd the

ROIQ;Ge%cQéa(ﬁleSSIZe f%&s%%‘éejlgm L&mé\ﬁﬁat?ﬁ: ?IL ﬁ)benggf% et%g%:ﬁﬁré of

al ned as folloms
the abteursst age 23, a local region of interest (RO) is
seI ected. This RO is centred on the nom nal centre of

S k?ieﬁ S}?&efll%lﬂ ub&y ﬁ)tc?é?iﬂe%]s)u —|ﬁ15 RitRinaRe 6t EWSf the blob
6%

S I N eac I rection, giron size
flltet famﬁaZ‘@@t tte samﬁbmiwlnd@a@dﬁbmee t era mesppracgnq\blph |was

ool PO PRI B P01 [ s i

the saimerRP sai botresdalgs 4 ard Bdgde respechiee $U’ﬁa@lﬂgﬁdv%é?n313t of both
pos!tﬂléla“g %%Hatl\él egggy f%%lls ﬁb Y;m%ﬁﬁr&% %o&%ﬂ ggsg ﬁﬁéé‘%@el% -10,

1 ons entl I n st
whigh bas UQen folnd tasled b@ﬁt@apmﬁﬁa”yof lnﬁhbseﬂnﬁoodlrneréa thpdfatiab®

con‘tﬁ‘@ﬁ?lﬁndtlgn 'isserqﬁé dARl Fhut e W& Eaﬁtohh%r ﬂ@tﬁm%ﬁ eediskh %vh?dhzr%turns

ose reg ensure th
confire rrathe@ameffornﬁ) astresal oh coligyousTpeints @dased a@wnﬁé@ ggntour;

hii ®
Métlla ol %VFEFWJE?&@"‘H%H“FQ?QE@EB% ﬂ%%ﬁNWkE Ihg glgﬁtlab returns a
set@éwcetlwnwlﬁmweblw osslutiph wiuqtmrﬁ @sprdﬁdofdgcailoe [eraynst the
co %Lﬁ'se@ttr ShrshRtihe §@ta&g?o%atr¥o gui@élehﬂt‘é Wné’%&%@ tour

eh CO our are
Coistoattseme 4niyricbatiad ahalid egge@anneé fcs*dw:thermgecewng lrwfeyeeﬂf they

sat%a/ %‘]the1 1iRwRS Féehcsanaﬂgnglegat ive grey |levels and

ours are predefined | evel of -10,
whi ch has been found to be best experinentally. In
thi s enbthelfemnt glosasdoogs wishit the R@bne othie last gettPeipqiit is the

enpl oyed?gmé 1A ﬁQP&o‘ﬁ'tHdrﬂgmﬁ' gorithm can be used

whi ch returns contours | e sane form as a set of
conti guous points ordered around the contour;

( Mat | ab( teyiase gonststent withihe losain eftthe Abieeidthere ismtfamst one
Mat h\\or kéo%b olnt st%Eé aﬁfén)ce F@HhB hofine? cete &fthe object is less

| ocati ons su-plxe resol ution which areln or.de
of | ocat then aieaualdo BA@ixels);

- they have the correct grey-level orientation, namely pixels within the
contour are darker than those outside the contour.

A tracking algorithm is then applied to each valid contour representing a respective
object’s boundary, to smooth the contour and measure the curvature of the boundary.
The particular algorithm which has been used in the preferred embodiment is based on a
Probability: Density Association Filter (PDAF), such as described in Y.Bar-Shalom and
T.E.Fortmann, “Tracking and Data Association”, Mathematics in Science and
Engineering series, vol 179, Orlando, Fl., Academic Press, 1988. This type of tracking
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contour, i.e. traversing the set of locations is

equi val ent to wal ki ng around the contour. Contours
wW@e@407d990 t reat ed as valid and retai ned for fupP€tieB2004/000400

processi ng, however, if they satisfy all the

follow ng three conditions:18 hey form cl osed | oops

within the RO, i.e. the last contour point is the 20

same as the first contour poi nt; they are consistent
algagithm is designecpiestimete thé parshjeters of alcbosen abjet (targes)tin tee

0

pre%e%% Q! Bﬂ'%P h{é%sﬁ\‘éﬂ]%gtssghrﬁ{:rﬁ%%oft FRel e h'é c@)&glknx%fegglén noise

ect or equal
andrdigierh dan/timst tasedbe Haget’ gratg/var@b@s 08 ﬂ‘@rﬂa&sttiioomnan%h)and
I t
cur\FHtt%ﬂ% of tH@t %ﬂgé{:{ gndtagﬂcri% ?Qg Erfea@ﬂr%rn% tﬁgg&? 1#1(;?1% 3 the
coniqow pbints angl the ohientations efding inas Jmlepg@aelmpam gf eontour points.
respective object's boundary, to snooth the contour
TR et hca TREHTLLE Dferhiep o Rt h¥any SHIE The boundary
dyngmidsds giyan dsowinaant curvatiesthe rediug of purybtabs isiselto 30 pixels)

t
plu%%é%é%gﬁgﬁ Or‘rﬂn daeﬁtgrﬂégbrﬁrﬁ@vérg %A%terﬁ Hﬁ@r :ﬁkg fSisé 'isgﬁeqermlned
by tha varigensaaficarvasiie perpbaianavhich is ﬁhcs@nmé@rdmdo how irregular the

I
bOL@BQW% égghél%?]béﬁnuyd’é&% 6§g%eg?dltﬁ%goln the Bze/feg‘ﬁ;%g%{gb&ment the

CUNVRLTIEGRRB0G @(ﬁmogosﬂm 2{dfHe9 fomﬁmglg (@e@dl@h@d to
estimate the paranmeters of a chosen object (target) in

As gfgfa iR d&ﬁﬁm% suplcdahatTBasIth BRIt Sotehiid réﬁr@séi’@ihg an

to the object in question (noise

epitbelialicell pucleys 2 Rernegtesiset pleedgedpajiires hasdieen @é\'rra%qi frgm the
lmagéeln e o%%é'é '?eatgfés??é ﬁﬁé SOy oﬁm{d’ﬁioue{oﬁ’adéht &diour points.

oun measur ements are th
Eacpib@igel fealsrehag the f@loaz\mq measuseNeNts tiaiavere gageias rwatqf Hies

Co,ﬁ%'&él;ﬁa%ﬂdﬁe& obd¥sni ng each pair of contour points. The

ter requires a nodel for the dynam cs of the
boundary state. The boundary dynamcs is given
» Hositioant, suthedzanta apd yerticaldimage spordinatash ot e|0§n§§%9f th@ edge
30 pixels) plus an assumed random perturbation known

o BrichatoRD NPL Sfe aFEﬂé%eN\%'eﬁ?héb q:égénr%rmb%ﬂzo ), the

variance Of "Curvature pertur whi ch 1s chosen
according to how irregular the 10 boundary of an
Th@punpheda phthe draickerrisits] egiinate thexpest tikely trye insatiom origatation and

curgétgf 23 25 2{%8 WFE&% eQH{ ?ﬁh%ﬁn Y ét%‘v%?néa%u?enf}&ﬁs given

thaStharet al_regnpanunememtterlross_ mtls amassuniet Gamswaﬂjﬁrlblhijogcihe following
infdP L0 LaLbA JrEREMRRNT I Ng an

e The measurement vector z = (X, Ym, 6n);
¢ The system state vector x = (X, ¥s, 65 K).

To use the PDAF filter to do this, the following information about the true boundary and

the measurement process is required:

The relationship between the position, orientation and curvature of neighbouring points

on the boundary (the system model). This incorporates a transition matrix @ linking
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epithelial cell nucleus a connected set of edge

features has been extracted fromthe inmage. In this
w@ame/07®oge features are |ine segnments joi ni ngPETNGB2004/000400

adj acent contour points. 15 Each edge feature has the

foll owi ng neasurenents thati1gvere nmade as part of the

contour extraction process: Position xm yam

(horizontal and vertical inmage coordi nates) of the
neighbotirirg sthtes heareldgsy sternbisa naddebinabaddsi extra rhhdorapglt@rbations to
bet ween the edge and the horizontal. The purpose of
the tracker is to estimate the nost |ikely true
| ocation, orientation and 20 curvature X, y, 9 xof the
Thebrelatidashjp betweao Ithepm'easurémenh vetor aland éhersysmsam etede K SThis

t { n

mc&é&%ﬂae dat @'Lsgtoﬂg'rﬁ]ﬁ ?ys_ﬁ'rn?l‘@gt 102 haerﬂgéﬂr%%%t rn> &model that
addsreiktra maridoonparéobations &0 2. def i ned:  The measur enent

vector z = (xn,, yn,, 0J; The system state vector x

X.

oW ng orrra 10N a

the lpoes that grearad are d@d«@h@uﬂ@rrent process is. reqU| red. The
rel ationship between the position, orientation and

In |t§%3§g@ﬁ&8% rH%%PBRP #r&%s?& vBral HEabiierRR YA dachs
syste Is 1ncorporates a transition matrix

estlmatmg pfgln\mszeeemmmge@d%fﬁa@mmpmadet a figie, so there are only

two%gmgég {05k RERHESthSr HAFe Ry R M agfté%h riRAehelrB&Athuclear
a extra random perturbations to e

boundeat i onshi p bet ween the measurenent vector z and the
system state x. This incorporates a transition matrix

The"sd\} 'té?hltrﬁgsﬁforjr'ﬁln frixaP L &s@ﬁ%ﬁ%ﬁ&ﬁmcuﬂ%% w&%re&@?g 5
adds extra ran ompertur ations to z I's assuned

neigiitaturing bysiém stdte theeuragigrecifoEatnatreighé liee witls owivatues xtangent

BRUCYIE TR AN Wi N T

ne@ﬁ%@gmnsgyﬁfal measurenents z at each step in
estimating x In this case onIy one edge feature IS

essed Le.on
Th ST de Tes S Relen dr PR athAE tnéap Aid bitBvariapge matrix
basédtddlﬁ@ewhdémtwmmtlbmin dunel@a/ oridneatiod any laté’daeoﬁseit em
(mthgan& L Oglr lE)Irl nérrrlla %Seboungary?msér%nwtma%ul{u\)/ etl %Isrt?sed where the

standard deviations of perturbations in curvature, orientation and lateral offset are

t ist:%slgfsfljﬂeij %liat Pgserlll 8(f)the aé%e Ratli ér}eeasgou ; e{i I\I\JIthlrle Bchgé? boundary;

proportional to the square root of the arc length of the extrapolated circle of the previous
paragraph. The accumulated effect of curvature perturbation on orientation and lateral

offset is also modelled, resulting in the following covariance matrix:

