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WD 2004/ 055733 PCT/ GB2003/ 005445 1 I mage Anal ysis
FI ELD OF THE | NVENTI ON The present invention rel ates

W eootioss7akit omat ed anal ysis of digital inages. PCT/GB2003/005445

nore particularly concernedt with the automated
identification of mtotic activity in 5 digital

i mges of histol ogical or cytol ogy speci nens and nost
particularly for the purpose of assessing the presence
dmage Analisis of cancer in breast tissue, and it is in
this context that the invention is principally

descri bed herein. The invention may, however, also
FiEd dthe venTiont he assessnment of other forms of
cancer, such as colon and cervical cancer, and in the
anaIyS|s of various other kinds of 10 structure

phesseRenh VPR claiari imesomaiedAnaheisatdicas| iags. Itis

'n%?@tp'af’tlc(i%ﬂy @Bndeing with tHel Afior@¥d idePtific@¥i8ABE Mitbfi écﬁi@lty in
anal ysis of “soil sanples containing certain types

sligitabimages chbistongiaal e %O‘OWA&BW@”ANW%LBMWU@ the
Bu%dswggée%‘nﬁlﬁe M%@%éehé}léss@i}gﬁty%ff CHWRIBR Th He8st tissue, and it is

needl| essl eacC ear from breast cancer, a cancer
iy Byvig vcmt@ﬁ ﬂ?!&l’{é*i*%mV@”tmé% paRGiRalY Hosaibef GRrek- o ABIMYenjjon

RhayS HoWEYE aibb riHgbESIcatbrHfthd ¢ Qés@@&rlnﬁnt Sttt forhls dfhﬁncer
presence of cancerous tissue is mssed.in.a s

tshel as gglop jgad cefvical easen ek i theranalysigid éﬁ&*%&{f@&*ﬂféﬂs of
GHUEfe erﬂﬁ%ﬁm@bé’%ﬁﬁéﬁéﬂﬂ@ﬂﬂmﬁ Rfe sMansste &f idéMtification in a

survival significantly re uced. The i nportance of
Giitar twaygfas &N%@P'@U@ the analsis; of spih aamplgaspaaining certain types of

tRenSbrsReNirtilgs over - enphasi sed. A typical national
breast screening progranme uses mammography for the

early detection of inpalpable |esions. Once a Iesion

'%Réﬂd’tﬁu?hnﬁi SOMMARYH THE IRTENgIGt ed, then

t1ssue sa es are taken and exam ned by a trained
hlstopathologlst to establish a diagnosis and
pMagniheusandyiof womntdle:m@iesyly engk vear fraridreast prIIggRIa cancer

F}Fot?rg g/?l%‘l'tﬁ lfe%{h% Fetlc% a/t;ﬁlgﬁ?];ob%@nﬁ/%ﬁ s'uﬁll\fahﬁ d@’?é'i:?éatsuﬁfmently

ree
agairly helf thel premncedxf vargieoousttisate nsgmts@ﬁ@l NG wm@ thean, by the time

qg%&g%%%%}% 094& ke thd Bahder ?@r‘gq%gé%%g\(e%e Sa'ﬁ@@ﬁ@er‘iemce of

ing a very short tl T )
ciuwied| significentyseduss. t Fie hrontaace bf deteetingicencerpus figsge in the

ssh y‘@%%ﬂ?ﬁ thg‘%ﬁ%&%% p%g%ggh%gsgat otic activity is

I's1n fact present in a
sllde that is a good indicator of how fast a

p,@{y%md %tio%gmagstis%re%ﬁ%g ﬂ?(gg‘ramme uses mammography for the early

detection of impalpable lesions. Once a lesion indicative of breast cancer is
detected, then tissue samples are taken and examinéd by a trained
histopathologist to establish aidiagnosis and prognosis. More particularly, one of
the principal prognostic factors for breast cancer is the extent of mitotic activity,
that is to say the degree of epithelial cell division that is taking place. A
histopathological slide is effectively a “snapshot” representing a very short time
interval in a cell division process, so the chance of a particular slide showing a
particular phase of mitotic activity is very small; if such a phase is in fact present in

a slide, that is a good indicator of how fast a potential tumour is growing.
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manual procedure for scoring mtotic activity a

pl aces a slide under a m crPCL/GB2003/005445
and exam nes a region of it2(referred to as atile)

at a magnification of x40 for indications of mtoses.
Typically ten different tiles fromthe tissue sanple
anéhe rdaiingeriasued peocedtizl forcsmmhg ndtotimdetivity atHisopathdiedist

o) C n_the histopa | ogi st.' s .
Qo eholastlntela AMGidis® ng g iieach BbRR A Tt to'ss a te)

tatlmagﬁ ificegion ©f kdefor ¢aivationeof mitosas. | Tghically tepndifidrent tiles

S Spinb R msmrie AF s Sl 4 s BE e mper o
ptmﬂ dT\&Sloﬁ's Whish,Gn ttee MNstGpaitielogist’ é bhmbhoMe@eadeﬁbe ?akMg place in

e '1 where  ade S ast seriou
R Bop s TS i E R Branle o Bfia®tr RRC g RPigaty i
t3qeooiaEnkby with dimdfoll®vibgtabie:l | vary in different schenes
depending on the size of the tiles being observed.
This is, however, a tinme consum ng, |abour intensive
and exNantdiey of MitotieCells 15 Qual i fi cat i @arcer Beadeor m
such exam patTemTiles not easy to obtain and requires
frequent review The exam nation itself requires the
interpretati @gio@§ col our inages by eye, @rddeghl y
subj ective process characterised by consigdera
variati ons ( R’ @otf’ﬁw\/'i nter, and intra- obserg gnal ysi s,
i.e. variances Nn observatl on may occur Geidethe sane
sanple by different histopathologists, and by the sane
20 hi stopat hol ogi st at different tinmes. For exanple,
Si/hsheaSrabav és ﬁiéqwbttsbﬁduste\m Gididk 385 € most serious.  Values of N

hi stopat hol o X t he, same ten sa

G e Ay B g o 1Dy i uESBR Scharpe ARPSRIE Opfhe

3% oﬂ'thésnd@ru@,mge@asbﬁ,egxacer bated by the conplexity of

some sanples, especially in marginal cases where there
may not be a definitive conclusion. If sufficient

tTas Redowbedrf a 8me o@ﬁ?surﬁMQ' Ibﬁ&hrﬁntbhyﬁe biPaRIchskE pritess.
pressures to conpl ete anal ysis, potentiall

g @a%ilﬂﬁ@ﬂqrbtoeo@rfeﬁaau@ e’%@@%"‘é’r’i‘éﬁf‘gt 9 Qp%a’?q\fnrequ'res

dir@fiRASIView! NTRE cREMRLESPitdERaqdiRatthd MEBreditRn of colour
practical limtations on the extent and effectiveness

o'fna%? 8¥% By ighly sHRIgSveiRcass dhprasiarifed By Aaitriakia

t\RatiSY® both inter, and intra- -observer analysis, i.e. variances in observation
may occur for the same sample by different histopathologists, and by the same
histopathologist at different times. For example, studies have shown that two
different histopathologists examining the same ten samples may give different
opinions on three of them, an error of 30%. This problem is exacerﬁated by the
complexity of some samples, especially in marginal cases where there may not be

a definitive conclusion. If sufficient trained staff are not available this impacts

 upon pressures to complete the analysis, 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
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30 wonen are not being correctly identified as having
t he di sease and, on sone occasions, this failure may

WO e@uloss7sh premature death. Conversely, other SPEI/6BYWD3/005445

2004/ 055733 PCT/ GB2003/ 005445 3 being incorrectly

di agnosed with breast cancer and are therefore

undergoing potentially traumatic treatnent

Lhmrr@:lestseafdtly yilaghbsécamtmmaﬁmaabén aid drb endrefoRNin deRgdiny
%51 R ﬁ% autqﬁated get hod of image analysis 5 which

coé) "WaMe PR St BREEESSaEY] ecti ve and

cost-effective tool to assist in the diagnosis and

SR st A eats oy Spe g pmalbuBhee & Fedbe apavsi
attiet cdri isd dmbodisd on@ raspe objetie dritveat-bRstias el & sy in the

SldeSI a nmethod for the autonated 10 analysis o
ade %ﬂ”@?'{saﬂn iREYLsE Feast Q@Cgh ailg Qﬁprﬁw%%]gn%élcated tLe

limadntich Aghytdisd fridedispliedtion ih d@at ﬂéws ng the locations of
objects within the i mage whi ch have specified
intensity and size characteristics; defining regions

ah oppespédt @itk Préreivh a&bér’ﬂirﬁlytrbgidémmgﬁmembcf& the alintated
deriving.fro

res ective, said objects;

BeNER A o GG 1 PeoTRe by Re Hlee 2l
d@%ﬁtmﬁr{i@tl’@?mbtﬁi Bgom@(ttﬁ?/ﬁhmfth@ mh@e vilich R&espetifies intensity
an stinatl n e curvature o as ne, . .

