1 A Method and System for Detecting D sc Haenorrhages Field of the
invention 5 The present invention relates to a nethod and system for

det ect i ngwoi2eci/rasaor r hages in a non-stereo retinal funaa3/SGaey®0029se

met hod and system can be used to aid the detection of glaucoma. Background
of the Invention 10 @ aucona is a chronic eye condition in which the nerve
t hat connects the eye to the brain (i.e.lthe optic nerve) is progressively
damaged. Patients with early gl aucoma do not have vi sual synptons whereas
patients with a slA diethgd mndeS vateaioe Deteaticg Diserhgenmmiaaies of "t unnel
vision" (being able to see only the 15center) as progression of the disease
results in a |loss of peripheral vision. Advanced gl aucoma at even | ater

st ages | SFRkPefthatisdemidd total blindness. There have been two | arge
surveys on glraucoma in Singapore (the Tanjong Pagar Study and the Singapore
Mal ay Eye Study) [1, 2]. These surveys showed 20 that the preval ence of

gl auc ng Si ngaporean adults (40 years,and, aboye) |s - 4 % wth
nore t an‘?g%o/élrgﬁe?ﬁé \bedﬁ\oé‘ntr%akﬁ?a r3 E{’H%{‘O‘F hahd r@@lﬁ"@ fﬂﬁcgﬁfﬁcf'ﬁ’? gisc

Vor | dwi dephaghaHBagss iis 4 henste@ddrdtinedlifgdeaunage! Thki MRS and tsystem
projected 95 that 60 mllion people will contracCt glauconma by the year 2010
[3]. Furt&@t heuseddp aid Bimmdetectier pbakausioma.or approximately 5.2 million
cases of blindness (15% of the total burden of world blindness) [4]. This
problemis even nore significant in Asia as Asians account for

appr oxi maéeaé hal f! ﬂl tpe &ﬁrl d's glaucoma cases [3]. In addition, because
gl aucoma 4 n ng, a |arger percentage 30of people in

Si ngappre and in Asiba will be affected due to their aging population. WO
2011/ 025452PCT/ SG2009/ 000298
Glaucoma is a chronic eye condition in which the nerve that connects the eye to

the brain (i.e. the optic nerve) is progressively damaged. Patients with early
glaucoma do not have visual symptoms whereas patients with a slightly more
advanced glaucoma may complain of “tunnel vision” (being able to see only the
15  center) as progression of the disease results in a loss of peripheral vision.

Advanced glaucoma at even later stages is associated with total blindness.

There have been two large surveys on glaucoma in Singapore (the Tanjong

Pagar Study and the Singapore Malay Eye Study) [1, 2]. These surveys showed
20 that the prevaience of glaucoma among Singaporean adults (40 years and

above) is 3 — 4 %, with more than 90% of the patients unaware that they have

glaucoma [1, 2].

Worldwide, glaucoma is the second leading cause of blindness. It is projected
25 that 60 million people will contract glaucoma by the year 2010 [3]. Furthermore,
glaucoma is responsible for approximately 5.2 million cases of blindness (15%
of the total burden of world blindness) [4]. This problem is even more significant
in Asia as Asians account for approximately half of the world’s glaucoma cases
[3]. In addition, because glaucoma is a condition of aging, a larger percentage

30  of people in Singapore and in Asia will be affected due to their aging population.



2 Early detection of glaucoma is critical to prevent blindness because

gl aucoma cannot be cured whereas treatnent of glaucona can prevent

progr essiwo 20f1/2hs2di sease. However, routine screening Por/Sgkeemomasi n the
whol e popul ation is not cost effective and is limted by poor sensitivity
of current tests. Nevertheless, 5 screening may be useful for high risk

i ndividuals, such as first degree relat2ves of a glauconma patient, ol der

i ndi vi dual s of age 65 years and above, and elderly Chinese wonen (who are
at risk oEadpristectidmgf glagicentd isscritcall wupevent bt bycadRegRucsmao
systematic _way to detect and nmanage early gl aucoma in 10 Singapore.

d aucormm PAPRAHRE cUred wherss fealaest Qi glayepma gapdrevert RIeARISIBhoking
hence, of - ' t : e

Visuai | 0dsopSeRHOREReRTOUIT SeBRIE! FridiEroaaP I ikl P RAERITRS: | ¢
linmted toostuelestive asd éx fimitsidvey poegqusersitiaki bf edrrperr EtseNeasdndess, not
restorge vision. 15 Current t hods avail able for detecting gl aucoma

| nel udb:  pAPCRIEEThY Uspfy Toligh ik insividialsopuct gsdirst dpgiee mfatives
Assessnenpf afglaitnaMatishs Wider ih@iviliLasng df?a)geﬁée_??%éf%ﬁd ab 9@,”?:9&%%9@2 C
nerve. The 1 measurenent in nethod (1) is neifher SpECIPIC nor sensitive
enough t oChinase wemen (whoeare atgiskafantractingangid closare giasicama)i el d testi ng
in nmethod (2) requires special equipnent which are 20 only present in
tertiary hospitals such as Singapore National Eye Centre, National

Uni ver si t Curesitly} tHeteds tio dYstdrartd vidye toridias #Hd #@%Q?éiéwlﬁ%l%%ﬁ*\aoiﬂt ic
nerve éN@thod (3)) s nore pronmising and superior to the nethod of

measukt ngSiNganolRt: RRNEPS Patiantsrrenattap dina@ware dbal thisiyehave s icegditiomt hod

(3)), opti S i out rai.ned speci al i st
25 (opht hgﬁgmqf%ﬁéc%ét ; ang@%hag@§§@§10%§ (gge sdébcjt%é fb\piy %65% hedfFve
assessnmenvisaahloskds areadg préssht ounfartiimatebp eeaethbarst EUsRIGRNS liftid s t he
HRT (Hei del berg Retinal. Tono r.agm((i . Si-bwever, the availability of such
speci al i &Y\ i'Br%R?"F%’ev@rqg"fP wiled persense! #d dees pektesterpovisien.
Furthernore, there is usually a shortage of trained operators for such
speci al i zed equi pnent. 30 WO 2011/ 025452PCT/ S&009/ 000298 3 The ARGALI (an
Aut onbd i ¢ Ceument oneinods Randilables fos idetasting yisteomé dncl@aucOnasfessinharsti o)

tem i t i ous| | f | detection.. I n ARGALI,

the. cup. + B NIRRT brésRine {0, Pof AerBtr oA e tha Al Al fiRid snddanme

in the opf3)cAsSssementhst dMRFAGed Dyt GiBrBKThe YOP ﬁi‘ea@ufé?ﬂéﬁwn-m@%ﬁfh t hods
anal ysi

to determine the cup and disc froma retinal inmage through an s of
pi xel gr atfi Bathemsrenific poy spusive wnewghoia seme asan reflectivagereaingdoanal |y,

b A . | . ol tiee i i dent i fu ;
corr et cuieReas YsubPrefitestivh H Afifod G s st daldEPartih iR rRous:
devel ppedohly paésertohn teitiaec thospitalsn subh K& nBingapert Aiglofsi SE{@t(D@rﬂre,

e

anal ysi s bl OFE:’ vessel architect ur? was, used to determne t location of
the cup wr\L’%ﬁ'Pﬁa ivgreity Hesetals gien fltheughfbe Hpathosesfdassessing damaged|

vascul at ungsiQV h dj i r : i S to
ot or i ne OPHE Rk IMEHBICLAT 0 HBRABFontling fiP ipdfiok il e WRfQU N, 0
i s non-r emeasuriog 1637 Gvlethrodp@)) and théenethodrdivisuah éieldetegting i(Methed (3)),r ect
identificatj.on of kinks as I as chal | enges whi CB ari se when kinks are

absent i n®88fe"FEYS ndFSq 15 %%U%Efev?%ﬂgayoaév Y ofedraiped gsaaeialist

det ecps on(bhtRakebiegistN /RS iduchba®8Essment may be subjective. Optic nerve
assessment can also be carried out using specialized equipment such as the
HRT (Heidelberg Retinal Tomography). However, the availability of such
specialized equipment is very limited because of the cost involved. Furthermore,
there is usually a shortage of trained operators for such specialized equipment.
30
Current methods available for the detection of glaucoma also include the

following.