[

1
2

1 L
2 6
= 2l L2 13 L4
O=0,|38" 385 585 |+50 oy 0
L¢3 Lg% L5 2
£8T ST 5S 0 0 o,

with respect to the system curvature «, system slope 8and lateral offset respectively,
where s is the arc length (the circular distance between the previous point and the
estimate of the next point). The constants o, oz, sy define the average roughness of

the nuclear boundary, and depend on the type of cell being analysed.
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nei ghbouring system state the unique circle or

straight line with curvature x, tangent slope BS
w@oiong739br ough the point x, ys is extrapol at edP€DGBR@4/000400

point that is closest to the 15 next neasurenent

poi nt. The system noi se has1a Gaussian distribution

with zero mean and a covariance matri x based on

i ndependent perturbations in curvature, orientation
Theamgasuremeat trafsitoetmat(ixbireapsnthe ispstamdiaraaieantoniod mMakbstrement

par5ﬁ§t§QMH§5¥?ur?lﬁé rowni an nodel is used, where the

st anda evia § of perturbations in curvature,
orientation and | ateral offset are 20 proportional to
the square root of theanc Iength of the extrapol ated
circle of the pf&yiou ar agr pph0 TheOhccunul at ed

ef fect of curvafl yre_pgritsurbgtipg qn @rpentation and
lateral offset|1%|al s& nodellpd, resulfing in the
foll owi ng covar Gnce Lrli X1 s sP 6s30p 000 Qo 2
82 3S3 84 +s 0 6s2 0~ 1S3 1 41 S5 00 2 6 TS 20 sy
.11 with respect to the systemcurvature K, system

ThesinepsurBmentindisd Baked b Bebpsraizpay Gavsdian dizbibwled@riarbations

he ar e (the.citcul ar, distance between the
of igh e tof et nii i e sk GRefants R phf fegpoct o
meddeemenidlopd sndilateral@sfget raypedtifélyte t he aver age

roughness of the nucl ear boundary, and depend on the

type of cell being anal ysed. WO 2004/ 072900
PCT/ GB2004/ 000400 17 Theoplasudefent transition
matri x H maps the syst'er pgrangterns to t he nmeasur enent

paraneters in the naturad way: 81 0 '00 y. = H-~S
, HO0O1 00 S0O010 x The neasurenment noise is

nde : . .
TSIAE o PR SR VB e vunr. o
depesdidnt the dyperofichl: béiog boalyseyl. covari ance matri x with

respect to neasurenent slope and |ateral offset

Thé fRABRMY' bRstntstire BeePiBRichne the clutter model:

p = Clutter density = average number of edges per unit area that are not associated with
the nuclear boundary.

Pp = Probability that the edge feature is associated with the true nuclear boundary.

These constants depend on the clutter present in the image, both its edge strength
relative to the nuclear boundary and its average spatial density.

For a nucleus with average radius r the following parameters of the above model are
used (all units are image pixels):



0 07" The constants 6,,e, any define the average
snoot hness of the nucl ear boundary, and depend on the
wo ype/ofoocel | bei ng anal ysed. 10 The f ol | owi ngPCT/GB2004/000400
constants are used to define the clutter nodel: p =
Cutter density = average nirber of edges per unit
area that are not associated with the nuclear
b%%ndary. PD = Probability that the edge feature is
ox=aSsoci ated with the true nucl ear boundary. These
constants depend on the clutter present in the inmage,
o Qg§h its edge strength 15 relative to the nuclear
™poundary and its average spatial density. For a
nucl eus with average radius r the foll ow ng paraneters
ome®f 0.8 nadiaizove nodel are wused (all units are inage
pi xel s): WD 2004/ 072900 PCT/ GB2004/ 000400 18 6k _
Lgé% - Ony =3 6nm = 0.3 radians 6sy0.9 5 o = 0.09
%vyFadians p = 0.01 PD = 0.8 The initial value for the
system covariance matrix Mis given by: illy 0 0 M =
5 o0 0&Bra@ianswhere 0-k11 =1 / r 0 O 60 10 The PDAF
estimator is now applied sequentially as follows. The
matrices Hk, &k and Rk are all constant in this
P=Qdbl i cation (as defined above). The fol | owi ng.
expressions are those known fromthe Bar-Shal om and
P, Eorg mann reference quoted above. Update: | NNOVATI ON

The initial value for the system covariance matrix M is given by:
o, 0 0
M,={ 0 o, O |whereo,,=1/r

0 0 o}

10  The PDAF estimator is now applied sequentially as follows. The matrices Hj, Qx and Ry
are all constant in this application (as defined above). The following expressions are
those known from the Bar-Shalom and Fortmann reference quoted above.

Update:

INNOVATION

Ni
. 3 _
V —Zﬂki v where vi=z,-Hix,
15 i=1

KALMAN GAIN MATRIX

Kk ;Mk H% St where S ,=H M Hx+R «



Nk Kk Nki iki where Vki=Zki-HkXk 15 KALMAN GAI N
MATRI X Kk =Mk Hk Sk where S k =Hk Mk Hk+Rk WO

wQoo@sRO00 PCT/ GB2004/ 000400 19 BETA WEI GHAICH/SB2004/000400
eki/[ b+Yekj ] for i#0 [/~ j=1, ki Nk b I[ b+zekj ]
for i=0 j=1 where eki =eXpl912_;; Sk'vk;) fori#0, -and
b= p( 1-pD) 12gSkj /pD2 STATE ESTI MATE UPDATE 5 x k
k+ K k vl k ERROR COVARI ANCE UPDATE /~ N k Pk=I QU kO

BETWWEIGHI®) p*+Kk Nki ki ki vl k Z, k Kk i=1 where
P*=111 KkHK] Mk Prediction: 10 STATE ESTI MATE
EXTRAPOLATI X k+1 k. k ERROR COVARI ANCE EXTRAPOLATI ON
Mk+1 - (D k Pk( ess continues until
the entire c %])O}EI‘B-I—!— _1er“avzf?£g%©(l. . returned to the
startingg pojnt). This is then repeated around the
cont our F second t| me (using the final 15

conditions f 3p1§2 rst qﬁ§§=@s starting conditions
for the seco p ensures

where oy =exp(-4viSiivy ) fori=0, and b= p(1-Pp)~/|278]/P o2

STATE ESTIMATE UPDATE

ERROR COVARIANCE UPDATE

z
e
z.
=
=
=<
= -3
~
5
[~
s
=
~ =
I
~
M

Pk=ﬂk0‘ Mit+(1-Bo) P'+Ky [ (

I
A

where P =L I- K He 1M«

Prediction:

10 STATE ESTIMATE EXTRAPOLATION

Xy "D Xy

ERROR COVARIANCE EXTRAPOLATION

Mk+1=(Dkqu)Tk+Qk

This process continues until the entire contour is traversed (i.e. returned to the starting
point). This is then repeated around the contour for a second time (using the final

15  conditions from the first pass as starting conditions for the second pass); this ensures
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WD 2004/ 072900 PCT/ GB2004/ 000400 20 that the final
estimate of the snoothed contour is independent of the
wa@sauoeoo nitial conditions. The outputs of tPEr/GB2004/000400

tracking filter are a set of snoothed | ocations

descri bing the boundary of2oeach object, and a

snoot hed set of curvature neasurenents. 5 The out put

fromthis stage is a set of boundary features for each
that dig fireti estiraatelof trer @a00thed contaunicindgeendeat afithle assumed initial
Con%‘gn;[)sact ness, (where conpactness is defined as

? hmeter/area). A nore accurate estinmate of area is

obtai ned fromthe respective boundary using Geen's

The Dugputseof the trabking fikkrsate B Isetiofismadiiegul 16cations Yesdribing the boundary

of e EoRiEet S sl e SR L BRA R s el VoS e 10

following formula for-area: n-1 A X,, (y
The-optpul imn(tyls-ls:tage igia)set pEboundarydediuies foi gaca\rcquqt;mamely area,

25
minB3 80l A corfpadidd, blerd ERiEiiees iRl 2
periseteoTigrea). Ut nere acsueaie esﬁm@e afjereaiisrobtained dippv thegbsnrastive
bouE%aarsf Hg‘%p g}eéﬁ’?%ﬁéré‘éﬂgh&ﬂaéa&cngé? M%H;Jeé ﬁf V@ct%?AnalySIs and
Carteaizgel epsorish ®. . lume and P.Gitendak Hapﬁi i N,elmrgﬁe 7) ThlS gives the
t likely to b hel i al [
fo"oﬂﬁrgi ]%Ir%gllé_ifﬁ]é? ee'LF]S not likely to be an epithelial cell

eus ore any objects whose area is |ess
than 400 pixels or whose m ni numcurvature is |ess

than |-0.03 (souhe boundary is not convex) are
rej detled The) seuéri@.arilpf this stage is to assign

probabilities thHat each of the remmining objects 20
represents an epithelial cell nucleus. The attributes

whq?@‘{glé‘y Jbré%h é&ﬂB@r) o€ dBiting hBJeRRRARMborRas. @

Jec ess C rrpact and still be OK), so
it is not approprlate to apply stricter thresholds to

eac ment., but | S effective. The
S5pro "e%‘g‘qsﬁ{‘)ﬁﬂ/'éeﬂ,é‘g' %'bq']ﬁ érb %S%wl Massification and
clutter rejection based on the Fi sher i near

A séd:caﬁiSctllﬁttee Irej(astlw stagegaima 39 ransiverpbiesds tadkeddresiage @4whigh are

ok, 35 SEUa UL 50 e SRS 3808 o oma.or

whedeasteibb iishighly nonairaaldr, smnat likely grebenambpithedial as anplews. Therefore
any c|>t|>ch §c’ Bsoé/ arde% is Pe\és ;ﬂ'\an 400 pixels or whose minimum curvature is less than

-0.03 (so the boundary is not convex) are rejected.

The second aim of this stage is to assign probabilities that each of the remaining objects
represents an epithelial cell nucleus. The attributes above (size, shape) are not
independent (e.g. a larger object may be less compact and still be OK), so it is not
appropriate to apply stricter thresholds to each measurement, but a combination is
effective. The process involves a second stage of classification and clutter rejection
based on the Fisher linear classifier (see stage 23) using features derived from the
object boundaries computed above: area, compactness and minimum curvature. The
Fisher classifier is trained on a large number of example slides provided by a
histopathologist where accurate ground truth (epithelial cell nuclei or otherwise) is also
available. The Fisher classifier value is given by:
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hi st opat hol ogi st where accurate ground truth
(epithelial cell nuclei or otherwise) is also
w@r@ilozdbe. The Fi sher classifier value is gi vROT/BB200W100400
2004/ 072900 PCT/ GB2004/000400 21 F = a, A + a2Cp +
a3C,,,;,, + a4 where Ais the area, Cp is the
conpactness, C ,i,, is the mninmum curvature, and the
coefficients a; have been derived fromthe training
st age=as4 +0,0993336, +@, 0501399, 41.1688001,
0. 8913501] 5 I nst'ead of setting a threshold on the
output fromthe Fisher classifier (a hard decision
wheyg fhig 4lhg frepoCe lisssicPinpesioRss - ds thesniaimuspicutvetureland the
[
CoofR ¥ ey ol 0GR RTINS fre it Sop o 19PA0TE, DTS, -
411688001 e 083511y eal number between 0 and 1 that
represents the confidence (pr obabi lity) that the

