1 A Method and System for Determ ning The Position of An Optic Cup Boundary
Field of the invention The present invention relates to a nethod and

syst em f owodetoar7msoni ng an optic cup boundary in a 2D rercmaiG200smg@s2 The

met hod and system can be used to determne a COR which may in turn be used
for determining a risk of contracting gl aucoma. Background of the Invention
3 aucona is one of the |eading causes ¢f blindness worldw de. According to
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| eadi ng Ca O peat At —grooarty bei ng
attributed to this d| sease It has been estl mat ed t hat rmre than hal f of
the 70 mllion glaucom cases are in Asia [2]. In Singapore, a recent

communi t y-fieldeof the in¥entioh f ound that 3. 2% of Chi nese respondents over the
age of 40 were found to have gl aucoma. Furthernore, the disease is closely
associated wth age [4] and according to the d aucoma Research Foundati on
[5], a permmnpresent invendge refatédtd a r‘nethod ane: systene fdri detbyminingah optic

gl aucoma". Gven the rapl dly agin po_batl og}ﬁgn ngl %arts of the \gorl d,

i ncl udi ng SHPnBRYRIIALY i1 2h) BRI 8961‘ PdlE a3 Fi Yy G Peysedde
Characteri t e gaat o] ele I ﬁmﬁ%o S ge is
irreversi queggrgﬁgepgr manen\'?’ ] urt er'horli]lellﬂ Iri%t |u§§%bfl%g oss of |§ugiga1[§fel dis
usual | y ordontraetihg gabcomadvanced gl aucoma damage. However, gl auconat ous
progression can be significantly slowed or even halted if detected early
enough [6]. This notivates the need for nmass screening efforts to detect

gl aucoma at an early stage. However, currently, glaucoma screening is |abor
i ntensi ve 0 In h grading of the retinal imge by experienced
prof essionals. This process is time-consum ng and the need for a trained

clinician raises the difficulty of conducting mass screening events.
Fur t her nor@lauicommais dnecof th leading tcadses af blimdness ovoridwiden Acherdingstesament  of

I th d f.th bs r [7]. Du
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gl aucoma screening. Fig. 1(a) is a 2D retinal mﬂmfﬁ@ean eye whi ch does
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known as t ¢ fuid that B2% df@Hlﬁ@séie%rpbnﬂfentsf‘@veQme ageefve werd foandadi na. The
optic disc is a structure by which the nerve fibers | eave the retina.

Wthin t heh@\{ﬂ glaugpme. Furthefmpresd8e disaaseim closelyrassostated with agg Mi@sfat ous
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excavat i on°of C cup, causifng an I ncreas si ze of the optic
cup in rel @it tmeenort likelgicget glautoma”. Kibgn ﬂmlrdmdw agitg pbpnlanoespond

i n meani ng. respectlvel to Fig nd 1(d the hysi ol of an. eye
with earl y"W‘éDt@ﬁﬁtSl‘g GPI"‘(%IFF Htc@g(?% rpg%gor nthﬁlFﬁe 'FE?G’Qgg ayePMa fhi ch

again corrﬁaé%q)p é’g’éinl ng respectively to Fig. 1(a) and 1(d), the
physi ol ogy of” an eye Wth late gl aucoma i s -shown. As shown in these

figures, there is a loss of ganglion cells and a thlnnlng of the nerve

fibers when gl auconm, js sent ddition, there | so an increased
excavat i onG Bgrqcﬁ%“%ﬁq G)Y:ﬂ'g?@%a‘ihr\oftg?é‘ PRV EBlSs m o SAMAIF Peat ur e

enpl oyed by, élSI'étaﬁHa&rel‘?ﬁ%érﬁr FLRRefrhére, ﬁ%ﬁé‘é&ﬂf@'ﬁssocﬁf W FRMRisi N a
patient is t measur enent of the ratio between the optic cup and the optic

di sc, nor eusmﬂyocmly réalzed ersadvenaagpglaocamadiamade Haopmyer, glasicomrtows used
Typr cal |y, Pragteraorsanas sBgRcapfy SonF ol St halfeet Reletied Rouy effudiom
and furt hefg)expRimafiiA8s Py n86d FECABEE BERENINg efforts to detect glaucoma at an
early stage. However, currently, glaUcoma screening is labor intensive as it
requires manual grading of the retinal image by experienced professionals. This
process is time-consuming and the need for a trained clinician raises the

difficulty of conducting mass screening events. Furthermore, it has been



To obtain the CDR, it is necessary to isolate the optic disc and the optic
cup fromeach other and fromthe rest of the retinal imge. Previously,
many et wooteressbeen reported for optic di sc detecti orCTIsGRomsiognist i cant | y
fewer 3 nethods have been presented for optic cup detection. Optic cup
detection is nmuch nore challenging due o0 the reduced visibility of the
optic cup within the optic disc and the high density of vascul ar

architecture trayersing the opti.c cup boundar, e of the rliest

Fepor teq HEPABHE (TN Aepuselin e SRt AL MREEoR s HTRRIR A hat ory
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wer e subsequently devel oped. For exanple, pixels within the retinal inage

were cl asgneneal meathed. herpisceensaatngessfop tiredavalarmestrsar pbiective 8ndr et i nal
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cup in [10] and a variational |evel set nethod based on pixel intensity was
used to globally optimze the obtained c contour in 1] . The pixel col or
i nt ensi ty,Figr 14541 812D teiiat ieags oban gyev P%HP@EF@PESP'{’?IJQJ‘.%“Q%%?@B’? t he
previ ousl yridesgy i ; i g@%},%f% Whent PR bHial S used
to determYFnlg' ?ﬁ% I%:é%gﬁg%f)?ﬁ@né%%h‘éﬁﬁé@gﬂl a potenctei al r%ﬁy of F{)Jncjgrstati ng
the cup siad-avily dewes$he topticmeave Fbheatits vsuah irdermaltiorofronuthediyectiodpeancy,
where the area of ,pallor |1agg behind the actyal c size [12]. 1n addition,
When t he. diTRITEREH U 9RIRR T EaRGh ARarkTa 68 e RRUE AEcaf bt dar of e
particul art%p?ﬁcvﬂlé'\/ li®theSRRRa TheophiB died fsYa SIrddtaRITBY QHictRiHOMEYe HiBBHRs t he cup
can be shallow, the accurate deternination of the cup size using pallor

al one can Ibave b tadingi Wthin theadpiic disa,is redepression &npwnirasithe[apticidlp. f ur t her
depend on the processing of stereoscopic inmages to obtain the cup boundary.
There is hence a need for a nethod and system for determ ning an optic cup
boundary vBigtitofio®y eptisaraelispathpcpRysibbgitally SHaravterizdd fyhani nvent i on

The present invention ains to provide new and useful conputerized systens
for identiingiaagedipxcayrtion elihie onlio cup; GANSNIRNPOTIeRIE0NENG Gixes the| n
general te i i i I} vessel s
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i nvention thus make possible a conmputeri S emto identi t he optic
cup in 2D 9idUFomP 5 HighataghWheraas %@t 1 ‘5 %i&h(‘l‘fm‘m agaNcANESPaRA A i n
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i mges, angd 418064 ihéreBedbREARION O tHaloptE &lipd if 81 GiatieBmiatol epse (or even
possible) 1n 2D 1 mages. There is no suggestion that™ it would be possible to

performthe technique w thout human intervention. Nor is there any .
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glaucoma in a patient is the measurement of the ratio between the optic cup

and the optic disc, more commonly known as the cup to disc ratio (CDR). The
CDR is used to provide a quantitative measure of the relative cup to disc size.
Typically, if the CDR is high, this represents a higher risk of glaucoma and

further examination may be recommended.