A st S e etor s st ey Rty ghe image
NAgLIBSNtEh régRstive Saipbbdaee d@nﬂﬁ@ﬁrumah@ﬂat@wtmompww said

thereof. As will be unders fromthe en
HEGIRNs Bie AEELT tseperiNE FoR s AoTtalE SRy BRBa S aaua

Shﬂ@}ﬂs@eé’feér’ﬂc}pé’stinﬁ?atlﬂﬁ tihes Qurvaturedstrdt idagt ovge msp@ituwé s§le|dontour
nucl el 1 n |

es of opat hol o
T torRe Varbal TegonB  BaS 1P MR AITE TGP WOy
adbeept ed anal ysis of a digital inmage conprising
means to performthe foregoing nethod and in a
conmputer 25 program product conprising a conputer

r R HeuridR Hteln e Itm&eﬁdﬂuﬁfgamalré@ rHedtrfition oPg rpaéfw@ﬂe
means adapted to cause a com ﬁ%ﬁer to execuﬁ

fepRRstNe AR ENSHiAY i AT 4B 'Evangp%@#caqﬁ'@aﬁlﬁwsﬁ#w@'
,ﬁ@béygﬁh,%gaﬁ,g@@amdeg These and ot her aspects of the
invention wll now be nore particularly described, 30

by way of exanple, with reference to the acconpanyi ng

drtvhRehiion Btho rasilBSin pPakmxd fo@fhe%bt@ﬁét@ﬂ@hé@s@b‘ﬁb@@tal
for grading cancer on the basis of the nunbers

HiNBEE CEMBHFIR® B15RF teRPrOTR iR &regeing meithos andﬁaaégnwer

tr}:ihr§§r‘gﬁ131§r’6t@hc§i9ﬂoﬁ\%h3|ﬁ§ lad@mpoterPeimld Mbdiudaifindanasont
co?npucceerapfl”ogram code means adapted to cause a computer to execute the

foregoing method and in a computer program comprising instructions so to do.

These and other aspects of the invention will now be more particularly described,
by way of example, with reference to the accompanying drawings and in the
context of an automated system for grading cancer on the basis of the numbers of
mitotic epithelial cell nuclei in digital images of histopathological slides of potential

carcinomas of the breast.
BRIEF DESCRIPTION OF THE DRAWINGS

In the drawings:
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with the invention for neasuring mtotic activity for
patient diagnosis; 5 Figure 2 is a nore detail ed bl ock
di agram of the main stages in the mtosis detection

and neasurenent bl ock of Figure 1; Figures 3 and 4 are

sua |sat ons .o e _contour selecti
S0 p S P e B Pyl B i s BBt LB e
IIhV&rﬁbnMreseaswleglnstomn abiuity darrpatient diadriosiser cl assifier
as used in a later stage of the process of Figure 2.
DETAI LED DESCRI PTION 15 Figure 1 shows a process for
t hgun@@xesasnﬁeret dethiledi Setkedisgraml of $hd mainrstadesrimitef mitosis

t gpat hol o caI sl.ide ntial carcinomas of
%E@a@% %@é’g%ioﬁ&@ s mtotic activity of
eplthel i al ceI I S to produce a paraneter for use by a
S

pat ho S assessin atl en
P bRacra 4 AR stalithie B BFRE SR oRR 4 temmes e
dprgtédssEdrigurage sthdt a obt ai ned from hi st ol og| cal
slides. Sections are cut frombreast tissue sanples
(bi opsi es), placed on respective slides and stained
UBigDE@ 3 Mgstidted aidegisiag dounddag ired Bishibi classifieo as ns¢dihiE later
V\/qtich J'St?jaco ? stanfor del i neating tissue-and
cBPEUPLYCHPGFEE @ g;gu% To obtain the digitised i mage
data for analysis, a histopathol ogi st scans a slide
u r ' nd at 40x magnification selects
r@&&é@@%@ﬁgfm whi ch appear to be nost
prom' sing in ternms of analysing mtotic activity. Each
t hese |ons [ en hoto raphed u
oFOHESE Spars A arcesas bt SeERaran o R hite form of
Zﬁlbﬁ)‘éa%ld@ﬁ@ﬂldéh@f pstentis chaﬁhdneasrbf lﬂseelofeastt thae process
amner a.

Jenopti ks 0 3
pFasees THSHC S5Eiy oGP aTTal s e RO HP P40 ey @
gghbbg@eanemas%, fol a@tesmagl pafgnt emgaosis.bllemiBys @d&tabase 1,
. ectiv nsi val ues
B raais Ggiiineos bt ke Porn tigtSiaal S  Sections
aBreddUt from! Brebéteissins §érﬁp|é§@m@;b’diwl piEdd ctrheB@edtlse aﬁdes and
stamed kles}ng tﬁe gt%ln?rfmg ggen? Halema oxylm &%Sosﬂw"(?-i&‘é% Wthh |s a Common

stain for delineating tissue and cellular structure.

To obtain the digi'tised image data for analysis, a histopathologist scans a slide
under a microscope and at 40x magnification selects i'egions of the slide which
appear to be most promising in terms of analysing mitotic activity. Each of these
regions is then photographed using the microscope and a digital camera. In one
example a Zeiss Axioskop microscope has been used with a Jenoptiks Progres
13012 digital camera. This produces for each region a respective digitised image in
three colours, i.e. red, green and blue (R, G & B). Respective intensity values in
the R, G and B image planes are thus obtained for each pixel in an array. -In the
preferred embodiment there is an eight-bit range of pixel intensities (values of 0 to
255) for each colour and the array comprises 1476 pixels across by 1160 pixels
down, with a pixel size of 220nm square. The image data is stored temporarily at
1 for later use. Ten digitised images (electronic equivalents of tiles) are required

for the detection and measurement of mitotic activity at 2, which then provides



255) for each colour and the array conprises 1476
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tenporarily at 1 for later5S5use. Ten digitised i mages

(el ectronic equivalents of tiles) are required for

the detection and neasurenent of mtotic activity at
Jnpuitio aldidgrentiprapeitdt 8. IO p2iocigle0BspBBessing stages to be described
P 5 n

SR SR P e S DSl MR B GR Y B BBE S b
icmnwt&mailoh b ey dapreuqb% dbwewar, ’dnesred!g]aeebm\ddtmmbe@mpur(é to

Bl s e AR B R A58 i

t\lmeemsiamed nfithrH&E i aod i$ essudiesido ibeiusat! imipeleltomermndescription.

totlc and qt her.ce staine
BT g e R8s T eNEENarpda e s v Rl e
Tmtlmrcgeassal pamobe cprapdter ofexitalie @rcmesma@ bywer agn detiedted
ersonal conputer (PC) or other general purpose '
g%ﬁ?g 'St of suitable processi ng power or in dedicated
hardware. 10 Fi gure 2 shows in nore detail the

pL.ocessin st a C rised
1I%ngf-rﬁ S éigpaggbe Pré)}:ess‘& sﬁg & cgo%lﬁ%r%eg | the ? of
i iniggres*l r dhey eeﬂcatrded altdoresamh abf tiael tbn caitised iMegey Irei[mced to