Ins@Bl %? Eethﬁg thl?regﬁcﬂ'd‘3 8n fhe(&ﬁhﬁtl?t%l Qielr cl‘agﬁh&' (E Jﬁégchgecmon

confi dence cl ass JeC
boungpry) ioclassifs cach abjeet @pem ¢rithplial cebnmﬁusmrmrww@r a fyzay

claésrﬂetr'l O%egi lﬁsﬁé@iﬂﬁ tirebRAY i1 v\E%@%d Q%cﬁﬁrgﬂ I-B%ﬁ’ﬁlrét%ﬁﬂsaa real

hres T1to |n Icate to ass

nurbleeprdw@geerﬁbanq U mattrqa@ewrgeﬂ’@]e coafuj@g@pﬂprgpablhth at the object is of
claéH E‘%édn‘h@f%] "c@mﬁw&f thd @éd?l'd@lgced@ftd’flas'é% (efHer '%j%t:t%) FshP— h(F). This

funct ralnln% npri ses a
algenithends applicable|toasy Flessifier batg@tlaltyfcompa@ st M@h%ré%and then

ap;ﬂlgs a\‘lﬁr%gﬁolﬁkftcjrndléa@e U‘\ﬂl’\l@l@&l%s %'Hyjé%"t BeloRy, inde P§?tg& tdher

ject class is ck =0 indicates conple
da%%ﬁﬁidence that the object class is B. In this
instance, the confidences ck have been derived by

Thé Q@Bﬁt‘ﬁH @Guﬁrésot%ﬁi Lg @é&eco%@ﬁbré‘lfe tﬁé‘ﬁﬂicﬁ@ﬁ B, tﬁBJt%‘Hlﬁg Ué‘ta

e sanp | e dat a. qprlt m 1S pOSSI bl e
com@naeusa set aﬁclamf@rtvaEUﬁs Ek a&%aﬁetﬁ clase woefmegrﬂ%'a’» frapupere ci =1

mdfé@ie’é%nﬁﬁet@%oﬁf%eﬁée thil theldojt YlabH RUA §ndj& =¥'U3|hd|cates complete
necessarily result in blnary val ues of 0 The

confidgaes thakiheabiast alpessistB. By thieiarigRemghe ec?nfidﬁ@cezﬁ Q$axe been
derf\)eH Hfayfm{ﬂe’éﬁan frOmteN8rgedet BFcnbidatd jedtSin th¥ smngerﬂa‘ié Nking this

classification error: E=E(h
algmﬂsrre ittigpogsibie 10 {67i8 an uaeertain Alassitr Vil bei@awab{eémf ék (Oor

1),?9&?&?291@%3 rfog%gés%alfﬂ?rres"ﬁlt'ln bRaly vaHRL e, X, Y- 25 x >

The algorithm calibrates h by searching for the closest fit of h(F;) to the values ¢, that is
by minimising the following classification error:

E= ;(h(Fk)—c ¥

where the functions h are constrained to be monotonic increasing, that is for all real
values x, y:

X>y= h(x) > i(y)

The restriction to monotonic functions h reflects the requirement that large values of the
raw classifier F should imply greater confidence that the class is A.
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The restriction to nonotonic functions h reflects the
requi renent that |large values of the rawclassifier F

W@ boulteopopl y greater confidence that the cl asBCT/€B2004/000400
WO 2004/ 072900 PCT/ GB2004/ 000400 22 In practice the
conput ati onal |oad of searddd ng over the entire set of
nmonot oni ¢ functions could be very great, especially
if the nunber of training data is large. The

In prestice thel compudatipori loadoissadhingaree frer entire setwd ewnptoaic functions

[ t oni
couf UGl HeoBUEh FRE riinoEEBRVARRG Btelploboe TR
alganithmb eised fthehefre redumestthesorbpuiationabovebedu It eqmsidSriodionly
' y ! t oS e ..h khkK.. ..
mordic 48T RiBot BT R B Al S Lon AT S hlpogi g hunuives
betwesrheaxhreiée uckfignatibng dre répresentedikg Fllows0 F<Fk 1 F> Fk
where Fk are the prescribed discontinuities of h. The
search for the optinu e~ 1 i eved by searching
over the set of non- ng@ﬁi}a@@&gﬂrs ak, which can be
achi eved by various off-tHe-shelf optinisation
algorithms, in particular Sequential Quadratic
whePe agaemonAgggatite cinstants apd Brarateadh singlesTepsBR(fithe fsmpar t
of the function quadprog. The specification of the
di scontinuities Fk affects, the accuracy of the
approxi mation of th i e %pﬁf’rﬁm h by the optinmm
step function above. S bewe:fzi}zgi al to place Fk with
15 high density where h is expected to vary the nost,
al t hough the exact placenent of Fk is not inportant.
where R hresthiempesanbed disconiinpitespbh. cliessearahfenthe lpatimumeh is
i ni ' di, st 0l ;
aorlIBUE B LBEF e UL Tode By RbiRbort o iicH it achiovea
by eHrioBs offéhevehelf opfjmaisation algaritunsin Fartigylar Sefygntial Quadratic
Pr Pa?ﬁhmg?wﬂi%ﬁ iSO M IGATCRABTEL p&RbS the r@fbtidR §uadprog.
asur € chosen 1tor gradi ng nuclear pleonorphismis one
whi ch measures the variability in size of identified
Theegpadifishiien ofdtbe disaortinulties iFe aectatherasgyiacy Af headpiEXinrtion of
r Val; i
the 8 cHfinfim By SRIBAPALLT S TATRCE oBo! M AU 10 lace Fuwith
high dansitytwhere hd$ Exusctaddoysiynife $10sé aithewgh theiexaegiméacestent of Fy is
I . .
oA s OB EligA T, B (e St B8 9oy bl
valegsess equally distiibutedddratwedreadjgdeghdiseentingities, dpairs thermambess of £

betWéSn adjacent pairs of Fy are equal as possible.

26 Calculation of cancer metric

The measure chosen for grading nuclear pleomorphism is one which measures the
variability in size of identified epithelial cell nuclei alone. Although in theory the degree of
pleomorphism depends on variability in shape as well as size, the analysis method has

been found to be effective using size alone.

The area of each remaining object as calculated in stage 24 is taken, then a weighted
standard deviation of these areas is found, where the weighting is proportional to the
likelihood that the respective object represents an epithelial cell nucleus. The weighted
standard deviation is defined as:
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I'i kelihood that the respective object represents an
epithelial cell nucleus. The weighted standard

waleodatrioon i s defined as: WD 2004/ 072900 PCT/GB2004/000400
PCT/ GB2004/ 000400 23 zP1.(A, -PA)2 wstd = Pi  where
A, is the area of object i, 2BAis the nean of all the

areas A, and p; is the probability that it is an
epithelial cell nucleus (as calculated in stage 25

above). A kup _talke is then used to convert the
e

wei ght ed viation of areas 5 (neasured in
pi xg'fsg‘?"t a I NtS Score. Val ues sel ected
experimental | yY7for this | ookup - table are: Standard

deviation Points of area (pixels) score < 250 1 >=

250, and < 400 2 >= 400 3 where a points score of 1
Wh?"ﬁd‘.‘fé?a’?@@%féf qhigady, Hg sy the ireapaf @b theyareds Aaand p; i$)th'emrfebability
thas i [ [ #mgl rocess o
" s?gggggg?egﬁk%gnggé%%ggé?%g%kgé?§§§§e yd ?ifeﬁphhof f

he t iles selected for analysis an e higher o

A "Ec}@ptt%ﬁe Eb?c poyseq fo Qﬂniv%ﬂ@rwgigmtgg stakdardzdsviation peanehs
méazurd ] . i
o by ofar an Bt R eRp s, BAREAEN R gy ook
tabigiYBre 3 shows in more detail the processing stages
conprised in the block 2 of Figure 1 15 in a second
pre ﬁtémiargﬂaﬂgﬁdﬁélﬂtpoiﬁ@ in the case of th_e enbodi.nent
of Figu{e 2 _th% Figure |3 process is carried out for
bot h off 36 (RISt i e T%eges (til es) acquired as
preyrousTy2ggscribed, fand wi || be described for one
such-image As before, the aimof the process is to
i dent 7T ¢00 ABd 70| of ag many epithelial cells as
pos$i bl & I Ter | Tancerjous or not), measure their
chalacteristics, ahd hende assess their variability to
20 quantify nucl ear pl eonorphism The najor difference
to the first enbodinent lies in the

where a points score of 1 indicates the least serious cancer grade and a points score of

3 the most serious.

The whole process of stages 21 to 26 is performed separately for each of the two tiles
selected for analysis and the higher of the two scores (if different) is taken as the result
for input to the report generator 3.

Overview of Second Preferred Pleomorphism Detection and Grading

Figure 3 shows in more detail the processing stages comprised in the block 2 of Figure 1
in a second preferred embodiment. As in the case of the embodiment of Figure 2, the
Figuré 3 process is carried out for both of two digitised images (tiles) acquired as
previously described, and will be described for one such image. As before, the aim of
the process is to identify the nuclei of as many epithelial cells as possible (whether
cancerous or not), measure their characteristics, and hence assess their variability to
quantify nuclear pleomorphism. The major difference to the first embodiment lies in the
method for extracting the boundaries of objects in the image which potentially represent
epithelial cell nuclei. It is computationally less intensive than the first embodiment and
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met hod for extracting the boundaries of objects in the

i mge which potentially represent epithelial cell
woe@ker2904t is conmputationally |ess intensive PCEHGBRIVE/000400

first enbodi nent and WO 2004/ 072900 PCT/ GB2004/ 000400

24 hence capabl e of anal ysizag the sane inmage data to

assess nucl ear pleonorphismin a substantially

shorter period. The second enbodi nent involves the
hende tapahie ofoanatyising toé sared ihagpdate tidvassess ahclea @edrectphism in a

LEGH, wth asmll circle inits interior

sub%ﬁﬁ%vspég@ée{@gr ds towards the 5 boundary. The

def ormation at each point of the curve is in the
Therascoed entbpdiotenbinyoleesdithe liefammation ofaf clogksf loopravithioreaick selected

objeg:? %rﬂ@ﬁwﬁ% atstﬂ‘f‘all'cﬁ@@qn % i rfr%ktand mlnﬁeorut\ﬂ%rﬁg eo%\?a(?g? P’hs

boudéarlyr mat i on |s ret arded near the object's boundary.
The deformation is normalised to be always positive

ol 40 R TR B 5408 DS BB 1 i

defermadionfs gdverneldehygbg imagsi grh@bnfasme&erldismmentmyr when the
lmagngi ecﬁér%rsoq%e mé &b 'tﬁéqc?éfb%atlgﬁ lé reﬂ%ﬁ%oe% edt'tle Qgggtgsyboundary.

regl ons e m st
Thel dﬁfmmajlcfl i nqmumdetarbetﬁb\umo;ltlvs éoutWerddd?efommtioo rstops when

on 0501 RGBS B oL MR et e s e
largestoznithelib| Cslbnlamﬂl | lighter regions do not retard
progress too nuch. Second, deformation is increased

TheM&RotG rﬁéHyV%théuﬁ eémgﬁe aﬁéé GUEHL WRINRAY ﬂ@ﬂ@lntteglons which

concavities Frw Se occur near lighter
mighhbe igtakandgealivi Sor amiecieanbpendgry.isorthe defesmatinneligerthmihas been

ada&ﬂadt in%wd %‘S}% ?f holé o@léﬁl’ib&%%&\%ﬁ? qﬁrs?J W&’ef@ﬂnétﬁﬁ d lstance is

portlon the curve he exteri or
smenthethtsersmatidighien eedignseda it retams @OWGW@Q rguctp @efsm

def?r‘f“r%ti%ﬁ G Pl}frefaégfhﬂgn fhel &?\?é is %ﬁ?d\‘% MrePeifg Pefhatb® Bbncavities

d by ormation ocal maxi imum of i mage
whigih @4puldeatie¢rwisEraecabirRas h@f@tﬁbmtmmalmlws | fit curves to
clutter as well as to genuine nuclei, so two netrics

Thé‘&frv&%fﬂ%éageét Bvéral Bt t%%@ BBurﬁJaW l"sQl'ien Jeeetdd, rb%%edTBﬁ [HeC

nor nal %ﬁa I ent consl st ency, he same as used
propetties of { ecumﬁfoewchbé@s@xter@rwérlgswr#a@? {e intgeorg Eb@r%rrve is

then‘?éfmee og,%maha@r}} Ib&él%xﬂﬁ%% eég% yraaiéﬁt f%HkSvV@d bysdStbirRRf to a

to contours I'n im rey-I evel broad ‘structure
locglfmaxiausl of dnageharel e\4 four st ages as shown in Figure
-3
The above deformation will fit curves to clutter as well as to genuine nuclei, so two
metrics are computed to help reject clutter. The first metric, normal gradient consistency,
is the same as used to select the curve closest to the boundary. The second metric

quantifies how closely the curve is aligned to contours in image grey-level.
The broad structure of the algorithm is in four stages as shown in Figure 3:
(31) . Image filtering to identify locations of possible cell nuclei.