To obtain the CDR, it is necessary to isolate the optic disc and the optic cup
~ from each other and from the rest of the retinal image. Previously, many

methods have been reported for optic disc detection, but significantly fewer



Specifically, a first aspect of the present invention is a nmethod for
determ ning an optic cup boundary in a 2D retinal imge, the nethod
conpri si nyotzhw/wi®ps of . (a) making a prelimnary esti nmece/sckodsiveo4sdsi ti on
of the optic cup boundary on the inage; (b) identifying the edges of bl ood
vessel s in a nei ghborhood of the prelinminary estimte of the position of
the optic cup boundary; (c) detecting kinks in the identified blood vessel

edges; an d L] ' N l,nal 1 nmage
based on Hisehors Beve HoRhfesciindRin G Bl BBEROY OBut B dhecioh e (™2
pl ur al i t y nafchpabehesalitiginge due te tHeepiuagd widibilityhef the elpticicuprwitres therat e of
the position of the optic cup boundary. 5 The .invention y alternatively
be expr es§BHE giscandisunigh depsitep YRCYRIFITGPREFHY S tiaMers NR RPYCEIPS

comput er_BYShERTBNCG thBldficd: Fepitdd et ff? e ApRitbtitsh wBs! et i nal
fundus i nages. The 1 nvention may al so be express as a computer program
product, baséd as thedisairnindtaty analysisapfgidhdrentensitut8). Fueitien metloeads toirni ng

program instructions operable by a ¢ uter systemto rformthe steps of
Phe et nodptierb HHEatER Witk e RaBieRE s Botaf SERkSBRL bel Witfis™ °°

i nventi ontyd ttindPihAGe Weréd eldsatfied tfé%édtcftﬁmgfﬁ@k%a@ﬁre%@ﬁélr@teﬁﬁfdm WtdrBo
reference to the folTlow né)ﬂsdravm n I n I ch: Fi 1 is conposed of

I ngs, g. .
Figs. (a) coloffetingimages ﬁfad@ngﬁéapﬁﬁidoqi%@fp peramneters abtgngd oMt ous and
gl aucomat retina; . . o ' . | t hod
of deter m%ﬁﬁhat%g%{;%co%%{)ecggﬁﬁggtr'?%l’v#éaﬁgéemQ?ngn%eg%,n?ﬂﬁgqgﬁée@ogﬁﬁ the
i nventi onicup in [10] dridda vari@tignal iéve) sel nesticdbaséd enixeaiimehsitywae uaed t he
results of steps 202 - 204 of Fig. 2; Fig. 4 ﬁ(1aﬁ - (d) illustrate the
resul ts ofto giabadly pptmize the ebtamed cup centgur i [ll.ust rates the result of the
process of Fig. 2, Fig. 6 illustrates a plot of the errors obtained
fromthe process of Fig. 2 and froma prior art nethod; and Fig. 7
i || ust r at @heRiixelcoloristarsityt oupalkd, dmdbihe dssoastettggadientdiorpribe dssisof Fi g.

2 and fr orgf %grt)}e?/rio&rlys drergérlfg)eCid methods for cup segmentation. When cup palior is
used to determine the size of the cup, there is a potential risk of understating
the cup size. This results in an effect known as pallor/cup discrepancy, where
the area of pallor lags behind the actual cup size [12]. In addition, when the
difference in pallor between the cup and the disc is not particularly visible,
especially in early glaucomatous atrophy when the cup can be shallow, the
accurate determination of the cup size using pallor alone can be challenging. In
addition, many of the methods [9, 10] further depend on the processing of

stereoscopic images to obtain the cup boundary.

There is hence a need for a method and system for determining an optic cup

boundary which can overcome the above problems.

Summary of the invention

The present invention aims to provide new and useful computerized systems for

identifying the optic cup.



Det ai | ed Description of the Enbodi nents Referring to Fig. 2, the steps are
illustrated of a nethod which is an enbodi nent of the present invention,
and whi chwodevsvatisyes the cup to disc ratio for the assessmseRomsfoogisaucoma
usi ng conputerized kink detection. WD 2010/ 071597PCT/ SG2008/ 000482 6 The
input to the enbodinent is a single retiynal image. Pre-processing involving
steps 202 and 204 is first perfornmed on the retinal inmage to obtain an

estimte o i i r. . the | e,a.and. a prelim,nar

cotimte ot PRAcEEsbng H5 BRASRE i Riona B eRHE na Rirkg o Rt st

pat ch ext r approaimétetyept 206 )ooundpsr betvi@eh ahe tdpicPEl BRENAEY oSt idiRt 8redf the
position Of??%;]e c;apﬁl? unda(rS%(i t he patches together defining a region

proxi mat e Y$RE gPeldeRiYarthe c2dgesaol Be ORECpeH-t CoralT emkodimenteeidtiey .
This is fo ; " I an, gssel.. .
identifi caitn:\/g'?\ﬁ&? %ﬂ?ﬁg@gﬂé 3068&%%8%%%%&%@%&2:%% i@%n‘?‘gtfce%lf%fnes on
t he pat chedDafedinabiénapes edhichndbex] pof inelywbinctolour idiffatenessriaseth whoe arof

t hese feat rs(i% relate to bl ood vessel edges). The bl ood vessel edges are
vect ori zedgxf @8‘ 214), and kinks are identified (step 216), after which cup
boundary demarcation using kinks is perforned in step 218 to obtain the cup
size. This cup size is then conpared with the output of step 202 to give

the cup-to-disc ratio. These steps will now be described in nore detail.
Pr e- pr ocesd ol entiply urimoumdionse kinks & blpodomsselisas aregitkiot ahsesvingsan

per f or med. i ol ' .cadi se.Qcoupies a small area of the
entire ret ?‘é\a eﬁ’ér%éetﬂ@A'sr@gﬁﬁ%"%ﬁ?&éhgﬁbﬂh ﬁeﬁeggﬁﬁﬁ?r&e? ﬁ’lnglal\eé‘@éﬁq Bhis
first extrasg edchlanwthodxdueke the iffidumya eletedtingh@er §8bAVdsselsWirChet he
typical optic disc dianeter. The estimted disc centre is determ ned by

t hr eshol di PRIIG RIS SXTEREMOLE. the disslasare Al [1Bhags ihéhe contexti afcmasuabst
apparent. | oti rdiatd | s S€e : | i to the
b on o hopeotioh Wfist@ledieapio Mahesoapd el it 8 disdaRe' fbr fua™®
srm]?t heddua_clzﬂglqeﬂelif g_ﬁeséi(om é‘v&jll possiltsbetmh 20images. Eban&ilamof : ggm.b'Pqnatit Sd
erformed.. Thr olding.,is applie e green channel o e extracte
gpti c disct W&uﬁipgipﬁsﬁﬂl? Fﬂ Pg'g?"% g?ﬁhnl'%% WHRoWw [isean rervassencber isn of
the vari atih@?@'adﬁ%@?gé@ﬁomﬁ&o%is-r% &S Wdne P?té‘i ;ﬁ%?e@&rteercoggﬂg}ﬂf% the

vari ational |evel-sel nethod are then ellipse-fitted to provi

pr el i m nar§orepuienigeed idgntifiatipn of tHeoedgds ohisloodpebseiadary based on pal | or.