ARl gt B Enbbidironen ik 1, Topidn 5,

t iviebstamding bhtﬁlspdasc&[st&nl nsxs m):alledj’ehat tffeyenalru:l thﬂ)ﬂﬂmt:e$shle to

IR} Rl S he S LR D sl Bl LW . 1

Sinedyeb la@hlﬁiredgﬁ’WSahbe;d aﬂmveauoldamét@rgehbmhy appearalarker than

i thel | | ff ,
R erBetican sl Sy aPBgele AU T ol Waritlnugiore
b@@ﬁsﬂaryl esvahivitie smobtht hotndardsedhilemaitatiomecier aregubrarirrégular in

ave r bound ries.
e SSas R ReRReD: v Ry hal oL EMa e adhet
aﬁ’ﬁoﬁ(h@plﬂﬁréﬂQlﬁﬂ noﬂp@é ﬁhe darkeg iobjentstin begivandile;efca ephmple
ce 0C

S . ok T UREE B e D G, SRty
rriom,eﬁbe«@ bEMito®as Wisicip rag @etprésenainyaryi ghesm tie bed getdnget

ndi cat e, seri ous._ di orLant t h
iHipelesopots FisPave. P 5 BPRERIg oo AN Ty P PO
t iﬁi@nﬁf@dﬁmﬂille@ the Sarfié Smagnihinesing tHeatundfer @i yny oonme! celdahlhclei or

| ei, or, other b ecl.s |ncc1{ﬂ ectly identified as

rrP B Pliects FiCofTse FSW"C'GF g M@lGat e cel | nucl ei

Referring now to Figure 2, the first processing stage
2locatiswi 6t camfidatecatlimglall |  possi bl e candi date cel |
nucl ei. The approach adopted for identifying the

| ReRHirY oW io Figure 2, the first processing stage 21 consists of locating all
possible candidate cell nuclei. The approach adopted for identifying the locations of

potential mitotic nuclei is based on the fact that they are generally darker than
average nuclei. Mitotic nuclei appear in the image as solid dark objects (i.e. dark all
the way through) most of the time, or instead occasionally they form groups of
small dark clumps. Hence the aim is to find concentrations of dark pixels; these are
not necessarily connected groups of dark pixels, but a region containing a sufficient

number of clustered dark pixels.

There are various methods of doing this. One example is simple grey-level

segmentation, where a threshold is chosen and only those pixels having grey-



potential mtotic nuclei is based on the fact that
they are generally darker than average nuclei.

wdkdoensT3nucl ei appear in the inmage as solid deeRGB2003/005445
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objects (i.e. dark all 30 tthhe way through) nost of the
time, or instead occasionally they form groups of

smal | dark clunps. Hence the aimis to find
cortehd o\ thio fsesHoldlakkseficka). The Ul‘w\ﬂﬁclabﬁhlsmﬂproach is that

necess | onnect ed f xel.s
REGEom et usfeh it s PSR RHY Bk biicHre Bl S g Sirom their
d.s&éise I@haqﬁb@nst&ecnow@ ¥ Sreshok] sEidiods |of tadstag subh suclei
chafrpl e is Slfncﬁ ? grey-l evel 35 segnentation,
WM BYI51di 31y @xChBE 8 F'é'hosen and only those pixel s
havi ng grey WO 2004/ 055733 PCT/ GB2003/ 005445 6 |evels
bl&ieQWefeHe& dpproash @ td uak ehes riulticdsetlitiod bipbdittaritmdésaabed below.

t0 |
it ot Daaprereatip G aillel Thire PG Plaskirnd fihe
tdreddnt nﬁ/bamm mb@bacptazms@d wmsout chpasingghia nartroesaln mémimlque

SuffICJ ent w to detec

cAltesaciives inclige die brogSstes UepGiten A Tichs iR f o Grfindo
tlmﬁte@u»tnﬁgd&ﬁpét@ht amanbéﬁm rfd. DREB7SAD. désegemreu frislcipie is, given
However , nt to th k||

e pPogeiitn g8 el TR RSS! b isouhy & bt | aq%?”%“e%”c filter
RiiRsEel sdslitv laRgeih nﬁ!}hﬁt@&e Wwoett thiese B&r rtegmnlcﬂodabb:igmtmﬁse or

Al ternatives |nclude the prace Cr

ArKH5E W95 RS § 128 SRR (IR ”iak%ﬁg%%m"satTé“%f”ter
agHI O & @ffefehce GRR6HEY zdlo nidem, g@amaalof poristarit rtensity are
given 10 that the approxinate size of the nuclei is
KHHERFESSBD apply a radial ly-symetric filter whose

output is large in magni tude when there is a region of

| 'Prﬁéih"lemoidglm ﬁ@@%e@escnﬁiﬁdm esmswi aspesifiajpeplementafiore namely a
appr OXi

t hat_of, f
B irsreliebiab et i FORRR ot gt Nl Fro ol apelbls o bbl,
oferzelwh ry’i 0i@DSridsy RAN SThofriap pP EsEankicke 1Thk RemdieSensing,

.W?é%} toNBhtac¥on Prmiitel 7 e piters e SRERl oy fgringdne

kiRt (Biry a baraBulaMdizd off eetfilter) wmeramtaés;esars definadeatstietessive
sensed | mﬁ%@y J. G Jones, R WThomas, P.G Earw cker,
| ptave (e ASRIPRESS 1991, Vol 12, No 1, pp

107-124. The process will be described for filtering
t Nige rd RO m&mgct@nmmase tidrathe m'uttesaaxfe bl Kilteri ihvadres two filters;

wher e t hese ed  at ucce
(parsrepgranpleblif I poe 8 s ERRRA Bierd B ehEe priow
process for the nulti-scale blob f| Iter involves two
filters; ra;3x3 Lapl aci apybhobyfilter (L) and a 3x3

. 1 1772
snoothing| filter (s) as] gdefi ned| bel ow.

L=|-1 8 —lls=—[2 4 2

-1 -1 -1 6121

These two filters form a basis for filtering over a set of octave scale sizes,

according téq 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(mmny=Y > Im+in+j)*LE+2,j+2)

i=—1 j=—1



-1-1-1121 L=-18-1,s=16242 -1-1-1121
These two filters forma basis for filtering over a

W@ eG04085788t ave scal e sizes, 25 according to tPEI/GB2003/005445
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foll owi ng process: To enharite bl ob-shaped objects at

the original resolution (octave scale 1, pixel size

1), the inmage is correlated with the 3x3 Lapl aci an
e e e s b v
i 7- = - , [ 5 7 where

| TlRes g maiTiigR Soaie R ATYR oSBT ds  m
aduinensichs $8d msandim sthatat 2. Malues @i gesfiliefed ifrRg8 WITHREHIEH outside
ahove are always within the original inage dinmensions

S,
(sesﬁwr%'}%esr?r%?é‘rt?z&fo-z). Val ues of the filtered i mge

at locations outside these ranges are set to zero. 5

FEDZ:I mmﬂgiﬁiriabet%ﬁbiea@‘, inﬂjlﬂﬂllicaftionlﬁ”lbh/tih mr?ied abt @@f{ieﬁ&}fmbd explicitly.

n ot..be perfornmed explicitly. Thus the filter
oaFile MR UBE Bl ARy 8 Bl Bt apoli%y b Goven By 1 o

given by: F(i, j) =8.10, j)-1(i-1, j-1)-1(i-1,

LA 3 846N+~ 1) } B H{G-vJ) - 7{i #0)+ ) -To, jenhangce)-blie by shaped ) - 1G+1,/+1)
objects at a resol ution one octave above the original

