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1 Image Analysis FIELD OF THE | NVENTI ON The present
invention relates to the automated anal ysis of digital
images. It is nore 5 particularly concerned with the
aut omat ed assessnent of nucl ear pl eonorphi smfrom
digital images of histological or cytol ogy speci nens
and nost particularly for the purpose of assessing
the presence and severity of cancer in breast tissue,
and it is in this context that the invention is
principally described herein. The invention may,
however, also find application in the assessnent of
ot her fornms of cancer, such as colon and cervical 10
Ipage Apalysisy i n the anal ysis of various other kinds of
structure presenting i mage conponents which are
FiEhOPITRIEINVENEWQN f i cation in a simlar way, that is
to say imges containing objects with relatively
TsppeEsAntioientny relates de thevdimaterhanadysis of gigitad irnadey. It is more

pﬁﬂiem coﬂH&ﬁé‘w\ﬁ% ih8 ag{oma&é%ra%geé@%hwfauagaﬁ pne%ﬁ%ﬁg%iﬁ@n
AND SUVMARY, OF THE | NVENTI ON. 15 Many t housands

digialdmagisof Risiopaicakenrytologh smenseaﬁmsb%@c%’m daurthe gurpose
otaszesding the preseivecind isbedrity dfcahdee OV @édst aésluy ghdhi |g Wh this context
3l SR Renion s Rl A ebtibed netgih o Th dwBitiobisfhy” Plve aisg ind
applicatigeinfiesssedsment dipthen &orins pkcanber, siektas tceloh ahd cervical

cé’ﬁb@? rdnd'ERe ahéﬂ @‘%ﬁéu der Iﬂﬁln ?oﬁtﬂ&gpes&g%n%'ﬂéag

chance of surv signiticant

CPmpTeniiichyre a@pe@ﬂ@ ngwﬁ@élp@lmsa similas wayi thatip & say images

c§:ﬂ€ﬁin§%b}é§t@ with eénafvew%n%gtmnmeew whsgeRAgpSRGendhally
ast screenlng programre uses

|cal
%ﬁ?ﬁ?/é t?'f‘?@ lfqrg}m ttet ecti on of inpal pabl e

I eS| ons. Once a lesion indicative of breast cancer is
B@&I@%@uND ANREBUMMARYCOE JHEIINVENTION aken and exani ned

a trai ned histopathol ogist to establish a
N&ﬁna&mg@@s&ﬁwo‘p% é‘ﬁ @@P@essgtﬁaéh psaartfromra@at Gancgh @ @ncer fem -
wthﬁ;h Hl@ért@?'d thwr&&an;sé high b@@bmw of ervn%'ﬁlf aétaats,a SGREIERS eafly. If

e exten nucl ear . pl eo
el aos g eaoorus s Susis SO E AP BET B et e g test s
undertakéen, dfie egpcérinedy rave pedghessérharel the clmgpué af sumtlvall signifieanitin

%cﬁcé@ the m?do?tgnc%rb‘? dé@@qﬂgfr caﬂ&%lfsgﬁsuéln ‘ﬁ%”{a cghglgezg&fére

€ nuc can Dbecone ef and 1rregu
ngj herovgr-amphasiged.ar i ati on i n shape and si ze. In t he
exi sting manual procedure for grading nucl ear

ARy SEHRETURSITe st Biredripdrbga@eSises mammography for the early
detection of impalpable lesions. Once a lesion indicative of breast cancer is detected,
then tissue samples are takeﬁ and examined 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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30 places a slide under a m croscope and exam nes a
region of it (referred to as atile) at a 2
magni fi cation of x40 for variations in the size and
shape of epithelial cell nuclei. H's observations are
then converted to a points score indicative of cancer
grade typically in accordaﬁfe with the foll ow ng
schene: Nucl ear Pl eonor phi s Points Score Small,
uniformcells 1 Moderate nucl ear size and variation 2

n%ﬁlh&ﬂloﬁ‘ BEkARAEr VARGHARAE 'Inotﬁ e Size a%ﬁ{a‘ﬁe 3t ?ﬁfhgﬁaﬁ ce?lcn%r %h ghs:L

% east Serl ous serl ou

%e”’ﬁi{BWe%r‘ 1engopygiied (pf Qﬁzﬂ# §gore ingisative ¢f carces Wée mitally in

amopmnsemhpﬁci@:mw%@ﬁél fication to perform such

exam nation is not easy to obtain and requi res

frequ exam nation its U|res t he

|ntergpglteg{llglégﬁofph-[ﬁour i mges by eyjJ %F%%

subjectlve process characterised by conS|derabIe

vari at i gndh Pﬁfoéfbtcﬁ”ﬁ nter, and 10 intra- observer

aﬁ§d§3|s ancg in observation may occur for
er

Eﬁtr%hlécé‘??ﬁﬁ’éeﬂ vaiie ent hi st opat hol &gi sts, and

by th hol ogi st at different tines. For
exanp g,ﬁ@gﬁ %lé%élgﬁabe shown that two différent

hi st opat hol ogi sts exam ni ng the sane ten sanples may
give different opinions on three of them an error of
0%_ Thi s roblemis exacerbated by the conplexity of
WIGHE ROLIRHTR °fé§ﬁg{?"%ﬁsf§/e"i°Hsﬁ%i’r%lsﬁ%\%/m@%fs‘-‘@g"%S wher e
there may not be a definitive conclusion. If
Thigisf hawayat, attime copsunsing fldboar ietensive amd/@ipkadivecproduiss.

QldReson é?‘P&’ﬂir gaf‘égaﬁﬁnattﬂn EHIPLRY %o B&gm%ﬂalr%'qzjlrés frequent

potentl erroneous assessnen
reyMigway Ehg WaHE"@Q%Eﬁ reqpifesstge iterpreésiion abeatowr eages heeye, a

hlgﬂilﬁsw @il Qr%bedsloﬁbﬁa&bh&s@fbyQBnérJ@a%?ﬁﬁhor@ﬂﬁ both inter and
for breast cancer wth t

ctiven . screenin
I R AEQY T 4. COTESR 1A IoTURD SR 15 SaiDF FREPIP Y
diffetenttHitopathotogisten ehdiby the saie sizapathaldist atriifefditimes. For

%ﬁ@fﬁ: Ef&%s hg\ll'g ocvﬁ'tﬂaitjh\z @??%r?@‘?\o %pathoﬁolq sre%g%mlrigethe same
teasagples WY\@WP hhfbre@égmmormmtbreeaxﬁ thetrh en efroraf 30%deThi®i ng

pr@!%rﬂrﬁ balcbatel %? R dofpldx PGB Re sSURBRS eésﬁ@élél‘gYn mr'e#%ﬂa? cases

an aimaof the jnvention to provide an
wheds ot Y [t SRTEM R cascluain.c i HRIoBAUTRSSHATe e o
avalidblsthis iDPa&S poneprédsdres a5 Eongdiéte €id amRilybie Odotdrifiafaisaditg fon

erFolﬂgous 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
application in other fields. In one aspect the

i nvention accordingly resides in a nethod for the
autonated analysis of a digital” inmage conprising an
array of pixels, including the successive steps of: 5
identifying the |ocations of objects within the inage

dlé@jﬂioﬁlb aRa pRognPas bf hregbt icBRdR Hithdughisd prévidlsly indicated the invention
ﬁcfrl.?tl CS; % g%dﬁg respective boundaries for
m?ye f)% 1 3RPliCatioR Iy F assessing the significance
of objects based on statistics representing at |east a
In bea bspeet theﬁnvtehtiaorsdmpeﬁng(yfre!;:ﬂeé in arresthed far the aldomatedianalysis

oSSR AP A R, RO e
idehtifyingdtie mmmm eljects bjthio the inagh evhichshalve specifed drfterssity end
siATHERR IS csOf eﬁ\h e%b%ﬁ‘iog Bour@%mﬂ #ok regﬁe#{}g gﬂcg\t s, rom

the ensui ng escripti
asgefistigi the pigrifi can@@l @hotaeqisabmd onﬁa&s“mepmse@maat lngst a feature

of m@hgaés &Itﬁamgw&.mérrvem i sOhbind Bhisd tm&éﬁkecaéme
The i nvention also resides iIn E t us

valishiita g 5 AL AYARyRSTFIg st Dssai dirivar bPYRgen Sublectfo the resuit

ofg@gﬁgg@gmgnﬁmggﬁﬂé},cgerformthe foregm ng net hod and
in a corrputer program product conprising a corrputer

s 8 B SRR SRt Sl P BT e,
suttoa egpthadgs ﬂfalsbcmlQIaHMIglmclaarqmmmrpmlsmmroogmm\gesohpr| sing

- o to do. These and ot her aspects of the
h|s|ltcﬂ;>% #bcgodﬁp%/]\nﬁ now be nore particularly described, by

way 20 of exanple, with reference to the acconpanyi ng
The inygntingsalsaigsides intrppatsiusdat the Butamatesi analysis ofia sigdalémage

corﬁ19ﬁsu9§ ﬁ@hﬁ&to%ﬁ&r@ﬁ th@@or@&&n#’ﬁ‘éﬂﬁd% dihg c@rﬁﬁtﬁéﬁf@é}gmq{rodud

epl, t elial nucl ear eonor Ismin di
CoMREYAL3 S?mwtert rsg%a%me@u@d]avw .tfeﬁégowonwt@mwm code means

ad§REE L0 \BS a%mbmer R S@sdte tHRHbleGoiRE R ddTdrdhh Ycorh
DRAW NGS. .25 I.n hedravvlngs igure 1 is a bloc

pr%i"%i’@f’%‘ﬁ?ﬁ"gdﬁs*ﬂ{ﬂ'%ﬁ‘?aﬁ%a Brocess in accordance with the
invention for assessing the degree of nucl ear
Thedecarinotidrias pedtoof thainvertionavilbgevobé Aiore 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 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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Figure 2 is a nore detailed block diagramof the main
stages in a first preferred enbodinent of the

pl eonor phi sm det ecti on and gradi ng bl ock of Figure 1;
4 Figure 3 is a nore detailed block diagram of the
main stages in a second preferred enbodi nent of the
pl eonor phi sm det ecti on and grading bl ock of Figure 1,
and Figure 4 is a visualisation of the boundary
extraction process perforned in a stage of Figure 3.

'f_% R.EJ éIaLrﬁQe @ E%qu\%gérg 4f {EF %a%&ya\%%% g rsggo%ﬁ ?)referred

€ assessIen
eppsdipeat of dheogjearaaroiism detectism q@dtgeadmgdqlocts af Elgwsrmsandf
the breast. The process assesses the degree of
thufé £Bla VELaRRaePb thebéinden dxiigdtiib@proeds! gerfbigndari® € d&Re df
F ter for use by a pathologist as the basis for
é@se sing patient diagnosis. It enploys a database 1,
10 which maintains digitised i mage data obtained from
DETAILADBESERIPIIQNes. Sections are cut from breast
ti ssue sanples (biopsies), placed on respective slides

FRyofk ﬁéfﬂiw&%cbrb@sg ﬂ:r&rteeasséésmem SiisS@eAM Iéaagmlte%rbﬂ c%fn &

IS a conmon ellneatin
nisfopelgoale sttt PalenE e ERanes Of?*aealers@% TheRIOGRE pePeRes
tHendegecedttd hacléaypledndrphisnsof @utlhahalto@pzaﬁ:rmbdmge shamo@hs far use by

ajfh%%]g }ép%efhe %asn&ﬁ)e g%s%rsgﬁé ?&%nﬁf?g ?%1 H)%r%ﬂl&gaar d%abase 1,

Ion se S regions o
wapp@wntalos dipigsedimegp Aaiaiobiaingd framthistetegics slidge! dwetions are cut

fr&h%@é%‘i phaue %rﬂﬁ@@&ﬁdﬁ%&) Féegdbr%saéaﬁ\feesndésewd@gﬁné@uslm the

otograp he m croscope and

‘ s@ma&en lﬂﬁ%m?éoxy@k%ﬁﬁle (8B phish igg m $pip f%éiekﬂﬁétmg

tikkwe dpgesluretdustdreh a Jenopti ks Progres 3012 digital
canera Thi s produces for each region a respective

Tg r?g{ tﬁggl(gﬂn@%ﬁg dgtgr T an%@fng \?Aeﬁ%{é‘?aeﬂr]]dsl,o%%t sEaer]q a s%g Gﬁher a

espe

~ ntidresarpe enchatdtox Weamgemﬁtﬁlne selegieragions 06tbe élldeemcﬂbappear to

bE mt PotRing!if teﬂﬂs af ﬁtﬁhéar ﬂ)l@orﬁ ht% %Efersﬁrﬁgnt eERpdr RBé

there i s an eight ran 0 | jntensitie
’MSL%%‘%PWOQ’BP%W“E e 'QE%'COP@&” Griigiiakrameea- a?rf WP
eﬁeﬂﬁiﬁlé azes;s P&ibSkopirmieloscope has Bedmwséd@ah piJsrdptikslProgres\80t i
nm_sguar e.
d@{t% g@e[ n,‘El'e;? g?odyci}asg?r epcll fegiqn g r Qf:b use |s%%ér§aée in three
cdbyist iies eadl, greagesd Bloe (RtQ 8M)c Regpeéolive ptensityofaluss|irethp Rafeand
qu%ggenglgﬁ%sté?g tlﬁx@togfam wﬁ ?or%%gl?]ﬁﬁéq{ anrgggs R4 Seferred

rovi I nput to a
embg@mggttth%re ﬁwlghtﬂt range)qf pixel lntensmes (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. 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 reportat 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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principle the processing stages to be described in
detail bel ow can operate on a single waveband (R, G
or B) inage or a conbination of them In practice,
however, the red waveband has been found to contain
the nost information for discrimnating between 30
epithelial cell nuclei and other tissue when stained
with H&E, and is assuned toSbe used in the follow ng
description. Wth the given nethod of staining, cel

rk [V o, t he, back und. The
St LRMERQHEL 1k rbFof kit Bobolmiry et i erammec
PB@PQ@ ﬁamp@eh@@ er omacgena!ral Rirprse cgepeteadf spitatosrecessing power

opmq@gkggdggmﬁﬁh;able processi ng power or in dedicated
hardware. Overview of First Preferred Pl eonorphism

Ry 5f Bl Hrgfece plebrooyph e Beeton e 6raois 2 of

Figure 1 in a first preferred enbodi nent. They are
Figairer 2 ghibwsiin miooy dddait the pfocedsingtstages corhprisee th the mgles of Figure 1

il ﬁu@f ;‘5r@1@rr&9 ﬁﬁBPﬁf ?\eﬁ’ﬂ?_dTN&y OelJre @H\éoﬁogjt fle 8%'0?3% Jwg rdlgf%ggd

such e rstan
rpages f%f@%ﬁ ﬁombptﬁmanq Wil new ke gesoribrd for mee%@h ireagedtnle) To aid in

thedﬁﬂbtsfdﬁdhb of fhiéc‘cle%bn;ﬁf)n afe aiffbdl YheSRbdR8 s t8ldef ltrﬁe rﬂx%lel of as

G el el posaiia HEFIEE casiens of el mepsPeARAn | 1y o
copracteiistiys, mod hesue qsbfssrthm;r aalsity to duah#fy hb@éaripteohﬁrdmﬁn.