7 Local patch extraction (Step 206) In step 206, |ocal patch extraction is
performed, to localize the kinks lying within the optic disc. A plurality
of square patches are generated using a prelimnary estinmate of the

posi tion oSpedificallyp abfrgtdapgctast thegsriedent Invehtiei 8 METRA f? HeternhiRf
spaci ng between the patches is _designed in such a way so as to ensuré that

there i s s¥MEPHSEHP Boupdankiara 2Raetaakimage; themethatbcemptisingrtbe steps of:

dund o UL dj _.the size of, th
ot chea. s 2o} SHEKRGEBImin 8 SRR SERRCLETHMT of ik oBlS Eueodtingy o ©
col | ecti vethg itfeges€b) rfentiffindidise ieagbs tF b6 vabedis ivfa AEIBHBHAIJY Glat(rjhé

estimate of the positjon of the cup boundary. By enploying |ocalize

pat ches of Prerfupary  estimatesRbHig positionmef dhenptjaerup doyadaer el idstestimghod
tovards detiged iMgh®Rddntifled b‘o%ﬁg%éé%?%edg%s?gﬂdbﬁ)ad’e%%ﬂlng the optic cup

boundary in the 2D retinal image based on the detected kinks.

The “neighborhood” here may be the sum of a plurality of patches defined

overlapping with the preliminary estimate of the position of the optic cup
boundary. '



Figure 3(a) illustrates an initial retinal inmage 300, whereas Figure 3(b)
illustrates the extracted optic disc boundary 302 and prelimnary estinate
of the opvocomupiddoundary 304 after steps 202 and 204 areTendmsroned2 Sonme
of the generated patches 306 after perform ng step 206 are shown in Figure
3(c). Inreality, the number of patchesgis sufficient to together cover the
whol e of the line 304. Feature generation including steps 208, 210 and 212

One of the.key. chall in th tecti f kinks_ lies in th tracti
A T R A R
vessel s. Teed@imRg dUchka mithddS TRIS &omp@et Q;?bteﬁﬁ ey asd imegited with bhe-

vessel s rather than the vessels thenselves. Therefore, the required kink
i nf or mat i ofe\des far sepbdingh2h fetna!r bindussiseagesdgblRe invertinn enmo d@lsredes of

the bresentdauel Hon e RIMILRIL IRIECURHAOKALINORkAGY Adahgbled o o°

vessel edgés UuSing epe proaches to genera resc 8 1In
step 208, estgputerpmegdian atootainisg geroframeitstroctiareh opleraliie ipatec lkempriér act ed
in step 206. Edge dejection.is applied. n the green channel of the patches
to obtain %memgeaqr@ﬁ"bt}‘ea@%eg@ﬂn‘@t%%se| edges within the patches. In
one exanpl e, the canny edge transformis used. However, other edge

detecti on nmet hods such as the Sobel, Prewitt or Roberts edge detection

met hod can_al so be used. The resulting transformmap G x) is defined in
Equat i on (BlieliBeseriptiansofithe Figurest ed edge nunber, Ln refers to the nth

det ected egge and,.m i e total nupber of . ed By perform ng
cdge. det echf Gnmrieet e By haaRor b icw B ittt 16t ne sayBloreRablId (o ¢ 1
cor r espondbig _Vh'trghﬁérg;-@@ttb@ﬁé folRtvind @raneings! inadigies) 1s reduced. This allows
the detection of snmaller vessels with | ower vessel edge contrasts. Small

vessel vi si bi | i Fig. iy coepassdefdan () riprgviel ilyistrat physiglpay of the _
enhancenenﬁon_ggg@/o?éaé?ggﬁﬂ?%g%n%tﬁg?ugﬁ%egamrast enhancenent results in

i ncreased noi in the detection of

super f | uous edgERy. 2iilusteatps effovatiagramtoft:ometipdd/ of Heteirmmixgeg optit tast
enhancenment. In step 210, wavel et mag generation is perforned on each of
the pat cheBoWRdanydn a9 embdiBe™ @6t Prassntinygntigel et transformto the

O omat e S B sl G g 3 SRTTNSLP BB,
wavel et re2pdnf&iguiereas x = (x,y) is the pixel value; Cu" u, b, 8, and s
denote the nor nEllglzdfl @3 —C(%S]ﬁfu%{}tate the results of steps 206 — 216 of Fig. 2;
Fig. 5 illustrates the result of the process of Fig. 2;
Fig. 6 illustrates a plot of the errors obtained from the process of Fig. 2
and from a prior art method; and
Fig. 7 illustrates ROC curves constructed from the results of the process

of Fig. 2 and from a prior art method.

Detailed Description of the Embodiments

Referring to Fig. 2, the steps are illustrated of a method which is an
embodiment of the present invention, and which determines the cup to disc ratio

for the assessment of glaucoma using computerized kink detection.



t he not her wavel et, the displacenment vector, the rotation angle and the
dilation paraneter respectively. cu* is the conplex conjugate of w. The 2D
Gabor Wawebeabioli7asysf orm ve(x) as shown in Equation (3) PeTESeasasishe

not her wavel et, where A = diag[c-1/2, 1], E>= 1 is a 2x2 diagonal matrix
that defines the WO 2010/071597PCT/ SG2@08/ 000482 9 ani sotropy of the
filter, and ko is a vector that defines the frequency of the corrpl ex

exponent i Jfll';)e Wpﬁi' to the eflbadifbhtid ¥ sifgié Tefindl ifSge. %)ﬂ% quéﬁes) @N\Q/&m%x) )

exP(i kox) ex

transform stspstzoarmd)tzou he fi rst&mfoﬂﬂedhorlﬂawe reétirtdl ghagertb Jmainodh bstihBR
not her vvavﬂ{lﬁitq/gener te a higher score or value. The image is anal ysed for

t hese maxi Plic st QoyBdRR Anethe BBRGRs 8N i RIBliminArY Hestimaledot the
produce a YEifbelof tha Rubobal dl1end %ﬁ%&swégg {:?ltegé“(?}ﬁeéﬁiaén% {

I .e. the wavel et response characterize t pro con ce) of
the existe® i pesiosmied @mt then prahmmrxamst‘ﬁhmte obrthedensuaonsof dipe eagnt ed

whi_ch t flected b th
Pt enci ty SRR M PatES RodtfRl BRI ACTsith (il endlia PRTBRALE | he
wavel et rm@stn‘ﬁa‘teb@f her pesinss! oﬁQﬁ@rc@prlﬂoGrWaEﬂU“ﬂhlbqg foflowed %FQ;&B&:&% 6¢)