10 (octave scale 2, pixel size 3), the inmage is first

S Ll P10 o b S RS

((9ctave soateri2, pxepainel8Y they insadeds fist carfelatad withythearkismgothing

loglé%ﬁdgr i&%@'ggsa sr%vga%nga WPTS%QZI‘;%) Hinkth L[abllélcign ‘blobilter aL;) is then

0etpanted Dy st faetoc of e, by pavdindit ith zermsotdfedn arfx§diltérd2) 0 -1 0 -
fi | - (FR2), t f '

of 9 8D 8,1 885 T0 bEEE: (52 0 Hrrifl B LU the

asmounthed imaderl£S,) BZofmuarfijteredyimagé (fayi bub forjcprpitati@naljeffRjency,

| =- j =- ) i , i 21 ) ¥L(1+2, | +2)
i gpl%jtf;q T&V\E%r%ghtfap%%e@%%%%%é%gﬁgl f?"Iiu%r'age, and the range
of the indices mand n is set such that the indices

in the summati on ab are always*withi_nthe ori gi nal
i mge di men=i@Bis @ntt i SAC . JH2) val ues of
the filtered i mage ‘at/<t'ocati ons outside 20 these

ranges are set tqQ z ~ ,The above doubl e coryrel ation
i s equival e z(‘i.”dga:iﬁS:;Fe&:b?k@ﬁa?tfsgzzdflt/ﬁLez)ori gi nal

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 mand 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 filter 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 (S>)

above to give a lower-resolution smoothed image (S;) thus:

1 1
S,(m,n) = ZZS2(7r1+2i,71+2j)*s(i+2,j+2)

i1 j=—1
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enhance bl ob-shaped objects8at a resolution two

oct aves above the original 25 (scale 3, pixel size 7),
tEe snoothing filter is expanded by a factor of 2 in
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smoothing filter (s), then sub-sampling by a factor of two. The formula for a single
thin is:

1 1
T(m,n)= ZZI(2m+i,2n+j)*s(i+2,j+2)

f=—1 j=1

where /s 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



1 ~T(mn) = E El(2m+i, 2n+ j)*s(i+2, j+2) 1=-1 j=-1
where | is the original image, T is the thinned inmage,
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di mensi ons of the thinned i9vage. Each di nensi on of the

25 thinned image is given by subtracting | or 2 from
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full -sized
Firstly, a grey-level threshold is selected. This is achieved by choosing a set of

15x15 pixel neighbourhoods centred on each of the blobs selected at the end of
stage 21, collating all pixels within all these neighbourhoods into a single list, and

computlng the mean grey-level of these pixels.

A new thresholded binary image is now produced. Pixels in the red component of
the original image whose grey levels are below (darker than) the threshold mean

computed above are set to 1; remaining pixels are set to 0.

Connected component labelling is now applied to this binary image. This is a
known image processing technique (such as described in A Rosenfeld and A C
Kak, ‘Digital Picture Processing’, Vols. 1 & 2, Academic Press, New York, 1982)
which gives numerical labels to connected regions in the binary image, these being

groups of connected pixels whose values are all 1. An 8-connectedness rule is



original image (red conponent) is used at the
comencenent of this stage. Firstly, a grey-level
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set of 15x15 pi xel nei ghbdtrhoods centred on each of
the bl obs selected at the end of stage 21, collating

all pixels within all these nei ghbourhoods into a
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ness = m ni mum
th| ckness of the region, defined thus: for each E i xel
I At thihietage tieomearf gregl- -Ievekofihaipixeta within aaderegioprs elsgicalculated
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e nmaxi ese m ni num di st ances
thaﬁaﬁchacbf théseokears greydevels istihen foune fardatal renn ori-leyel

r%&t‘m%]%afe%g?ﬁgﬁ.% hi ckn_ess is haI}c the w d_th, and for

‘ness is the radius. Regions whose
area is Iess than 190 pi xel s or whose thickness is
j Xxel.s are rejected, these being too
s§%$F8 %fqn otic cell nuclei. At this stage the
mean grey-level of the pixels wthin each r?ﬁ P
alTe nesl patessing stageod mﬁ@rpp@ae%wgvﬁéwf SNty gelec jon to gain a

Ot a56h #dm bject
bsgéﬁ‘ahrésgﬁ‘gﬁ%éﬂ%‘éﬁ‘%?”ay%i‘ﬁhﬁ“‘ﬁ@b?ﬁn g ungal?mg objec
iFrd n@

| at bothuew ang highagsaletinns |ovsEasplyon darggescals) contour is

%QFH%H{ed,S&IhEHtQE\%g an approximate shape, and secondly a high-resolution
(small-scale) contour is found which gives a more accurate boundary
representation. Following consistency checks between the two contours, atiributes

of the boundary are then measured from the small-scale contour.

For each of the objects remaining after stage 22, a local region of interest (ROl) is
selected. This RO is centred on the nominal centre of the object (as found in stage
21), and has an e;(t_ent of 50 pixels in each direction, the region size being
truncated as necessary to ensure the RO lies within the bounds of the original
image. This allows ROIs which would otherwise overlap the edges of the image to
be included. Alternatively the ROls could be defined by taking the regions

identified in stage 22 and adding a border of a selected number of pixels. In either



The next processing stage 23 incorporates two |evels
of contour selection to gain a better representation
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object 20 at both | ow and1hi gh resolutions. Firstly,

a lowresolution (large-scale) contour is conputed,

whi ch gi ves an approxi mate shape, and secondly a
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bﬁﬁg‘%’q‘ng‘? Copé't'g?%g\e” rZluet (r)]e zero | gvel contour in the
respective sub- image is that contour which exhibits
t he hi ghdbey dyelased dogswithik theRQ@luie.itse msiéntaurpeint is the

consi st %m%f sﬁtﬂg?ﬁsst C8I1tt0ﬁlqug}% val ue for sone given

function; I'S case unction is defined by the
grey- | evel plxel val ues. In this enbodi nent, the
Mat | abf r theycaratoousisteahwith the ibsationpf tkyeeccbjémtthaneys at least one

cont our | ngnPeSihE B BRc A 1 hGHing [EHE 08 the object s

contours Int orm 4&as a se
poi nt s oieksrtbah ar equatito 3heixelent our ; (Mat | ab(r)ls a
wel | knovvn conput ati onal tool from The Mat hWorks, 15

Inc.).. ) '
sub- pi xel |) eso "ﬁ?t%ﬁd‘%ﬁ‘?gﬂmga?ér Hto gﬁ%ﬁdnﬂﬂé a]\%oéc g?lfngnfrom the
around t igeeyclerel segmentagion competed |Irngtag$1 82 &6 definition of the area

| ocat i ongyith LMY i€Bhveh iter in this section). The contour area must be

at least 50% of the nominal area;

- they have the correct grey-level orientation, namely pixels within the

contour are darker ’than those outside the contour.