20 method [8] in which discrimnatory col or-based anal ysis was used to
determ ne the location of the cup and disc froma retinal inmage. A

hi st ogr arwoaboro2sssal ysi s was perforned on the retinal i ragSGRa®det208 N ne
the threshold cutoff between the cup and the disc. To determ ne the

| ocation of the disc, statistical analysis of the pixel intensities was
performed on different features of the ¥etinal inmage. 25However, the
accuracy of the results obtained.fromthe color intensity based nethod as
conpar ed fThecl ARGALI (HrouAdtamatich ougstordiscadativos ateabidnestst \Wysedn mMidte use
of infor lon from stereo photographs for the determ nation of the optic
cup and gl%éﬁuq’%ﬂ?@ W@dyﬁébﬁeﬁ@\%?%ﬁeﬁy?gm PCﬁY'ONﬁYI‘@VQ’&PWFCﬂIaPW?eSUI ts

from t hesgopRtiAdH ARIAII éliz@—%-d&’@ra@%ﬁé‘@é@&tt@%%t&r%afiﬁﬁ@?g@ﬁ%ﬂ%%ei S

t hat stereoscopi c phot ography (as opposed to nonocul ar pho raphy used in
t he ARGAL amauht Kb klabeeged imehé cotiod esnvalsTepeSRGALI dystemdwaakesanse rafqui r es

specialized training. This nder gl auconma detection nethods, which use
ster eo_écoﬁPEE%‘r’itﬁaﬁ"&gaﬂ%O%ﬂ%i({eg?ﬂr@n?otrhenﬁgg JUET ham g é}f?ﬁz 'PagF t he

i nvent i ontlb@gRr 88 SAHaly 1y Tt bRBI Yradiehp iMeAYid &afudtethREnYSEINE ratiiamati c
met hod and system for detecting glaucoma. 10I'n general térns, the present

i nvent i onipagpodeecasiaialire dvherel helarpdien! | waidesrare, gradial agificdtes in
haenor r hages... i cal | i ved froma nonocul ar i mage, for use in
det ecti ng%%ﬁ@éﬁéﬁé’fgﬁ@%@&eﬁ%%gg Ihts, this techni que is integrated into
a nmethod and system for detecting glaucoma using other techniques, so as to
| nprove the accurac¥ of the gl aucoma detection. 15 Wiile it is true that,

in add?ti énKirk-Pree@falysiairaethost Was( aisr) praviously slevelopedkiesveglareemaar i ous
0L SR L5158, BEaSa ARASY (LRI a0 L OmBHnLERLoP! 0
and that anehitaotirei was ased ¢o idetdérneng iths dorationf ofdthecup within the optic disc.
Using this method, bends in the retinal vasculature over the cup/disc boundary,
also known as kinks, were used to determine the physical location of the optic
15 cup. Although this method is non-reliant on color or palior, there remain
challenges in the correct identification of kinks as well as challenges which arise

when kinks are absent in some retinal images.

Also previously developed for glaucoma detection is a color intensity based
20  method [8] in which discriminatory color-based ahalysis was used to determine
the location of the cup and disc from a retinal image. A histogram color analysis
was performed on the retinal image to determine the threshold cutoff between
the cup and the disc. To determine the location of the disc, statistical analysis of
the pixel intensities was performed on different features of the retinal irhage.
25 However, the accuracy of the results obtained from the color intensity based

method as compared to clinical g‘round truth was not assessed.

Methods which make use of information from stereo photographs for the
determination of the optic cup and disc have also been developed [9, 10]. While
30 some of the results from these methods seem promising, one disadvantage of
these methods is that stereoscopic photography (as opposed to monocutar

photography used in the ARGALI and Kink-based method) demands specific



20 haenorrhages, in the past such techni ques have al ways enpl oyed human

i nvol venent, and therefore been not only tine-intensive but al so

subj ect i W80 2Dt1/3852not previ ously been realized that it PRIFGROWYHEEESSI bl e
to detect disc haenorrhages automatically and with acceptabl e accuracy.
25Specifically, a first aspect of the present invention is a nmethod for
detecting disc haenorrhages in a reti ndl fundus i mage, the nethod
conprising the steps of: (a) identifying a ring-shaped region of interest
in the regﬁmarﬁum@s TeRties capesiplizasi n*gainm@-og'hi& wiay c réndard @lgycqrbd

removi ng e | reqgions in the identified region of .intefpest; (c)

det ecti nggéféggoﬁa'ﬁér@}opﬁag‘g‘g&f oM %tﬁgeqs&%{;eah%%@( ’ tﬁgfer i'6't?§gi n the

i denti fi egcreeirgn of interest by a col our-based WO

2011/ 025452PCT/ SG2009/ 000298 5 analysis, to identify candi date disc

haenorrhages; and (d) screening the candi date di sc haenorrhages. The

I nvent4 ongRmaht SFtRatlvignPe expressed as a conputer systemfor 5

per form ng—m'c‘ﬁﬁél—negﬁon&&m. is conputer systemnmay be integrated with a

device for capturing non-stereo retinal fundus inmages. The invention may

al so be eigressed as a conputer Ero ram product, such as one recorded on a
f‘ﬁ’gd

t angi bl e CORFIEEFNHBYSTHRN eiRg &7 S RIR ANA4se UL avoRatisyBetncany a
conput er gystbRMor i@ teps of the nmethod. 10 Brief Description of
t he Figur e?s/ An e%ﬁh@n@%@ﬁe invention will now be illustrated for the
sake of exanple only with reference to the follow ng draw ngs, in which:

Figs. 1(a) - (b) respectively illustrate the | ocations of disc haenorrhages

15in | o d red-free getinal fundus.imges; Fi Q.. illustrates a

row I aglhd8feral e thEobtest ARG YTt HEPPRBE s Mo, FEHHbtlg an

aut omat i claiinemrksorsueh dbSGisBaBMbhﬁgggs, are autofmdticafly | déiald" #ops & ages
o

obt ai ned after each sub-step of step 2 met hod 200;" 20Fi gs. 4(a) - (c)
i |1 ustrat 8QNesyEs iprAgs. fet usetiardeigeling glrunospa.oin semgsembodiments, this

technique is integrated into a method and system for detecting glaucoma using

other techniques, so as to improve the accuracy of the glaucoma detection.