Wx) and Wnorn(X) represents the wavel et map and the nornel i zed wavel et

nap respectf‘P%‘é'F%/Seﬂﬁrﬁé'ﬁﬂe%l%vgsﬁﬂédﬁfé@ﬁab@n’i'ﬁéokwmge‘ﬁ@psc&%‘ 216i @nwhidn t he
wavel et fﬁgaﬁt}q’féﬁB ?hé *}?ﬁﬁ%‘dﬁédm‘éﬁﬁf 8&' N d0 21Eh%n WORREY: is

coeffi ci ent
determined which of these features relate to blood vessel edges). The blood

vessel edges are vectorized (step 214), and kinks are identified (step 216), after
which cup boundary demarcation using kinks is performed in step 218 to obtain
the cup size. This cup size is then compared with the output of step 202 to give

~ the cup-to-disc ratio. These steps will now be described in more detail.

Pre-processing (steps 202 and 204)

In step 202, disc segmentation is performed. In a retinal image, the optic disc
occupies a small area of the entire retinal image. A region centered on the
estimated disc location is first extracted. In one example, the diameter'of the
region is twice the typical optic disc diameter. The estimated disc centre is
determined by thresholding the red channel of the retinal image where the disc
is most apparent. Next, a variational level-set method [14] is applied to the
region to obtain the optic disc. The obtained disc boundary is then smoothed
using ellipse fitting.

In step 204, cup boundary estimation is performed. Thresholding is applied to
the green channel of the extracted optic disc to obtain an initial contour for the
subsequent application of the variational level-set method. The results obtained
after applying the variational level-set method are then ellipse-fitted to provide a
preliminary estimate of the position of the cup bound'ary based on pallor.



10 statistically conbined to obtain a confidence map whereby each pixel in
the confidence map indicates the probability that the pixel belongs to a
vessel edYO2010076198 exanpl e, a Bayesian rule is used foPCTHE2008M8948at i on.
Following this, the overall probability of each group of pixels being an
actual vessel edge is determ ned by averpagi ng the pixel probabilities
within the group of pixels. In one exanple, the generation of the

confi dencq_%?gg{&q é)ﬁ%@%ﬁ@@%%%%}f the pi xel probabilities within the

group of pi ding to Equation (5). In Equation (5),

8" represent C e o S f

corbi pat 1 of S ehe: Fisel ArS SR ybls BeHsREaDto By Kiftks Mifg witip,

map, G x) athd @:fttcedlst ha p!uﬂmgbﬁgqoéret patobiex edre pyerzahicdi msmg anptdiininaiye

group of pixels I S the nunber of gi s in the ?
, (xest mteno? gwe positign gfthe cup boundary as a guid

embodiments, the spacing between the patches is designed in such a way so -

i example

as to ensure that there is some overlap between the patches to provide a
measure of redundancy. Furthermore, in example embodiments, the size of the
square patches is 128 x 128 pixels, and there are sufficient patches that
collectively the set of pétches includes the whole of the preliminary estimate of
the position of the cup boundary. By employing localized patches of interest, the
skewing of the subsequent edge detection method towards detecting only the

large vessels can be avoided.

Figure 3(a) illustrates an initial retinal image 300, whereas Figure 3(b) illustrates
the extracted optic disc boundary 302 and preliminary estimate of the optic cup
boundary 304 after steps 202 and 204 are performed. Some of the generated
patches 306 after performing step 206 are shown in Figure 3(c). In reality, the
number of patches is sufficient to together cover the whole of the line 304.

Feature generation including steps 208, 210 and 212

One of the key challenges in the detection of kinks lies-in the extraction of small
vessels due to their reduced visibility compared to larger vessels. To detect
kinks, it is more important to detect bending of the vessels rather than the
vessels themselves. Therefore, the required kink information can also be
obtained from vessel edges. In the embodiments of the present invention, the
embodiment detects kinks by detecting.intra—disc vessel edges using two

independent approaches to generate features.



An enmpirically optimzed cutoff is then used to renove pixel groups wth a
| ow average probability. In this way, the group of pixels whose pixels

cor r esporoto10/ows9pr obabi ity val ues are treated as supeciiscaes/oand2 ar e
filtered out. This | eaves only high-probability groups of pixels which are
nost likely to be vessel edges i.e. theg high-probability groups of pixels
are the detected edges. Alternatively, adaptive nethods such as Bayesi an or

Support Vect i c b .10.s€e t _vessel es training
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(n may r aﬁé‘%r?’ r"oiﬁ Q‘Q%giieéfg%‘ﬁ%@%”ﬁﬁg Sn Lr Hgferrgcfaith rfgﬁtcgqu?tea h%dgﬁs%?q .
Fol | owi ng i )ﬁﬁ’%ﬁ kSqSsubdi vided into |line segnents, which
are then \r/)‘ie(t:%'ttg\reitgf;%!f‘lu |s%gﬁgggiu%égvoi ding further local effects. In step
216, detection of kinks in the vessels is perforned. The change in the
rel ati ve angl e between each node in each vessel is calculated and a kink is
identified as being present at a node if the change in angle is found to be
nore than a specifi 9(9“?& e, whi cl¥l&&lramde™ rom 15 degrees and (a}?ove and
can be nodified to sug tlhe sensitivpigrwmgui renments of the user. ' I'n
vessel s where the change in angle is simlar at several successive nodes, a
kink is not identified as being present even at where the relative angle at

each node exceeded the specified angle as this scenario typically indicates
a curving.vessel rather than g |localized kink, Figure 4 illustrates the
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increased noise effects which may in turn result in the detection of superfluous ,

-edges, it is preferable not to apply the image contrast enhancement.

In step 210, wavelet map generation. is performed on each of the patches
extracted in step 206 by applying wavelet transform to the green channel of
each patch. In one example, a 2D continuous wavelet transform as shown in

EqUation (2) is used. In Equation (2), W, is the wavelet response whereas x =

(x,y) is the pixel value; C_, v, b, 6, and s denote the normalizing constant,

w?
the mother wavelet, the displacement vector, the rotation angle and the dilation
parameter respectively. " is the complex conjugate of i . The 2D Gabor
Wavelet Transform y.(x) as shown in Equation (3) is used as the mother

wavelet, where 4 = diagle "%, 1], £>= 1 is a 2x2 diagonal matrix that defines the