(32) Boundary extraction using wave propagation and initial clutter rejection based on
boundary characteristics.
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(31) Image filtering to identify locations of possible

cell nuclei. (32) Boundary extraction using wave
w@e@pagave on and initial clutter rejection basedr/cB2004/000400

boundary characteristics. WO 2004/ 072900

PCT/ GB2004/ 000400 25 (33) ZFecond clutter rejection

and final classification based on size, shape and

intensity measurenents to give a |likelihood that each
(33)detS=rbed chlipeciectisn am firgghiclaksificadion babdd onusikzeshapé a4

varTap b PR Bk ikEnatl TRt oL Peel e shieptizan
pr cpitbsliahgelbnwems. are described in the foll ow ng
sections. 31 Location of possible cell nuclei The

(@40 Ui Fh R AL SRERSY i N i e b2 | Y

or "éach
obj ect; the centres of t hese circl es are generated

Furtheodethitcafl these pronessingfstagasgee desdribed idihalfolipwingsastiens
filters. 10 The general principle is, given that the

31 ﬁﬁg\%ﬁ&@fgg%lg%g" O|jl.‘ff(fcell nuclei of interest is

ara ly-symretric filter whose

The%&ihdbryi éxtriaati (ﬂﬁalgéhtlm’&g@ bé uitee \Ahﬁlﬂulhhﬁd&cnbéd aelbwgéqxnres an
| ocal br |(3)Jt ness or

it s Pr et I B cart o e GBS Ty areted frmlghd gprem

of IftgeRehlenadigssynmhytriofiessr in the imge as connected
groups of dark pixels, but as a region containing a

t Jhi .
Th%%qr@r?ﬁ&%gﬂe agé\éen%?tggg aelgrﬁ:%( Eﬁi? ﬁl Q Bg'tthgecsoﬂﬁg&laorg Orf’terest is
knowa), td)d\bprw_uﬁ|rm|ally88ym\@etrmflltdanoae beipuals larggiromagnitude when there
s agion of ocptbeintiess of o it habt A b2 ThuroffBleifietcnes
that\fl the finay. Oell Agssirdobet nédessailyrapmdar in Ehpemage es connected groups
ot dafk paPs. hilesgt iseROEoniATne s SR Tt SPER B, Tyis metnod
is ableetol ermgmpu&t sliges caftaipimytbothubalid emdzt@llmtl nbiclet, elnpe m’itdaeéatter a
o5 B bR Pl RSB PR B Bl rocn
bourdaryrul ti-scale filter involves the 3x3 snoothing

filter (s) as defined below 121 s=12 42 16

The method will now be described in terms of a specific implementation, namely a multi-
scale smoothing filter. The process will be described for filtering the image using a
particular size of filter, where these are defined at successive octave (powers of 2) scale
sizes. The recursive construction process for the multi-scale filter involves the 3x3
smoothing filter (s) as defined below.

1 21
=—1— 2 4 2
16
1 21
This filter forms a basis for filtering over a set of octave scale sizes, according to the

following process:
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121 This filter forns a basis for filtering over a
set of octave scale sizes, according to the 25

wo iokonWIng process: WO 2004/ 072900 PCT/ GB2004/ BODEBR004/000400
26 To enhance bl ob-shaped objects at octave scale 2
(pixel size 3), the image is°correlated wth the 3x3
snmoothing filter as follows: Fi(mn) jl(m+ i,n +

*S j=-1 where | is the orlglnal
To H%"é Bﬁ%l?aé'laﬁsd Pélﬁ@fé FPCiaKR Stk R dRixelpizerd, theiimagets correlated
wittsihel8xB Badootiigy filkeriagdbie@s: i N the summation above are
al ways within the original inmage dinensions (so m and
n start at 2) Val ues of the flltered i mage at

| ocgt t he £3an e set to zero. To
enhg Qfagiﬂg +)}rﬁ'£t’)r 2“92’1 Jetths at the next
resol ution (octave scale 3, pixel size 5), the 3x3

smoothing filter (s) is expanded by a factor of two,
whaye / jsdbgiofiginak imaige handethe sangewf tHeinflioesmearixfsi det eudhlthat the

mdn%%:? gm etﬁ @ﬁnﬁgéﬁ gb(ﬁgoé}g a V\;alygg\%ﬁ]n thg %h ln?lsg\ag? gw%ﬁéons (som

andgtgfpd a Izl)VEﬂLtﬁSfCé ithe fHtereshinfagk taé matlmnm:g,wde( fFi2pe rdngles faed set to
zergOnMput ational efficiency, only the non-zero filter
coefficients are used, thus: 1 FF(mn)
LF1(m+2i , n+2j ) *s(i +2, j+2) i=-1j=-1 where the range
To efthanpe radiallycyemetemebiects et thetnextrssolutien (acteyeisnale Ge pixehsize

5), t‘h@%x§ ‘é%&ﬂu‘@ﬂﬂé ( qg&?ﬁaﬂﬁgd B %X&?quﬂhnby} [%eqdﬂ'{eq' |9wEr"f‘Leros to

di nensi ons
forn@ H@X’P' ifilterdd &R P tagd &@ 01 2040 230 Ot &i de 2t01‘és'éhls anbes

corr@fa@ecﬁ\ﬁﬁh R fARrdy lmE cSPRRNSEBY Q:afé‘ fﬁ}i’rl{ S%Eﬁ/ ff'ﬂ%re% image

resol ution two octaves above t e or sca

(F)pbutdpr eqmrutationat efécienayo ol e nor-zeso fnitsr eeffwiedédareysed, thus:
anot her factor of 2 in the same nmanner as above, then
correlated with the previously filtered i'mage (F2)
abone(nt,ﬁ)gig ark;gw@z-nﬁpj)wg?quyq snoot hed i mage
(F3) thus: iFj mn) = LFF( m+di , n+4j ) *s(i +2, j+2)

where the range of rthe indices m and n is set such that the indices in the summation
above are always within the original image dimensions (so m and n start at 4). Values of

the filtered image at locations outside these ranges are set to zero.

To enhance blob-shaped objects at a resolution two octaves above the original (scale 4,
pixel size 9), the smoothing filter is expanded by another factor of 2 in the same manner
as above, then correlated with the previously filtered image (F.) above to give a lower-
resolution smoothed image (F;) thus:

1 1
Fy(m,n) =YY Fy(m+4i,n+47)*sG+2,j+2)

i=—1 j=—1

This process is repeated to obtain results at successive octave scales, namely
expanding the smoothing filter each time.

The above process may be used to produce a “blob-filtered” image at any of the required
octave scales. Objects comprising clusters of light or dark pixels will have the greatest
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I=-1j=-1 This process is repeated to obtain results at
successi ve octave scales, nanely expanding the
wGermentong filter each tine. The above processPCEEGBR®4/000400
used to produce a "blob-filtered" inmage at any of the
required 25 octave scal es.270bj ects conpri sing
clusters of light or dark pixels will have the
greatest WD 2004/ 072900 PCT/ GB2004/ 000400 27 val ues
valugk of ke magﬂiuda@étr@ffilbheutbuil arerthe iﬁqallu staogyeshiitel oclphi will
fi t o]
occ?rI 5t%@8€°ﬂtre d)f tﬁg Fes@%&t% su\% LJF%’[ " Iﬁ@w U o%s?lg g?gtttbe %fgre be
iderttified bf/ tm@n@&ncal mexitriaf ( fm@b@tsfwntlmbosgwbmuahmmmn mairad Gfior
; )
o) 854 Sed BRL| Vb FNESHAY) il BHEh BBk rsons
posiikibe faad e"demsltgbihedattersbemgSh@vmde af thefitiei autput itttk local extremum.
intensity, the latter being the value of the filter
t
In tﬂg%g@tcaﬁ% olﬂﬁec r?ao‘&ﬁpég?ré I ;Wtéggnt et)ﬁhﬁtllgf (Isé"cel |e'i %%c a?l?relatlve to
the bacligrmuﬂdan ﬁhﬁeomgmalumagda@qkty\emg@ai imagh eixst v@uemare always
ge: Db r S
posﬁt%%ed thg%ﬁ'lg gf’ﬂw%rgb% I}Qver%éqa]gnglgdeﬁ fSﬁJ)r tx%éjsg‘ov% fﬁteﬁ]"nq"%xl

na rever se
subp’acfmg daghtphe! edloe o 255¢ 80 figf objgcts s eriginatiy aep&'ﬂﬂed dark

now 5 ar B@&tﬁa? d q%)eﬁ?oéltlvgg W%I)L}e%gﬁﬁ,fetcgsn%ﬁt‘érbsi)éﬂegﬁdq\?lldl#{tlﬂed

appear e have posit

by findirg lovalImeedna Gbjhediiter adtpitrat éwe@shosenscalesy in dusinstaneg octave
) FONA . . t

soofl LA 14 58l T, il i P! B1cna o

getPicked up et scaleBewbileciamoee sevdre ceptert disi ralclet giay hedaiger, and

hen%%%ré Hgtﬁlctgﬁ ‘at §8alé %nﬂlsg ca%eé aleh& “seﬁjot \}eraéﬁe%ﬁ\gé \ﬁpére the nuclei

nore severe ca e nucl el
areajlu‘selymamked acaledes @ettedatauckmah@n ®ut inl stigh cg@lan@ta@ces The aim

is t@,eﬁélg? St B n%c%%f S% Frf%@& eé%&\?lecreﬂs L8 ‘Bogéf@le xhotaﬁst c’Eﬁeecancerous

pac . sca ter
ondsi) asaJldhnt(fled domeaanedbe oTérell aanablhhsmtrwcl@ﬁsam fqrméﬁomqn@hlsm
nucl ei of as many epithelial cells as possible (not

For %ﬁ%{t’%fﬁa%f&\ﬁ/ %tr\e%{bgﬁgl ré‘go‘ﬁ.ltioﬂ%ﬂﬂef h‘%%? iOrdifEésdtpfor to

I N NnucCcl ear SI ze
flltqmineowmgﬂmes‘nﬂowr@mlmmm@thpﬂ oEﬁﬂh redygtion éht%$0|uflﬁ"é by a factor of

twgy @I %Hn?’b is! SRRVHE b9 ?ihs% fcgllt@ah rhé%é HlN 9’?@3){% d otﬁlﬁ% filter (s),

ng, using ni n
thenesdbfsamphng by adaaionafitee. e farmld@fczfra gingle thim igo ( a
"thin") is achieved by firstly correlating the inmage
wth the 3x3 smoothing filter (s) t hen sub-sanpli ng

by a fact f— ]m+flg{ ;Qr a+3hngle thin is:
11 T(mr%elfﬁ) arfe 1n+j) s(|1+ qz 7+2)

where / is the original image, T is the thinned image, and the indices m and n range from
1 to the dimensions of the thinned image. Each dimension of the thinned image is given

by subtracting 1 or 2 from the corresponding dimension of the original image, depending
on whether this is odd or even respectively, then dividing by 2.