15

While it is true that, in addition to the Cup-to-disc ratio (CDR), it is already
known for various grading characteristics to be assessed by clinicians during
clinical optic nerve head (ONH) examination, and taken into account in
glaucoma detection, and that one such image cue is the presence of disc
20 haemorrhages, in the past such techniques have always empioyed human
involvement, and therefore been not only time-intensive but also subjective. It
has not previously been realized that it might be possible to detect disc

haemorrhages automatically and with acceptable accuracy.

25  Specifically, a first aspect of the present invention is a method for detecting disc
haemorrhages in a retinal fundus image, the method comprising the steps of:
(a) identifying a ring-shaped region of interest in the retinal fundus image
encompassing the optic disc boundary; (b) removing blood vessel regions in the
identified region of interest; (c) detecting disc haemorrhages from the removed

30 blood vessels regions in the identified region of interest by a colour-based



204 and 206 of method 200; Fig. S5 illustrates inages obtained after
perform ng each sub-step of step 208 of nethod 200; Fig. 6(a)

i1l ustratwe 20h254page obt ai ned from step 210 of net hod 2C0/Sanchdbi29g. 6(b)
illustrates the i mage obtai ned after step 212 of nethod 200 is perforned on
the image of Fig. 6(a); Fig. 7 illustrates imges wth disc haenorrhages
det ect ed using nmethod 200. WO 2011/ 025452PCT/ SG2009/ 000298 6 Detai |l ed
Description of the Enbodiments Referring to Fig. 1, the locations of disc
haenor r hageslysis, toldentifyacandidatefdisehabmerthauss; tndqdpsireagrg ke i ndi cat ed
by the arr .. Disc haenorrhage is a significant negative prognostic factor
in gl aucoﬁ%’ﬁ'?ﬁﬁglﬁﬁgﬁﬁm‘ﬁgﬁéson or crossing the optic disc have been
reported to precede both retinal nerve fiber |ayer damage and visual field
|l oss in subjects with glaucoma or ocul ar hypertension. Introducing disc

haermrrhagf,e detection into the glaucoma 10 detection system can hence
provi de aTR8r BVEpHPRt M@yt aliematively earxpressatbras res tcomumytes system  for

gl aucosmat t.nal r ds,.do sent an ordinary | and, i n, such
cases,ﬁ?aﬁgﬁg{rﬁ@bs%é%m%sxﬁigg%i ﬁs;ggh%ée);rpgj Fagede I"I‘aynééa'r%?;%g‘?q Ath Bue for
gl aucoma detieetfoosaptliinBatcn-gtereoinetinal ! imRs, TRESAVERRIPHIAAgRS are
detected {n about 4%to 7% in eyes with glaucoma [15], and at |edst one

third of gFatHBRESGHhASeAt CTHRBIFT PT@PERMK REFAMGLhadeh &S one neicordent canat her

[13]. Dis Susu ; - ey are within the
neur al 1ot RRCr P Bag iR, Rontaility THBGRm ETubIE Frerghle b

adj acent tomputer systam tapgiform Fhastep26f thieapethdtaenor r hages within the
Retinal Nerve Fibre Layer (RNFL) that cross the scleral ring in the absence
of dis& edema (i.e. Drance haenorrhages), are highly suggestive of
progress’i\ée_ opti c . nerve damage [16]. D sc haenorrhages are nore common in

t he ear| yBEghbgscription of gQUregey 25 are usually located in the infero-

or supero j | r nt Ly, In.norna

o easar e o aamasdimegh S e ERTord Ml A6 e MREfald LAY 1l B 8%Blen1 ¢ 1 or
about 1 toniyawitteeKsreafcedo thé éollowing drawiresdin whiokcal i zed RNFL def ect and/ or
Neur oRet i nal Riim (I}IFIR;) a)c;tch mw/ e detected, corresponding to a visual
field defect [ gjs_. a) - (D) respectively illustrate the locations of disc haemorrhages

15 in colour and red-free retinal fundus images;

Fig. 2 illustrates a flow diagram of a method 200 according to the
invention for performing an automatic detection of disc haemorrhages;

Fig. 3 illustrates images obtained after each sub-step of step 202 of
method 200;

20 Figs. 4(a) — (c) illustrate images obtained after each sub-step of steps
204 and 206 of method 200;

Fig. 5 illustrates images obtained after performing each sub-step of step
208 of method 200;
Fig. 6(a) illustrates the image obtained from step 210 of method 200 and
25  Fig. 6(b) illustrates the image obtained after step 212 of method 200 is
performed on the image of Fig. 6(a);

Fig. 7 illustrates images with disc haemorrhages detected using method
200.

30



30 WD 2011/ 025452PCT/ SG2009/ 000298 7 detection of disc haenorrhages. By
the word "autonmatic", it is neant that once initiated by a user, the entire
process iwotha/qse&sgzent enbodi nent is run without hunman POTSG2EN0DE9S

Al ternatively, the enbodiments may be perfornmed in a sem -automati c manner,
that is, with mniml human intervention. 5 The input to the nethod 200 is
a single non-stereo retinal fundus i magé. A region of interest is first
delineated on the retinal inmage in step 202. Segnentation of the optic disc

boundary DetailechDpseriptioneef tbe Hrhbgdinesnten of interest in step 204. Al though

the segnentation is perforned on the region of 10 interest in step 204, it
can al so be done on the entire inmge. However, this is not preferred as
haenorrhage on other areas of the inage are irrelevant to nmethod 200. The
segnented optic disc boundary is then snmoothed and dilated in step 206 to
obtai n a F&demngr ionbig. rledhenoeatiarts efegissskarmornhageslin ediowegirah red-free

i . LoD | | ' ithig th dat ed regi f

o Trey oLttt SehO8 Bladds 8t REREER LT ABWL Bisti Baeonageep 810

whi ch per Eignificait Sedatiesroagstic ed@et iivrglduédha b Hagﬁio(?ﬁhg'gt%%i on d&; sc
|

I nt erest. Subsequentlé{, post processing is perforned on the ecte
haenor r ha§ESSiNG e ppriq siscohavadeenpepsriedetor presedp duithiretinalengrvesfibarongl y

identifie ' a r . 140 e 2 - 212 Wi |l now be descri bed
in nore dg:‘ty%?l Gé@t%é’% %gg (lgggfgﬂr?l%f ‘OI§%t ﬁfeﬁ%fﬁtfi Wﬁgt Piﬂ’l‘cofﬁ norsto&H?a£02, a
regi on of hypesersioni dnttetliiciegt discomadmornrisagealictedB@e Wb Nther dlhgt@aram and
I nt enzq')ty bfﬁsﬂ‘gd net hod as descri bed, bel ow. H gh illumnpation at the
retinlY bOGIREIPY FYSIRBRANENCS BIAWAR o Mose sObuR fiateatinn af plascema. For

segment at ifilandd, dotné SIcbih ; I e ol .over
30exposure. gl% overco%e tchi saqgl?%g%g%}{ ﬁpgth%%aggy 6'%%%% %Puc;rﬁd%aat?}'c?rpgffect
of the Wandoinls0ehiG2RET/I9BI0aHOEOR2R8as the disc haemorrhages will be an

important cue for glaucoma detection.