12 Cup Boundary Demarcation Using Kinks (step 218) After processing all

t he patches according to steps 214 and 216, the detected vessels and the

i denti fi estoknrkwi1mre extracted fromthe patches and arepregcaoosreaisyi t h t he
region which is within the estinate of optic disc obtained in step 202. The
various identified vessels fromdifferegt patches are nerged whereas kinks
fromdifferent patches but which are in close pixel proximty wth each

ot her are i LCUp ndary is then estinmated usin e ki nks.
Wien nor e %ﬁgﬁ?@ﬁgaﬁﬂ%ﬁuﬁ%ﬁ, ?fﬁ%&ﬂ%ﬂ&eﬁ?"é tE%W%Wgﬁqsgg?@“?”ﬁﬁiogﬂqq s possi bl e
in severe kinki ' oneting', the kink furthest fromthe optic disc
centre is ﬁ@é’b?%xﬁ%&e@@% the |l ocation of the cup boundary. ldeally, for
an estimation of the cup boundary using kinks only, the kinks should be

wel | -di stributed around the cup boundary. However, this is not always the
case. In some inmges, the Kinks nmpy be, clustered in a particular region, or
there may be insufficiEntb:RiniksCi o Hedsi ty(xrt) badar | cup Bdundary. In
such cases, additional points from®the pal | or-based | evel -set cup boundary
obtained fromthe step 204 (see Figure ﬁfL are automatically added. Finally,
t he cup boundary is ob}ajned.yy j ity i ng the kinks apgh any
additional points. Fi g&d?g)S i)élﬁl(ﬁksot%jrég?giz /%é“e)xarrpl e of the cup ‘boundary 500
found using a conbi nation of kink points 502 and pal |l or points 504.
Experimental Results 27 retinal inages were obtained fromthe Singapore
Nati onal Eye Centre (SNEC) for the experinent. Each retinal inmage was

capt ured Usithg wavel@itramsfolri! s€ctiod Gt the 7948e MHicM Abvé WRidA coMEtion RNd vas
subsequent |y graded by clinician-scientists from SNEC to determ ne the cup

to disc rahednpibsryaveletigenesaiq a ighesscoreogyaldenghaimagetis asalyred §oround
truth upo I.C e f i t. gs.evaluated. The inage
et vas ¢ nosg eyl baRleloRE il whVEIeFTTRBRNED it il ol uard T

i mages t akgnodiicera glaselpbtrEnsfiorm hias Ubhe ¢ésultsafidmatihet Wavelgt dapsimsi.et i ng
of the rempining 17 i mages from non-gl aucomat ous, subj ects. The di agnhosi s of

gl aucoma VA€ Bt oFeSpPNSee FRRTACK S 408 RipPERITI dbepdicafidenceir of athges,

the accur g SRot he 1 a2t the ReRor LIS o TRERve RoeRrniineL il 1 ohe
det er m natstoengtii of tee GBRelet respdrisekwhizbds! irOim vaflested Wythe idtensite df the

calculating the differe EKBm) between the ki nk-based CDR val ue ( CDRKBM)
and the cI@ﬁ?'ﬁé’l‘%ﬂa @%%S’@Q'fﬁ?r%maEKBm = CDRgt - CDRKBm As a nmeans of
conpari son, the CDR was obtained using the pallor-only method (PBM and the
error EpBmwas simlarly cal culated by cal culating the difference EpBm

bet ween the pallor-only CDR val ue (CDRpen) and the clinical CDR (CDRgt)
i . e. EpBm Nommaiationairtherwaveigiumapaenay bespertareredaagtardingf toEkdRmtamd(4%Ep Bm

agai nst g | t. can, be _seen fr Fiqure 6 that, for both gl aucomat ous and
non- gl auggﬁatﬁﬂ}?tt'gﬂbj?@ct g/,s(xgt?é‘de%mé‘gm@%eﬁe&k%rth% YR 3¢ udE. I n
particul ar t_higher val ues ere the risk of, contract.i | aycoma is
hi gher), tP¥ "FSgsW%\)é‘?qgﬁﬁé%Pr f?/sqg%%l | Mo CRERES IS ﬁ@etrﬁﬁa%\%rtggé’g%‘féj r
di fference ! . ki nk-hased t hod _and the, pallor-only . metho RVS
errors mer%é)e?é()r[}%ﬁqge{b Qﬁe d“éﬁ‘}r%aﬂﬂép Iia?r@rﬁ; ar{apﬁﬁgﬂ‘/i]%feuﬂé!’dﬁf#;déﬂ@m Pg\'h?
cal cul ate [ N S were found to be 0.093 and 0.139
respecti vgfvé\,/éllg%n&l ca'ﬁgﬁgg i‘{f}’}ﬂg uég{gllégﬂhlg “error of 33% when the kink-based
met hod was used. Furthernore, it was al so observed that the range of error
for EKBmis within 0.2 CDR units, which is within previously reported
manual intra-observer limts [7]. Although the CDR alone is insufficient to
determne if a patient has gl aygo _tHéx)ChR,can be used in early, screening
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systens as a conveni ent and obje¢ttve nMegy)s of indicating if a patl’ent has
a high risk of contracting gl aucona.

In step 212, vessel assessment and identification is performed. The outputs of

steps 208 and 210 i.e. the edge map and the wavelet transform map, are



Based on recommendati ons from SNEC, a CDR value of nore than 0.6 CDR units
I ndi cates a risk of contracting glaucoma. Therefore, the i mge set was

cl assi fi esoizntom7i3y7gh risk” if COR is nore than 0.60, amdT/SiGavesnbsisl

ot herwi se. The specificity and sensitivity of the kink-based nethod and the
pal l or-only based nethod in classifying;jhe retinal inmages into the "high
ri sk" category (i.e. CDR > 0.6) were cal cul ated and are shown in Table 1.

The result t h S& v o d thod
At hough « R RitaR el e ook BRE SEPRfdente e et s 360 M T e
pal | or - onl yorifaede Meam ddlicdtbe the pbﬁmlﬁyl thvaettthe ghixtes b‘éldrids toreevegsabedgen

screeni ng systens as the tol erance | evel for false positives is generally

hi gher t hall' eaexample: & Bayerdgnaryleds usgdder heneomgb w@pen%o"qvenadalsm error
Sensi i vi L vdiabraBabilityRE CAddr didud Rpiefs Boiredr chidi Yvekder ot fd

0.139 0.18
determined by averaging the pixel probabilities within the group of pixels.

In one example, the generation of the confidence map and the averaging of the
pixel probabilities within. the group of pixels are performed according to

- Equation (5). In Equation (5), &, represents the confidence map for a group of

pixels after the combination of the normalized wavelet map, W, (x, ) and the

norm

edge map, G(x,,p)and after the averaging of the pixel probabilities within the

group of pixels where N, is the number of pixels in the group.

Z worm (X5, )% G(x, )

5, = = )

r

An empirically optimized cutoff is then used to remove pixel groups with a low
average probability. In this way, the group of pixels whose pixels correspond to
low probability values are treated as superfluous and are filtered out. This
leaves only high-probability groups of pixelé which are most likely to be vessel

edges i.e. the high-probability groups of pixels are the detected edges.

Alternatively, adaptive methods such as Bayesian or Support Vector Machines
can be used to select vessel edges. A training period may be required in these
methods and the training data used may be the clinical data obtained from the

Singapore Eye Research Institute as elaborated further below.