9 nucl ei an
NERSEASPE Kol ok oSl AR AE Sy By Bl
syfigier sumbeit toVermsztepfasentaiivei sehfrore which gfeahingfubstatistitsoaan be

nfeagurs@ on%@%ﬁé RGhas BEPAUEARES: thik f'alat@ﬁtgpl%éhﬁﬁ%’ﬁj/% bhAd

hi s alqorlt midentifies 50% o0 aval
3Yﬂj'€P'§|“UC?d5 The broad structure of the algorithmis in
six stages as shown in Figure 2: (21) Image filtering
The biode stridtyre lob thatalgaritinoib ipas stageseaseabivn MRIges 2: (22)
Inage segnentation to determine a set of pixels

zggg@b%ﬂemgiﬁm i ld\‘:ﬁf’i&%f"‘%é;sgb% lefffiliglei! N Order to

eri se xtents e] ection of unwanted
obj ects such as stromal cells or %nphoc tes using a

& cinpgeispgepnBiclda daiaiNg @ saii PP o3asiplad with each Candidate

objbétr iaokddr kstHagscteris@ heirbxatsi ng of the objects'
boundari es, and findi ng shape neasurenents such as

(fﬂz F VALY B 3P bk eQ:?sSSthh Q%J Sthormft EQPC& ?}J gft?s usin

ect’ion stage, rejecting objects o
clg$S|fga|ﬁ apred onrfige and grey-level characteristics.

(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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final classification based on size and shape
nmeasurenents to give a likelihood that each 25
detected object is an epithelial cell nucleus. (26)
Cal cul ation of cancer netric, quantifying the
variation in nuclear size. Further details of these
processi ng stages are described in the foll ow ng
sections. 6 21 Location of 8possible cell nuclei
Epithelial cell nucl ei nay be hollow or solid, so the

0 to identif both types.
2$hg P&%%@i'gb ?95»5.{,.2 cgﬁ ? y yp

nuc are holl ow precludes a
Epittglibleseil Aticde) sidy\be mhtrvesﬁwn@llsaghdr@g&mdn n&éd3a6 bs ablk itd@entify

th |
b rleB fiVdetoas Sty RS ee G B neiineBRs sofie heRe R ¢ o1
tf@gi}mlshngapeiqu Floee saliiny thé ffirespolddovihermoigh bvdederd mest ofdhe
osyQJ;@?ﬁ Sitckest WluIf grafa%'& eésfb%@u&dges The traditional

nage proceSS|n oing this is to apply

fference filter to the inm
CRg BEpte e o By s Bt Rk ToeBoghiae their edges. The
tradiicgHal ﬁiage Brdctawir@; rREtAGERS doiag this\ietosapplly s&n”% forf¢ GfdErfErénce

i 5 e st 3 e FoPrds e Qe R BERS T A BRAN Tl ”
Pichtre RedcessingT Molst &84, thicadpmie Brpss.fNdwt ¥ork,dl S8R gbicheohahces
c&hr%gtsk?r‘?glteQ ﬁ&éh%ﬁ&{} and gu@?@stsegg B%n&bﬁt%t@nsntly The re?uitmg

correspon anges 1 n cont

efga-filierrodmags weqdé then b&dﬁ“&é@fiedp?@(féﬁfé)%b? BixelR éﬁ"wondmg to

tHel gﬁésassttcﬁ&@teb ﬁfc&ﬂasft‘éfé‘ﬁefaﬁ?@doeﬁ)upémﬂ daihcérﬁl ﬂi)l%lsswdbﬂ:ﬁtﬁen be
corre

I
i OaRFE o ol RIS RS tate WGy GorreRP o
nilegdolndatiesess is i ntended, the nuclear boundaries
are often poorly defined, either being faint, or

H%@gv Gin %e%?c&H@Eal i Jségrfor \M\%r}héﬂreééﬁt B%e&?éﬂﬂ&udb@ tHé ey

I ntensi t hi's nmeans t hat,

nv@em@evn%ﬁew@@ﬁg@ p@&fb« definess Bifier b%i'f*ﬁ iamé. QE #gwog # siaék@dather

tHag%t%bfﬁl-ﬂﬁ ghatnbéﬂn d?@ﬁﬂev&fmtérﬁﬂy B«bf@ésetﬂé bolHERy ais ﬁf’eaﬁé that to
i dentifie

sof SPPisP B KBTS 56 St L PO See et st o B e
bblrelatiesare ddentitedcibe thesghoitivardd havede bé solowl that)a lvioai lbeckground

f{lh&‘r"(a!é S)C +ec§9\atﬂmqﬁle tlstYng ﬂ %%s ggéonpl(y]ﬁ Eoeé(?ﬂ i‘u%elt) WJEI?! Ia%b %'e ng
inciodegd. tRyen ma:@fdwetews@él@rgghq*@q (agcslescribed g.gpin ARgeRsfaldand A C

KBk %@l’cal e @Fd%ess%% R)oldTB DAcaddRél PRISE ew PHRT ﬁ%ﬁkmay be

pro emis that of closely packed cells. Even i f
ingeeMiais associ ated with

Another problem is that of closely packed cells. Even if the problems associated with
edge detection mentioned abdve 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 /ocations of
epithelial cell nuclei is based on looking for concentrations of pixels which are dark
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25 edge detection nentioned above coul d be overcone,
the resulting |inked edges could enconpass severa
nucl ei at once, leading to invalid neasurenents for
their shape and size, particularly the latter. It is
I mportant not to pick out cell clusters, since one of
the indicators for the nost severe cancer (G ade 3)
is the presence of very lar§e epithelial cells; just
a few of these indicates a Grade 3 classification.

O RS o B SORI T
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i.d..and %oIIOMInuclel, since in the latter, a

p%éaegﬁ"mﬁﬁlFﬁﬁﬁ F¥ig a hol I ow nucl eus will contain at

| east all the dark pixels in the nuclear 5 boundary,
Thmereferied mperoaeh isfo vdedhe muliraseluition el Bteringdescritad hglow dhe
géﬂ%?é] phﬁkﬁpl@%c gﬂé@ﬁﬁ@fjthe Bbﬁ?@)tu%a%z%rdf Q{e r‘éu@let i ﬁné’WP keSabbly a
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fokal bnghman: dr h!atknéd’se/vmﬁ@ sleaplerant @izs iapprogimatdiematoitdsethatios the
fil ertol:ﬁ]% fil gshdgjﬂgﬁ/ aﬂ: e ag%eafl{ltey mﬁn%ﬁtn{elﬁﬁ, rsf Ialréaesrof ?ons§a§ﬁ of
infedsiboaralsuppresgetiness or dar kness whose shape and si ze

approxi mately matches that of the filter. This filter

Tﬁmu{h@d BRI fouthd é@semen {ektht 61 2 Yidchic ﬁﬁﬂé}n&ﬁﬁﬁbn el £ Atiti-
constant intensity are suE resse The thod will

sqﬂﬁ,\pl%ﬁl&é@g Kngyuhe-g (frans r Malticgsolyt |y§lp @f remotely sensed
.ma“gg}ye G UahdspR., WJTﬂ&ﬁésy P&G. Eumutker 36tal Refabielsehsihg,e100qv0l 12,

Ngghg% a@‘rigz1 ﬁjﬁa 8?039933 vyjlll %se Ol Ut 'dof& @\F%%tﬁlg?m%e us%go palrthuIar

sife G el filiec.vdrere thase de d%redtaia sBeasdivegpctav Guoweradf 2] scale
1, pp 107-124. The process will be described for
iltering the i mage using a particular si ze of bl ob
fllter where these ar defl cessive octgve
oo GPr oty oot g e U so et e BEN IR R oA
3%8 Ipiianfbiob fiBe(Lmant b-338 enlneothing Iiltdri(b)taardefimaddelons t wo
filters: a 20 3x3 Laplacian blob filter (L), and a
3x3 sno thinp f{lter S) a? defined below -1 -1 -11
21 -1 -T - : 172
=[-1 8 -—-1|s=—|2 4 2

-1 -1 -1 1 21

These two filters form a basis for filtering over a set of octave scale sizes, according to
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(mm)=Y. > I(m+in+)*LG+2,j+2)

i=—1j=-1
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L-18-1s=16242 -1-1-1121 These two filters
forma basis for filtering over a set of octave scale
sizes, according to the follow ng process: To enhance
bl ob- shaped objects at the original resolution (octave
scale 1, pixel size 1), 25 the image is correl ated

W th the 3x3 Lapl aci an f||ter alone: F, (in,n)

=l (m+i,n+ j)*L(d+2, j+2) 188 where | is the origina
i mge, and the range of the indices mand n is set

wﬁ%’rg I? IS tpgb g%rpa? lmér%d&%etﬁe lrﬁ]gg %?th@ WF&E@E 'rr%hcarp gv ?t %fcﬁ]thaé H’ug
indices larﬂne wrraa)tlon\aebm@re @lway$ vylﬂﬂm meemtmal lrrege digtensions (so m

ahdPf 8k ang). QQ'Ihéé gﬁhé ReP& ihRBS Qﬁo@a"tISnSS&Its@&thegéalraﬁgeéarg Qét to
conput at i onal ficiency, nultiplications by 1 need

288t be perforrred explicitly. Thus the filter output
value for a pixel located at position (i,J) is given
FérycompEtatigha) sficibricj inulktiplicatipns by (need dot'ble(pkridrmedExplicilly. Thus

thglﬁi%r oug#u’c{/ d&e) fgl'g' A4l |o<§%téo(ét+%snﬂ lm' é'is géve}‘x” ) To enhance

ctave above
t he orlglnal (octave scale 2, pixel size 3), th
FliegdCis /-y sh- ﬁbﬂﬂeﬂaﬂéﬁUmWﬂthWe+@X§”§ﬁﬁ6tﬁ?ﬁ@ IG+Lj+1)
filter (s), 10 form ng a snoothed image (S2). The 3x3
Tbamangeé Blﬁb-bha?ﬂbdfdbjdcsrat &lrdsolusion trenoataypaibdesthb yriginal (octave

S(gq?qcé,?gﬁxe[)s%e %O thf d¥' g‘ieaig g}sg Q#eg?t%}q \R/ “htﬁg '338:? amB&TBB Bﬁ% ‘%85)( 5
fodming & sthoothed |mage (Sf)hTBe 3 lalaniat blob dltert(Es Wieniexpansed by a
f {6?8{(10/8%3} 6%% R:sf Qi 544 ﬂi!tte?( ¢ 1 geg® d68)k;-1080

tlona ficlency t he non
- 010:Q0 Ocd é)f'ﬁ |OC'|1]e i is %?%C%%d W'Hh@e Sé.? gtpeqll)ma_geig{)m forma
filker&l ‘ﬁi e%lézb Bt for semputdndiefiicidncy, B the non-zero filter coefficients
~S n+2])*L(|+2 j+t2) 1=-il-I where | is the
agrys ?’ﬁ%‘l’ ‘image, and the range of the indices mand n
is set such that the indices in the summati on above

are alma S n the original image di nensions (so m
(m 1)1/) %%I(m+zn+1)*.sg(z+9]+2) g (
o] jomeel

1 1
Fy(mn)=Y. Y 8, (m+2i,n+2/)*LG+2,j+2)

i=—1 j=-1

where I 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 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 (Ss) thus:
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and n start at 4). Values of the filtered inmge at

| ocati ons outside these ranges are set to zero. 20
The above double correlation is equivalent to a single
correlation of the original imge wth a 7x7 filter
formed fromcorrelating the expanded 5x5 Lapl aci an
with the 3x3 snoot hing fllter but this larger filter
is never formed explicitly. ®To enhance bl ob- shaped
objects at a resolution two octaves above the origina
(scale 3, pixel size 7), the smoothing filter is
expasdegh)ay }Qr2;6f+ 2 kR L hej spe manner as the
25 Ld%laglég? '%se then'@orgeléﬁe wi th the snoot hed
i mge (S2) above to give a |ower- resolution snoothed