15 Rarely found in normal eyes, disc haemorrhages are detected in about 4% to
7% in eyes with glaucoma [15], and at least one third of glaucoma patients
show a disc haemorrhage at one time or another [13]. Disc haemorrhages are
usually dot-shaped when they are within the neural retinal rim and fiame-
shaped (splinter) when they are on, or adjacent to, the disc margin. Flame-

20  shaped haemorrhages within the Retinal Nerve Fibre Layer (RNFL) that cross
the scleral ring in the absence of disc edema (i.e. Drance haemorrhages), are

highly suggestive of progressive optic nerve damage [16].

Disc haemorrhages are more common in the early stages of glaucoma. They
25 are usually located in the infero- or supero-temporal disc regions and occur
more frequently in normal pressure glaucoma. Depending on their original sizes,
they are visible for about 1 to 12 weeks after the initial bleed. A localized RNFL
defect and/or NeuroRetinal Rim (NRR) notch may be detected, corresponding
to a visual field defect [15].
30
Referring to Fig. 2, the steps are illustrated of a method 200 which is an

embodiment of the present invention, and which performs an automatic



8 retinal fundus inmage is analyzed by a hi stogram based study. In the

hi st ogram based study, a prior analysis of a set of 1500 baseline i mges
was perf owoedii/0BMs2associ ati on bet ween the il | um nati onprefriseetosmaeeoed by
unbal anced exposure and the histogramdistribution of each of the 1500
images is quantified using 5 scores ranging from-1to 1. The retinal
fundus inmage is then scored by matching7its histogramwi th the histograns
of the baseline imges. This score is referred to as an illum nation effect

score. An datlegiicnvef dias haemdritergeage By titeedohhsattoaatichet RNaleysit Shatibhdes used
to filter. .10 the retinal i e to rempve the high illumnation at the

[
retinal bJUHAGAOY A YsEll Thei TG PRRSRSSM E1e Present emfadiment isr e withoue

i mage centRimal tifteReHtiBREMierRGtAAIy [ th i fnkf? 'Wﬁ) gl | &
generated. The center of the prfe'l\l?%sr/ﬁ naér?nnlg@%tfhme%ygocﬁ S e&h%g Isnhlzfti ng
it away fsemitdwtompaetic mannef, thiaé is, mdthemiviimath hbharsarainidrivghigon. anount  of
illumnation effect. For exanple, the center of the 15 prelimnary mask is
shiftedl to the right of the image if the left side of the imge has a

hi gher amount of illum nation effect, and is shifted down if the upper rim
of the indde irpubitgithyg metiod 2a0eR aTdiAgK AbAMEE b RltinkD fufRY ﬁﬁa%é. ahifted
is based on the illum nation effect score obtained in the histogram based

study and"e9ienr 8§ interagt iaskrshi delinertedhiont dbe cestinal insageheinadian | 2@2.nask

dto fi i i h i d by
inbal ances ssertfort 816 At HERILodiidE TR Reh et BB it redion lar y i s
renoved, trtereditse stemP04. iAlthbhgh tastsamhestation g pefformabiens ithy régish bfmet hod

whi ch xtr.e}cts the bri 82test 0.5% of the pixels in the inage an
subseflient et (f stan2041E cansalRoghk gongson the entire maas. pwerveanithis isf t he
bri ght est el Heen } kd.e i eate n the
esti mat ed nglt ?oé@?éﬁhé?eés bhy de(?’?ﬁ%%g ({}Lgmrgerg%%%tso?ﬁﬁé]gﬁgéé %é grez%%i\?etg

sur roundi methad 260t Thedsegmented optc disnttmundenny thee sRboteteshdldpstegent er .
30Fig. 3 i ined after each sub-step of step 202. As

| ust i « pbt
shown in H Sye%sé&é??s:f)bﬁl %rs C&Sﬁﬁdﬁ‘rgy region; WhighreprRsenis ?Qru%?é"?@pi?gignt he
i |1 um nat bpnnteféRc Exgbctitie drebiobal vésuuliSehiRECWRARA f2 tagagfe'gﬁgp@ﬁ @304 I's
I ne arter

generated based on 9 the analysis. The inage 306 1's ob he
hi gh 131 uintaeast da thentprrforaechan $epn2ls.yThis isefallom@daby step 216 owisieht er

(denot ea By 3 2458 Bhep b E AT S hs Bnol Elommicerpat

center. Subsequently, post processing is performed on the detected disc haemorrhages

in step 212 to remove possible false positive regions wrongly identified as disc
haemorrhages.

20

Steps 202 — 212 will now be described in more detail.

Step 202: Region of Interest Delineation

25 in step 202, a region of interest is delineated on the retinal image using a

histogram and intensity based method as described below. -

High illumination at the retinal boundary is common in retinal fundus images
and affects segmentation. It is usually caused by unbalanced exposure or over

30  exposure. - To overcome this problem, in step 202, the illumination effect of the



5 Preferably, the region of interest is a square surrounding the optic disc
and has a size of 800 x 800 pixels within an i mage of 3072 x 2048 pi xel s.
However, wbeoriags4ssn of interest may be of a different slrapscGand/osize. 101 n
step 202 of nethod 200, the region of interest is delineated using a

hi stogram and intensity based nethod. However, the delineation of the
region of interest may be achi eved by ot her segnent ati on nmet hods, for
exanpl e, edge detection nethods, region grow ng nethods or nodel based
segment at refhakfundussima@siscpralgzed byd Risgreegbesedisiuay, irStreohistowgamad

egrre ebigsima _ Ei0rGaybesidisinly IrEohiioy
poundary PeoeRGHENE caPrenBaRgs oy Sa o808 p3SGneimeass wiRaaoTiag on of

i nter est . TRB ds8osiagion HAween \idé Ik iRaFdn bEYE! caiRledd Eélgr’?&édlélpdﬁ?{lréi rst
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whi ch anamatenhihgdtsdnstoyeamegittotheohisiotiramesif the bakekre frRaddd THidISceHeabal | y
opti num bOL#ndary for the disc. The advantage of using the variational |evel

set al gor [9'RHAEHL0 AR AN HiUmination.aifest SCRES-re-i ni ti al i zati on by introducing an
energy function consisting of an internal termthat keeps the |evel set
function near the signed distance function, as well as an 30 external term
t hat noveAntadaptivatroasks is thear gsnerbjet baséd oartherarghysis angtie usadf4o filflag r ed
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di sc boundary can be affected by a remarkabl e nunber of bl ood vessels
15 preliminary mask is shifted to"the right of the image if the left side of the image

has a higher amount of illumination effect, and is shifted down if the upper rim of
the image is highly illuminated. The distance that the center is shifted is based
on the illumination effect score obtained in the histogram-based study and the
resulting mask with the shifted center is the adaptive mask used to filter the

20 retinal image to remove the noise caused by unbalanced exposure.

After the high illumination at the retinal boundary is removed, the disc center is
then estimated using the intensity-based method which extracts the brightest
0.5% of the pixels in the image and subsequently estimates the disc center as
25 the center of gravity of the brightest 0.5% pixels. The region of interest is then
created based on the estimated disc center by defining the region of interest as
a square surrounding the optic disc with its center being the estimated disc

center.