0.093 0.813 0.455 Table 1 Figure 7 illustrates the Receiver Operating
Characteristics (ROC) curves constructed using the results fromthe

ki nk- basewlormetonodso¢cur ve 702) and the pal |l or-only basedpu®tsicadsfocasye 704)
to further evaluate the performance of these nethods in classifying inmages
into the "high risk" category based on {jhe COR To obtain the ROC curves,
the CDR cutoff value for indicating that an i mage belongs to the "high

Carne for PeGBsRRr Bhy RhICIABANIPNELS DR Sl () 07 ounc My D COR Sutof |
units. Fro Les e hat the ki nk-ba met hod in
gener al pe'ﬂ%?ﬁsz1%9%@?”?‘%’1%%&%%?6?5@%?# Y)%sssgiljs 'r?‘e‘ﬁfgﬁmedi g-g"?l'@eé%??df’fne nt
using the dnerkobawed pixsihpebtiuatorisheatdathiangactuaitkinks, 2AIbAYSsdie 2 et ed
determ nation of COR fromretinal inmges, thus allow ng an automated

assessment IYEClERevessal egigesJnay fa Phecryrduderdoithe rpsenemof neise nethsor d

"aut omat eGmadel TS ce, vy, Ll VA ntire process
o the. pr amage Je i e B o et SR s BFheq PG Arplfali ver .
t he enbodisfempsiymeynibeoperdesrmethére raisalowad tovaheth BBRINE the bBat fil. o Wi t h
m ni mal human,interyenti Rg The enbodi nent using the kink-based nethod is

al so mor e PEIEIVRENGh dhPBaXimuB (RTdeRt Bl e thodvnaraialiss ligvitedi thgmsty t he
etinal i . i iddi (W0} | .

ot ecti on PS5 L PR, AGRAJAG OF HIBRBREFERIPHRNSEL, MO this, e

enmbodi menteanbevesssd edgeyiscgultsiyided itotlinessagrobntss veieh aos tiog vettoniges.

Rat her, t . iment .sinmply requi,r single 2D retinal inmage. This
enabl es i 2@?%%@% lﬁeﬁV&@BﬁgﬁJ%?ﬁg?ﬁH%&wm equi pnent. By not relying on
colour information fromthe retinal inmges, the enbodi nent can operate even

in the absence of pallor or visible disc-cup contrast. The enbodinent is
also resiljient to problenms such as the cup/pallor discrepancy. Therefore,

t he ki nk- HAs¥@pP stetestiamef kinksdn e tvesselsos daifarmest d hehelmangenin the
t hods, : - d i o
Trveror o eltvesatde BeleRh ALY nas 3 SEATIOE-ENSHAKLERS Bnd a kink is

det er m natidentificthas deinglpresent aba noeleli$ ttk thasgs ﬁﬁéh?‘@ i€ ¢OlcE o bermbree
conput eri ﬁg eval uaft(_%fn of the CDR without the need for an experienced

gr ader . N & sRefified aagle: whirheanrangeaiempt e deaiess anst abeiaand cenpdeem
cal | ed thepoliReh X I 0 , i ch was
unpubl i shggoas a'lt_t bt %Fgﬁgsﬁﬁﬁ/v@a@@%ﬁggp&%n a'pgrﬁ ?’%g%égn\”h f h[ehe

di scl osur echaingehincangle iseiraliyr atnsevepalr shamkskiver ebds<£nc RNk is not identified

as being present even at where the relative angle at each node exceede& the

specified angle as this scenario typically indicates a curving vessel rather than a
localized kink.

Figure 4 ilIuStrates the retinal images after performing steps 206 — 216. Figure
4(a) illustrates an extracted patch from step 206. Figure 4(b) illustrates the edge
map after step 208 is applied on the green channel of the extracted patch.
Figure 4(c) illustrates the wavelet map after step 210 is applied on the green
channel of the extracted patch. Figure 4(d) illustrates the image in Figure 4(a)
with superimposed detected vessel edges 402 (lines) and kink 404 (crdss) after
steps 212 — 216 are applied.



16 Briefly, the ARGALI system disclosed that a single 2D retinal fundus

I mge i s processed by a step of optic disc segnentation followed by a step
of cup seyoente7izdn. Data derived fromthe optic disc segmSGRaIsi000sst ep
(i.e. the output of the disc segnentation step and/or data derived fromthe
output of the optic disc segnentation step, e.g. by a snoothing operation)
and data derived fromthe output of the optic cup segnentation step (i.

t he out putC@ gknﬁdg!sg%éﬁgﬁfo%t i g,ﬂaq{,ﬁgs @Qgé %Bgat a derived fromthe out put
of the opt noot hi ng operation) are fed
val ue ?ﬁﬁ%%%“reref*?%% e B PRREE Aol o R 2R BB s T R R e ©

present enfesgeReahdt thepridamtifizda kifkise ateMpxeRABe | N@malmde hehtchbs Camdreach
for CDR determ nation. For exanple, by obtaining useful information

regar di ng reastereg Wiltheargoisnyichyis Mithi thq ﬁ@'@?@s@ﬁf’!’%ﬂtﬁﬁ eRiatnednipl oyi ng

such stru ORI Rt dﬁ%;é"r{ t the
results f%ﬁé%g gf%[{%télioa%&ﬁ 'ﬁsyst emo al ned usi ng%}(ﬁ{e co %Eﬁe@?ﬂ

opti c cup wlwrehs l@uigsufsomounﬁercdmttplaecrceqobbmmdararermrcluseSpMer proximity ovitht he
present enbodi nent to obtain nore accurate results.

2010/ 0715 EDBETYD '&‘§§ 17 A conparison between our system and three
prior art systenms is summarized in Table 2. Technol ogy of cup detection
Rel i ance on pi xel col ours Cup-pallor discrepancy

The cup boundary is then estimated using the kinks. When more than one kink
is detected in a combined vessel, which is possible in severe kinking or
‘bayoneting’, the kink furthest from the optic disc centre is used to indicate the
location of the cup boundary. ideally, for an estimation of the cup boundary
using kinks only, the kinks should be well-distributed around the cup boundary.
However, this is not always the case. In some images, the kinks may be
clustered in a particular region, or there may be insufficient kinks to identify the
overall cup boundary. In such cases, additional points from the pallor-based
level-set cup boundary obtained from the step 204 (see Figure 2) are
automatically added. Finally, the cup boundary is obtained via ellipse fitting the
kinks and any additional points. Figure 5 illustrates an example of the cup
boundary 500 found using a combination of kink points 502 and pallor points
504.

Experimental Results

27 retinal images were obtained from the Singapore 'Nationa| Eye Centre
(SNEC) for the experiment. Each retinal image was oaptured using a high-
resolution 3072 x 2048 retinal fundus camera, and was subsequently graded by
clinician-scientists from SNEC to determine the cup to disc ratio (CDRg). The
results from the grading are set as the ground truth upon which the performance
of the embodiment is evaluated. The image set was then divided into two

groups, with one group consisting of 10 images taken from. glaucomatous



Limtation Prior Art [8] Discrimnatory anal ysis- based Threshol di ng Yes
Yes Col our information may be inaccurate Prior Art [9]
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subjects, and another group consisting of the remaining 17 images from non-
glaucomatous subjects. The diagnosis of glaucoma was based on an overall
approach which incorporated CDR values, intraocular pressure and visual field
defect tests.