The object is retained for further analysis (maintained in list in computer) only if a
valid contour is found from at least one of the two contour levels (0 and -10). If both
contour levels yield a valid contour, then the latter one (-10) is chosen for further

use.
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i.e. the last contour pointizis the 20 same as the
first contour point; - they are consistent with the
| ocation of the object (there is at |east one contour
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tuavmdag@;at its original resolution, because these
have been found to be too rough. Instead, the

resul ting sub-2mdde is expanded in 5 size by a factor

of tmng.uéi Lhe Matl ab(r) bilinear interpolation
function, Mio glve additional resolution. In bilinear
|nterpolat| 2td)find the val ues of a sel ected poi nt
not on the orlglnal image grid, its four nearest grid
points are |located, and the relative distances from
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Having found a set of valid contours at each threshold level, the edge sirength at
each point on the contour is estimated. The edge strength at each image pixel is
defined as the modulus of the vector gradient of the original red component of the

image /, where the vector gradient is defined asgradl = [g,—g{) where the two
X Oy

partial derivatives aré obtained from taking differences in pixel grey-level values in
the X and Y directions respectively. The edge strength at contour points which lie

- between image pixels is estimated using bilinear interpolation (as described above)
from the nearest pixel values. The mean edge strength around the contour is then
computed. The contour having the greatest edge strength is chosen as being the
most representative of the boundary of the object. If no valid contours are found,

the object is rejected.
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wi thin the sub-image, and 1Bncreases up to the maxi mum
grey-level in steps of 10 grey levels, so the actual
contour levels are set adaptively. Valid contours are
dafcongistency theek betmedmethe @w-~RoRgord afd hilB-resolution contours is
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parti al dErivatives are obtained fromtaking

di ffergnces in pixeb grey-leyel values in the X and Y
s "Qésp?pee?i‘éﬁg .i+1'TH)(né_)iedge strength at contour

direction 4 ( _
poi nts which li'e between inage pixels is estimted

using bilinear interpolation (as described above)
fwioeret (ng yneareethe cptsed porstbues. The nmean edge strength
around the contour is then conputed. The contour
havi ng the greatest edge strength is chosen as being
t Hess@remssare tag)t eduqnted tolbe fllowing teeeindary of the

object. If no valid contours are found, the object is
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consi stency check between the | owresolution and

hi gh- rﬁ_s |l ution contours is then performed. The area
wi t hin 'Qgtrﬁs@%tfﬂno%?a Fdl-E dp TR ioR@Red he boundary
contour using Green's Theorem (such as described in

Ghaithed of thes¥asdtofailAmal dbfdcsis rajedtedar t esi an Tensors',
D. E. Bourne and P. C Kendal, 2nd ed, Nelson, 1977). This

A B B AL T804 i S Lo oo
pwientbs sufficiently. For each object, two binary images are formed. The first binary
image is formed by setting the value of pixels which lie within the low-resolution.
contour to 1, and those pixels outside the contour to 0, using the Matlab® function
' roipoly. The second binary image is formed in the same way from the high-
resolution contour. The absolute difference of these two images is taken, resulting
in another binary image in which pixels are set to 1 if and only if they lie within one
of the contours and not the other, and 0 otherwise. Connected component labelling
(see stage 22 description) is applied to this new binary image to identify separate ‘
regions. The thickness of each of these regions is computed (as in stage 22). If any
region thickness exceeds 5 pixels, the corresponding object is rejected.

Simplified visualisations of the effects of the stage 23 processing are shown in
Figures 3 and 4.

In Figure 3(a) a local region of interest 30 is defined around the nominal centre 31
of an object 32 which is represented in this Figure by a series of contours. A
second object 33 also appears in the same sub-image. Figure 3(b) illustrates the
low-resolution boundary contour 34 computed for the object 32 and Figure 3(c) the
high-resolution boundary contour 35 computed for the same. Figure 3(d)

illustrates the overlap between these two resolutions with the region of difference



These areas are then subjected to the follow ng tests:
Hi gh-resol ution area > 0.6*l owresolution area 10
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either of these tests fail 14the object is rejected.
Finally, there is a check that the | ow and
hi gh-resol uti on contours for each object overlap
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sBadadaryithadking case the areas within the contours 34
and 35 are sufficiently simlar and the thi ckness of
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winttbiioced raefehthat deghéd of(rvdtcopbemty)of @ef bdigdary is of interest, so the
latter method of calculation is inappropriate.

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 algorithm is designed to estimate the parameters of a chosen
object (target) in the presence of other measurements which are not related to the
object in question (noise and clutter). In this case the ‘target’ state variables are the

position, orientation and curvature of the object’s boundary, and the measurements



around its own nomnal centre. In Figure 4(a) there is
anot her exanple of a local region of interest 40
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illustrates the | owresol uttfon boundary contour 42
conputed for this object and Figure 4(c) the
hi gh-resol uti on boundary contour 43. In this case the
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E%’abl féat Qe % \}/)Assom ation Filter (PDAF), such as

i HEEY ﬁx ragiiga rc§ﬁ§ﬁ’ om and T. E. Fortnmann, "Tracki ng

and Dat a Associ ati on", Mathematics in Science and-
Engifeeokitign 82 rﬂmG{Borizonial &M@ verfrdlandgs codrdinatdepOERE €entre of
Press, 198 This 30 type of tracking algorithmis
desi gngﬁa? ®estimate the paranmeters of a chosen
object (target) in the presence of other neasurenents

whi oh arientation Bglial ¢ drgld haweobitRddderanduRs hb@sdntal.
(noise and clutter). In this case the "target' state

e L TR
280 tQo5iR3x P I6BSPR3/HB0RdAD at dachaddinttifen BRSAHIvENs of

" the contour points and the orientations of the |ines

j BYEAPYEMERISh GIVEM}at Hrere g HarsYenARerrorp witbpamspumed
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state. The boundary dynam cs is given by a constant

curvature (the radius of curvature is set
e The measurement vector z = (X, Vm, On);

e The system state vector x = (X, Vs, s 5).

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

and the measurement process is required:

e The relationship between the position, orientation and curvature of
neighbouring points on the boundary (the system model). This incorporates
a transition matrix @ linking neighbouring states x and a system noise

model that adds exira random perturbations to x.



5 to 10 pixels) plus an assumed random perturbati on
known as system noise. This noise is determ ned by the
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according to how irregul ar téhe boundary of a mtotic

cell nucleus is expected to be. In the preferred

enbodi nent the curvature variance is 9 for position

and 0. Gﬂefr@latlor&ﬁw lﬂat\&eéh lh@dxh@iéﬁbemel@ véétonﬂz shdtHel §ygtem state
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In this case, edge features are i ne segnments joining
two adj acent cont our ch edge feature has
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following covariance matrix:

Ny

N

ty
coj— QI)—A

L
2
. 21 142 1,3 4
O=0,|55" 3 s |+s10 o 0
1.3 144 15 2
§87 8T 558 0 0 o,

with respect to the system curvature x, system slope 6 and 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 oy, ows osy define the
average roughness of the nuclear boundary, and depend on the type of Céll being

analysed.

The measurement transition matrix H maps the system parameters to the

measurement parameters in the natural way:



In its nost general formthe PDAF processes several
measurenents z at each step in estimating x. In this

W@ awe/0831Byy one edge feature is processed at a PCTEB2003/005445
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so'there are only two hypdfheses to be tested; either
the feature is fromclutter or fromthe real nuclear
boundary. 10 The systemtransition matrix O i s based

on constant curvature, so predi ct a neighbouring
system state the urixgue cifr&le or Strai ghtpYine with
curvature x, tang Sl s(r) in hr ough t he
D g Hhe
[

point xs, ys is extrdpola gdrtot at is
cl osest to the next asufengnt pdiht0 Thed syst em
noi se has a Gaussi an di st tion wth zero nmean and a
covariance 15 matrix based on independent
PEhE Wid2RUIPRSht NBisE 1Y Nl in@édeﬁﬂérﬁ%(?éhs@%q didhisiiad
offae& ‘movenment in a direction nori to the
bB8ERYRRYINS A SEPGATHARCrR aEset resuliirg i, thesfallowingrevariance matrix
Sthatn d@épécﬂ@/rh@édu‘?élﬁer‘i’cfslclﬁﬁrén‘élrlg’@él 8ﬁ§et'r&pdé‘éﬁ\y ure,
0

orientation and lateral offset are proportiohal to

the square root of the arc length of the extrapolated
circle of the previous paraggaph. phe accunul at ed
ef fect of curvature 20 pet+lrffati on,on orientation and
| ateral offset is also rmdellé)d, Pesul ting in,the
following covariance matrix: S Z S21 S3 000 Q& 6&