30  Fig. 3 illustrates images obtained after each sub-step of step 202. As shown in
Fig. 3, a circular boundary 302 is obtained after analyzing the illumination effect

of the retinal fundus image and an adaptive mask 304 is generated based on



10 entering the disc. This can often result in sudden changes in curvature.
To avoid this, in step 206, ellipse fitting [12] is applied to reshape the
di sc boumnsteryiidessset ed in step 204 so as to snooth it. PaTSeee090n0298 ep 206,
the neuron-retinal rimarea is segnented based on the 15 snoothed optic

di sc boundary and a "donut ring"” is generated using disc boundary dilation
whi ch dilates the snoothed disc boundary into a "donut ring" with a width
set as a fraction of the disc diameter. In step 206, the width of the
"donut ri fig analysist The inyageo30& iscohtpineddafierstherhigmiilumidetion atitmg'tetinada i s

h d ' ' t ' h h detecti i1l be
205ubsequidt PP BmAVRHTARE In€ Bl 305 bt 4ol e fendiy o)
(c) i1l usbasédnidiRod Pige segibh af ierest (@endtad bysalBqsseB 1) 8 tRES cAed@nd
206. Fig. 4( a&leshows t he boundary 402 detected using the | evel set nethod

wher eas FPgSedipBthe esiimatediss neatary 404 obtained after boundary smoot hi ng
25using ellipse fitting. Fig. 4(c) shows the "donut ring" region 406 in
whi ch di sc haenorrhage detection will be performed subsequently. In step

204 of nmePrefdratdy), theagent elm‘t ihmiesﬁisadﬁgq@ﬂ?i mmbmmntgr)‘thwaptﬁ 'uai;crmd ﬁéérgg
using the vari at|qpal vel set nethod. ver, other nethods suc as
cl us'?er i n§ %R H{)EQS Xh@é‘fe?{jﬁeéﬁﬁ“ﬁa@e%ﬁ HBees ,3033@929@? @@fﬂ%ﬂ"%ﬁﬁ@gé?e regi on
row n | b y al so be applie o]
Legent L ! e A o e 988 SR 1 sco000/ 000298 11t ep

208: Detection and Renoval of Blood Vessels In step 208, a first dilated
| mageld S Pnbét%ip o) r%%'iho%p%(y,itﬂg r&% (ran o) %t%%sit?g diaﬁnéar{eed using a histogram
and intensity based method. However, the delineation of the region of interest
may be achieved by other segmentation methods, for example, edge detection

methods, region growing methods or model based segmentation methods.

15 Steps 204 and 206: Segmentation, Smoothing and Dilation of Optic Disc
Boundary
in steps 204 and 206, the optic disc bouhdary is segmented, smoothed and
dilated to obtain an updated region of interest.

20

In step 204, a variational level-set algorithm [11] is first applied to the region of
interest obtained in step 202 to detect the optic disc boundary. This is
performed using the optimal colour channel as determined by the colour
histogram analysis and edge analysis. The variational level-set algorithm is
25 based on global optimization concepts which analyze the entire region of
interest in order to find the globally optimum boundary for the disc. The
advantage of using the variational level set algorithm is that it delineates the re-
initialization by introducing an energy function consisting of an internal term that
keeps the Ievelrset function near the signed distance function, as well as an
30  external term that moves the contours towards objects in an image. in step 204,

the red channel was utilized as it was observed that better contrast existed



green and grey channels of the retinal inmage to detect and renove the bl ood
5 vessels. A grey channel is forned when the RG retinal image is converted
to a greywecalis4mage. I n step 208, edges are detected POTISGROMYroeEns and
grey channels as these edges represent the centerlines of the blood
vessels. The green and grey channels are preferred since both green and
grey channels are sensitive to the col dY red. However, it may be possible
to use other channels as 10 well. The detected edges are then dilated to
form the Hetween dhe pdicisnand gxretiscaaraarie thbeadrahamnet asNehparedsecond
dilated i conprising an outline of the optic disc region (wth finer
particlesq&gﬁgvgggﬁvnFﬁrling up holes which are of a size below a
predeterm ned size) is obtained after applying edge detection in the red
channel of the retinal image. The red channel is used for obtaining the 15
second di IRHrEW ispafenidliandt ivasnebseard dhat Hieo ddteaisd etonibye lvead ofién

pi xel s} ar | ude 0 lts, of the edge detection i he, red
channe% . hggrégsdd%tfs& ﬁeoﬁﬂ{’%@c% g’ﬁ:ﬂ)\lﬁ 0&%{98%%]3@%(?5}5 &le. g‘?“'ﬂ‘?@'yfqr}rtg‘? Al
second di lcatsithg ireesfacies ih hiie detse@dt deRt Beuntary, eRMMent B8 I%LaRQ%eé’.essel S
regi ons and the sunmed irragg@i s then masked with the updated region of

i nterest OASRItRLACIYseselcp ginbal optimizatian tachniquende disc bewndarylstetected whi ch

d t i ' ' dated .’ doput - ri ng"
oo on_si Slang i ve s sl FAEP hOL Rl i doiay BiPe it snE iy e
i | ['ustrat éésa eundagesaobbeai afézttafit by pecharkaie Aasbes USF IR bsssigp 208.

25 A ﬁ(iérst ilatgfg a&g 904 is gbtai ned after perform ng edge detection on
the green A" &F nel's G OBEN: IRsurtany siddsnrglangpe rie sstindatsiee omd

dllated | BReR () in SicpIae, nhs3' fithhg PRI IS Bbi RIARIARESRLIAL, Bhyddy " o

channel 506 of the retinal irmge. esul tant 1 mage is 0 after
summ ng ugetemded in stepa2dt sreastelsaidodt @d | mages 504 and 508, and masking the
sumed i mage 30 with the updated region of interest obtained in step 206.

WO 2011/ 025452PCT/ SG2009/ 000298 12 In step 208 of nethod 200, the detection

of bl ood Vesthersnisteper0eRrtigthalibRAGeBRalCHRE afe &Ctsi , in
ot her _ enbodi nent s, b’lpood vessel detection cgn be agﬁﬁg\ﬁ%g%sgtbﬁéﬁ%ﬁ%ans.

Ther elar e sERihed Quiicegisci baundany| aod se'dinsut dingicisi genatajedi using. disc

Model - bas i ef.or I el 5 parametric nopdel s and
tenpl at e ?ﬁgf @ﬁ?ﬁg&%gc\kﬁ%‘dEiﬁ%%%d{haepg&g)g@?]eggﬂsgmﬁ@épaﬂ%&r{gi%t WIWh and
hence ar ewithed evidihl setrast a &pptibe dfithe tdisc drbadbmintse®DoBhhPWRRBNYT the
invention, Artifigial intel I&gence- based approaches are know edge-based and

require a YIRS nisgseleds o3 Q| the dischdiamgier. obeédoreinting’s @remtis dhe
recogniti ( of £n S O skel et oni zati on,
Lomilt | - 5o R ARGl ol el o SISE, RESRERMALE drsie i B8

appr 03¢ hesubsequesttypeafrdomeDen ¢hisiupdadéd Begion baanerashages In step 210,
di sc haenorrhages are detected using a know edge based 15approach. The
know edge based approach enpl oys the know edge that disc

Figs. 4(a) — (c) illustrate the images obtained after each sub-step of steps 204
and 206. Fig. 4(a) shows the boundary 402 detected using the level set method
whereas Fig. 4(b) shows the boundary 404 obtained after boundary smoothing