In this instance, the image is reduced in resolution by a factor of 4, by applying the
above process twice, firstly on the original image, and then again on the resulting
thinned image, to produce a new image whose linear dimensions are a quarter of the

size of the original (area is 1/16). For example, an original image of a tile of size
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I=-1j=-1 where | is the original imge, T is the

thinned i mage, and the indices mand n range from 1
WO eootloz2900 mensi ons of the thinned i nage. Each BCTEB2008/000400

of the thinned image is given 25 by subtracting 1 or

2 fromthe correspondi ng di2&nsion of the original

i mge, depending on whether this is odd or even

respectively, then dividing by 2. In this instance,
1476KE160nixpls oulddtaemd 308x289gpkals: iQhjedty are raxcexiractdd b
des@fb(gof’%a b?%gjf {g\@ re@\g:%\ﬁﬁgﬁ&l&%ﬂﬁﬁaéﬂafﬁceta\géeésiaﬁelts%@nég)ﬁh Il,hﬁﬁls being
equiviaient wextmgm objectpebsates Ramb6yfioneihe onpinskinagaetut being more
co df@cl?ﬁﬁ'a 8k @ quarter of the 30 size of the

|na area is 1/ 16). For exanple, an original

| rrage of atile of size WD 2004/ 072900

Thiggpcespidealiies @l objectsavhidy Bxm ek gusteisof draiteduiside size, which
: t

may LR AR b e A o DR R GBERF G such o |
lympbecpes eroehaectise daslied Sincriitgs keowiythak thei foistash Dbjteets (the least

darﬁ)éheéafhtthggr@néﬁﬁtaﬁgaére%ﬁﬁ\lnﬁttog)t Iaegﬂhglleﬁ EQIPFTJLSJE &{ly Q'Egélobjects

whdgei filtep pelputk@luasate afriongstdhe stbyjgest ‘é5%/|are: ﬁele@ewqréumher
an%y‘ ters of the requisite size, which may include not
ﬁy epithelial cell nuclei but also background
clutter, such as |ynphocytes or connective tissue.
32 si nBeundaryexkiastipn using wave pripsgation,sujdkinst cluttes rejegtien
dark ones in the original image) are unlikely to be

Th?ﬁﬁt @%de@&g& §iabe Y9Gl BhrforRiabiforl RADLRRE 6GhRrestBOBBted from

ut val ues are anongst the strongest 75% are

stage B end @sevinerdata Rehe iu-siaed) of8ing! impgedmapangpnent). It involves
thee&ﬁfu%ﬁ bPa cMﬁéd‘%oWeﬁ sPIRRAGA thRMbbjeN %nﬁ'cbﬁ&er@lfaé’%ot {86 object’s

rg ection e next pr ocessi ngl_ st age d
bou Bre Q€ A sEIOBTAPPEPXimatia Bgteok Fedﬂetaoqi ﬁo%im"%rttaa%;e method of

U gu%%% KnBGin AR sRakdy csrré?ctl\f/é‘l:eﬁt&hré% GHs'cElbétﬁfor bﬁ@r@ﬁe in “Finite-

onent It 1nvolves the evol ution

Eleglené mtw@ﬁowﬁwe Qoatqug qu|§|5(fé‘dt3?@°@tﬁ fee D %3 B Images",
Colr&M &5 Hrvi é&hetnhﬁelrB Glol $5 1[50 W Upgﬁﬁﬁ‘fi 1127, Rov.MRBNhwhere a

appr oxi mation t The' is simlar to the
cosﬁ@mmn based qralma@ergs;ey lexels gkwdﬁm ISa@Ir@nlaﬁes‘\rb@utb@q phibe

tRHLS haRRiudessEdi hess fopbwexanpl e in "Finite- El enent
me hfgds F‘or Kct%e Cont our Model s and Bal | oons for 2-D

and 3-D | nages” Cohen, L.D. and Cohen, |., PAM, Vol
1. 15, Skt with a gicia Insiderihg pbiegloyihis Sepsriireshah ghesfespegdiys position

f Un%hﬁ’ﬁbdﬁ?o“rﬁﬂweoﬁltd Hﬁlﬁﬁt iars%é BVAHd iRthdprrrRterhSodiment has a
m nimsed. An outline of
radius of 10 pixels for an object detected at scale 5 and a radius of 20 pixels for

an object detected at scale 6.

2. Deform the closed curve repeatedly by repositioning its coordinates along the
normal direction at each of a plurality of equi-spaced points around the curve.
The amount of deformation at each point is governed by the gradient of image
grey-level in the normal direction; larger positive gradients (darker on the inside
and brighter on the outside) result in smaller displacements, and vice versa. This
causes the eurve to move faster over relatively even parts of the object’s interior,

but to slow down near its boundary. In the preferred embodiment 32 points
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20 nmethod for an individual object is as follows: 1.
Start with a circle inside the object. This is centred
woeootleonespecti ve position identified from tPer/GBRaoa000400
output in stage 31 and in the preferred enbodi nent has
a radius of 10 pixels for 200 object detected at scale
5 and a radius of 20 pixels for an object detected at
scale 6. 25 2. Deformthe closed curve repeatedly by
r epayeund teiongei ars usedbfod defrmesticr, engi-dpaeed indemed of arc length on
dir each of a plurality of equi-spaced points
ar o%anh O%Eae&é:nurve The grmunt o%/ def o?matl gn at gach
poi nt is governed by the gradient of inage grey-I|evel
3. i n Reérore themulordinates ofl toa cutvaraffer eachsdeformatign atéipeandsmeasure its
d I t:
oot G S el 8ol S ol A AU Blare
30 deiection antjegradmg/@roceﬁs)mve faster over relatively
even parts of the object's interior, but to slow down

ne
4. 128l OGN o RS ABLRS FR AR BRIL 13l grosen
' c u ripecomiertaidieekcked thtedrea whthedargesidupical hasidiy ¢rrcaneenays
each occasion. 3. Record the
coor fi%ﬁ'aﬁqggﬁ glf'é?%lhé curve after each deformation step
and neasure its area (using Geen's Theorem as
5. r ef €hoasg the cinve whigihag4he pregkast consigtensy &f epsitive imnage gradient

det pGhd Bﬂt\/\%?@mﬂ&ﬁ%qjﬁlp&tlgﬁ QL2 c}xcﬂ of FePRINd s possible i s < darker on -

defor mat 1 on area I nsi curve exceeds

t hrehngide waamoutsldemr@ppb@u@er@adb@ gagip ef %@“&e@ﬁdge
the Lfgest typical healthy or cancerous epithelial
Tﬂ nuc] eus. 5. Choose the curve which has the

great est consistency of positive inmage gradient

6. t heRefinasheunisrafasertinr&ier Pdih nof rej@cteﬂsaSrﬁ}éwrbby fﬂf}?éﬁg for Bach
cur H&ataél LBnBm & e@@é I§PIdicM? andi BRenl deSdrfing tla)aenlobél%axnmum

out si reject clutter on the basis of sel ected
edg@flﬁ’@gﬁlgé@ levgd. Refine the curve chosen in Step 5
(if not rejected as clutter) by finding for each

Thé’ﬁilla\tmn@ duBGRLtidMR HeitiBetthe 58894 iAGhABidetdatd @iimmarise results.
deformng to a |l ocal maxi num 15 of inage grey-I|evel.

The foll ow ng sub-sections describe these stages in

nmore det ajl and sunmari se results.
Curve deformation

The deformation in Step 2 above is designed to converge to object edges with the

following properties:
o The edge is fairly smooth in shape and mostly convex;

e The edge is fairly sharp, that is the grey-level gradient is quite high normal to the
edge. However, there may be high-frequency variations in grey-level in the interior of
the object (graininess) which cause the edge gradient to vary greatly over short

distances.

Graininess of an object’s interior and the presehce of nearby or overlapping objects

makes its boundary difficult to detect, so it is important that the deformation algorithm
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Curve deformati on The deformation in Step 2 above is

desi gned to converge to object edges with the
WO odoovony properties: 20 The edge is fairly BemGBR0H00400

shape and nostly convex; The edge is fairly sharp,

that is the grey-level gradicent is quite high nornal

to the edge. However, there nmay be high-frequency

variations in grey-level in the interior of the
takeslydyentaggohihei abess prophitiel of amsethhbss, edyexily ant strphass. This
is achﬁé\)’ é/eat |y over short distances. 25 Graininess of

Ct's interior and the presence of nearby or

overl appl ng objects makes its boundary difficult to
o Oetyad=tfornsng owtwasds; nportant that the deformation

al gori thm WO 2004/ 072900 PCT/ GB2004/ 000400 30 takes

dva t he erties of snoot

« SEEOHRI e Nertr iR BoBE SR T he RunRIBR GRS ot arg length
tmrbentmlmgtmmw ds; Snoothing the deformation
di stance normal to the curve as a function of arc

B ProBE IR bvhlR B eri B8 deliien dstance or

thef conicate partsthfdheaonee tmmakd thecounaaindggautivardsf t he
curve to make the curve bul ge outwards. The

The %lc‘ﬂ@%@h g&e %eg&pneatlgﬁ %Hb%%'a? Qaé“ gﬁtﬁg E& &kd Sﬁ@% %&gﬁ@ﬁwe

aroun ChrVe thererore
curfeolnemfbredhastiienfollodiig 2tepsCal cul ate the grey- | evel
gradi ent at each point normal to the curve. This is

d f.indi - .
21 onCae A% Y G S, L Bl e s o
dl shyafircingathe rirgagmgreyd&\mhaﬁea@bm@ﬁit optlypewree,lapdat corresponding
. l~ h
Y b 500k Sl B GRE e ORI 38 o
subllakmgttheedlffhren!t@ gradi ent fromthe nmaxi mnum of those

gradients and divide by the range in gradient. 2.3 At
2.2P01 Qb S MEE %R édbge éﬂté‘fcﬁl%‘ @etﬂ@%@b A 1(&38176\1\?‘3 Qfubtract each

curvature out e curve he respective
f i gonediedtfromdie rnaxm@pofzthgsez g@d@btﬁowt@w%bm egpnge in

cur yakine At

2.3 At points where the curvature is negative (centre of curvature outside the curve)
add to the respective figure derived in Step 2.2 the absolute value of curvature at
the respective point multiplied by the arc length of the curve between that point

and the next and divided by 2.