2 8 S4 +S 0. 69B2 0 6 S3 8 S4 s5 006 2 To-
sﬁ%ﬁ?@%’gi Sae mx %eqi”ﬁj“%%‘%r@% TNPURPERSLTithe nugegrdpundary,
shogde@rainsh thattgreadf ofi bemt anegs@ect i vel y, where s is
the arc length (the circul ar distance between the

previ .25 point_and the estimate of the next
pgﬁ#ci%\%'ﬁ?ew@gﬁggﬁ? §S%‘§< ,PO %eg'é‘,e SRRt he aver age
roughness of the nucl ear boundary, and depend on the

type op =@luttelddnsiy =anatige @dmbeher dteas peeimbrea that are not
transition. mafrix, H maPs Lh{fe}éjsﬁgtem paraneters to the
ShPPHKE

measur 8RR Ry EiEd e tural way: WO
2004/ 055733 PCT/ GB2003/ 005445 17 xmxs 1 0 0 0 ym=H

0S ,e HP, 8 Probatllitpthas tHe &gk atlife isssociated 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):

o o= r-a/z

* op =3

¢ o= 0.3 radians
e o, =09

e  g.9= 0.09 radians

e p=0.01



The nmeasurenment noise i s based on independently
Gaussi an distributed perturbations of slope and

wo ad0a/054730f f set, resulting in the foll ow ng coOREr/GBA®E/005445
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matrix wth respect to ned8urenent slope and | ateral
of fset respectively: R6n02 0 5 0 a.ny 2 The
constants OnO, any define the average snoot hness of

t he mucPgal.®oundary, and depend on the type of cell
bei ng anal ysed. The follow ng constants are used to

d d -
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associated with the n ?zear bourbd ry. PD=
Probability that the )efeature Is associated with
the true nucl ear Moandaryo.Fhede odrst @apt=sl/depend on
the clutter present ipn phe pmage; |both its edge
strength relative to‘he nucledf’/boundary and its
average spatial density. 15 For a nucleus wth average

r a“EhelBDAF thitméiot Ismu\mg)mad a@@,temélws tbhtﬁmsah%%ém&&' Hk, Q

nits. are
o eLFiepre o et 5 o el B Sgaiiatmye). 3he éolowing
0.&XPrasaidnaate thope kndwdffoWehe? BEAERSISIAZAA Fortmann reference quoted
PCT/ (B2003/ 005445 18 PD = 0.8 The initial value for

t °¥?/stem covariance matrix Mis given by: ,2y 0 0O M
=06,nB0, where o-kO=/r 00 C2 2
Update:

INNOVATION

Ny

Y =Zﬂki v, Where Vie=Zyu Hiex,
=1

KALMAN GAIN MATRIX

Ki=M, H% Sk where S =H, M Hx*+R «

BETA WEIGHTS

Nk
ex/[ b+ ey ] for i=0

j=1

I

By
Nk

b /[b+> ey ] fori=0

j=1 ‘

where ¢y =€XP<-%ZE{SZJZH ) fori#0, and b= p(1-Pp)+/[27Sk|/Pp2

STATE ESTIMATE UPDATE

[>4>
uf
I
+
~
~
<\
=

ERROR COVARIANCE UPDATE



Iro, The PDAF estimator is now applied sequentially as
follows. The matrices Hk, Gk 5 and Rk are all

we@engHsa183 in this application (as defi ned abovRT/GBR@3/005445
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followi ng expressions arel?hose known fromthe
Bar - Shal om and Fortmann reference quoted above.
Update: | NNOVATION Nk Vk ki Vki where Vki=Zki - HkXk
10 i =1 KALMAN GAI N MATRI X Kk I\/Fk Hk Sk where Sk=Hk

| i

k Hk+RIi) Al\@ﬂfsfrrﬁ Nepekic vvgéjﬂ YoriA0 |-b=1uP, Kixc
r e’ ek

—exp~-| 2Vk| Skl Vki forl#O and b= P( 1- PD)

127r Skj / PD2 15 STATE ESTI MATE UPDATE k k +Kk vk ERROR

OQKA% PNEE TUPRATE WD MQ04/ 055733 PCT/ GB2003/ 005445 19
Tr rTT Pk =/~ko MK+(1-/"''/~k0) P +Kk ki k, V
k| VkZTKKi=1 where P*=[I|-KkHkI M Prediction:

Prediction:

STATE ESTIMATE EXTRAPOLATION

§k+l=®k§k

ERROR COVARIANCE EXTRAPOLATION

Mk+1=®kPk®T1;+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 ﬁme (using
the final conditions from the first pass as starting conditions for the second pass);
this ensures that the final estimate of the smoothed contour is independent of the

assumed initial conditions.

The curvature of the smoothed contour derived from the PDAF tracker is now used
to find a measure of the degree of non-convexity of the objeét’s boundary. Firstly,
the sign of the curvature is set so that it is positive where the boundary is locally
convex and negative where locally concave (as viewed from outside the boundary).
All positivé values of curvature are then set to zero, leaving non-zero values only at
locations where the boundary is locally concave. A graph of curvature (Y-axis)
against perimeter arc length i.e. distance along the boundary (X-axis) is plotted,
then the line integral of curvature with respect to arc length is computed. The
absolute value of this integral is taken to produce a non-negative result. The final
result is a dimensionless quantity giving an indication of overall non-convexity,
called the “negative curvature area”. Objects which are almost completely convex,

in this case whose negative curvature area is less than 0.2, are then rejected.



STATE ESTI MATE EXTRAPOLATI ON 5 k+1 (D k ERROR
COVARI ANCE EXTRAPOLATI ON Mk+1 (1) k Pk(1) k + Gk This

wW@e@ames¥3xonti nues until the entire contour i SPCT/GB2003/005445
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traversed (i.e. returned t@the starting point). This
I's then repeated around the contour for a second tine
(using the final conditions fromthe first pass as

st &ne putguicfoordithis pretois o fie oS@&QﬂdWé&uren%@nt‘s '?cbrseach object,
estimate of the snooth
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nd¥econchauitenrejeatiminl ed t he "negative curvature area".
Ooj ects which are al nost conpletely convex, in this
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’r éwalt@litﬁgltmb]‘r@ss agarha crveetrafrgmgay | evel of the pixels

encl osed within (but not on) the high-resolution

AR RS EadeHB %éh@¥ Sb&gfer L%%S @fl Nijo, r’ﬁlétfcﬁ\ gg?%ql‘nl object that

st atistics used nor ma ion are
am@s bsem Aerved byeanamsnsms dﬁsctllmd apoyg. Eacheih®ormbtidrhsst is a feature

| QoRpRiR % 3h BREred ATLE kA0 e rs BAG o b G o et f he

diobiegt #gcgompenrent number is denoted an object feature. The purpose of the
classification algorithm is to discriminate between two classes of object based on |
the information contained in théir feature Vectors. The output of the algorithm is a
set of numbers, one for each object, indicating the likelihood that the nucleus which
it represents is a member of one of the two chosen classes (in this case the

classes are mitotic and non-mitotic).

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

n
F= Zakxk
k=1



10 standard deviation). The output is a statistic for
each assuned nucleus. Second clutter rejection The
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classification and clutter 2tejection based on the
Fi sher classifier to discrimnate between objects
representing mtotic and non-mtotic nuclei. The