Fél%?\% tiissgtﬁe SaE a]%1an Fdr t@eﬁpandeol':tﬁ/%( 1%5@‘ ?_f'?z tfsj E{Jadﬁﬁxb With zeros

tOff?n"t CYR @feéwmhd%@prrﬂat wiifrihe smepthed i5jagp é@d. inghagane
cobuBstiondly effRieit Mafhed, thid:ter, which is correlated with
t he snoot hed i mage (83) in the same conputationally
efficient, mnner, thus: | 1 5
+ 2 ) This process is
R DALl P T process |
scal es, nanely expandi ng both the smoothing filter

e . c obf Iter each tine. The abo
Y BroblS 205 Bl 5D SR S oofBE BN
emandmg/bmh thelmnqoémg filtedandoibe hegacaralesiiiteOsgabdings. of
interest (i.e. clusters of dark pixels in this case)

TW& éﬂov@ ?bb%eésh’ﬁay t;é)uﬁﬁ @@br%@&cevﬁlbibgﬁ' It@r(ad’t ln@ @E%Hytdf'@r?e Buired
ter output (of 9at|ve si g

e). The
OCIt%%ea‘%CP S. Qm?ﬁ‘r‘g‘@’é@teﬂeﬁq (t @rC l@tﬂ%ﬁftda&h FP”Fe'So'E é'?ﬁ C%ﬁe) WH'é‘a"e the
greatasialue$ of the nighierle odthelfltécsugsit (of h@gbnvee @igﬁln th@bja@é)t Fhe

ok e B R P Bl 70 Rl
oljexds (paltedl “blopsfhareinow identifisdiydinging yocal rhisineeaf it fillpe bukgut,
wﬁi}@ Ieﬁé” lﬂ@o Rasli Q%d d ;IBASH%F; afY Bt \%?]‘Ehetlgt?er bQIﬁg hemamere‘l' e

_ . ap on objects may represent
filiep Pyt gt fe ’%@leﬂm‘éﬁel which are dark relative to

t he background, are i dentifi ed by finding |ocal mninm
InQikis hb;ﬂlcﬁﬁdntdbfec&wtmnhtm@t repis8ent @pittetial csiCmkated, which drbidark

regztl\slé f%ncﬁe b tgr%\tlxr?d Sel(r;ealjdgnt%e(g %y HHa%Jlgelgéal §1| firia SF thg 1‘ilté3rJ &(J%U? at two

chosen scales, m this instance octave scale 5 {a nuclear size of 31 pixels across) and

scale 6 (63 pixels across). In less severe cancers the epithelial 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 o measure the overall variability in nuclear size for
pleomorphism.

At each scale the local minima of the blob filter dutputs in position are located (since
dark objects are of interest), and the corresponding positions de§ignate the most likely
approximate locations of the objects in question. These positions are only approximate
at this stage; they are used as nominal centres for positioning a local region around the



10

15

20

25

scale 6 (63 pixels across). In |less severe cancers the
epithelial cell nuclei are smaller, so tend to get

pi cked up at scale 5, while in nore severe cancers the
nucl ei may be larger, 20 and hence are detected at
scale 6. Also, scale 6 alone is not very effective
where the nuclei are closeu% packed; scale 5 is
better at picking them out such circunstances. The
aimis to ensure that the nuclei of as many epitheli al

PN Pt
theudobs doundi a éheetwo gales imtalstt, soriha2® a Atobdsemhsent af sealelgeor
s&a@&@'or B sofheh rﬁs @Lt@.ﬁl af'n%l ﬁe%or@%ﬁoﬂ&k? obj@(t:t@sor%'t%lée(a'}or

are ocate (sinc ects eres
ﬂt"ﬁér@@?ﬁsé@ﬁondl ng positions designate the nost |ikely
approxi mate | ocations of the objects in question.
hes si t,i ons only approximate at this stage;
Zgheyagggewgéﬁggfaﬁﬁﬁ?naI centres for positioning a
| ocal region around the 10 respective object for the
Thegimeeftthis Siaae fsrio idestiy arsetelggenezied piiels agrperending & eash object
Io%lad ¢H° staéé@l kb Mtﬁe%%%%hédéeo‘? e dﬁécﬁ%‘ tﬁﬁmbrﬁ aEéU?&t@by
T f .

IS present at sca cale 6
"l?é?tﬁe%%l‘:%%se qf M%’f?t'P'i!S n QO‘&PF}B lﬁ‘ﬁer'éﬁ\ﬂanSh’&Er Pé%’é?frﬂﬂ’?ﬂ*@’e)
tméghemtnglsao:maba lap@ﬁd fireac objédiEThefftilPsIaRiSdrigBal iMage (red

ation Th i m“of a
coend  UeeB i Tt Sumsee bl Befeeleal b Birglbho oacn
pixelofaluetijoaT255, bothat ejedtswiictagrgirlly agnpatddalark mw apipeer kright,
Eg}@ggvgg t he object can be nore accurately neasured.

ecause of variations in both cell intensity and
ghti ng, | ocal g r adagtlv thrgfhold% % shoul
SS%P“‘@*@W'%F“%’&%% 8 exrecting same grqUP OF PIXRIS BTG ARR9S "i‘f-‘&a@'“g
tc{ :ﬁ glderl&et @o&n@fw(@tg) me%lm@m béiag intdrisky wdldy.eTheaeg@phtatidrat
VEr,s

b
olpapriaeseh BieDaE e Tt B (AT b Brf hapBly it e
oaippefenne staga 2 k abuyer ang prtsactsihe giw imagepitels whishwerrezpond to a

%%%Hrﬂ%q%d :%Buﬁdseatcn BioB! L5 8ach agb %lfcé‘lﬁxt llné‘& i Clffred o

roman | nmage accor grven set
re,spawe ipgsitien fgund frasm merfﬁﬁfpésttveﬁ@mﬁym ?ftt@@ﬁef 9ut9l§|"méifge 21
wﬂi‘ﬁ r§<§|§%@’r§1 PideRTorldraRPHRBS Mc%@ta Hkrtﬁ‘ﬁwtlﬂﬂ@gei %lx?lsh
rse I npu er w e
Wi e eshesti e s s S B d o BRFRLT v | g

pi xel s which correspond to a specified region around
Uppertihiekladd =Bor each bl ob, a circular nask is centred
on the

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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respective position found fromthe respective m ni nrum
of the filter output in stage 21 wth a radius of 31
pi xel s for scale 5 and 63 pixels for scale 6. For raw
i mage pixels 20 within the respective mask two

t hreshol ds are calcul ated as foll ows: Upper threshold
= a Lower threshold = b + 0,1*(a-b) where: a = the
95th percentile val ue of |ﬁﬁbe pi xel s within the nask
25 b = the 65th percentile value of image pixels

ﬂ‘}%st.een\\//vg tl{ijrgﬁgﬁhlﬁi ﬁgﬁ ug%fj c?srktth egli\dkﬁ m??%qcﬂ %g ﬁé C&E?dam A
Regenfeld and ACKaka Rigital Plhiuﬁa l?rpgesglngguplaﬂ #r@shgadapricPress, New

Yﬁﬁd kIJW) Wthé lebl's thhiﬁ |tl§é’¥n§§]@aggﬁ {TI‘F)E 'ﬁhl‘pb@e of“rf%t\é?esns thresholdlng is

er
G BitBRtRsrect Akl Phess upsalle (o hragkis; Tha ySermsisorbnding
atptsna pigel ddtet pixbidthsiarvaie aBowené ﬁigder&ﬁdsﬁbld:oﬂ{ﬂl@ value is above

el e e BEE SR 19 Brchior Dol Bt 504G Buner

thaeshald. ‘Aecepied” pos dejotteti\pitadr @eitentdssigndudhel vaiges ‘sanct(b
ré%@@cﬁ&ly Qs tﬁaeutﬁe% mmm@@&‘ag iPQY of Bifard, Yma P h&t—%h

Steresi s resh 5 accepts a
MEeke eﬂadhafswfacm%!ou'é capgine f?ﬁl‘é" ﬁ?rgw@rngﬁﬁoagwdos% pf wels ts

labakdder (pBssiONEh hdldrs cbr@%@bndi B Rcregiod Mthuatth@ﬁgﬁiax &8 of
t o anat her, pi xel

A TPRGRIT N Saanget auto b Srectal o Ba el e mHetl it nere
isasarie direcbni Bach/@bioe $or theasahedmasie sqnye ticionelclpsest do theabnttenef

th%%é’éktns %é;é’éﬂ@o‘ﬂé} &aie‘ %‘Qt?efléﬁ %uﬁr?érw l?'a&i"é th! r%@&%%uch%@?he

con

berdapefitke wgp@:tlwm@@t i drested aéﬁumw@ﬁ s\ot_uakmafg@var@@ siage 23.
(possibly with holes) corresponding to a dark region
gnthi:n the original slide of approximately the sane

st clyjter tej %ﬁ%tt ed froman epithelial cell

nucleus. If there is nore than one such region for
Thé eba@mpeocrssikay, dmadditiondo diretifghgtesepithelial ball nusiet, also dktect

dér??e%&%‘ﬂm{h tﬁ@ln‘?ég;%% c,fh%[ge ﬁ&ta%ﬁhéﬁgl é%ﬁh@&i@ %P%ﬁa'ﬂ%‘ie'@?oﬁwal

Su C
c@bs%@hw@sm IE'U?[FO'H (Be.tnobthe @ama§tedltmet)e9r offted daysceulaten

stfrwtm@ w&h.h GheSiREodnt tissde? TRR “Eliittert mGdt bk rhovelibeford HB
s. may, in addition to identifying true

e proce
C@B‘iﬁ?tﬁ’glq '1’4? a?ﬂ’ﬁﬁl ei, also detect dark regions

within the image which are not epithelial cell nuclei,
Vaousdeaiwps eregteasmmed 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 fo 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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cells, lynphocytes, cell nucleoli (i.e. not the
conplete nuclei), or other dark cellular structure

wi thin the background tissue. This "clutter" mnust be
renoved before the 20 cal cul ati on of nucl ear
statistics. Various features are neasured fromthe
data in regions of the original image (red conponent)
corresponding to each of th&regions identified in
stage 22 above. These are: Area = number of pixels

with = m ni mum t hi ckness of

t he M&‘g’%‘g'ﬁ gre3'9|]e 8%‘%? ﬁ'ﬁfgls ‘Wqﬁ'ﬁ% I xel in the

region, find the m nimum di stance fromthat pixel to

Diffesers tpss @EClgfer carthe §¢ caiectedusingkvadeus dombirationsdhé fhiesed

fééhg?@ tFtr?lh s)lidmes , Wr@ﬁw&ﬁ@ @m@?lé? 'aHB' %ﬂéﬁﬁ&ﬂ&&ﬁeha’l\@lﬁuclel

‘"}hﬂ%?‘é‘?f@?'ée 9?{?@@?@%%% 'Héﬁsfbeﬁﬂébsﬁmed'tﬂl‘?t agnainglgfeajure

ircisolafion is hFuﬁlhemkmmraﬁ disbﬁﬂihatdm,&éiwéﬂa Jihpdiigogl nuclei and
r.e :

R DG cofbimebi i Gt Qs el tRaFarn
Different types of clutter can then be rejected using
Tha Fisherdinearahassifie’ nsdeen chasers as theesmferreskclassifeation agiiag for

tl*néé@'lﬁ’ﬁﬂlﬁ&‘hﬁﬁs@{aﬁ?fe%t‘@és' This RNstalRfakPEtatidhad) c@&.ﬁdaﬁém @bthod

Rpinaher srampledh BedioR draa yiatiios Retary tepariion” PCARdiPU R.