25 using ellipse fitting. Fig. 4(c) shows the “donut ring” region 406 in which disc
haemorrhage detection will be performed subsequently.

in step 204 of method 200, segmentation of the optic disc boundary is
performed using the variational level set method. However, other methods such
30 as clustering methods, histogram-based methods, edge detection methods,

region growing methods and graph partitioning methods may also be applied to

segment the optic disc boundary.



haenorr hages nust cross or conjunct with the | ocations of blood vessels and
t he know edge that regions conprising disc haenorrhages are of the highest
20i nt ensiwg 20n/i2bs2r ed channel whereas they are of the lPomssRodIvI@EISity in
the red- free channel. In step 210, disc haenorrhages are detected fromthe
renmoved bl ood vessel s regions obtained fromstep 208 by first conmputing a
hi stogram for all the pixels 25 of theltenpved bl ood vessels regions in the
red channel of the retinal fundus inage and a histogramfor all the pixels
of the remerd0B] Deieclion awidsRemgivaief Bloothéegsets f ree channel of the retinal
fundus i mage. Next, the peaks and valleys of the histograns are used to

| ocate the pixel clusters having the highest intensity in the red channel
and the | oyessp 208, &frst Hilhtedtikfagesd obtsifed AR lpphiRG 28gRIdER R iRl tHat er s
are detected as the disc haenorrhages. 13 Step 212:” PoSt Processing

H st ogr amOrReeand rarey sihepnels ehithe teiinah inagp t21detesat apd demayentbeeblobdn one

| ocati gn Sgi : r; j e disc haenorrha areas) .
Locat 181 VBEsdgSE ohLPolaREIS PR RE 1hS RSk 181 By unbone BRI GRETE, &'
haenor r hagesy-gedleciveabe. Ninststgp 208, taiddd bes duesicdl t ftidd sgreBASAAE Vigreli SC
haermrrhafg;ﬁs regions. This is perforned based on the know edge that the

chances o ﬁ&%'ﬁg’asnﬁ’reé?t PAGEDARPIESER! it RBRIGLRRS Ph the rt%‘?(?dqaﬁsw{ﬁ-g@hﬁﬁ very
by oder | ned o] A Blefeliaifiold U ERARD Sifod BT ofedH SHE G EntMUE LS

clinical Isaositiecltethd colst egal. HAwevdreitshayp befpcmdﬂfle(tamdﬁdﬂher chartels aﬁ
haenor r hage ,area | hecked and . candj date di sc haenprrhage areas wth sizes
falli b bgfe&wrfﬁﬁg%%a&?ﬁsa g Ry & taraans REsels of fhe blopd veRBeISt her o
can only Bgadode #ih GeRRAERN NE@Ca igecBAl tilated image comprising an outline of

the optic'disc region (with finer particles removed by filling up holes which are of

a size below a predetermined size) is obtained after applying edge detection in
the red channel of the retinal image. The red channel is used for obtaining the
15  second dilated image as the haemorrhage and blood vessel pixels (red pixels)
are excluded from the results of the edge detection in the red channel. The
results from the individual channels (i.e. the first and second dilated images) are
then summed together to remove the blood vessels regions and the summed
image is then masked with the updated region of interest obtained in step 206.
20 A resultant image is hence obtained which does not contain the blood vessels
regions in the updated “donut-ring” region since the blood vessels in the image

have been removed.

Fig. 5 illustrates the images obtained after performing each sub-step of step 208.
25 A first dilated image 504 is obtained after performing edge detection on the
green and grey channels 502 of the retinal image whereas a second dilated
image 508 is obtained after performing edge detection on the fed channel 506
of the retinal image. The resultant image 510 is obtained after summing up the
first and second dilated images 504 and 508, and masking the summed image

30 with the updated region of interest obtained in step 206.



15retinal image is applied to retain only the disc haenorrhage with the

| argest size. Fig. 6(a) illustrates the imge obtained fromstep 210
cont ai ni /yotzhe/esesdi dat e di sc haenorrhage pi xel s form ngcesedi@abessli sc
haenorrhage areas whereas Fig. 6(b) illustrates the imge after post

processing is perfornmed on the imge 200of Fig. 6(a). Experinmental Results
A total of 71 imges were obtained froftthe Si ngapore Mal ay Eye Study, a
25survey conducted by the Singapore Eye Research Institute (SERI), for the
exper i mentn stepi & oehmethart 209, thedetestsin ebloosxeskelsts psifogapdiusing an

| ati T ' nal yzed a_seni or opht hal mol ogj st. f r.om SERI
Pnd wer e Sdad Q818 TBETRE R HRUEEE TBoe R BaTaRERap Eod estel rssbSN This
30 assesspambebacHideedphidinénmleads SThars atd188vetaedargotiBs d¥bisslvesddih in
t he experinent. According to the ophthal nol ogi st's assessnent, disc

haenor r ha@gtection 2lgerittuns4dimtstbased0sppoEmbes: ncluste dejfonmahle medeissent

| mages P o RGeS hd o R Aol TRAAGE Rtk APRIEEEP ke et ca

by the user interaction and hence are preferably not applied in the embodiments of the
present invention. Artificial intelligence—based‘ approaches are knowledge-based
and require a pre-defined set of rules. Other approaéhes-comprise pattern
recognifion approaches, including watershed segmentation, skeletonization,

10 multi-scale approaches, centerline extraction and morphological approaches etc.

Step 210: Detection of Disc Haemorrhages

In step 210, disc haemorrhages are detected using a knowledge based

15 approach.

The khowtedge based approach employs the knowledge that disc
haemorrhages must cross or conjunct with the locations of blood vessels and
the knowledge that regions comprising disc haemorrhages are of the highest
20 intensity in the red channel whereas they are of the lowest intensity in the red-

free channel.

In step 210, disc haemorrhages are detected from the removed blood vessels
regions obtained from step 208 by first computing a histogram for all the pixels
25 of the removed blood vessels regions in the red channel of the retinal fundus
image and a histogram for all the pixels of the removed blood vessels regions in
the red-free channel of the retinal fundus image. Next, the peaks and valleys of
the histograms are used to locate the pixel clusters having the highest intensity
in the red channel and the lowest intensity in the red-free channel. These pixel

30 clusters are detected as the disc haemorrhages.



5 crosses) detected using nethod 200 whereas Table 1 shows the results
obt ai ned using nethod 200. In Table 1, DH (11) indicates that 11 retinal

| mages cowmbann/ds4se haenorrhage accordi ng to the opht halPawlseGgimiooe9s
assessnment whereas Normal (60) indicates that 60 retinal inages do not
contain disc haenorrhage according to Lhe opht hal nol ogi st' s assessnent.
DH p and 10Normal p respectively indicate the nunber of retinal inmages with
and wi t hout di sc haenorrhages as determ ned by nethod 200. As shown in

Tabl e 1, 2temoi2:dfostiprogassidgges cont ai ni ng di sc haenorrhages were
correctly identified using nethod 200 whereas 8 out of the 60 i mages not 15
contai ning di sc haenorrhages were wongly identified as containing disc
haenor r haldstodranebaéed setepsisy extrasiion ThestepeXiiof iyt picknih sesrel thavi e of

met hod 200 according to this experinent was found to be 86.7% and 90. 9%

respect i VIeFgtion faspassibje Rgemarthasts) seats hecansligatrgtismhaemorrhage areas).