2.4 Apply a low-pass (smoothing) filter to the curve as if deformed by the distances
calculated above. Because the curve is a closed loop, the displacement function
is cyclic, so an effective way of doing this is to calculate the Fourier Transform,
set the higher-frequency terms to zero, and then compute the inverse Fourier

Transform.

2.5 Finally, normalise the set of deformation distances corresponding to a curve as

smoothed in Step 2.4 as follows: subtract the minimum of those distances from
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the respective point multiplied by the arc I ength of

the curve between that point 20 and the next and
waolaidedoby tic. 2.4 Apply a | ow pass (snoot hi Pgl/GB2004/000400

filter to the curve as if defornmed by the distances

cal cul at ed above. Because t8¢ curve is a closed | oop,

t he displacenent function is cyclic, so an effective

way of doing this is to calculate the Fourier

Tr agadhotistances divideHay the gémge-in trese alitgndes iand niudtiphebya

3" o BB B Y IR O Sl Bl PR P

d| sbdwees Ocodreeypentithed gnatximem ¢inrtiie case 3)swiniol Heftheisrihe

Ste : t L mum .of _thas

o Painte s bl O ERE o FLL R Bl 88 t
eactespgeditvapoif. di vi de by the range in those di stances

and mul tiply by a prescribed nunber, typically 3. The

B ul t s af gure for each point lying between 0 and
°‘A“ ra_!sfe T“B‘@B“ xi mum (in this case 3) which defines

Thé ﬁ@ovedde%rﬁ%g? él)\)ll[}']ed‘f ([l}'t ﬁ%rb(r%éa@ '?%kﬁ %%@t?\}e act QXaé‘f@ b%?guse of

e curve 1S respective
theB@mwme,%s @pf icoevexity cansdraiitsn vwod aisbdresatsedthe wiive vnbnotfr'each all

parH;@ tné’ HBL?rﬂc{] Qifnuﬁ %Q@C?u%r%@’o?ﬁgtlc?ﬁéaa% ltlyer%%%aﬁ%%rtgf(en to

the snoot hness And convexity constraints,
refinpedeubeundaey. curve will not reach all parts of the
boundary sinul taneously. Further deformations are

Thd BeL®1 ﬁo#@ﬁﬁéﬁo?hﬁr%& gouﬁ%\/\fh%f Lifedilé, vﬁgéagl |Vtheg?@e is

exact catlon 0 ary IS Ssone jeC e
bluggpebiess isg eamprgnisechpiween finging the@reatest oeadient avhere the edge is

strg { %{Heﬂ‘ﬁ@ RS dnkt Bﬂfh@%b{e‘&? T%%%Uﬁ?éry %fﬁ‘]@h%ﬁ* m@%ﬁ 8

I's strongest an he maxi mal extent o
abQV@J’tb@ne org hes Bwiatiewipg piePsnement in Step 6 above
therefore has the following steps: 15 6.1 At each

1p0| At e?tfépb’d?ﬁ’t drbh (!;Ié ¥Brve! firftGnk hﬁaéé@%? Iéife?iélt ée?éﬁ?éd @ints along

sel ecte olnts al on the normal” vec

pr efh@rrmmlalevﬁy@m indhe pr@&rfﬂdserab@lraﬁlaimt%@rel qﬁpég@at integer

di ShRRMEss BEWWBR 15 aﬁd 3B GhixeRs, AIRSFd %ga%&%t%%@@&éﬁkﬁe the
di stances denote i nwar d- poi nting normal. 6.2 nd

the'%rwoﬁtlwgoréﬁéh normal where the normal gradi ent
is maxi mal .

6.2 Find the point along each normal where the normal gradient is maximal.

6.3 Find the position of the first local maximum in grey-level along each normal which
is further out than the respective point in Step 6.2, and deform to that position. If
there is none (grey-level is monotonic), find the position of the first grey-level
outwardly from the point in Step 6.2 along the respective normal that is at least
90% of the grey level at the +5 pixel point referred to in Step 6.1, and deform to
that position.

6.4 Apply a low-pass filter similar to Step 2.4 of the original curve deformation, but

this time with less smoothing.

6.5 Repeat Steps 6.1 — 6.4 once, to allow total refinement displacements of up to 10

pixels.
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20 6.3 Find the position of the first local maxi mumin
grey-1level along each normal which 1is further out
WO b@n/0t39e0 r espective point in Step 6.2, and dePCr/GBR@4/000400
that position. If there is none (grey-level is
nonotonic), find the positi&h of the first grey-I|evel
outwardly fromthe point in Step 6.2 along the
respective normal that is at |east 90% of the grey
Edge:inefriea the +5 pixel point referred to in Step 6.1,
and deformto . 25 that position. 6.4 |y a | ow pass
Megifeaf SidhdoRrisEgeissiops Srubre fiaasaieg e tahogss e best
cur&@(ﬂ@é ?ﬁé E:I@@estigcblthe dtféécﬁ’s bbuRia)tif SF?S@aMVéQlHdi tB?eje@c-céses
epea eps 6.1 - nc to allow total refjinenent
WhejE SoiCEaRaITES Tk Do ond B e i8p 2oomieAGom iuse Fobgher analyss,
e.gPGE/E230MENI0A8Ra. 32 Edge netrics Measures of edge
consi stency along the curve are required both to ‘
T chqose grhe best curve (the one closest to the
W%Bﬁ%ecfne 'BFARHGAPPYPn Step 5 above and to reject cases
where a boundary has not been found or fitted too

. nxmmbygrtaaie{aﬁc?fsismy:i a[ll_mfeaﬁlldrb ef therbpsiich of the edge wgha is
neasur n o1, al ea. eddge nmelrics are ¢co ut eq:
KRGS R (CVeRTioB TR ke & il yelug Mieatesa.doad fthe.

proportion of the edge which is positive (darker on

. tglﬁcéibms(%iﬁég;)ion ﬁgdﬂn%t:?@lhgﬁsdr? df méteﬁ&ra@e@@gf@ tfd'tt]Ween the curve
adl en lrection al) gnne . . heasur o1, e aver e
o R A Ao TR MEIREIS AY e GUNE Jofiose to a

ra\die@atcoviesit, dind allBivsianRtindicatéSalgewd fif. the curve is
close to a grey-level contour, and a | ow val ue
ric,is the

g, Bk GRb s SheRBSh hoial Skt Bt ¥ T Sdvinn Frstahiar € Grey-level
graGEeﬁiéihﬁN@?uteAﬁfc&dd)rﬁm Sir%dfjoh bEeanhtmmazmeﬁemboidisraomridﬁhe

a e Sel eC 0ol nt 1t
curlii\ A BY tatBevbaroutie obdha bhasirn g & BT st idan qfene
grey%\mgaddi&\tm?h% olitwarendrinag dmctigﬂ‘a?éacﬁf adhesélscted poines

out r nor I.recti on at.eac 0 t he t X
ara it JRRLcLrS RS H Bl A el e GiRdRbis g fPokye) ppd thus
is KpuAdeEPéiveehanged 10 afdBi41i ord) if thanel ateuespoints abamhittiebe object

ere are n

s BB ER 154 B, o ol e bR el IR e T ugane
initfEd&foFrR&tidnCsthge st rbjeticlttters Fhes td by, reStep@labowe this metric
is c%vcrullar%gd };orl]'%ach of the curves recorded in Step 3. The curve for which this metric
is found to have the highest value is selected and the second metric below is then
calculated for it. If there are more than one such curve with this value then the
innermost one is selected. If all such curves have a value for the first metric below a
specified threshold, however, the object in question is rejected as clutter and not
processed further. In the preferred embodiment this threshold is set at the maximum
possible value, namely +1, but a lower threshold might be appropriate in other
embodiments.

The second metric is used as an additional criterion for boundary selection, and is useful
for rejecting curves which surround objects representing several nuclei. This metric is
the mean value of the absolute values of the sine of the angle between the curve normal

and the gradient vector (direction of greatest change in grey-level) at each of the
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initial deformation stage and to reject clutter. That
isto say, in Step 5 above this netric 20 is
w@adogiraved for each of the curves recorded i nPC/6B2®4/000400
The curve for which this netric is found to have the
hi ghest value is selected a3l the second netric bel ow
is then calculated for it. If there are nore than one
such curve with this value then the innernost one is
selentecopaietd areynddhe cgyehThisimedis in dhws twundédibetiveen Oremd 1 and is 0
[ , ver, .
only § 4P Bl DRl Wi 2 SRGLl0 Sl F0 8B B G B8 sipore
cur\zassqi@@@@ﬁgéhﬁ fegpedive objeat (ufra@ybafarevaroetatnembbmemmettm above.
I
In tﬁé‘ﬁ%%é}%ddedq%ut ﬁgnﬁha%eé;@%]% Q%Wﬁ%tr%%%ﬁ%e%t\)@th atg% ?l%est 20% of
valyes Qittﬂﬂ% metigibedgivemtils arethen seieced asremtecandsnoismbeasechfmrther.
additional criterion for boundary selection, and is
useful for rejecting curves which surround objects
Examapledesiits ng several nuclei. This metric is 30 the
nmean val ue of the absolute values of the sine of the
Fig@adi § ahﬁéumgéhomﬁ t@ﬁ&ﬁdm@%cﬂcﬁ%é&% &H@Hﬁ@% stage 32 for a
vector (direction of greatest change in gre ev
typigalctbiest. Rigre ()39 6 4emrpdunton Ptﬁﬁﬂ@)wipfﬂ) g0 yomzm aCtual Image
whlélﬂn%gﬁi@g' aH‘Hbféthf‘FéHr'@ééan%r‘F Hﬁl‘rf%hale%\I%uH@M ' ‘Fldu?e E1(!)‘)‘§ieplcts
boun bet ween 0 and curve
SuUcEesSiNG Hagrs 'WW%WQV%W@?E@%‘@@IG‘S@EWW 'n ﬁteﬂssﬂ ’@é‘l %bﬂVatf@rdh'S
objéé?rstélt? ﬁ% $loRoLe lnnEPE%‘f‘e %&&ﬁﬁe@%n‘ctﬁé pbglﬁorf £5 PRAlifielSor the object

obj ect any) after cal culation the first netric
in sagevd!. and qu\h@ wtw@ﬁrl@aum%mlwéﬂﬁorm%gwe% j &g 44 is the

onehﬂws@lg irf §% Hipdve aWHtFthrQQ cr)‘HQ;B'l@t%tthéQcﬁ}rﬁjfarys%’ 84 Heslly Yerived

srrerl In agiven tile are then rejected as

aftaﬂr@fmemer&ﬁﬂthmurm @&é@@@@bpm t iigures 4oxapd 4(c) bayg heen
gerler QG ?rofh éiagt th fﬁ'egMﬁgé ?éi‘)%d?ﬁe&’fn iﬁ?@reklﬂéﬂﬂ%@/ar?éétﬁé!a I on

process I cal obj ect

impirgentatian @f)the glgarlvr@p@mub@d hﬁe@farﬂ Fslgmp |4(¢)@§pw Py the
bourd8R) AtHas ukAled Q:ﬁﬁs Wé ﬁ%ﬁlall B&!ldé‘é%ﬁofetﬂe 8?}9@1041 ifh #l%ure 4(a).

representing an epit cell nucleus. Figure 4
depicts 10 successive stages in the wave propagation

332S §686nd bRtel RejetdiPard fiRalkladieatiod this object,
starting froman inner circle 42 centred on the

position 43 identified for the abject sta 1 and
Th'é\?ﬁﬂg@ﬁ'fas&JE%V&SCUW?SSCQHE%%%’EW‘SI 9°B@Ft§r'wﬂlf mﬂea@hlch are
unl@éfy\t@ bé4pithelfahell R CIHRS@IRsidFuhCPiskerdRficfagldédcebé®for

C)ﬁ depi cts the boundar 45 as fi n%IBJoér gerlved %ft h
stagie 25 feifeTsigretered Plsgmpehism deigptien anstdradnpinipsess lapiye
ref@‘@ﬂcé@@reh’@ﬁ? bReesesIPsIganeaift At EstoMsiairas hitabtiediffthtigach
roduced in Figure 4%;} usi ng an actual

curve inally derived in stage 32, namely area, compactness, and maximum and

minimum grey level within the curve.