Using these 27 images, the accuracy of the kink-based method (KBM) used by
the embodiment in the determination of the CDR (i.e. kink-based CDR value)
was evaluated by calculating the difference (Exsm) between the kink-based CDR
value (CDRkswm) and the clinical CDR (CDRy: ) i.e. Exem = CDRg - CDRkam. As
a means of comparison, the CDR was obtained using the pallor-only method
(PBM) and the error Epgy was similarly calculated by calculating the difference
Epsy between the pallor-only CDR value (CDRpgum) and the clinical CDR (CDRygy)
i.e. Epgy = CDRyt - CDRpam. ‘

Figure 6 illustrates a plot of Exgy and Epgy against CDRg:. It can be seen from
Figure 6 that for both glaucomatous and non-glaucomatous subjects, the errors
were lower ét higher CDR values. In particular, at higher CDR values (where
the risk of contracting glaucoma is higher), the errors were nearly haived. To
determine the average error difference'between the kink-based method and the
pallor-only method, RMS errors were calculated using the Ekgy and Epguy
values. The RMS errors calculated from the Exgy and Epgy values were found
to be 0.093 and 0.139 respectively, indicating a reduction in error of 33% when
the kink-based method was used. Furthermore, it was also observed that the
range of error for Exgy is within 0.2 CDR units, which is within previously
reported mahual intra-observer limits [7]. Although the CDR alone is insufficient
to determine if a patient has glaucoma, the CDR can be used in early screening
systems as a convenient and objective means of indicating if a patient has a

high risk of contracting glaucoma.



Modi fi ed deformabl e nodel techni que Yes Possi bl e Requires pre- processing
of stereo retinal inmages to obtain cup information Prior Art [10]
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Based on recommendations from SNEC, a CDR value of more than 0.6 CDR
units indicates a risk of contracting glaucoma. Therefore, the image set was
classified into “high risk” if CDR is more than 0.60, and “low risk” otherwise. The
specificity and sensitivity of the kink-based method and the pallor-only based
method in classifying the retinal images into the “high risk” category (i.e. CDR >
0.6) were calculated and are shown in Table_1. The results indicate a much
higher sensitivity for the kink-based method. Although the kink-based method
has a lower specificity as compared to the pallor-only based method, the kink-
based method is still preferable in screening systems as the tolerance level for
false positives is generally higher than that for false negatives in screening
systems.

Method RMS error | Sensitivity (CDR >0.6) | Specificity (CDR > 0.6)
-Pallor-only

based 0.139 0.186 0.818

method
Kink-based

0.093 0.813 0.455
method
Tabie 1

Figure 7 illustrates the Receiver Operating Characteristics (ROC) curves
constructed using the results from the kink-based method (curve 702) and the
pallor-only based method (curve 704) to further evaluate the performance of
these methods in classifying images into the “high risk” category based on the
CDR. To obtain the ROC curves, the CDR cutoff value for indicating that an
image belongs to the “high risk” category was varied even though the clinical
ground truth CDR cutoff value for indicating a high risk of glaucoma was
maintained at 0.6 CDR units. From the resulfs, it can be seen that the kink-

based method in general performs better than pallor-only based method.



Pi xel feature classification Yes Yes Relies on features from stereo col our
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The embodiment using the kink-based method has the advantage that it allows
an automated determination of CDR from retinal images, thus allowing an
automated assessment of the risk of contracting glaucoma in a patient. By the
word “automated”, it is meant that once initiated by a user, the entire process in
the present embodiment is run without human intervention. Alternatively, the
embodiments may be performed in a semi-automated manner, that is, with
minimal human intervention. The embodiment using the kink-based method is
also more consistent and less labour intensive than manual grading of the
retinal images. This can facilitate mass screenings and allow early detection of
glaucoma in patients.

Furthermore, unlike other methods, the embodiment does not rely on 3D
modalities such as stereoscopic images. Rather, the embodiment simply
requires a single 2D retinal image. This enables increased functionality on

lower-cost equipment.

By not relying on colour information from the retinal images, the embodiment
can operate even in the absence of palior or visible disc-cup contrast. The
embodiment is also resilient to problems such as the cup/palior discrepancy.
Therefore, the kink-based method in the embodiment is more accurate than
other methods, such as the pallor-only based method and provides a

physiologically and medically sound approach for cup boundary determination.

The embodiment can be used in screening centres for the computerized
evaluation of the CDR without the need for an experienced grader. Some of the
present inventors have previously proposed a system called the “ARGALI
system” (as disclosed in PCT/SG2008/000186, which was unpublished as at
the priority date of the present application, but the disclosure of which is hereby
incorporated by reference).
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(i1) subdividing each snoot hed vessel edge into |ine segnents, each of said
| ine segnents corresponding to a respective one of said vectors. 6.A nethod
accor di ngvoeoanmy1®f7 clainms 2 to 5, wherein the step of ipdersGziogion@syesse
edges in each generated patch further conprises the steps of: (a)
perform ng edge detection on each genergted patch to generate an edge map;
(b) perform ng wavel et transform on each generated patch to generate a

wavel et transfaorm map; (c) conmbining the edge map and t he wavel et
transform generate a confidence map for each generated patch wherein
each pixel in the confidence map indicates a probability that the pixe

bel ongs to a vessel edge; and (d) .identifying vessel edges by

identifying pixels in the confidence map having a relatively high

probability- of Gometgsoiadidaierainingas|crliggewr bpupdamyt Rodl 24 Etingll jage, cl ai m

6, wherein gﬂgp i1 ] L f ormed usi ng Canny edge detection,

Sobel edgetr%'l;'?‘gc |o%(?1ﬁé>ﬁ%b\??t?e§%é§% etection or Roberts edge detection. WO

2010/ 071597PCT/ L0004 22 8. cprding.to claim6 or claim?7,

wher ein t he mvé%ﬁ?zﬁ{uﬁq?& gﬁﬁﬁ%mar@ g@t‘irng% Trehe pogltlon of the optic cup
boundary on the image;

(b) identifying the edges of blood vessels in a neighborhood of the
preliminary estimate of the position of the optic cup boundary;

(c) detecting kinks in the identified blood vessel edges; and

(d) determining the optic cup boundary in the 2D retinal image based on -
the detected kinks.

2. A method according to claim 1 wherein the step (b) comprises the sub-

steps of:

(i) generating patches proximate the preliminary estimate of the position
of the optic cup boundary; and

(i) identifying blood vessel edges in each generated patch.