VehbnAmsial Rréss) mgggs basesiwhfthe prejettidnauf nautisdimatsional data into a

L R A
ngimbereof claasasr Eer exemplef if thethigher diMeesidfiabieeturd datebigted above

(&Jesl%ﬁ.b;gdeeé nkmn&ﬁsﬁ% @nﬁgﬂ gt 1438 cQﬁ gd s,roye%@d such that the

classification met ese nul t1 -di nensi onal
means gf the clagsgsdepithelipl egliqmglgh gther ¢gllplag steugjure) are maximised and

trfé RrishddsGad mm‘rma&t dﬂ@.dthe(&@ 66d O kP4 rawhaamlu.mwamed regions

o e Epcted ToF S BeLRdT *@3'-‘ h%@@ iep Bbiangd by gining
tnm' (MSstfter amna lﬁgdﬂﬂrﬂiber o exarmsiecsﬁ@s miammdl bytwlsiopdﬂmrmglst where
a%JFEtQ%*o%gkmﬁﬂé‘&?%a\‘/%&Q can then nore easily be

assi e reqU|red nunber of cl asses. For
le, if the higher dinmensional feature data |isted

ngg‘;s er lingaresdassifier ysrna §at of iiormaion 2hoyt PACioRIgR! thatdyps been
db@ml by ahalsi8s BEdRfiedidt Have FEabh infiinatidheset BRABStuRIvetdE that is

o8 ERGRTLlIoL S ar o e P v b HirebETh eaeh
componensadntien éndenbied @n iobjegideaturel issplpgsarcitheatassifichtion
a%@?’f‘@lm ig?o &i&giinﬁ)r%e 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:

F= iakxk

k=1
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can be rejected. The decision boundary for the Fisher
classifier is obtained by training the classifier on
a |l arge nunber of exanple slides provided by a

hi st opat hol ogi st where accurate ground truth is also
avai | abl e. The Fisher linear classifier uses a set of
i nformati on about each object that has been 20
derived by analysis as desctd bed above. Each
information set is a feature vector, that is an

€ | ag S¢ribing .so
BT B e P8 P ofp U RE rparper e
paremetecsiaxcane ofsjsen to gieathedawestn ménmu phoisdassificatimns for objects with
kdvsgdki cation algorithmis to dirscrimnate between

two classes of object based on the information
contained jn their feature vectors. The output of the
ISR iR PPatuEe \estor s Pona RN 1EE ORjerds et b iskosss e
n‘ianldiuﬁraéridngmhi‘lﬁn Yrielddviels addinttiatorteBgoraing uedion. Fhedfisadr i t
nts Ls menber of one of the two chosen
C%? ¥§U?FHNFH%¥ case the classes are epithelial cell
nuclel and "other"). For a given feature vector x, the
Fi shér=gldass il g outapdt,, e defined as: 11 F = E akxk
k=t 13 mhere ak are prescrlbed real nunbers and

h
Wﬁﬁ’% éé}, !S tl?:ehegg ;? 6hehtlﬁl\9é %{ "I'a’b \,@g‘%mm ar ngwe-ll—'n %mﬁ%%ﬁ%‘in?&ﬁm
grwémebssspfecmm ermisthﬁ opeftidigraca; davd bden derivagrirant thedraining

sttagé s 9, td%S%eah%?Q? vqgéd)‘r-, X, 6???@ 'f&lassc%fe 5§18 and |-

] ec area, Its thick ness, maxi num an

00015, mﬂﬁQﬁ”ey‘Dﬁéﬁél s0-883%i 11-47R8 f@cﬁ ?0@%%@ iy Bgseohiods

whbge Fibifeh Sfssificr 981664 &@Bed/ 2dréiBreirBtagieien by: F = al A+a2T
+a3Gmn a +a4Gnm x +a5 where A |s t he ar ea, Tis the

hi ckness X _an m ni mum
The RGPRIDR s IR sl peo i GrlalendRE bR B M M LT
c@momnbe/@dspﬁh@im ceti @ucleiaHowewgr, thege maagtﬂl @ssrep@n@walgh do not

ds‘.g?n'ijoto 6%61@&%#%(8\5%@ &y nuc@t %?é%lrgﬁl@ Elﬁstﬁl%aéf ‘ﬁuéelbéd)@second

fora

11
clg’g@ r@egtomséﬁge lwyqud(wfg@ Ltﬁegg‘@ S Wpﬁ)gfé q::pgxﬁ'ngiary, derived in the
nbtdPorkidiy sty 24es exceed zero are ret ai ned.

24 Boundary tracking

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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The output fromthis stage is a set of regions which
shoul d have a better correspondence to epithelial

cell nuclei. However, there may still be regi ons which
do not 15 correspond to individual epithelial cel

nucl ei, for exanple clusters of nuclei, so a second
clutter rejection stage is required which uses the
shape of the boundary, deri'fed in the next processing
stage 24. 24 Boundary tracking This stage involves

|
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(M@tfabn@oa wi knawn sempyfatiandgel diegi T@éﬂ@fhwpéa Ing,)- daflge” returns a

s@HH locBGHNs NEth %u@-ﬁ&éﬁésdﬁ.ftloﬁ whith @fd i @rdey BhIe¢atienh afbb?(@ﬂ”%
In either case

sirabl e e
CRHRHTs & ératﬁrsm%%ée? gg?caﬁ%n%%%w%"ﬁ%w "a@e?mv'bd & §%’i’e‘8“f
Coheugenebaly trastedés validtahe ratainédior firtharpeodeesing) hodever ritttiey
t% t%]ﬁhRg" ils sredcotgmg f| ne a sub-imge within the
53 {yp B " PHES B S O P e r (stage 21) at the sel ected
scal e indi cated above. If a correspondi ng bl ob was
present ahenisin clgsed laepssvithinghe RQY. itenthedasd cattows paibis she

then contQucsasahefirebéontdiegoitsi Ng the same RO at both
scales 4 and 5. The respective sub-inage will consi st

of both 10P0s LIS 311l IS0 KecBrEX,LEYAES @ecstone
whi ch hascdagenpditiuvigse distaechig thexpaniinaresntrgldf $he dbject is less
thi's embafl MENqals 9o PREKRP(T)

- 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 fracking
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contour function is enployed but any contouring

al gorithm can be used which returns contours in the
same form as a set of contiguous points ordered
around the contour; (Matlab(r) is a well known
conputation tool from The Mat hWorks, Inc.). Matlab(r)
returns a 15 set of locations with sub-pixel

resol ution which are in ord® of |ocation around the
contour, i.e. traversing the set of Iocations is

a@g%}ﬁq% 85‘{.9&&& ttx\g&hﬁan gg%rpg}ég%&érpg Ia?ctgl%
Prﬁsgﬁ@sﬁloﬂ@l’ measwseroents which Begynot W@%Wh@bbjecﬁ irequestlon (no:se
af'l@ l:lh@é\‘) '?rg tHiJ"éa%@ ti%of%%&"s%@évarkbﬁ¥ afehED & &%e&xeln%ﬁﬁ:‘ and2

, | ast cont our 0|n
cgraﬁfﬁr%%f ﬂ%q@wqt P §9ur@am 6“L9rthﬁ Hegeurempely a&“rtée Boitigns pkihe

chhtbili Joltes ArBé bfdhtationd Bth® et Gdinify BAthEpairsf adntdu@ dsihtsONe
contour poi nt mhose di stance fromthe nom nal centre

Tﬁ% epylﬁa\/ S| wes% ffor {hg% a%n ecgfutﬁ% b d 19 P& eIJh«§ LPundary

e correc grey- eve ori en ron,
dphaeitssis @iveh by atchestarit Suryaititedihe radies @Ifanuk\@turq st ﬁoﬁawe!s)

p%%%ﬁ'a@éhrﬁéberaﬁ&ﬁ?ﬁ Bé’rfurba‘t\oﬁ ki Sy RleBPidideNhib Roibd18Rietermined

[ied to each valid contour re resentin
by @*@p\@@@nwf CyNpidEe Pestubstioy whiph is @*Oé%%rd?qséo Bomirsgplar the
b@ﬂﬁhaf’gﬁcﬁl&ﬂr@lﬂ?dﬁ& dell Euﬁku?rﬁe)cﬁecﬁeb go bs Urmtﬂﬁrpyeferreﬂhﬁ?nbodlment the
articular a ritn | S e S In the
ol btz vacRhosn dRsnoy B TRd B ARt BRBRSLT, | £

Density Association Filter (PDAF), such as descri bed

~ Asra startiag paitalt srassuraeddibatioreach obiagiretertially semesagtingen

@ﬁxeﬂan%%ﬁ AGdi@s Pdbnnedvid %Hﬁ‘édg@?redtﬁl’e§ﬁé§lﬁé‘eﬁ eaméi:ted from the

gl neering series, vol 179, Ol ando
images dn thisgage, epap Eatygsarging %%WPWQO'TBQ g WPWW points.
Eders baiedatuf: IRSithdMilcvibd Reff@n@itethat Wére aabas part obhect
presence of other neasurenents which

éﬁ@“%%%%ggpﬁﬁgﬁﬁio the object in question (noise and
clutter). In this case the "target' state variables

ear Rositive xposi (horantabandessttisaliivagaenprdicaies) of e seaffe af e edge
obj ect's boundary, and the neasurenents are the

-g?élii%]rité’(%ﬁ i B angVRiEh tROddYE Bnd Bk HdRgor@al] ent ati ons

I nes jOInIng each palr of contour p0|nts The
PDAF filter requires dyna cs .of

THe RHEPRRS O'tha frackergdo B%W?T‘g%{iﬁ mOaWi?Eﬁ e 3t \98‘?{‘*%‘&?“5‘""
cGﬂra&xP@J@t yLl vatftde eo&rtdbs/ at edHusoi frofthy aboveeneasurementspgiven
ass

138 o e onsblton S T B 5 SPGB BRI, 10Wbung

information vectors are defined:

e The measurement vector z = (Xp, Ym, )
e The system state vector x = (Xs, Vs, 65, ).

To use the PDAF filter to do this, the following information about the frue 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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by the variance of curvature perturbation, which is
chosen according to how irregular the 10 boundary of
an epithelial cell nucleus is expected to be. In the
preferred enbodi nent the curvature variance is 9 for
position and 0.09 for angle (in radians). As a
starting point, it is assuned that for each object
potentially representing an! epithelial cell nucleus a
connected set of edge features has been extracted from

t.h .mage. In this case, edge at.ur are

ntdhputi 0L P TSR Bie LR 208 PR oo htpbatins o
xedge feature has the foll owi ng neasurenents that were
made as part of the contour extraction process:
Tﬁ’@t%lattlbﬁ’éhlﬁ(lﬁ'@mé/éﬂ t(t@ ﬁfebgt.‘it@rtné‘tltt v@&gr zV ﬂot thQ %stérﬁ@ﬁ?e X. Thls

coor di nat es) he centre of Oientation
lngw}oorateé a tf%éltl%@lpglx%lt%gﬁ te ﬁé”%a g}gagwam[ep,tétmse model that

alid dx&ra rdriom pERErbatisrizase. of the tracker is to estimate
the nost likely true location, orientation and 20

AL il 051 e o508 a5 BB Rlin L) Buncer
thewmss thehangtnobare desotad elbittern assuned Gaussi an

di stribution. The following information vectors are

Irﬂ%ﬂh&@ denerdifGmBa PONBTHREYes 368 GbMdralingas(iWefients ! at eBER step in
state vector

syst.e
oHRITHE PR TN o 50 P s PIRESEI kS Bers are oy
twatiypoitesdstn baltested; eitteer thetfeatireslem ylutterdor fiolnethe real nuclear
bﬁﬁ}%\%ﬁ/ enment process is required: The relationship
én the position, orientation and curvature of
nei ghbouring points on the boundary (the system
Thesawstem traition inRids Sds kased oa constans Pttrvaiwen%& feipkedist a

n!ﬁg@&quﬂg%éﬁt n dgb@hﬁ@uﬁa&&.@e@r 8aightARE whh SUIF4LER xn@n?&ﬂ

s extra random per ur bati ons tO
siopé &tdaingshiopghibeweishxs hds pdpalpiesdnthensint Hiat is closestinibe

%&%e%%éﬁ%ﬁtepo}ht This incorporates a transition matrix

inking x to z and a measurement noi se rmdel that 5

adds extra andg lrl% rt qt“'hl on Z trix
s PO P P AR AR GTasraieen and & cBREH R
badee anucdepanddndpertiasatipns ihlmervaiuas otidrdatioaragd federakofiset
(ngc?vre%e% ina ld"llegt%%'qolrrﬂal t«g ﬁ'te%ﬁﬁc{agﬁ g éfc]wnflé?t ({elﬂg uP Qﬁ where the
standard dewatlons of perturbations in curvature, orientation and lateral offset are
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, resuiting in the following covariance matrix:

s 1gt 1§ 0 0 0

e 2| L2 13 Lot 2
O=0.|38" 385 35 |+50 oy 0
13 L4 1G5 2
£8 §8T o558 0 0 o,

with respect to the system curvature «, system slope #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 o, o34, 05y define the average roughness of
the nuclear boundary, and depend on the type of cell being analysed.
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estimating Xx. In this case only one edge feature is
processed at a tine, so there are only 10 two

hypot heses to be tested; either the feature is from
clutter or fromthe real nuclear boundary. The system
transition matrix P is based on constant curvature, so
to predict a neighbouring ysten1state t he uni que
circle or straight line with curvature x, tangent

sl ope 0, going through the point x5, y5 is

.t he poi closes to,the 15
TR 1eRR R AR reion B H ooy 185 eyl R REB @ the eastrement
pexamsidrain the saluidbway:on with zero mean and a covariance
matri x based on i ndependent perturbations in
curvature, orientati on and lateral offset (novement
in a direction d the un@laoy)o A Browni an
e
r

nodel is used, re A Lan fl ? X)I ations of
perturbations i rva @re orli en and | atera

of fset are 20 pridhorti n | to theOsqufye root of the
are length of the extr Iated circle of the previous
par agr aph. The accumul ated effect of curvature

The nteaslramioimose ivbased bairideperaaotyl Gdussiah dnstnlbﬂmebentmbatxons

9
o JRAGetE b A 1P b0 S Uk IGafR VR 1BRES o
meagurement sipe@ng lageral offgst respegtively:wi t h respect to the
system curvature x, systemslope O and lateral offset
respectively, 25 where Is thesarc length (the
circular distance betyee “#she gyvious point and the
estimate of the next poipt®. Thg onstants 6K, 658, 6y
define the average roughness of the nuclear boundary,

and depend on the type of cell being anal 17 The
The aptaieste T dpfietiomyergesmeoin thenry éP‘é’r’i‘PaW’ and

dBSErAIBRItRS §pb Of tdiDeiBaBUySENt  paraneters in the
natural way: x, xs 1000 vy, n=HBO H0100 8,

Tge ?oll%wﬁ%g cBnstants are used to define 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):