5 Therefore, in step 212, post processing is performed on the disc haemorrhages

detected in step 210 to filter possible false positive disc haemorrhages regions.
This is performed based on the knowledge that the chances of having more
than one disc haemorrhage in a retinal image is very low and the size of a disc
haemorrhage is above a predefined value. The predefined value can range from

10 80 to 275 pixels. This range is based on clinical knowledge.

In step 212, the size of each candidate disc haemorrhage area is checked and
candidate disc haemorrhage areas with sizes falling below the predefined value
are filtered. Next, the rule that there can only be one disc haemorrhage in each

15 retinal image is applied to retain only the disc haemorrhage with the largest size.

Fig. 6(a) illustrates the image obtained from step 210 containing the candidate

disc haemorrhage pixels forming candidate disc haemorrhage areas whereas

Fig. 6(b) illustrates the image after post processing is performed on the image
20  of Fig. 6(a).

Experimental Results

A total of 71 images were obtained from the Singapore Malay Eye Study, a
25 survey conducted by the Singapore Eye Research Institute (SERI), for the

experiment. This cohort study has enrolled 4.5% of the Singapore popuiation.

The images were analyzed by a senior ophthaimologist from SERI and were
assessed for the presence of glaucoma and disc haemorrhages. This
.30 assessment by the ophthalmologist was then used as the ground truth in the

experiment. According to the ophthalmologist's assessment, disc haemorrhages



Table 1 Automatic detection of disc haenorrhages is challenging due to the
i nterweavenent of di sc haenorrhages with bl ood vessel s and surroundi ng 25
ti ssues awound/bs20ptic disc. The results of the experipoemsGalenmhat t he
met hod 200 is capable of overcomng the difficulties in the automatic
detection of disc haenorrhage to achieve a fairly accurate detection of

di sc haenorrhages. WO 2011/ 025452PCT/ $62009/ 000298 15 By appl yi ng net hod
200 to retinal inages, the |ocations of disc haenorrhages in the retinal

i mges caMWepe fewmhie beagresantim 16 umagee whardas thelewererfound foebe ssertfin

| aucoma. . | he risk of glaucoma is set as high if a disc
%aem)r r haéig[%ﬂ 'onmlrﬁﬂgé%e retinal inmage. Alternatively, the |locations
of the 5 disc haenorrhages in the retinal images can be integrated with
ot her indicators of glaucoma, for exanple a high cup-to-disc ratio, to

i nprove tﬁ@-azc\UPﬁweéf foyr dineagas adthe siscohaemorthagesx fepreserttée by ke of

gl auco r C hSC r e in.,the retinal inmge
is co ingﬁg'? ﬁrtﬁ%g&fe |BSE§'?)'@ g?ée){h%gngb avsvgg%g%‘ W?gﬂacufpﬁk@"ﬁ dne rosps

obt ai ned obtaiged bsingREAhodrEnthdd Tabld A0DHA{ 1) dnditatesthadh fRYSHHE imALbbough
only the detectiﬁn of disc, haenorrhages is described above, other inmages

cues such®gatain RAMOHRAIS e AFERIBING dpythe rasptihalmgjogiste assesseento ai d

in the asgpepdRNINGnd! i j e : l.enen thods .15 such
as the ARGALI method whic oigg € a?géspg@cﬁ%h%i-'gl@césr §T§i éo iCREIN, iSG |
i nst anceshaemgirthagenmccarditg tettoet ephtiamblugistisp-dssedsment.aDH.p and

Fur t her no by detecti.ng mul.tiple im cues, the risk of glaucoma can be
obt ai ﬁ(ged %%F’HagrpnregﬁPé’PhE%Mf'P‘a'é‘rﬁEeeﬁ‘ezGUE%@éd? fetinal Bragere Witheartmithowtent i on
hence pregrRthaRIMbEYER 4y BefarAiawbl ridho@balcoma anal ysis and detection

fromnon-stereo retinal fundus inmages. The use of non-stereo retinal fundus

i mages enabl es increased functionality on | ower-cost equipnent. 25

Conput er - @i ' i.s . of ~gl au ja_know edqge- based | andmark sel ection
can be achi g%e% ui’?ﬁ%ﬂ%é’ égb%@tl &gﬁ}%s\fb)fmtaﬁgqu aRing ﬁ{ﬁ&nw%nmhages
Fur t her monere byroahy Riprified afsirty ARG o00NARIEESY bGEOCRTBO Iniabed fbf 4 bY
medi Cﬁge donmai n experts in |landnmark sel ection, clinical expertise can be

d

enbedthed FRAREINIRG dipSt BAPMOFN@EeEcery Wranahvnidentified as containing disc
haemorrhages (i.e. false positives). The specificity and sensitivity of method 200

according to this experiment was found to be 86.7% and 90.9% respectively.

- |'DH-(11) |“Normal:(60).-
DH_p 10 8

Normal_p 1 52
20
Table 1

Automatic detection of disc haemorrhages - is c.hallenging due to the
interweavement of disc haemorrhages with blood vessels and surrounding
25 tissues around the optic disc. The results of the experiment show that the
method 200 is capabie of overcoming the difficulties in the automatic detection

of disc haemorrhage to achieve a fairly accurate detection of disc

haemorrhages.



16 In addition, in method 200, a region of interest is first delineated on
the retinal image before further processing in subsequent steps is

per f or tedWOBhi2beskps to reduce the conputational cost aeTse209a80298pr ove
segnentati on accuracy. 5A further advantage of the nmethod 200 is that it
can be readily incorporated into currently available instruments for ocul ar
screeni ng, such as gl aucoma screening, W&t hout extensive nodifications.
Conparison with Prior Arts A conparison between the enbodi ments of the _
present i Byeapplyimgdusthadh@00abaetnalanbges, dhe dodatiohs of difd haenfoiAmydszed in
Tabl e 2. 2011/ 025452PCT/ 009/ 000298 17 Technol o(i/ of cup detection
| magi ng TAEEMrHR! FRages 520 BeiTaund Rngdi Gan it tusm berysed tay et?@'”@dﬁ?(ﬂﬁk based

on gradi eRff @ABENRESIn one example, the risk of glaucoma is set as high if a disc
haemorrhage is located in the retinal image. Alternatively, the locations of the

5 disc haemorrhages in the retinal images can be integrated with other indicators

of glaucoma, for example a high cup-to-disc ratio, to improve the accuracy of

glaucoma detection. In one example, the risk of glaucoma based on the

presence of a disc haemorrhage in the retinal image is combined with the risk of

glaucoma based on the cup-to-disc ratio obtained using the ARGALI method to

10  obtain a risk of glaucoma.

Although only the detection of disc haemorrhages is described above, other
images cues such as 'ISNT Rule’ and peripapillary atrophy may also be used to
aid in the assessment of glaucoma. Such image cues complement methods
15 such as the ARGALI method which calculates a cup-to-disc ratio since not all
instances of glaucoma can be detected via the cup-to-disc ratio. Furthermore,
by detecting multiple image cues, the risk of glaucoma can be obtained with a

higher confidence.