Fl\/\éﬁezeer xelkasskd Isehe lfélatt&eh@@t‘dyﬂ ISt &mbbdidlent, this definition has been
ed for exa le iIn

ation 1 ho
Sec | g%& go Yo eéi‘f us”F %Of%ﬁ {%@P‘ﬁe M%‘E%rgﬁ?'i”ieb(n" by
Andrew R. webb Arnold Press, 1999, and is preferred
for thls f the process due to its robustness
agai nstf’ &y k@a ing. In this case the Fisher
cl assifiert*uses a set of information about each object
that has been derived by anal ysis as descri bed above.
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algorithmis to discrimnate between two cl asses of

th f t t dintheir
7 3hi GpBoaetts pLihe i ifast 0T e GFROFY HeRME el Insdeae

oR5amdbesgtive BervhRire Ql@@hc&’ﬁbtﬁé& in étﬁ%é 24t imstirche ?realcguld
represents

i kelihood that the nuycleus

5 58 PR3 Sy ARG I RGP i Sectsrir g iss concave
cm léﬂ@er OfdAHS B @8 ddUcRtAte sBNEF BRR hdtdhk ¢g,) afellised, so
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k 1 WD 2004/ 055733 PCT/ GB2003/ 005445 21 where x=[x,,

xk]Fsatﬁng%atu&%¥? §+ thls enbodi nent, this
n ed’

defl nitio as *been? o fse non-1inear
functions of the feature vector, nanely: ,t F =12
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gk _are prescri nct s. of re vector
X?Oéﬁ%%rgs?ﬁ& eB'H% g t{'/%p?'%’gé gﬁr@%érﬁg EG'PW gi ve
the | owest nunber of m sclassifications for objects
wi'héh ceefhivients laad siecision boundary for the Fisher classifier are obtained by

training the classifier on a large number of example slides provided by a .
histopathologist where accurate ground truth (sets of mitotic and non-mitotic cells)
is also available. The training stage results in a classifier boundary which
minimises the total number of misclassifications, i.e. both false negatives (missed
mitotic cells) and false positives (falsely-detected non-mitotic cells). In the preferred
embodiment the resulting coefficients a; that have been derived from this tréining
stage are [-0.87431, 0.10205, 0.84614, -0.18744, -0.04954, -5.56334]. Figure 5
ilustrates the classifier together with the data on which it was trained, where

plusses indicate mitotic cells and crosses indicate non-mitotic cells.

. Mitosis count

Stage 27 counts the number of objects deemed to represent the nuclei of mitotic
cells, that is to say only those objects whose values exceed a given threshold in

the output of the Fisher classifier. The preferred criterion is F>0 (illustrated as the
decision boundary in Figure 5), set to give the optimum trade-off between missed

mitotic cells and falsely-detected non-mitotic cells. The number of objects whose
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fal se positives (falsely-detected non-mtotic cells).
In the preferred enbodinent the resulting
coefficients a; that have been derived fromthis
training stage are [-0.87431, 0.10205, 0.84614,
-0.18744, -0.04954, -5.56334]. Figure 5 illustrates
the classifier together with the data on which it was
trained, where plusses indicate mtotic cells and
crosses indicate non-mtotic cells. 25 Mtosis count

St age 27 counts the nunber of objects deened to
represent the nuclei of mtotic cells, that is to say
only those objects whose val ues exceed a given
threshold in the output of the Fisher classifier. The
preferred criterion is F>0 (illustrated as the
deci si on boundary in Figure 5), set to give the

opti mum trade-off between m ssed 30 mtotic cells and
fal sely-detected non-mtotic cells. The nunber of

obj ects whose WO 2004/ 055733 PCT/ GB2003/ 005445 22
classifier value exceeds this threshold defines the
mtotic count for that tile. The count for the ten
tiles anal ysed is aggregated, and can be converted
into an indication of cancer grade in accordance with
a table as previously described in connection with
the existing manual procedure. 5 It will be

appreci ated that the coding of a conmputer programto

i mpl ement all of the



processi ng stages descri bed above for the preferred
enbodi nrent of the invention can be achieved by a

W@ Rioklosst3pr ogr anmer i n accordance with convent POI&B2003/005445
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techni ques. Such a program2adnd code will therefore not
be described further. WO 2004/ 055733 PCT/ GB2003/ 005445
23 CLAIMS 1. A nethod for the automated anal ysis of a
diChiAiMiS | mage conprising an array of pixels,

including the steps of: (a) identifying the |ocations

of, obj gcts,wi.thin the inmage which have .5 specified

it enst oudh G R AR Gt e By e s an amay
r efpivels, io€ludipg thd stegs efxt ent wi thin the i mage whi ch

cont ai re ive said.objects;. (c) .deriving fr

t he da{@ Wi ?‘%ﬁﬁﬁ@@g%E}C?U%‘Slsojiogjefgg"lv%}%ﬁ‘gﬁ@agg Wﬁtﬁ%gave

r epp@itdd inenesityosretsizocizpactsrigtiospr i Si ng poi nts of equal

i ntensities;, and 10.(d) .esti. ing.the. curvature,. of .
at | eas? on eﬁ@@%reegﬁ &f§8?°d@%%ﬂw'fﬁwtﬁﬁi"ﬁag¢ Which contain
r esgpectivevsnidabjelcts;egi ons at | east to produce a neasure

of any ,concayvi.t. d accordin

th f. 2. A t t
ol o 1SneRetia i e Hote it teBBoqE sARTRR AT Put Sypore
1Bespecivai cbded-coytoued cdnepridirdf mirtsotedud irténsitiesh aner o
"rage 10 £ EbPemeRE BiphRe P e BhE sRhfieriad Gtour
I ndthimaespegtise sdie regéhsdat [dasines froduGcs aiedsme df ang bandavily
o, claim3 wherein said locations are identified in

ad¥®5Yance with the Iocations of respective I ocal
extrema in the output of said filter. 5. A nethod

accordin o.claim4. inc|udi t.he step of sorting, .in.
order - drakdn odrdhd b BBt e Sied GFodhruRes i fonypation of
s airgdibily-§y@nmatnid dEreieifiter vt zédrmhdrer. anal ysis only

t hose objects which correspond to a specified

proportion of said extrema in such order. 6. A nethod
agcor dimngethod aByorBing &6 diaing 2 Ghareh the ilkee ictitgped ai aglurality of

follow ng 30 ste %: selecting an intensity
tﬁ?@@ﬁ%ﬂ%%@ﬁ&?@&gﬁ ] he mean intensity of pixels
within the image in neighbourhoods of said |ocations;
4. A method according to claim 2 or claim 3 wherein said locations are
identified in accordance with the locations of respective local extrema in the output

of said filter.

5. A method according to claim 4 including the step of sorting, in order of
intensity, local extrema in the output of said filter and selecting for further analysis
only those objects which correspond to a specified proportion of said extrema in

such order.

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

selecting-an intensity threshold related to the mean intensity of pixels within
the image in neighbourhoods of said locations; ‘

creating a binary image according to whether pixels in the first-mentioned
image are above or below said threshold; A

identifying regions in the binary image composed of connected pixels which

are below said threshold in the first-mentioned image; and



creating a binary imge according to whether pixels in
the first-nmentioned inmage are above or bel ow said

wo booashB3l; 35 identifying regions in the bi naP@T/GBa@a/005445
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conposed of connected pi xel2¢4 which are below said
threshold in the first-nentioned inmge; and WO

2004/ 055733 PCT/ GB2003/ 005445 24 rejecting from

f ur t heteI2GYE8 OMsUtheisanadisiscibese oiipen whishrcegpemmndto such
Skegions i HeiSarl fnk a
slt;‘gm fied si zeryor %‘bﬁ\f/?iﬁﬁZéélf;’bélé'(.ﬁg%p@@hﬁﬁ%lkgéttg%b%%,t o
any precedi ng claimwherein step (c) conprises, for

I S PeCAinN&hSRhebdr@fl &sny &@Eédfhd‘&aﬁr?ﬁﬁ&%tﬂ %f@pvédl) c%anﬂQéjs for

second, sai d contours having respectively
hicgResive 83isl ragioBherivivg sesrostivafirahrndaconthsaid cpaiouesthving

| RepEHRBS I@\X/ers(ﬁidqﬂléhér%sﬂﬁg)ﬁ Qﬁ@é?ﬁ)irﬁf?@%ﬂé‘trht%r %reeslzes and

consjistent wthin Specified criteria
clorRlices e eaid Jisst apdispeeryheanteise af@dccm@ﬁmathhla spseibigs criteria