The Fisher classifier value is given by:

F=aA4+a,Cp+a,G

max

+a,G,

min

+a,

where A is the area, Cp is the compactness, Gy is the maximum grey level of the

original image pixels located within the curve and G, is the minimum grey level. The
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i npl enentation of the algorithm described herein and
Figure 4(c) shows how well the boundary 45 thus
waleridwedooat ches t he actual boundary of the obPErGBA®4/000400
in Figure 4(a). 33 Second clutter rejection and final
classification This stage ag4ms to renove curves
corresponding to objects in the image which are 20
unlikely to be epithelial cell nuclei. This uses a
coeffigiznis drivblvarhavk desn tiedveddontdisining zeel [0.0077, s0.8945, 201372,
0 1{;?; %?@8{] preferred pl eonorphi smdetecti on and gradi ng
: o& } to which reference is directed), but uses a
sI [ ghtly di fferent set of. features nmeasured from each
| | i n stage 32, nanely area,
n%ag%%"ﬁg?% #g%ﬁéé%nigtﬁt:m and mninmumgrey |evel
W|th| n the curve. 25 The Fisher classifier value is
Thegnmmr@yhoslén:foragramag Gpele@dGisomaraliomus ore abiohreeasures the
varléﬁ@y% g% FBR'F %%8&%%8&3%?%{388 28] |n fﬁgafﬁs {eg@g {a@?cﬁ&%nd
grading hracesshéo auhioheefenehcrig dlreth)tlh evhrnrmz wamh tpdesfandapd feviation

R ol e e
respeRliBOdBiect repre3ads an@pitdld| callnus®os] . 34 Cal cul ation of
cancer netric The neasure chosen for gradi ng nucl ear

A Io%'k&;? PP iR bs?edqe‘gg?é‘@%rrf@ Wécﬁéaﬁ@ﬁg d@}/i‘éﬁéi@%rbéé y

I'one, f
(mq@BEffBGﬁ"? egebétoe@ poiots sgaee. The atﬁadgr?lﬁ?a%g difergnt éo {hese :ffgrsfhe
pre\éjguse glggﬁtﬁﬁ Efagél{?gq %91}fere'npm\éfmoarbf @al\“ﬁlggﬁ%ﬁ% rﬁn‘é%ﬁg%@wdary

areas 1s co re
meaves thbt anegs pee gﬁrwpmiythlgjiwalhanon thﬁeflrsﬁ arebadiment. Vﬁ'&?s pelected
] ents an epithelial cell
expﬁﬁﬁ'ﬁg%'gi/\’oitﬁgé@%pEa%g%gr%l s then used to convert the
wei ght ed st andard devi ation of areas 10 (neasured in
pi xe=|$§1nda15ddepiati¢rt $ Boolse] The area linits are
diffe elf heé previous algorithm
becaus&r% ﬁé?pd ‘{' er en tg)éor%t hod of cal culating the
nucliear beui@f8ary arls that areas are generally
hi ghter—thantHh-dheH++rst—enbodi ment. Val ues sel ected
exper?ﬁéﬂggmjf%dgr thi's | pokup table are: Standard
devijati on>Padt s of & ea|(pi xels) score

It will be appreciated that the coding of computer programs to implement all of the
processing stages described above for the preferred embodiments of the invention can
be achieved by a skilled programmer in accordance with conventional techniques.
Such programs and code will therefore not be described further.
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< 400 1 >= 400 and < 900 2 >= 900 3 15 1t will be
appreci ated that the coding of conputer prograns to

wo epkememe all of the processing stages descrP@EGB2004/000400
above for the preferred enbodi nents of the invention
can be achieved by a skill®g progranmmer in accordance
W th conventional techniques. Such prograns and code
will therefore not be described further. WO

CLARIMB!/ 072900 PCT/ GB2004/ 000400 35 CLAIMS 1. A nethod
for the automated analysis of a digital inmage
conprising an array of pixels, including the steps

1. of : A hefta)d fodtmetautgmaigd thelysis oba digital iofkage lspeptisingvah hiray of

, i whi, ¢ ave specified intensity and size

p'x%%g?%%’fhgﬁtecpg;&( b) deriving respective boundaries
f or(a) es pdentifyieg theclhcatione of ehjedis yithindles snagg wiieh have specified

S f 1 . ) “phased tatisti ;
ot Pl PR o b EEIetRe T ospect i ve dorived
bou(mlar i desivingrdsdedtielpowralades fr respedtiveeashiobjeofs; t he
(o el it PG5 ab{ L AR IE PP gfffehng
as sleastritee shayfes oif ¢wirf resgavtiee der®ed Aomeddrizd; @ador di ng t o

lajm 1 wh ' t Ny h | i cati f
2 i AR B Sbr PRI of e aHithe SBp §RoBled by
neasaid dé&rivdd bduneardesdsubjecbiodha cesults of sHidradsesbmest of signéijcance.
(a) conprises the application of a radially-symretric

snoothing filter. 4. A nmethod according to claim2 or
2. cl ahmedhodaccerding toeclaimatehersirf step &) edmaptises th2 @pplication of a

" plurality. of.resol utions of increasi ng scale. 5. A
rad%@i"ﬁ)ﬁ'@"%@o‘&@‘?rﬁac? @Eéﬁ{'/]tﬁ&%o 'BFl ains 2 to 4 wherein
said |ocations are identified in accordance with the
3. lf IO|C trlpg @g%fccér?ilsn%qgtc a\llng 1ev3ﬁ‘ferr§rq%telpn(a§ gc?mr?r?steg%e g;gplﬁgt'io% of a
radially-symmetric smoothing filter.

4, A method according to claim 2 or claim 3 wherein the image is filtered at a

plurality of resolutions of increasing scale.

5. A method according to any one of claims 2 to 4 wherein said locations are
identified in accordance with the locations of respective extrema in the output of said
filter.

6. A method according to any preceding claim further comprising, following step (a):

defining masks of specified extent within the image around the identified said
locations;

calculating for respective said masks at least one intensity threshold from the
pixels within the respective mask; and

thresholding the pixels within respective masks using the respective threshold(s)
calculated therefor,
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6. A nethod according to any preceding claimfurther

conprising, following step (a): defining masks of
wa@p@aiofised extent within the i mage around t he PCT/GB2004/000400

identified said I|ocations; calculating for respective

said masks at | east one intgpesity threshold fromthe

30 pixels within the respective mask; and threshol di ng

the pixels within respective masks using the

r esybereby & derivesmsﬂt@{ binarydalaged edresbpbhding tosaid Wasks and

R T M N T

in rebﬁomtma@paI|Mre$howml ons representing connected
pi xel s of a specified class of intensity in relation
to the applied thresholding. 5 7. A method according

7. t o Alnsdthodacdoedieg to tiaim 8 ahdrelrinesdaid thseshbRisené ealba@bied for

oo T j stere resholding is
oo e LRSS S RS S o 08 4 BT e
maslkaausmg)theetwpeespem’évetﬂhrmbldbds. 8 A nmet hod accordi ng
toclaim6 or claim7 further conprising: 10
calculating fromthe data in regions of the original

8. i nagenaibod esqpoding fogcléion 6 pedpiect furthes eordphsimar y i mage

|t eTatHagt o leg® FLRG b SEi g e Rt R Rl
respectivheridebidry fmsgeleigent statieticsepoerdingghéiosizeichape ghdios

inte%@it%?g?eﬁéﬁ{ §n f _such st ati_sti cs. 15 9. A net hod

acc | aim 8 wherein said statistics conprise:
t heaeaeptin@br fefeeting &s iutier aralysig bijacts icheresgundinges suct regions

respective . .region (as herei nbefore defined); the
On#he% SHP}éﬁét'?Wgof the pixels within the respective
region; and the mininumintensity 'of the pixels with
the,re tive.re hod accor.di
9. ¢ aPAangs et G Eetin SRS R RS hectpa gt the
respéctivelvegion strfecxhnckmerstsmmea@eﬂ)mvs régorp@s heraimebidrg dafieed); the
assifie t hod.accordi

el T L R Bl S R B G st he i ensit

of the pixels with the respective region.

10. A method according to claim 8 or claim 9 wherein said accepting or rejecting of
objects for further analysis is performed by use of a Fisher classifier.

11. A method according to any preceding claim wherein step (b) comprises:

defining regions of specified extent within the image which contain respective
said objects; and

deriving from the data within respective said regions a respective closed contour
(if any) consisting of points of the same specified intensity.

12. A method according to claim 11 when appended to any one of claims 2 to 5
wherein, for respective said regions, the respective said contour is derived from the

output of said filter for the respective region.
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25 defining regions of specified extent wthin the

i mge which contain respective said objects; and
wa@leiuw7aeg from the data within respective sai dPCEGBRIVE/000400

a respective closed contour (if any) consisting of

poi nts of the sane specifiedzintensity. 30 12. A

met hod according to claim 11l when appended to any one

of claime 2 to 5 wherein, for respective said
13.r egAdnaihod hecardisg xtlaime ai daioot ithel consletsingedbtémiing

o B 8B 5 b 5 S8, B g on
critatiz andlrejepting frohefunthérlprocessingiamy 5AcH coritas whishodd sdtng
determ ning whether respective said contours neet

specified location and/or intensity orientation
14.cr i Aenéthodactording & amgorfer afruldims ti héo 19 fuothes somprisimy tracking

USSR s SRS 2

tracking respective said contours and neasuring the

cur r . thod accordin o claim1l4
15 nenar gL aH TR 1o A AR LRE GRS Sl adaiPlediel
curpaiufeis pedolmyediisyeuss ofaa Probbkility IDengityDessiciayioF e at i on
Filter. 10 16. A nethod according to any one of clains
1 to 5 wherein step (b) conprises, for respective

16.0bj Acthathod ata@dnding ko any enecdfataias d uo Gevrarein papi (b) eemprises) for

.respective location; deformng the curve
res@%@&%%&’fery&?ﬁ-n accordance with intensity characteristics

of es$tablishihg aelgsed curvdef specified foom amounththe trespelstiveciocation;

e CePhtndaie s oA P SRE Pt i iR oFBER P of e

imadgdeein che diesctize eenhsal t@ thepmicd atedpltialilg sif pbidfs @mdnd the curve;

sel ecti fromthe resultant t of deforned curves,
ome Glieeh hecorerald deRiatic e tpa &R T BE iR exceeds
a spatifesthrgshgldadingnt across the curve. 20 17. A nethod

accordin Q aim 16 wherein it i rran . that, th

i < Seel, B ming el B pCitoinleg o s RO Rich JRbungSe
speuifientt chasacteristiteof intensityegraditeisirrdsg the adivent i n t he

outward normal direction at that point such that the

| arger the gradient the smaller the
17. A method according to claim 16 wherein it is arranged that the distance by which

the curve is deformed at any said point is related to the intensity gradient in the outward
normal direction at that point such that the larger the gradient the smaller the
deformation.