10

15

The nmeasurenment noise is based on independently
Gaussi an distributed perturbations 5 of slope and
| ateral offset, resulting in the follow ng covari ance
matrix with respect to neasurenment slope and |atera
of fset respectively: 2 R=a nD 02) O The constants
Cng, 6ny define the average snoot hness of the nucl ear
boundary, and depend on t htd type of cell being
anal ysed. 10 The follow ng constants are used to
odefizne the clutter nodel: p = Cutter density =
verage nunber of edges per unit area that are not
associated with the nucl ear boundary. Pp =
omrobabi ity that the edge feature is associated with
the true nucl ear boundary. These constants depend on
ol ¥e0 8lradidRr present in the imge, both its edge
strength 15 relative to the nuclear boundary and its
average spatial density. For a nucleus with average
oy 3 ¥s rthe foll owing paraneters of the above nodel
are wused (all units are imge pixels): 18 6 = r312
cHm0.60 Adene= 0.3 radians o = 0.9 5 6se= 0.09 radi ans
p =0.01 Po = 0.8 The initial value for the system
cavariance matrix Mis given by: 6,29, 00 M = 0 6ne

Py ereako =1/r 0 O a0 10 The PDAF estinator i s now

appl i ed sequentially as follows. The matrices Hk, X
Par®-&k

The initial value for the system covariance matrix M is given by:

oy, 0 0
M,={ 0 o), 0 lwhereo,=1/r
0 0 o

The PDAF estimator is now applied sequentially as follows. The matrices Hj, Qand 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
Nk —
Ve =D By vy Where v, =z,-Hix,
i=1

KALMAN GAIN MATRIX

Kx=Myx Hy & where §,=H Mx H%x+R «
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are all constant in this application (as defined
above). The foll ow ng, expressions are those known
fromthe Bar-Shal om and Fortnmann reference quoted
above. Update: |INNOVATION Nt !~ k =Jak, Vki where
VKi =ZKki - Hkxk 15 =t KALMAN GAI N MATRI X Kk=MKHKS- k
Wher e Sk=HkMKHk+Rk 19 BETA WEI GHTS Nk ek;/[ b+yej ~ ]
for i#0 i-1 1k;= Nk b /] b1-9Eey. ] for i=0 i=1 where
ek; =exp(-/_bsk'v_w ) fori#0, and b= p( 1-PD)
BE?&W&I@&T@ ~ STATE ESTI MATE UPDATE 5 Xk k+Kk vk ERROR
COVARI ANCE UPDATE Pk={l kO Mk+(1-Cko) P-+Kk [ p v. vki
| Jv where P =[] KkHKIM Prediction: 10 STATE
ESTI MATE EXT Ongl %‘: K+ D{ Rk ERROR COVARI ANCE
EXTRAPOLATI ON O k(Dk + &k This process
conti nues _untjil the éntl re contour is traversed (i.
returned £o the startl ng

b /[ b+Zexg ] for i=0

=1
where ey =exp(~%z£.sifgki ) foriz0, and b= p( 1-Pp)+/|278:|/Pp2
STATE ESTIMATE UPDATE

=x, TK ¥,

Ipd>
-

ERROR COVARIANCE UPDATE

Z

TI‘
-

Pe=8 0 Mt (1-8) P*'*'Kk': ( BulVy ZTki ]_Y.:k Y_’.Tk }KTk

Where P* =[I-Kk Hk]Mk

Prediction:

STATE ESTIMATE EXTRAPOLATION

K “Pk Xy

ERROR COVARIANCE EXTRAPOLATION

Mk+l=(Dkqu)Tk+Qk

This process continues until the entire contour is traversed (i.e. returned fo the starting

point). This is then repeated around the contour for a second time (using the final
conditions from the first pass as starting conditions for the second pass); this ensures
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point). This is then repeated around the contour for a
second tinme (using the final 15 conditions fromthe
first pass as starting conditions for the second
pass); this ensures 20 that the final estimte of the
snoot hed contour is independent of the assuned initia
conditions. The outputs of the tracking filter are a
set of smoothed | ocations @Bscribing the boundary of
each object, and a snpot hed set of curvature

08 ey GSiials of'ne Sranhed iyl Riidepofuspl ffe peyfhed Pl

comtditiorsim cur vat ure and conpact ness, (where conpact ness
is defined as perineter2/area). A nore accurate

Tr%scﬁdrt]dgﬁs[ & tﬁés’?r%{kﬁgﬂtér £6t %éﬂﬁgmﬁ&ﬂ@a fo@@uoﬁ@ g@&ﬁf)lh% ﬁlg boundary

een’ heorem ('such escr |
Of@ﬁﬁbmﬁec&fa"?@dr@ﬁo“)ﬁﬁlaﬁe%f iCHVAWER m%‘-‘ruf%%?% Tensors'

D. E. Bourne and P. C Kendal, 2d ed., Nelson, 1977). Thi S
Tigd ougsut frb@ thid Stabe id ot bgbducdana Features foneah: objact, nanfdly area,

mig éﬁaqnﬁc%a re a?ld\@g%ég&%tzqg%s yvhgreglroﬁwpaaﬁef%‘?%&&mgd Roi nts

Ive' clutter
parigjetlarea). Armbre laqa!rate estianid of@@a ig 9biained dlondthe raspeddive

bcfuﬁbﬁ'g'ﬂéﬂg G?éeq'&eﬂ"%b@n %ch‘rérﬂ@é@nb‘égllr?@ﬁai) & brgkast An@lySIs and

are unl i k 4 e |theI|_|a

Carireite Tensass 'B»Ea%a"&e ar@rﬁ,?ﬁﬁeﬂ?fht% eq-digero 9430 fgsn%qu the

foﬂﬁwmgl\{aﬁﬁ@asdi}@ﬂﬁ is highly non-circular, is not |ikely
to be an epithelial cell nucleus. Ther ef or e any

obj ect V\,hose area is IesE t han 400 pi xel s or whose

m ni A6.1e than -0.03 (so the boundary
is njgtl )%@ 20 d. The second aimof this

stage S to assign probabl lities that each of the

ining objects 20 represents an _epithelial cell
WPFPI@ aﬂ%@e&PE‘tPWkﬂﬂ@%d%BGQéhe(@F%tw l?Pét'ﬁgaj"yare not

mdependent (e.g. a larger Obj ect may be | ess conpact

and still be OK), so it opriate to apply
25t | Rqcopd chties P‘&?W%‘defé{@hg' %IQ#EWE but a

conmbination is effective. The process i nvol ves a
Aseepdaiutttagctidn sthgesaiing icramoumokieads trhaked éy stags 2Acwhidnare

urﬁ%&ﬁgo 1?&‘%4.@&.4: lf:%hﬁfcle‘ FBE&anble §@§I@h§{)o%ﬁ?@o%@gﬁa@%}

erived fromt boundari es

woaResheRels Al ONred, @mﬁ%wﬁ%égaaﬁ@ nelial calHcieUs. Therefore

a%b‘j'é&é%ﬁose -EPé‘a is fds§ Hﬁh 40b F&&b bl WhodeSmihirim@flvadlire & less than
["ar ge nunber of exa i des provided by a

-0.03 (%o the boundary is not co ex 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
avai |l abl e. The Fisher classifier value is given by: 21
F=a, A+ta2Cp+a3Cn,;,, +a4 where Ais the area, Cp is the
conpactness, C ", is the m ninmumcurvature, and the
coefficients a; have been derived fromthe training
stage as [0.0003316, 0.0501399, - 41.1688001,

0. 89135011 5 Instead of setting a threshold on the
out p fr e Fisher classifier (a hard decision
boundaT §i &&i  %each obj ect as an epithelia

cell nucleus or otherwise, a fuzzy classifier is used

whest £Rdhe 4108, ¢mkwnsbab@e§se @m,a@,% mﬁ.rﬁmﬁ um&m@ﬂam tﬁb

ret rns ar
chelfietSrias H%e“é’%HY‘?dopé‘iﬁg@‘e(“EWaﬁﬂqeﬁﬂ‘i it fasotase, -
404p&R001j 6.801350d¢].ass A (epithelial cell nuclei); the
confidence of class B (other objects) is I - h(F).

ln-gﬂéaﬁ O%P?tf’i“ggé’ {h'résn Bi'on tl?eoaitf)tﬁ ﬁJBn}S%é ﬁsﬁé}%lag%ﬁé% Rér%rde&gl%

bwﬂdé% & @aﬁtfbeaqhmb@at s anenjipgliehcedindgisus crr@ﬂmpné%ta fuzzy
cRedif GSysel ‘Hstéaﬁ Sthd thRshdlé E%plac‘éh%?%‘ffxﬂlcﬁﬁn h(Fy fhat returns a real

or.i mre trai ni ng dat
PO ebTP.C A, Lhetrep R et e A Topens PRoRaIY Belhggblect is of
clabsud gedithelral walll nu:elss) ke esridenceef clads B (s objeoth) id@Rcigh). This
afrnt{IE Gl ond 2R P GO BB AL, £RAIAHRIEP ohlHen
applies ad@n@hpld ﬁéq mwh@e &byviich clagsdhe obiect Belongs. N JBSt the Fisher

cla8sfignce, the confidences ck have been derived by
Inspection froma large set of candidate objects in

The Sopa st dainhg A adp Saibratd i Ntk By vgiwred ' ©

cuiapiizes ackt oicldsbifi@rvalugs 7, dndrasef of ciaastcontitienoext ¢, where ¢, =1

r‘[&fc%?e%%?ﬁh}ey o%ﬁ&gn{:e kﬂéﬁﬁ\g%@t é(é%% WER a(j’é ckh"O lgcgc -Egkecomplete

rates sest
Cﬂmftdemfe théttkg objectclaes igdd. uetl;llsmkstartcadge penfi dblyceanhaﬂesheﬁ@

dEhfedfwllr{sﬁ%tBE flohPsRldel sefbf ARdi@4tE Ql'Sjectglr{ the B%ﬁé 0§, Using this
where the functions h are constrained be nDno Qni &or

algRE B isRpssiP 4R traig an ypcetian Gasgifier wity %ﬂéfs inary yaluessof ¢
1¥ biran/1hp0ts d& hytnecessarily result in binary values of h.

The algorithm calibrates h by searching for the closest fit of A(F) to the values ¢, that is

by minimising the following classification error:
E=Y(HF)-c.)
k

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

values x, y:

X>y= h(x)z ()

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 raw classifier
Fshoul d inply greater confidence that the class is A
22 |In practice the conputational |oad of searching
over the entire set of nonotonic functions could be
very great, especially if the nunber of training data
is large. The particular &2jorithm used, therefore,
reduces the conputational overhead by considering only

T i
cautldpe vy gheat, @spadatin i thermembepefdeiningatitais ldrgé. [Toemarticli4rr)

— 1 . i ; d
aipp S, drbrbrol A Eodte Birfio iR AP ASH IR
mpnetonigstep unckionss which arefopsiantieserpt at & tnitgmumber 9f discentingities

bdti@ers Eadhiey. 8UcH MActRAS bréLiBprisdntedldd faliiseved by
searching over the set of non-negative nunbers ak,

whi ch can be achi eved rio of f -t he-shel f
optim sation algorit hﬁ@%ﬁf‘b&@ﬁcul ar Sequenti al
Quadratic Programmi ng, whifch is inplenented in
MATLAB(r) as part of the function quadprog. The
where i Brecroninegaide cohglanis gadintarseaahi singleritenstdf ¢hetform:he

accuracy of the approximtion of the true optinmmh
by the optinum step functi g.k)<olye. t is beneficial
to place Fk with 15 Whgmyd?25|ty ‘“where h i s expected
to vary the nost, althoughlk hE2eKact pl acenent of Fk
is not inportant. In this inplenmentation Fk are

wﬁgr%SI% rérestlgg g{etsgf?r}edtdzé%%mtﬂlmgg of91f. The Qéaﬁ]tjsfggr th¥ @%}fﬂ‘ﬁﬁm ’I:né S
equal’l’y” drstributed between adj acent discontinuities,
aehnemediby searehingieiss the sst ofmontnegolve MuBBEE Gethighaaan de grhieyed
D B e e ok o
PrograsmaingiN e iraaoreaeq iR e prt By P B Lphry
identified epithelial cell nuclei alone. A though in
Thé epacificativn of ¢grdiscontinuitiph Epafteciphins ACCUEYCE nttbe gnproximation of
Y . , . ' ,
N A s N T
highcieasity Pherea isexpéctestio yaydhemasingthougheibe exact eRremei obbx is

nbfimPbRGR. 134hié Fnpickiiatioh FRAre®n¥RInGREIRMat tBE nBnB&WR krflining
deviation of these areas |s found, y\,h,?,re t he el Clqrgtl ng
valyes)f isRavely fibyted hefween adjacent discontinui ies, that is the nambers of F

between adjacent pairs of Fy are equal as possible.

26 Calculation of cancer mefric

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 kelihood that the respective object represents an
epithelial cell nucleus. The weighted standard
deviation is defined as: 23 fp(A(A -fp4)2 wstd =,

pi r where Al is the area of object i, pAis the nmean
of all the areas A and pi is the probability that it
is an epithelial cell nucleus (as calculated in stage
25 above). A | ookup table i$3then used to convert the
wei ght ed standard devi ation of areas 5 (neasured in

pi xels) to ] ore. Val ues sel ected

experi ment A (for#iRi s | ookup table are: Standard
devi atstdba Pé#n§?~—oi—area (pi xel s) score < 250 1 >=

250 and <400 2.P>= 400 3 where a points score of |

i ndi cates 't he I‘east serious cancer grade and a points
score of 3 the nost serious. 10 The whol e process of
Werydds the atem of 6bjiest ipaii the medn sealbthateky Af ad §ache Blobability

i A S d the higher of
R 1§ el ol R B Bl BT AR It o
for ingut_to the report generator 3. Overview of
Adadigin dakis isftanyused t9 esivert g]“f‘i%ﬁ}*ﬁhmséﬁﬁtd?@#ﬁ&uﬁdoﬂfeﬁﬂ?m
(inbguure] i3 pEIBY® d pbifDEdrél alaich séibRedERRASENMEEY BT BRGSokup
59 éised in the block 2 of Figure 1 15 in"a second
preferred enbodinent. As in the case of the enbodi nent
of Figure 2, the Figure 3 process is carried out for
bot h |o¥tandaed devigtiph §elpintagges (til es) acquired as
previ ou&layeéj(ig(ggj bedgcop’d Wi I I be described for one
such limage s hefore, the aimof the process is to
i dent|i fy th&hucl ei| ofl ag many epithelial cells as
possibFEf0RI8G0 |capcerjous or not), neasure their

charécLengubge, and gnnre assess their variability to

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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20 quantify nucl ear pleonorphism The major difference
to the first enbodinent lies in the nethod for
extracting the boundaries of objects in the inmage

whi ch potentially represent epithelial cell nuclei.