3. A method according to claim 2, wherein the generated patches overlap
with each other.

4. A method according to claim 2 or claim 3 in which step (¢) comprises:

(i) denoting each identified vessel edge in each generated patch as a

- series of nodes connected by vectors;

(i) calculating the angular differences between the extension direction of
successive ones of the vectors; and



Is perfornmed using a 2D Gabor Wavel et Transform 9. A nethod according to
any of clains 6 to 8, wherein the edge map and the wavel et transform map
are conbiweaousi7my7a Bayesi an rul e or Support Vector Ma@elir/se2008/000482
classification. 10. A nmethod according to any of clains 6 to 9, wherein the
wavel et transformmap is normalized prizir to the step of conbining the edge
map and the wavel et transform map. 11. nmet hod according to any of the

preceding claing. ip wiich step (a), is perforned by: i ) .@btaining an
sttt e of ¢ nelip sl yang rah Ayt i pfRSend § TR Afcuater ang iy RelsRiss

(ii) obt aiigilé}geﬁﬁ:{éﬂ-‘ ®SBELifbAAR®sRSIH mate of the position of the cup
boundary fromthe estinate of the optic disc boundary. 12. A nethod

according to.claim1l in which said step of obtaining an estimte of the
position of an optic disc boundary is perforned by: ~ (i) threshol di ng

a red changel gé ﬁ’\n@?rgcﬁl(gt% rlrdihgf‘g)?;claig} ﬁ,hmﬁmieiré‘nd‘ﬂji&rgef%ﬂiﬁgt n%ﬁﬂérﬁlem the

optic disc 'bas es ng e red chann e retinal
i nage; identifidd V@ssexetiges iasa seriespdfirpdiissconmegtethby estiersthchideashe centre
of the optic disc; (iv) applying a variational |evel-set nethod to

the extracted optfitfingliesehli@amifizdivesabl 8lide & al guljhdthiat ot braire @f srhbsthopt i ¢
di sc boundary; and_ . )
each identified vessel edge, where n is an integer; and

(i) subdividing each smoothed vessel edge into line segments, each of

said line segments corresponding to a respective one of said vectors.

6. A method according to any of claims 2 to 5, wherein the step of

identifying vessel edges in each generated patch further comprises the steps of:

(a) performing edge detection on each generated patch to generate an

edge map,;

(b) performing wavelet transform on each generated patch to generate a

wavelet transform map;

(c) combining the edge map and the wavelet transform map to generate
a confidence map for each generated patch wherein each pixel in the
confidence map indicates a probability that the pixel belongs to a vessel edge;

and

(d) identifying vessel edges by identifying pixels in the confidence map

having a relatively high probability of corresponding to vessel edges.

7. A method according to claim 6, wherein the edge detection is'performed |
using Canny edge detection, Sobel edge detection, Prewitt edge detection or

Roberts edge detection.



WO 2010/ 071597PCT/ SG008/ 000482 23 (v) snoothing the initial estimate
of optic disc boundary using ellipse fitting to obtain the estimte of
optic di swokrowndasoy. 13. A nmet hod according to claim12, PGS/ 00482

di ameter of the optic disc region is at least 1.5 tines the dianmeter of a
typical optic disc. 14. A method accordijyg to claim 12 or claim13, wherein
the step of obtaining said prelimnary estimate of the position of the cup

v oshol cithg. o Austiod RBkiefe o BRER .6 S Rl ESTRYeBERapstoma opt i ¢

di sc boundapgrfbAne®using #2D GabocwHvewst; Transform. (i) applying a vari ati onal
| evel -set nethod to the first contour ‘'to obtain a second contour; and

(tii) applying ellipse fitting to the second contour to obtain the
prelimnary estinmate of the position of the optic cup boundary. 15.A nethod

accordin 0 a ' ] Al M i - ¢ : Ctorm n
according $.0, 0 nRAEREURBIaG o] AU SR 1 SLaRere Byl g Shbor T NS
the wavelet transform map are combined using a Bayesian rule or Support

Vector Machine classification.

10. A method according to any of claims 6 to 9, wherein the wavelet
transform map is normalized prior to the step of combining the edge map and

the wavelet transform map.

11. A method according to any of the preceding claims in which step (a) is
performed by:

(i) obtaining an estimate of the position of an optic disc boundary on the
image; and

(ii) obtaining said preliminary estimate of the position of the cup boundary
from the estimate of the optic disc boundary.

12. A method according to claim 11 in which said step of obtaining an

estimate of the position of an optic disc boundary is performed by:
(i) thresholding a red channel of the retinal image;

(i) determining a centre of the optic disc based on the thresholding of the

red channel of the retinal image;
(i) extracting an optic disc region centered at the centre of the optic disc;

(iv) applying a variational level-set method to the extracted optic disc

region to obtain an initial estimate of the optic disc boundary; and



16. A net hod according to any of clains 1 to 14, wherein step (d) includes
(i) identifying points on the prelimnary estinmate of the position of the

opti c cupwvbaurdaispy and (b) perform ng an elli psecisceomsgoaisgorithm
on the detected kinks and said identified points. WO
2010/ 071597PCT/ SG2008/ 000482 24 24a) determining an optic disc

boundary and an optic cup boundary according to any of clains 1 to 16;

et or m i ng . MpePOfiRs dfi (RESL i 4t S BbrtG 415 BRdery using glifee

det er m ni figinghe oblkdin Able eativatebf Bstldbi%crtﬁUn@an the cup size to the disc
size. 18. A nethod of determining a risk of contracting gl aucoma, the nethod

conprising the steps of (a) determining the CDR by a nethod
according to claim17; and :

13. A method according to claim 12, wherein the diameter of the optic disc '

“region is at least 1.5 times the diameter of a typical optic disc.

14. A method according to claim 12 or claim 13, wherein the step of
obtaining said preliminary estimate of the position of the cup boundary from the

estimate of the optic disc boundary comprises:

(i) thresholdmg a green channel of the region within the estimate of the

optic disc boundary to obtain a first contour;

(i) applying a variational level-set method to the first contour to obtain a

second contour; and

(iii) applying ellipse fitting to the second contour to obtain the preliminary
estimate of the position of the optic cup boundary.

15. A method according to any preceding claim in which said step (d)

i-ncludes performing an ellipse fitting algorithm to the detected kinks.

16. A method according to any of claims 1 to 14, wherein step (d) includes

(i) identifying points on the preliminary estimate of the position of the

optic cup boundary; and

(b) performing an ellipse fitting algorithm on the detected kinks and said -

identified points.

17. A method of determining a CDR, the method comprising the steps of



(b) determning that the glaucomatous risk is high if the CORis greater
than 0.6. 19. A conputer system having a processor arranged to performa
nmet hod acwordiong139o any of clains 1 to 18. 20. A conput @CTSIGagNsane4s2 oduct ,
readabl e by a conputer and containing instructions operable by a processor
of a conputer systemto cause the proceggor to perform a nethod accordi ng
to any of clains 1 to 18.

(a) determining an optic disc boundary and an optic cup boundary
according to any of claims 1 to 16;

- (b) determining a disc size from the optic disc boundary;
(c) determining a cup size from the optic cup boundary; and

(d) determining the CDR by calculating the ratio of thé cup size to the
disc size.

18. A method of determining a risk of contracting glaucoma, the method
comprising the steps of

(a) determining the CDR by a method according to claim 17; and

(b) determining that the glaucomatous risk is high if the CDR is greater
than 0.6.

19. A computer system having a processor arranged to perform a method
according to any of claims 1 to 18.

20. A computer program product, readable by a computer and containing
instructions operable by a processor of a computer system to cause the

processor to perform a method according to any of claims 1 to 18.