18. A method according to claim 16 or claim 17 wherein it is arranged that the
distance by which the curve is deformed at any said point is increased if the curve is of
negative curvature at that point.

19. A method according to any one of claims 16 to 18 wherein the method for
calculating the distance by which the curve is to be deformed at each such point at each
such deformation includes calculating the respective intensity gradient in the outward
normal direction at each such point and normalising the same.
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deformation. 25 18. A nethod according to claim16 or
claim 17 wherein it is arranged that the distance by
wokioglo79be curve is deformed at any said poi nt PEEGB2004/000400
increased if the curve is of negative curvature at
that point. 30 19. A nethod3gccording to any one of
clains 16 to 18 wherein the nethod for - cal cul ating
the di stance by which the curve is to be deforned at
20. each neatindd guwordingato aioil 9 whirbindefdoranatlising bmmbms’é@%ubtracting

Al 1. Ng: [ tiv sit r adi
e SRk B B Forh BB LS 351 b Pt o
the mangesihisscmgradieatssamre. WO 2004/ 072900 PCT/ GB2004/ 000400
38 20. A method according to claim19 wherein said

normal i sing conprises subtracting the respective
21.gr allinestihod acwordifgetonaaimm enordo shersingueld b&lnmlatmgwidlrther

th
conySefy PftpicafyeE B hosale b VEE A R URR i G e
respedtive inatmaliged gretdiest thecahspmtesemue off sucheuoature nnLBtlphéd by the arc
{ dj t

on BT SRR e LS RSP E Bl B02" 0t o

of such curvature nultiplied by the arc Ilength of the

th t

2.6 K S5Brding by 89 She SEfarn Taktat whRisH sitiRricpiating
furthér edraprises APplying 2lsrmidiating filterue thecrebaltd @ftsubly nofmalisingror adding.

conprises applying a snmoothing filter to the results

of such normalising or adding. 23. A nethod according

23to Alrﬁétnma?acmﬁ@tmclémm whéreln fuich rglchiratind Rirthepogmprises

sin esul ts of such snoot hing. 15 24. A
”orﬁﬁ'ﬁ’aat%‘r@g\“gﬁﬁ UFBS'EHOQ %3 wherein said normalising

conprl ses subtracting the m nimum of such snoot hed
i stances, from ea h suc ot hed, di st ance,
24, noATRAN AEPING [ SAbe Rhe kT BT g Pemat s Biracting
theﬂ‘HﬂntrmﬂJn F Q@Wﬂ@tﬁédi‘&léfahb@from @abeﬁuch%}n&ﬂhedﬁdlwhb@djmdmg
accaqr to any one o

theggsigt B8 rasgen eyl seootgy AisRheaS apd y st a gresgipeg

nurdBér. of deforned curves, a nmetric conprising the

25. A method according to any one of claims 16 to 24 which comprises calculating,
for respective members of said set of deformed curves, a metric comprising the
respective mean normal intensity gradient divided by the respective mean absolute

normal intensity gradient.

26. A method according to claim 25 wherein said selecting comprises selecting the
or one of the deformed curves from said set which has the highest value of said metric.

27. A method according to claim 25 wherein if none of said set of deformed curves
has a value of said metric reaching a specified threshold then the respective object is
rejected.

28. A method according to any one of claims 16 to 26 which comprises calculating,

for the deformed curve selected from said set, the mean value of the absolute values of
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respective nean normal intensity gradient divided by
the respective nean absolute normal intensity
w@e@diozayoo 25 26. A net hod according to cl ai mPSI/GB2004/000400
wherein said selecting conprises selecting the or one
of the defornmed curves fromgaid set which has the
hi ghest value of said netric. 27. A nethod according
to claim25 wherein if none of said set of deforned

the Gmemmé’@wdl‘eaﬁeta/emathwcw\f'e serhel amd t‘riednteaatyl‘grﬁ@jeﬂt vector ata
Iur@t {.‘i thredsttﬂol d then the. re ectS v be £
plurg J‘/é’EP%'Bsaé%“” et G2t EEiR D e TS V%ﬁ egk! E‘I‘C& "Hgan
valukGs taboviba vpedifedthrggholges cal cul ating, for the
defornmed curve selected fromsaid set, the nean val ue
of the absolute val ues of WO 2004/ 072900
29. PCTA eiB2{Hid 300 an9 ohbef slaints 06 tdZBaNBéTQInStQE(bI}I@empnses, for

th A I d.th t t ‘
resiETy BPEFRL rBY SIS ResuRE TRt I8 Raiabr e Bcerrst o
def@rﬁ&adf@ﬁ\i&ddh EU@r@@jc@GﬂmH |ﬁteasﬁq/rx:|~rmmednsﬂeé ufetlae fmadpondhea direction

specified t od according to an
nor@%E’co&Le EYyP r?lgy Egpwtéﬁé?%rﬁr‘%éa Y iuldi)) COI’TD?I ses, %/or

respective obj ects further deform ng the curve

seI

h d def. d .
curbaition SRS R e el DR H AR B P B Fp BB e
eadhlhﬁélch :ﬁiﬁ?ﬁ finding hﬂa(tﬁltbﬁ aithta ts%‘&liiﬂeﬂldﬂtmde@o%gﬂhzmoa?ilar&ward
ra oi nts 0 e curve met ho
anduiped idng 8”’@?&’“%92 C BT T Pl et or mat i on
conprises each such p0|nt findi ng a position

1. andh R R B e"' gl oA P AL e SRR G K,

corh;SnsléB)slt g&dh sdﬂa poi‘ht rﬁ&if(bmdngimmudleﬁg tieopaditainnof28e fmisEmaxlmum in
sajd further deformati on

t
nteRih B AT B A 98 ReB TR 8T TeE BIETSTS pragent
W|tlﬁ|htrasépeg‘:ﬂéd Higtancs, orllﬂ’théﬂtéﬁs hy s]lcjth it girmuod, rdgforphingetbeicarve to the
out war sition .o

t
negpaiheEiEn P RCHTE et PUHeEhey SAE oG makipa intgnsit
graarénﬁw&hn révéﬁefmad deednes iheg: theentenkityds iithih espedifiad esdportion of

sition in 4{%{6 normal direction outwardly of said
theﬁ'&@f‘ﬂyﬁ sgfd HgRNGBal intensity gradient within a

specified di stance V\,here the intensity is vvithi n a
specified proportio 0,the intensit sa
32,31 s ferridBon oG e Hafh 3t EBer Syt aliia BiPining fiter to
theGe8Mfs FisBl fammdr\def@matismoot hing filter to

33. A method according to any preceding claim wherein step (c) comprises rejecting
objects if the enclosed area of their respective derived boundaries is less than a
specified value or if the minimum curvature of their respective derived boundaries is less
than a specified value.

34. A method according to any preceding claim wherein step (c) comprises assigning
probabilities that respective objects are members of a specified class based on specified -
said statistics.
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the results of said further deformation. 25 33. A
nmet hod according to any precedi ng claimwherein step

W@ ego40T0r i ses rejecting objects if the encl oBEHGR2@a/000400
of their respective derived boundaries is |l ess than a
specified value or if the moni num curvature of their
respective derived boundaries is less than a
speci fied value. 30 34. A nethod according to any

35. pr écmdthogd actatdimgwb el 84 sthepeif 63id Gtatipticsseenm@isei gd aga

robabilities that, respective objgcts are nenbers of
encBi@2BY Ins e g bOPlaebf B Pl BLGe' Bt udRRE fulhed
divide@ 20104 /20e2&bseC by @R 06rVed BodOdary 4 Bn@ e rinimdarhadrvature of
thegcrcordbi nﬁdto claim 34 wherein said statistics
%Hﬁdi Q8" e area encl osed by the derived boundary;
the perineter of the derived boundary squared divided

by the,area encl qsed. by .t he derive n - and the
36. o f AR RS aEed SR e bl SR erise 2o 3%
encloeéd by trecdoivdd bouridang| thiepelrhetdnef tierdesised bstratanssquased
..conprjse: the ar ngl osed by .the deri v rVs
aniget B {oB Ered 7o e B PR R e TR AR tipe
orignal infitgjegpieasds witith treederived bhendiey;i sredithe ooinidaumy jntedsity of the
. mazj mum i.n en@i].tﬁ?ie?f thﬁ original inmage pixels within
OIgiNRe MRS WERIR A e VEA ROPRE Y ni mum i ntensity of the
10 original inmage pixels within the derived boundary.
37., A nmethod according to.any o i
37. uneh BT REE G e 3 Bl R Y FrdeMetardfuufieny o
probabilitiee iDperforiid beuse bas Fisheeclassifier38. A net hod
according to any precedi ng claimwherein the neasure

in step (d) is a standard deviation of the areas
38. eNcA astitbdoaccariinly Wdeny\peetddmgratkami versereit $he Wersdrhdmistep (d) is a

accordi.ng tao.claima38 when a ded to . gne of
Sta'é‘faé?? Aevi %oq%t@e/are\% ?P%‘Pﬁed;%\f gﬁﬁgg@{ﬁdeb olugﬁ]%r e(%" st andar d
devi ation of the areas enclosed by said derived 20
boundarj es wei ghted  i.n cordance W th r i
39.gai B BRI NGB coit HETRET AR AR b e e 5 o o7
whéreRCceid fgasiraignhtataridasl deviation tof thecareds/sindosef! by said derived
digital | e of a hista ical _or c S|peci men.
oy o Bontsation iy b Fparive i LB RS, Moo
is of a section of breast tissue.
40. A method according to any preceding claim for the automated analysis of a
digital image of a histological or cytology specimen.

41. A method according to claim 40 where the image is of a section of breast tissue.
42. A method according to claim 40 or claim 41 when appended to claim 34 or to any
other claim appended to claim 34 wherein said specified class is identified as the class

of epithelial cell nuclei.

43. Apparatus for the automated analysis of a digital image comprising means
adapted to perform a method according to any preceding claim.



42. A nethod according to claim40 or claim4l when
appended to claim 34 or to any other claimappended

W e00glozaome 34 wherein said specified class is iBPenGBRi0a@do0400
as the class of epithelial cell nuclei. 30 43.
Apparatus for the automated4nmnal ysis of a digital
i mage conprising neans adapted to perform a nethod
according to any preceding claim W 2004/ 072900

44. PCTA CB20 0t 6&@4‘@0{? pro@hcﬂe‘bmrmsa@ra)wlﬁwt@f regdabie plediling having

Y uter readabl.e i um_havin t her egn
the TR PP AeE InohBa Aasriie T iP5 Drber 4o execiE'a
methodotatingdo engond of daimset foct®. accordi ng to any one of

claims 1 to 42. 5 45. A conputer program conpri sing
instructions to cause a conputer to execute a nethod
45.ac cArdmpgtet program compiding Inatrogtiohs tocalRe a computer to execute a

method according to any one of claims 1 to 42.