It is conmputationally |less intensive than the first
enbodi nrent and 24 hence capabl e of anal ysing the sane
i mage data to assess nucl ead4 pl eonorphismin a
substantially shorter period. The second enbodi nment
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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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The broad structure of the algorithmis in four stages
as shown in Figure 3: (31) Image filtering to
identify |ocations of possible cell nuclei. (32)
Boundary extraction using wave propagation and initial
clutter rejection based on boundary characteristics.
25 (33) Second clutter rejection and fina
classification based on siZ® shape and intensity
measurenents to give a Iikelihood that each detected

t hel i cel | cleus. (34
Q] CShoand ailsrSBisioten i FRes i BeRg ha=hisbape and
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boundary extraction algorithmto be nore particularly
(3des craipdafiopof erpcerenelic.cuaatiying thevprdgtiop i rycleat ¥#e-each
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filters. 10 The general principle is; given that the
«cell nuclei of interest is
nomn%éi"lt;magms%s{b% B J&m‘h y-symmetric filter whose
ijlbcﬂmﬁanySexlrmt@& algorithmge bé bes pdrieulerip eegcribedsbelow exgiuipes an

e .
ol 85l bSBRE T Shedhl SRE3 S5 e 3B i e
oﬁ@ga@mmaexhﬂwavmnyﬂﬁﬁb@ar in the i mage as connect ed
groups of dark pixels, but as a region containing a

Tﬁ@{]éde‘ﬁél Phkcipe! @gbe%aﬂﬁé Ep;ﬁbﬁitﬂh’@ sizEIdf thertell Aodlei bbintedest is
ble to nco t ai
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issUegion Bfliobg begitaddsmdatacdss wdiose shiape and size aprroXimately reatthes

ﬂ\ﬁp 1% {2 F Kor pééﬁgwluélef Jhbﬁog ﬁe&g%: mappe?vQH ﬂ%al ag]@onﬂﬁétg@groups

OW be descri
of agk Qllwﬂ,ttat poA regmmngalrwgmmfﬁmené etavfeergﬁ%k ﬁiXﬂlg This method

%E)llettﬁ chhﬁase rsﬁ’dé%%%nfﬂ’lnhb bB BRS$Ehd mawanélelf sihdesin HH&atter a
e | mage usi n(% i cul art% Zt 31 ‘%6 tleré vm € lear
regieumanainica holew wpel vl st et Befia % g Brney
béGRkl. Sizes. The recursive construction process for
the multi-scale filter involves the 3x3 snoot hing

TFé l'n ﬁ{od(\/ﬁl} néw bgséécﬂﬁgi IP%n‘ﬁgvof a}sgec?ﬂc lﬁmeﬁelﬁa%n 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 2 1
s=—1—2 4 2
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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16 1 2 1 This filter fornms a basis for filtering over
a set of octave scale sizes, according to the 25
foll owi ng process: 26 To enhance bl ob-shaped objects
at octave scale 2 (pixel size 3), the image is
correlated wth the 3x3 snmoothing filter as foll ows:

F, (m n) _ I(rm-i,n+j)*s(in%-¥, j+2) where | is the
original imge, and the range of the indices mand n
is set such that the 5 indices in the summation above

T8 Eegl':ic%hb‘é-s%ﬁéa ijéc%geit Sgt?@éo%@kehée@@ﬁl%r :g'efﬂﬁ 'uﬂ%b% i§ ?&re@ted
W%& r}% gﬁg‘o%hir@lﬁﬁér Fsfelowsy anges are set to zero.

enhance radially-symretric objects at the next

resol utian ve scale 3, pixel size 5), the 3x3

smofﬂ%@?ﬁf&(("{ténfs)*@% ded)by a factor of two,

by padding ¥t~with zeros, to 10 forma

5x5filter[10201; 00000; 20402; 00000; 1 020 1].This
where i érthe origied! irhad, wid the trahtgefo'f thearididds iInf&@En Riset §iRh that the

By S i on bl &8 LT BT i B (R (o m

anfhinStageb2) Vlues ofctb@ﬁlfaresi inage aup@tlge@mtsudmmsse rahggsnare st to
zeroF, (M+2i , n+2j )*s(i+2, j + 2) i=-t j= 7 where the

range of the indices mand n is set such that the

i ndices in. the ian abgove are always within
TQ RS ATy STRREE Ganal Bn BoxLosoitan polve e Seehgize
5)\ide B8 sooothinigdiltén (s} ie pxsindeigyea fictor ottavb| IpnEadaing ivdd zeros, to
fohﬁ%%%rrﬁ‘é}?%z £ 030 b2 6870 oo 8BIERSS Al il 8 ﬁh%%ed

resol oh

ects a WO ‘Oct aves i nal
CC(@J?&%W@ the filtsreql indoe @t tip previnus spaje (M) fegorm 4 new ﬂite;ed image
(Fo) BATEESiptABR41 B Eleﬁ%*: Bﬁlj{ th‘éfno%-iefb fiBEco RN EBIA Bded, fois:

above, then correl at the previously filtered’
i mge (F2) above to give a |ower- 20 resolution

SooF: f, %Lmurs?. kLo, ppEzR2(m

Zt%d ”232: E JP T't‘(ns process i s repeated
to obt ain results at successi ve octave scal es, nanely
where 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.

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 (Fs) thus:

1 1
F3(m,n)=Zze(m+4i,n+4j)*s(z'+2,j+2)

i=n1 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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expandi ng the snmoothing filter each tinme. The above
process may be used to produce a "blob-filtered" inmge
at any of the required 25 octave scales. (bjects
conprising clusters of light or dark pixels wll have
the greatest 27 values of the magnitude of the filter
output and the locally strongest filter output wll
occur at the centre of the 47espective such object.

I ndi vi dual objects can therefore be identified by
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using t
ﬁfteriﬂgowmggthe Fallawing ghimminchoethod=derh f@g@&'ﬁl@f?spiﬁtlon by a factor of

ﬁaoltﬁi'ﬁ” @%cﬁ¥ ved tfyqﬁéﬂ‘}rcoﬁélatg@ tﬁé’\ﬁiabé with e BxB sinﬁ)othing filter (s),

| eved I rst correlatin t ei e with the 3x3
ﬂ%ﬁ&%‘?ﬁ?ﬁ‘@"’fﬁ qytaefPCtPE? two Hgrfor Q'é?rﬁ'f‘g "B a factor
of two. The formula for a single thinis: T(mn) =
1(2m+i, 2n+ j) *s(d =-3j=-1 where | is the
origi nal Ttage= Eiﬁd(i’hél@’himh*eﬁli%ﬁg”@) and the
i ndices mand nir'dnge from | to the dinmensions of the
t hi nned i mage. Each di nension of the thinned inmage is
vihiereens 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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25 by subtracting 1 or 2 fromthe correspondi ng

di mnensi on of the original imge, depending on whether
this is odd or even respectively, then dividing by 2.
In this instance, the image is reduced in resol ution
by a factor of 4, by applying the above process
twice, firstly on the original inmage, and then again
on the resulting thinned i%?age, to produce a new

i mge whose |inear dinensions are a quarter of the 30
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sel ected for further 10 analysis. 32 Boundary
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mthtdribis@tindiAduad ubjbdtieasoiblidwse 20 net hod for an
i ndi vidual object is as follows: 1. Start with a

1Cirekp vﬂtﬁ'ad@rcfel?r?slo%bthg gﬁgect-r?hé cﬁ %nﬁ@@&ﬁ 8 r fbeu\fe posmon

Fespective he filter out

in stda@té"lee irowﬁhle fllter phtéutpn sleae Btanditripratered ﬁa@oament has a

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 éurve 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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radi us of 10 pixels for an object detected at scale 5
and a radius of 20 pixels for an object detected at
scale 6. 25 2. Deformthe cl osed curve repeatedly by
repositioning its coordinates along the nornma
direction at each of a plurality of equi-spaced points
around the curve. The anount of deformation at each
point is governed by the gr&dient of inmage grey-I|evel
in the normal direction; |arger positive gradients
(darker the insid n hter on the outsid
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nor eofifkage breydevel. summari se results. Curve defornatlon
The deformation in Step 2 above is designed to

THe %flg\'ﬂlglﬁ shl? RbECHesEilitaRedd didhet HemoleQletaViritisummarise results.

pr oper t

Curve deformation

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

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

o 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 presence of nearby or overlapping objects
makes its boundary difficult to detect, so it is important that the deformation algorithm
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20 . The edge is fairly snooth in shape and nostly
convex; The edge is fairly sharp, that is the
grey-level gradient is quite high normal to the edge.
However, there may be hi gh-frequency variations in
grey-level in the interior of the object (graininess)
whi ch cause the edge gradient to vary greatly over
short distances. 25 G ainidfess of an object's
interior and the presence of nearby or overl apping
bj ects S jts boundary difficult to detect, so L{.
1R FaRPoSRI RS APPSR B SISt PRI ST R s
isadhviavdddyye of t he above properties of snpothness,
convexity and sharpness. This is achieved by: Only
. 4§ &%&gmgqh §s; Snoothing the deformation
di sttance norma 0 the curve as a function of arc
length 5 tangential to the curve. Penalising
* c SHostingthe ﬁ@fgﬁmat% distapcaneime) toffie suRve assTuRgjioppearc length
dedrRenl tdRe Birgé.ance on the concave parts of the
curve to make the curve bul ge outwards. The
cal cul ation of the deformation. distance at each of the
+ < BebelisBy Boli s s S BUincls3 AL BlounRRD HredSn
f thd aconcang pette phthe TOrve fdlméked thelcarve bulpe ogiwards] evel
gradi ent at each point normal to the curve. This is

Tlﬁz&?cule{?i}ﬁn b e uBBrhdien ERBEe 9 ¢h bENE keidtte®BEiRts RRIUAL RN

e curve, and at corresponding points a prescribed
cutya thareieie hroing fellewing $tR&r d nor mal  (typical ly 3
pi xel s), and taking the difference. 2.2 Normalise the
2.abovealgiatd threngrey-level lgrgiidhestveei pintamodmél tathefooheoWss is done

bt t. h. ient t ' .
o ach ko8 imabe o AlFfieath E%fﬁﬁ%%%%ﬁ%%ﬁ cdng 3 figing
poi npaintsva erescritied distange glone theoutvesa nenal (harigally 8 pisels), and

cur VakiHg heQitictdrfds. t he curve) add to the respective
figure derived in Step 2.2 the absol ute val ue of

{ h L [ Ltiplied
23 ReHa0ss t =be SEIE b Rebibel R AP AT, Bblsbfoncn
next gradigntdiow e chaiynum of th@serafigrityard divige pats range in

(snn@%&%mg) filter to the curve as if defornmed by the
di stances”

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 2x.