(&hd, itk BnsibtiBlBRe1iRG SAl @b&sandtdanfdualfdns?e rein, for
respective said regi ons, first said co 1t our
deri ved by: seeking MAthIn the regi on one or nnre
CONt OUASnéthod SERPGRY YPCISRER thﬁ—ﬁin fortegatkibd Ssid regions, the first
det erm ni ng whet her the or each such contour TIs
cPd eantewnt daFvathy: 15 neets specified |ocation, size
and/ or sééﬂr@rwmmr%rﬂeg.% bR nforré E&Htbdrs oRR bf;tl\/éoé'g%ciﬁed
t han one such contou cl osed contour nmeet s
sitansitiest eri a, sel ecting fron1the sane the contour of
the | oygsimi mb%}%ﬂ’;é{‘ thdor ehdTRlBR EoR6GAE Q'J&eﬁ%oﬁio@k ohé
wher ei n sa| Specified Intensities are no greater
mﬂ&ﬁfSta@&tﬂﬂemiq,eﬁ‘mmarer@saﬁ@mwteraﬁlfvme@t@h@rbmte@a, ahest
edge si RPN RN cBF‘t%uF ﬁ%%ﬁ&ée'd"c%n oglgaﬁ’ D medts su%h cnterla
nmet hod according to claim?9 en a to any
o$elestiapionpthesame hneesionr ebing lmwersétntef@ﬁy our is
derived by seeking one or nore contours in the output
25 of said filter for the respective region and said
s%em fA@@Bthm aepording o clpien & whgredmsaid smmfead intessities are no

{
sl VA EHEC A B & AE BRI B i
r@glrwc’ﬂ‘(m@gﬁé@ond said contour is derived by: 30
seeking within the region a plurality of contours of

respective qfﬁsoeci fied intensities rangi ng between the
| thest Agraihed aenresding o eaigl @ wbsn appendedithany ege ohclaims 2 to 5

wherein said first contour is derived by seeking one or more contours in the output
of said filter for the respective region and said specified intensities are no greater

than the zero level in such output,

1. A method according to any one of claims 8 to 10 wherein, for respective
said regions, the second said contour is derived by:

seeking within the region a plurality of contours of respective specified
intensities ranging between the lowest and highest intensities within the region;

determining whether each such contour is a closed contour and meets
specified location, size and/or intensity orientation criteria; and

if more than one such contour is a closed contour and meets such criteria,

selecting from the same the contour having the highest edge strength.



det erm ni ng whet her each such contour is a cl osed
contour and neets specified |ocation, size and/or

WO ni0a/0si78y orientation criteria; and if nore tPENGBR®3/005445
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such contour is a closed cé@dtour and neets such
criteria, 35 selecting fromthe sanme the contour
havi ng the hi ghest edge strength. WO 2004/ 055733

PCI/ GBAOﬁéth@Eéé&dm@!ﬁo any précéﬁﬁrﬁ%"@!dmﬂﬁ/ﬁ@rfem §t6p (@ iddYdes the

P RaLA TR BrobabMSatRmiy AepdsihaF{ie Ke&serdte said contours.

Filter to respective said contours. 13. A nethod

accordin 0 recedi n |mV\her e

coinr | batehp BB gEshy rofedad AR oIS SR abichrmges. for
tl‘@pétﬂwe&ﬁawanrméurghe contour at a plurali ty of points
around t he tour, con xit and conc y bei

o oue! mesuifa Me G DL eRMoaT Gt DrAb e oR s S dne

t @orzdi@mo cor{we&tty B coreauvityt isditg M&ip{b@@t@ilgﬁ,g r \é_at ;Jr e at f

sal ol Nts agal ns e | stance O

he r SSRUES PABESORHES 5T SR TRENIBIE S8 and comput | ng

as sai 6Id&ﬁ@&@§tﬂtaﬁf vAGECENGubvatdrB et bid @oints &gt adhesdued of the
pl. ot . A et hod accordlng@¥ ? g g $ced|ng cl ai m
fGF‘fe}‘ﬂ@P OEHWP?%?‘%%FPH'Q"%P% contqUg) A assi fyi ng

obj ect &omghtﬂwgoé‘@sékﬂ mizhslire@s torioavit ihagine sntbdraPEiicH Rt e
with a function of said neasure of concavity of a

contour corresponding to the respective object and a

mgasur @ rﬁéthbb %c@@amglt@bﬁmﬂebydxﬁg clbfh@fdr&%pe@hpwsi’ng the step of:
obj ect . t hod accordin

Step. (1) Gessng oniacs Ty cse! grioset TS cRstesiackeiiare wih a

2@nkfon O $Hd MRAs@ed cehdity 6f £ baitdurlbrespdtdrgiothe respective
wherein the intensities of resp F%tlve oggscts are
thg resRas

n8PivEl 3k NsASYE Af reses (régnsity of QR di ng
to any one of cI aims 14 to 16 further corrpr|S| ng the

25 step o counti ng. the nunber of obje
clEssi A r@athpﬁtasf:%rd@sé% CPiTB 44 wheTedn SteRi(e) 1 8?59@%%1 by se of a

Ar@tLhadsaigor ding to any preceding claimfor the
automated anal ysis of a 30 digital imge of a

hi stol ogi cal or cytol ogy specimen. 19. A nethod

aggor diangethed Gleadriing o WRGK @4 Br Bl I SMerdis thefinRnsities of
section of breast
respective objects are normalised prior to step (e).

17. A method according to any one of claims 14 to 16 further comprising the
step of:
(f) counting the number of objects classified into a specified one of said

classes.

18. A method according to any preceding claim for the automated analysis of a

digital image of a histological or cytology specimen.

19. A method according to claim 18 wherein the image is of a section of breast

tissue.

20. A method according to claim 18 or claim 19 when appended to claim 17,

wherein said specified class is identified as the class of mitotic epithelial cell nuclei.



tissue. 35 20. A nethod according to claim 18 or claim
19 when appended to claim 17, wherein said specified

web@smsi7s3 i dentified as the class of mtotic epCT/oBRi0al005445
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A net hod according to any one of clains 1 to 17 for

the automated analysis of a digital inmage of a soil

sa&ipl e A method aseerding tb any bhe obcltiorset &d! 7 fde thd fuiterakicd@nalysis

Ofoftg‘éilﬁd?ttalﬁ:n %tdf‘é'sto}fsgﬁﬁf@ a digital 5 inage of a

hi's ogl cal” specimen, “i'ncluding the steps of: (a)
i denti fying the Iocatlons of objects Wi thin the inage

e DB S SRS B8 ity rom s ol

characterrstrcs ass
nirobes of a hlbyolam:fal apeugneregmcﬂmﬁng)ﬂweatmxsl dfi ed extent

\(/)\/ijt 2'0? {@?% dﬁ%\% Irl]oncééﬁ SN cibhec?sd\g@at wve(eimsq%ec\l/vhlch have
r éB@@&Qd m@nsw and sige omaracteestms apwodated eipeplttalial cllosedi;

t t . t
coti mathg ChanEy R B dle B B ERB g B bontai
s &dpectivet gaint objestshi n respective said regions at |east
(0 or 3851t SeRBRB DR AL ERT B8tk e sl oGRS oBEPY Tore
n e peictigesclaseduoatduoncahprisatg padas of eqwatﬂ m’rea;}a;stlese of

[ f I di to t tl

obj cet (53 esal B GuRBLFE 3R RN Ok et sl Sy oBrT
aV\dth'@i respedtivegaid cegipmd i lemst e prosuce? nedamteasf ahg concavity
pc?‘l{er%é a met hod according to any preceding claim 24.

pr ogram product conprising a conputer
read abl(e) ned:lasaifylri‘gaivbjdékgs Bh e&r&e&fermngr‘pﬁltbﬂdi cgll agled B addection of

dapted to ause execut.e net hqd
oL Brar IR TEess of Ry o R oin coassoroints8 o fEipediie
cohjeat er program conpri si ng instructions to cause a
conputer to execute a nethod according to any one of
clains | to 22.
23. . Apparatus for the automated analysis of a digital image comprising means

adapted to perform a method according to any preceding claim.

24. A computer program product compﬁsing a computer readable medium
having thereon computer program code means adapted to cause a computer to

execute a method according to any one of claims 1 to 22.

25. A computer program comprising instructions to cause a computer to

execute a method according to any one of claims 1 to 22.