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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cal cul at ed above. Because the curve is a closed | oop,
t he di splacenent function is cyclic, so an effective
way of doing this is to calculate the Fourier
Transform set the higher-frequency terns to zero,
and then conpute the inverse Fourier 25 Transform
2.5 Finally, normalise the set of deformation

di stances corresponding to &l curve as snoothed in
Step 2.4 as follows: subtract the m ni num of those

di st e m,.3 h_di st ance,. divi de by t range

" BT pEthe oL e FRSS ot Pty <
nunberescribggdinpabery tyBicalltte Teswstlt is= figufeifouraeh paint Igiag h

poi n hel nadh n

hi o PaaRg ot R PR e rindip B B LD ST LEMEL "

pi xeAisENAR AL yRitsf gl ditpgneions.hy whigh\iee ¢usve is tlee deferaiagead the
at t hpe&ivé psiRecti ve point. Boundary refinement The
above deformation will not fit the boundary of a
respective object exactly because of the snoothness
Boypdanyfetnemetconstraints, and al so because the curve

N b A t .
10 Ml e R85l B AU s vty o o
thenereqathness apdeonyexily epnsiiaintsh andalse Braayse thp surg #dknot reach all

phA€ 8 th® Bowida RRHBSRIYY FirtheP 86BMWRAbNSAB REdfbréRindertaken to

especially if the edge’is blurred. There is a
r@@ﬁg@%%@éa%etv\een finding the greatest gradient where

the edge is strongest and the maxi mal extent of the
Tobjeradt Jocatm df thentztmingary sfsomewbaltsubjactBeegspécialrtiidhe edge is
A R B bl B
syangest @ the maKigakeders of haeblesk s bausgary refinementa Step 6

aBbRS BElhfle RAAE BRI BRp&L S are chosen at integer
di stances between -5 and +5 pi xels, where negative

a ; ! pi xel s, cgative
e REFRE Paatsnd B cuyPR 5P 21egb bt fiXtecfbuBoliidtong
i s mibel moahal vaGtos irBthEpredertedeenppodintenbippings arerphosanyaftinteger

| Ocahas@éés%n,é G S¥-59%ls, AhABheGRGE diRRHBR denBieGhe

is further out than the respective point in Step 6.2,
and HeRHH-RRIMREYlposition. |f there is none
(grey-level is nonotonic), find the position of the
6fd r sFingtisey/pdi\efing 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, fo allow total refinement displacements of up to 10

pixels.
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outwardly fromthe point in Step 6.2 along the
respective normal that is at |least 90% of the grey
| evel at the +5 pixel point referred to in Step 6.1,
and deformto 25 that position. 6.4 Apply a | ow pass
filter simlar to Step 2.4 of the original curve
deformation, but this tine with |ess snoothing. 6.5
Repeat Steps 6.1 - 6.4 once32to allow total refinenent
di spl acenents of up to 10 pixels. 32 Edge netrics
of edge consi stency along the curve are
qui red both to choose the best curve (the one

Measwres bf ?dgetcbﬁslﬂhj\@(along tHeodun@adry )edurﬂecﬂSCﬁ‘Iﬁ) to'i:h@bﬂa\/tﬁe ag@l
reject cas 0 not
clfe e BEtioBEST at PGP Bad i e R 2pafaandrs eef yoies
where. gyboundaryinaa solrkeee faund br fitfeddoo founly éxligreofiuse i foghaxrmealysis,
Cq‘j"iﬂ%%@e%ur crhipk gp%r g gradi ent consistency: a neasure of

e proportion o he edge which is positive (darker

Ton the inside). A high value indicates a good fit.
W%E%Wtrl?ﬁﬁéec?qn?ﬂﬁ'teghgnnent a nmeasure of the average
angl e between the curve 10 normal and the grey-| evel

g rwmr\grad'iemtothisté'rhdySa mehgure of the bporitibn ditRe 6dgewehittsis

[ iefng P R 0T AT N ol R bRl e e

normal gradient (that is to say the nean of the
* gr@ypdieptdifectiqyralidhreentssa inpaguieeofdbr axaraperangledictvwtiendls ¢usye

at no?tﬂglrbngfthé ﬂ@y—?e%laleg%cﬁ‘éﬁt P& ?ht@ﬁ@ﬁﬁ@s b thé éUrVeer close toa
divid mean absol ute nornal f%;r adi ent (t

tcﬂr%k?v?'r?@mﬁkéraﬁ”%? lowh@luedndigaiRp g erpd|fitgr adi ent s | n the

outward normal direction at each of the sel ected
Thefirst metriariothe dndanaomoal geadisnt (that isdo saygthe ofeaany the @gatlevat

g d?eqﬁ Rtﬂ?e &H\ﬁ%g %%rrﬁeﬁ d@&:ﬁbr‘i étve%)ch lmatﬂg Fél@ﬁ@d Bélﬁts %ﬂiﬂlﬂg%
cpwemlwd@d byhe Sleap bsairp é@rmal 9r§dlBFf| (et ierto gy they @eaﬁ §f he.
gTéif'—lévéTEFaHleﬁts' i tHé%%ﬂNéP@ hdriaPdieRlidtat ebGﬁofbﬁ@éelé‘dt&oV;ﬁ)mts
during the nitial defornmat %g‘g@o tor
G e v e BB oE Y MBS B trpes s ng thus
i26bunded Betweérat £ehd oI, asdisF1@hlytitthere wre/wspoirs at wigich the object
he C (N ' @"
S o el R LS B A gl L8 B
imtietl defornagionwtaigs andhérreject clutter. That is to say, in Step 5 above this metric
is calculated for each 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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calculated for it. If there are nore than one such
curve with this value then the innernost one is
selected. If all such curves have a value for the
first netric below a specified threshold, however,
the object in question is rejected as clutter and not
25 processed further. In the preferred enbodi nent this
threshold is set at the max3hum possi bl e val ue,
nanmely +1, but a | ower threshold m ght be appropriate
Lr
sélgﬁgé P&grﬁ]tg la?dyrﬂlg ?*eeﬁi@}ne }rhlg- n’%tri%%;@tﬂg bg@r]deb get\lvierlij ) %gd (f‘én@ Is 0
opjy Efthe curyeois cpiapident wilh agaydexs! mt@m It igroploulnigd ddrjthecsingle

clirg® §&§<§é‘& fo %e&@éﬁéﬁfﬂ}e fé%i i 'any)Té?tleﬁ céT&.ﬁeftﬂoﬁ of fe %ps.t Héﬁ"lc above
ln:;trﬁan val ue of absol yute val ues si ne

§PE feiraothockmiet Biape el ayind fawww'awaa Pighest 50% of

valesd @fithié eetrizdit b Qiven tile@rehbe fiectdtearguticnagly &) ptodese) fdther.
each of the 33 selected points around the curve. This

metric is thus bounded between O and 1 and is O only
Examplegesultsie i s coincident with a grey-level contour.
It is calculated for the single curve selected for

Figh® 4 BSRA%klistBorPbi tﬁ@ bo&wdéw@ﬂﬁ‘éc‘u@ﬁ b%e@%ieﬁblﬁn@dl uﬁ’ Btagé 32 for a

the: f d
opfeaLenis Fdlre a5 TP pi et oSl oD ken iR o echgbimage
which incluabsiers obibcttdhirsprassntingcan epitheleal valmutlielie &igere 4()depicts

sg(%égs(f\fe sqaée {hﬁ%\}@%& p?o@ggé% 85 aQ Bg&ﬁﬁ Cflq gt%ﬂ t,ﬂg t'Jf'aboY{e for this

Omeunstamyg mmramamne@ nnrqiﬂ 62:@6@@% en ff@rmaé@on 3 si?a@j@d B thepbject
lnasta é/:Pl' & evemng%hnNaFdng EGechésiely cﬁef&m%& eméw Ctu@/e 42fis e

regl on roman actual |1
on%mqsaew %P PR a@flmf@kwqf%@egﬁg@&m ‘f?e?% fgﬁa"yc%"r’ed
anéf%méﬁwen{:bme @uﬁéms@@alaswe 1Bigeres a@gsnwe(c)smg@sem n

p ation as

oot o a1 pee b ol BarbiRea ety o
irReraenttticachf the dlgreitipodésciil hegein dehEighieddc)isbews i well the
b ER} 45 ljhUT 3&&8? rr%%chgé‘gxe%\éfﬁgf"ﬁdﬂgdé?&'w‘ﬁé GEjethH in Flgure 4(a).

successli ve orned curves. Curve

chosen in Step 5 above and Figure 4(c) deplcts the
sbounga¢ahd’éiufisr rejedtibn sndifidl cedsifichtion refi nement of
this curve in Step 6 above. Figures 4(b) and 4(c) have

TEE%%@%% A'E‘;;&ergl%g\?edﬂrve%%?%@n&ﬂ %ﬁg@g%er ﬁﬁgg@H:EﬁQre' n

tation

ualikgtyrto bagpithelia celbeuridhdinisi useaa éyazv fisher dgseifiersassirgcripgefor
s{éﬁé I25 e fﬁ@?%@é‘i‘eﬁ pfeero nﬂ%tédﬁ@ﬁ’ ahd® @Biﬂ§ de&@ssa(fd \Uﬁlbh

boundary obj ect

rfprgneeis dF%‘ft%‘Qt g stslphwaqlﬁ%?%{%&} ?ff f)raa H‘easwede fism Sach

curve finally derived in stage 32, namely area, compactness, and maximum and
minimum grey level within the curve.

The Fisher classifier value is given by:

F=a4+a,Cp+a,G,, +a,G

max min

+as

where A is the area, Cp is the compactness, Gnay 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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This stage ains to renove curves corresponding to
objects in the inmage which are 20 unlikely to be
epithelial cell nuclei. This uses a fuzzy Fisher
classifier as described for stage 25 in the first
preferred pl eonorphi smdetection and gradi ng process
(to which reference is directed), but uses a slightly
different set of features r#asured fromeach curve
finally derived in stage 32, nanely area, conpactness,

and. maxi nd _mnjmumgrey .l.evel wthin cu .
cSRORAE % PER A beberderiat et i sy 107 o b8, B3
0441std26pe4, Gn x +a4G,,, +a5 where Ais the area, Op

is the conpactness, &,,,, is the maxi mumgrey | evel

of the original inmage pixels [ocated within the curve
34nd @alpulation of eansermgiritum grey | evel . The 34

coefficients a; which have been derived fromtraining
Ti?:éa me{aslﬂw@_a%gen ]\:dag%#@,nucl@ar]p% orpHisnd 1dne vih&:hh Gﬁ&éhl}es 213

.ation of cance tric e sure.c en for
R 55t Bete, S BPEShed Bk Flofe 24 R FE RSP SRR B8 r el =y
gfadingpraebsd (td whicmreféremceds direstedidn dhisie pivtsightedstardamigleviaton
of icetfroct R o BN SR v ITR G PR AR VR Bl PR e
respegive peiee senresantsran epithelig] @iinuglevsas i s conputed, where
the weighting is proportional to the |ikelihood that
AlidiRup 2808 Gen\ed ) datert Bp ekt Stamdardpietibtdn aflarezs! |

nucl eys. A.l.Qokup.table Ls th V.
el P IR A e s haR AR AR Eble e
previoas siyoritomabquause the difforest mdthed efr asdculating the nyglear boundary

i i ! selected
b feitbac g opRacly tiinel e (REEHEHLRRARNT Vaiies
expasimegtaliblon tipdpokupigidaret hat areas are generally

hi gher than in the first enbodi nent. Val ues sel ect ed

experisEiaad davigtion |t Poists] pokup tabl e are: Standard

deviatiqn Po'ntF of areal| (pixels) score < 400 1 >=
L ngPrar ixg S) - (=)

400 + §90° 3
< 400 1
=400 and < 900 5
S=g00 | 3

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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15 1t wll be appreciated that the coding of conputer
prograns to inplenent all of the processing stages
descri bed above for the preferred enbodi nents of the
i nvention can be achieved by a skilled progranmer in
accordance wi th conventionakstechniques. Such
prograns and code will theréfore not be described
further. 0 35 CLAIMS 1. A nethod for the automated
ciBAmisysis of a digital image conprising an array of
~pil xels, including the successive steps of: 5 (a)
identifying the |locations of objects within the inmge

1.Whi mB@ee ferIRcadtorabied laRbIGES bt ¥ dighdl ibadeecomprising an array of
chara erl tics; {;ﬁ#%de“ Vi ng respective boundaries

p"FetBSr' e suece Ats; (c) assessing the

SI gr(a)f [ Cm&fymb tindbjoeations bﬂﬁb}ébtﬁwltlﬁt\ &id islage which have specified
a feature of the shapes of

I t
t he|I e?ségﬁggfﬁzeéh%fgetg(}%ﬁs’boundar ies; and 10 (d)
cal db)l at idervirg respexive badndaties foaresaécntivé sychodbjextts; | east
h : .
L e B °2 3RS0 4Rl 1 AREIGAo BH AN E50 3L ES o
A niedsbd feature ofiiha ghapescif #iein respeistivecdeanived beundalies; and

conpgy S e%alkg\sﬁirtfbgfh;'/e\ﬁsﬁé Bf‘thgfvaﬁabllﬁ)ﬁgﬁ ef’t"léa%f tﬁ¥ %F%E re'nEIosed by

di ff'erence ) zero nmean.
ac c GA degvedbaundarigssubiest teithe weulfs qfayld@@ﬁﬁsrr@égofﬁw'f cance.
application of a radially-symetric snoothing filter

met hod according to claim2 or clajm3 whe
2 ¢ he A Heed Aecording {ordiaimal wherein1en @ egmiripes fre application of a

radigifOdyrinh QNS difiérehClRAGItR Gerd@@dam. 5. A method according
to any one of claims 2 to 4 wherein said |locations are

identified in accordance with the | ocations of
3. r espleaiethod aexbdrdimgao tlaint hevheretrpstép () cempidsesfthed aplicatdn of a
od ace é}l\}"ﬂeg to any preceding claimfurther

A
ra‘S%'%srynei%@cs'?%‘i step (a): defining msks of

specified extent within the imge around the
4. de')\tﬂwét'hgéj ac?é%'ré?ng 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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| ocations; calculating for respective said masks at
| east one intensity threshold fromthe 30 pixels
within the respective mask; and threshol ding the

pi xel s within respective masks using the respective
threshol d(s) calculated therefor; 36 whereby to
derive a set of binary inmages corresponding to said
masks and containing a set 8 regions representing

- connected pixels of a specified class of intensity in

relation t he a i_,ed thresholding. 5 7. A nethod

e conhPiay i RRio FRahmeorre Temadpa otk maskegng
coatainingat setlof regions epserting eommesies pield oy ShedifEiclass of intensity
il rera%m&tﬂeagpwea trﬁgﬁﬂ to the pixels wthin

“the two respective threshol ds.
8 A nethod accordlng to claim6 or claim7 further

7C ONP A ridthEh aclsgrdﬁ'@ltg bt & Qerkhd ts!’a‘i@ tﬁjr@sti‘%ldsréré' @ﬂélﬁ%ﬂ&c‘d Rf

the original |nmage correspondi ng respective sa
f%sfpﬁafw 1apag end igieseris @feémiglw @sape'mee thei Rigpls within remcéve
nsdsip esitdifté Ao rdspécting thidshsldé.her ei n; and accepting or
rejecting for further analysis objects correspondi ng
to such regions on the basis of such statistics. 15
39. AAmegihastacaorcingde nlgim @ ocdlaimmi Brivdrepmprisizai d

t t
S a bﬁ&dl&ﬁg‘ﬁ%ﬁﬂﬁiﬁ%’g Sll" %gtoﬂigﬁpgénée@ eq%fogﬁ’g%ﬁo%?mgto
rw@ws lsaid Ginantigteos &g)onsméstwﬁﬁszn%mﬁg fﬁ?'éﬁé@ tsjpanst andfrs

iRénsRles thdrdiftl Bnd he respective region; and the m ni mum
|ntenS|t ‘of the els with the respective i on.

20" 1 BoosRne e Re B o o B SRR regons
onftiey sty ﬁaudwsmtsecﬂ;l ng or rejecting of objects for
further analysis is perforned by use of a Fisher
classifier. 11. A nethod according to any precedi ng

Sl ai Amdtadedqgorsiingio ¢lbim 8 whereinsaisl statticsatomprissy thegieared the
r&pesRBGédibrE dné ﬁﬁ(ﬁ’(ﬂ%ss"af byl r@sﬁegﬁ’ve' 5O @M HerIhHefIN Blilhed); the

respective  said
maximum intensity of the plxels wnthln the respective region; and the minimum intensity

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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deriving fromthe data within respective said regions
a respective closed contour (if any) consisting of

poi nts of the sane specified intensity. 30 12. A

met hod according to claim 11l when appended to any one
of clains 2 to 5 wherein, for respective said

regi ons, the respective said contour is derived from
the output of said filter B6r the respective region.
37 13. A nmethod according to claim 1l or claim12
furt her r|31n det er i N t her respec )

135 A ﬁﬁ% W@@togﬁg%1?%r %aéﬁnﬁE%C%ﬂmﬁgwa%¥@wgwty

Vd\eﬂent@peqme sajd ccbreoura mentspeeifietibcatign Bndor |ﬁieh$slyejhentat|on

C‘rqr{ee‘tpi ﬁ §§§ gé%ﬁﬁgg?%ﬁ ya%%@ owélﬁg Cgﬁ)toqr%whw%f% q‘ou rther

conpri si ng tracklng respectlve said contours and

19eas WrhétBod é&o@m'g\t@bw @netd? eff 11 t@5l 3 fﬁftH’é?E&ﬁ;S’nsmg tracking
according to, clai wherei n said tracking an

ERESUEISHY BROUE ) RGP BT SF use of a
Probability Density Association Filter. 10 16 A

th 0 an cl
gfepg‘?gﬁqﬁ r?%?'%%g to cl]a ([ﬁ/ 14 W!Sesrslg 8?lld rgn%?ﬁ %Q:‘f rgeasunng &
copatug s phiformed by lues etk Enobatwlity Density Assacdion Bitten. ar ound
the respective location; deformng the curve
outwardly in accordance with intensity characteristics
18f t ﬁéﬂetﬁl@i aqeargingite amhenedf clains bie Swherain siep (Pxremprisese for
mﬂpeawgbukaklty of poi nts around the curve; repeating

e BhR0RRR S ERLO LR e R bt 531 PR SRERRS Thabl
sel edéformgjng ﬂ“e(mmvbfmet\nratediyjlntanttrdm with irdexisily oiettactenistiesof the

u%‘fe lﬁgﬁefaregﬁ ?Ittg éhregeg@%'t ft é%g’ lrJ g gpﬂf%g%&r é.félﬁr{;&c;:ﬁe ?!.E]Ne‘
acc orezneﬂ@gttbe aﬂomsmd Hefornatiopiuntiitee area gnelogegdyy tehetirve exseeds

Aipstinr®rediohis the curve is deforned at any said
point is related to the |nten3|%¥lgﬁ?d|ent in the

out wap'ectingJravm fhe Jesuldantsshof deform SPNSYRIAN PRl meetse
shédifirchbfactegstrd bEitentitygyradi@lt berbsd the cudef or mati on. 25

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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18. A nmethod according to claim16 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. 30 19.
A nmet hod according to any one of clains 16 to 18
wherein the nethod for calculating the distance by
which the curve is to be de¥rned at each such point
at each such deformation includes calculating the

espectiyve intensity gradient in.,the qutward . nornal
2y s PR e AouRs e v e R firtprish s imgting
tHeGesRBtiveAyradi¢rit rdmatbe omadimug ¢feuct gradierits andéividing tisearedult by
ﬂﬂgg h§h€g%g&gﬁ£|ses subtracting the respective
ent

e maxi mum of such gradients and
d|V|d|ng the result by the range in such gradients. 5

281, AniEidiseaapgisiih 1ot dingiekfsueh ALty such

calculatin urt nprises, if the curve is
C?f%réﬁe?’\}fethe g\"\‘/%fslﬂf é‘e%ﬁ'“"t? ﬁ‘é”‘?‘é‘é?ﬁé & r@%"eﬁfb‘ierﬁ"'”t aﬁﬁ’&l"ﬁ Cjo ths
rdshective @speisddvdadient i at&erﬂtegraaﬂloe siichtdueva@lps alultipedud/ th€arc

R W ia em Ml aphl e e PR e i - 1

divided by 2T F. 10 22. A nethod according to any one

29 f C}\ d%%c*r&nﬁ Jco Wgn%' df ﬁlﬁ%meCt?b? Whgkk ch fcé'lf:ﬁl?tﬂg

conpri ses a snoot e resu
fusthesepphorisey mﬂlwrg mﬁn@ﬁh@mﬁlt%@ the E%U‘tﬁﬂpfﬁéﬁfh@@”@&%'& ¥iadging.
to claim 22 wherein such cal cul ating further conprlses
normalising the results of such snoothin

28pt hedneéi&doa{cawﬁ@gtfq)c'e'ﬁh%%w'me'mmaWU@ansngHB?rrF&mpgﬁ?g
nE@MENEInG @@ resits bB&ich Behoothihg. M ni mum of such snoot hed

di stances from each such snoot hed di stance, dividing

the result by the range in such snoothed di stances and
2dul t Aphethaticpchyrdiag po dsior 23winkbrein gait oprmafising sompisge slkihcting

r?ecrﬁﬂfn‘?llnﬁ‘ B §u9 otﬂ@c?d@t%n%s@?oﬂﬁea%ﬁ shidh Sfootidistance, dividing

onpri ses ca atin or respective nenbers of said
tfseenesw bydthe tﬁnsew P @@Qothad Hieterses apd mtPYINgPY aRrescribed
nugseecti ve mean normal intensity gradi ent divided by
the respective nean absolute normal intensity
gr adi ent .
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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25 26. A method according to claim25 wherein said

sel ecting conprises selecting the or one of the

def orned curves from said set which has the highest

val ue of said netric. 27. A nethod according to claim
25 wherein if none of said set of deforned curves 30
has a value of said netric reaching a specified

threshold then the respecti3® object is rejected. 28.

A net hod according to any one of clains 16 to 26 which
conpri ses cal culating, for the defo&ped cur.v

thesinedf g anohedugen tageurve MEMAERE B QS'B(fgr’t‘CH%“ ABR e
pMedityes peifits 3fount lire Girves afd rejddiingatng rezpbaiveeisiactlitsticis tieue

or ma ensi ity gradient vector at a
%?%P&#’P‘(eya%?e"ﬁs?ﬁf Sh?xff"’bund the curve, and rejecting
the respective object if such nean value is above a

2§, peCAg.{ ﬂfxd%&@g& odanfrbng%f clémﬁ%'?@ﬂs @ﬁ&ern%bg(bs Sorffies, for

wherein step (b) conprises,

rqsegcﬁlé@ phigets.dwihee geforning theesurve éP'é?tﬁ‘i’ ﬁ@ﬂttmﬁareémcv\ée S 36t of

dSBIne Rfvek "rpéﬁcbl‘?dﬁnéeaﬁtﬂﬂﬁtbhéi@ cﬁ&la&eﬁétﬁ;s 6f the thedgerim®e@ direction
curYes in accorﬂ t %1:\4 % ﬁ)ﬁtcx characteristics of

neral fordlg EUnYeat e ”ra“ Y 8cR9! ﬁamH V6 the curve at a
plurality of points around the curve. 10 30. A nethod

38.CCOR AU AdL 4t a%fo%lﬁg {qw& \é%%t%r&n Eﬁé ﬂlrt&élrr JetﬁcﬁFna ﬁngmlgéé) Bt

conpri ses, pos It
eadhtsuich pain fieding & e@ﬁutmhgwtamesp&m&e@d@tﬁ@erﬁﬁwéhe NefiEt igward

aﬁtf‘gut@'ahtd"@'ir% éatvetmr&%\rrﬁemﬁg@dkhﬁs ks ty gradi ent

I's maxi mal . A nmethod according to claim29 wherein
said further defor mation further 15 conprises at each

3$ uc hA Pitidd, acesrbiag fo et ZBBNMW gaitl mrmbnedqmmanomimrmér t he
nt.en t

CB'UPW&F gﬁvcgf%u%?%ntlp%eggrmsni%t rréa {)zoetﬁ% ?&:ﬁﬁbtn eog 'tl'feef%t'n%'qmum in

ingeray iarthe navirahdirectonsgbeartlly eﬂsaﬂd sasition of meximat mten@tyegra@ent

wWifln %%%QCIF?&% ﬁ@eh&qf tﬂ%r@ AQQO LA nSkinifn to@f&n‘ﬂﬁlg tﬁl;eélfr\gestb the

pOSIt on'in I rection outward
np@“gstmogmoron theanarmal difegtiesypswaydly @?gﬁq mtnowo{ W@ngl intensity

F’a@%@x{ \‘;vitrﬁﬁj a &SRO R tIMIE WBelchfe infinSIRSS Withih @ spkdifiddpréportion of
pecified progortlon of 20 the intensity at said

ﬂtﬁ‘%tﬁﬁﬂﬁ'@ts%@d NGt hod according to claim31 further
conpr|5|ng applying a snoothing filter to the results

o a ymeérlfjog Caé:agﬂamgﬁ c%maé f%ﬂher%gmgﬁsmgaéﬁr‘@%mmﬁéjﬁlfég to

arm wner el nprises
ﬂ'res]eetdtsmﬁ geid further deformatlon

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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objects if the enclosed area of their respective
derived boundaries is |less than a specified value or
if the m ninmum curvature of their respective derived
boundaries is less than a specified value. 30 34. A
nmet hod according to any precedi ng clai mwherein step
(c) conprises assigning probabilities that respective
obj ects are nenbers of a spécified class based on
specified sai d statistics 40 35. A nethod according

L1 St h
R e R R e
entdosed by tHealendat housdargyr the pedinefedefthdyerivhe baundaryesqodred ed

dlpﬁecﬁ %Zthg%rré @logg Wtﬂ@?e%\%@%ghmpﬁo%}daccor gﬁd’rﬁk?'rggtu%fof

oun
theldgliyadwupgisy.ei n sai d statistics conprise: the ar ea
encl osed by the derived boundary; the perineter of the

derived boundary squared divi d:? %(ﬁthe area encl osed
3By thaeiiodiageding inriry>4 Wheeeheald AatRichERmRISey Msr@rehe

efdids@t B khe dBAgRT HuKedrs; uulfetd@ht?netehef tie térived bbandadesquarednd
pimm in t .1 ; .
oS5 Py PR S e e i) Sourerh hErRB BRI e
oagu;al mmeqn‘ixetsl veithinsth& derived B6uniaey; eind theainthinauns ingansidnef tiog
f Fi sh
Oﬁé aSSI 4 éﬁie%ﬁ:gth?stﬂgg\é eﬁ%ﬁ%ifd?ngat oI 2me/r precedi ng

clai mwherein the neasure in step (d) is a standard

sflevi R‘iﬁe‘tﬂbdcgccérblﬁ & RYONBIE LIAHRBARY 36 ¥herefhasaidiRdignment of
to claim38 when

boundari es. net rdj.n
PeahpRitiisa ¢ Q%fc’ﬁ'fﬁﬂ ertéged’P %I'sg?r a5‘§5f'e'tg‘lo 37 wherein said
neasur e |s t he standard devi ati on of the areas
ncI se sai,d ' ;
B coR BN A g A efediB Bt BAglfe BRI Aliddigyi o
standat! Medatned thei an@StQmeﬁﬁd o sgiskttirivigf quﬁﬂﬁiﬁeﬁor t he
automated analysis of a digital imge of a
hi st ol ogi cal or_ cytol og ecinmen, 25 41. A _ngetho
38c cofdnaiipdrascering ?{ﬁ ”\/\#e‘f’%“ﬁ%e”dr?ﬂé%a”yso%fo‘c ggg‘%sc% 1837
wWhEreht Rabheddufs the stét%a(rjdﬂdemtxho?lf the aretsl emgpsed by kaid n‘en;i]h@ed
or claim ended .to ¢ yoter
oRinEo AL e R IS IrEr e &l foutiudr .
class is identified as the class
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 o 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.



of epithelial cell nuclei. 30 43. Apparatus for the
automat ed anal ysis of a digital inmage conprising neans
adapted to performa nethod according to any preceding
claim 41 44. A conputer program product conprising a
conmput er readabl e nmedi um having thereon conputer
program code neans adapted to cause a conputer to
execute a method accordingtto any one of clains 1 to
42. 5 45. A conputer progran1conprising instructions

4%0 usr% ng ({ ot execute a rrett %ddaab?ecor to
ny §RMpyter e rﬁ@ qro ug gpfnpnsmg a computer rea me um aving
thereon computer program code means adapted to cause a computer to execute a
method according to any one of claims 1 to 42.

45, A computer program comprising instructions to cause a computer to execute a
method according to any one of claims 1 to 42.