20 ~ Embodiments of the present invention hence present an innovative framework
for glaucoma analysis and detection from non-stereo retinal fundus images. The
use of non-stereo retinal fundus images enables increased functionality on

lower-cost equipment.

25  Computer-aided diagnosis of glaucoma via knowledge-based landmark
selection can be achieved using the embodiments of the present invention.
Furthermore, by making use of grading characteristics commonly referred by
medical domain experts in landmark selection, clinical expertise can be
embedded into the system for detecting glaucoma.

30



Monocul ar Gradient features Indistinct and gradual pallor gradients Prior
Art [7] Automated kink identification system Monocul ar Retinal vascul ature
f eat ur es Wonksl/orads2not be present in all retinal i nagesPPTiSGR008000208]

Di scrimnatory anal ysis- based Threshol di ng Monocul ar Pi xel col or Col or

I nformati on may be inaccurate Prior Ar56[9] ‘

in addition, in method 200, a region of interest is first delineated on the retinal
image before further processing in subsequent steps is performed. This heips to

reduce the computational cost as well as improve segmentation accuracy.
5 Afurther advantage of the method 200 is that it can be readily incorporated into
currently available instruments for ocular screening, such as glaucoma

screening, without extensive modifications.

Comparison with Prior Arts

10
A comparison between the embodiments of the present invention described

above, and prior arts [6 — 10] is summarized in Table 2.



Modi fi ed deformabl e nodel technique Stereoscopic Pixel features Requires
pre-processing of stereo retinal images to obtain cup information Prior Art
[ 10] Pi xeWof2emtussszcl assification Stereoscopic Pixel feaCurseso@ebizs on
features fromstereo color retinal imges Enbodi ments of the present

i nvention Know edge- based | andmark detection + image analysis Mnocul ar
Multiple clinically established | andrmartks Al t hough the enbodinent is
successful in identifying disc haenorrhages, enhancing it to incorporate

ot her | ahdmarks depe”d'ﬁe&{ho%dy‘bﬁafmé’d‘iﬂﬁ”'ﬂFle%tdrge'”i ")f_ir%ﬂfe{ﬁ"oé\ arrarem ks

cup detection | Technology | inclusion

Contour Monocular Gradient Indistinct and
Prior Art [6] based on , features gradual pallor
gradient gradients
analysis
Automated Monocular Retinal Kinks may not
Prior Art [7] kink vasculature | be presentin all
identification features retinal images
system
Discriminatory | Monocular Pixel color Color
Prior Art [8] analysis- information may
based be inaccurate
Thresholding
Modified Stereoscopic | Pixel Requires pre-
Prior Art [9] deformable features processing of
model stereo retinal
technique images to obtain

cup information

Pixel feature | Stereoscopic | Pixel Relies on _
Prior Art [10] classification features features from
stereo color
retinal images-

Knowledge- = | Monocular Muiltiple Although the
Embodiments | based clinically embodiment is
of the present | landmark established | successful in
invention detection +- landmarks identifying disc
image haemorrhages,
analysis enhancing it to
incorporate
other landmarks
depends on

clinical expertise
to identify some
landmarks

Table 2
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20 Cainms 1. A nmethod for detecting disc haenorrhages in a retinal fundus

i mage, the method conprising the steps of: ~ (a) identifying a

ri ng- shapeo 2oagizevs20f interest in the retinal fundus i mege/sG2emoerpassi ng
the optic disc boundary; (b) removing blood vessel regions in
the identified region of interest; (c) detecting disc haenorrhages
fromthe renoved bl ood vessels regions20n the identified region of interest
by a col our-based analysis, to identify candidate disc haenorrhages; and
10(d) scr&daintgy t he candi date di sc haenorrhages. 2. A method according to
claim1l1, wherein step (a) conprises the sub-steps of: N (1)

i denti fyi g Aemethd foaldetedingrdisd hastereiges in a retinal fundué irhag&Sthiemat i ng t he

osition of the optic disc boundary in the initial region 150f interest;
gnd met%PSiOPP'Eersé'ﬂgﬁlfﬁtﬁéségti mat ed optic disc boundary to obtain the
ri ng-shaped regi on of interest. 3. A nmethod according to cl aim 2,
wherein step (ig@) idshfifving:a ringeshapedgeginn of integgekinitharétinal dunkiscineage er  of

the regi n%Incgft.ll@%ggﬁn?qﬁg%Ftig%ﬁﬁ&%ﬁd%}ght he initial region of interest based

on the estinma C center. od according to claim_3,|w]t1er§in
step- (i) furth I the sub-step of filtering the retinal undus
i mage(tZ) remv25%%%'F$ﬁ?ﬂ%‘ﬁsgﬁp%ﬁg'%% &ﬁhﬁdpeﬁéﬁ%ﬁmwowtqrﬁét,r eti nal
fundus image pie)deteoting tisttidentbriidyel #FEmABBIr8MAVbdHisod GL4L rddIBHYS
| mge. in the identified region of interest by a colour-based analysis, to identify

candidate disc haemorrhages; and

10 (d) séreening the candidate disc haemorrhages.

2. A method according to claim 1, wherein step (a) comprises the sub-steps of:
(i) identifying an initial region of interest;

(ii) estimating the position of the optic disc boundary in the initial region
15  of interest; and

(iii) dilating the estimated optic disc boundary to obtain the ring-shaped

region of interest.

3. A method according to claim 2, wherein step (i) comprises the sub-steps of:
20 estimating a disc center of the retinal fundus image; and

creating the initial region of interest based on the estimated disc center.

4. A method according to claim 3, wherein step (i) further comprises the sub-

step of filtering the retinal fundus image to remove high illumination at a retinal

o
W

boundary of the retinal fundus image prior to estimating the disc center of the

retinal fundus image.



WO 2011/ 025452PCT/ SG2009/ 000298 21 5. A nethod according to claim 4,
wherein the sub-step of filtering the retinal fundus inmage further

conpri seswoOhe11gb+ss3t eps of : anal yzi ng the reti nalpCriscduw/oneage by a
hi st ogram based study conprising the sub-steps of: 5cal culating histograns
of a plurality of baseline images and the retinal fundus image;

assigning a score to each of the plurallty of baseline i mges, the score
indicating an amount of illum nation effect in the baseline inage;

conpar i ng 9%t Remethachaecording tormtaimed wherdin titkisub-stapeofiiltaringhthe I@tinait ogr am of

each of t u.rﬁ! | t f baseline inmages; - and. assigning a score to
the reti ngfmm N el%’é@grﬁgg’é’(ﬁ'%ﬁtt?%égs'cﬁtr%%??fson and the score assi gEeg tod
each of the pluralit f base]jne inmages; generating an adaptive mas ase
on the anal ysi &nawglgﬁd'ﬁl%?u&"%é"& gptMma nisirgraBhbasrd pidynal f undus

i mage to fbhigisidd e’ si-8@bsidindus image. 6. A nethod according to claim
5, wherein the sub-step of generating an adaptive mask based on the

anal ysis further co ' - st ens T I prelimnary
mask, !tshe prelim na%rdrr%%@gto@?tﬁépgméiosc %%ae“r%f ggg%e%'{t%tedn%&%se n(Jo et he
retinal fundus retiralduraies. imdde;a di aneter equal to a height of the inmage;

adjusting the prelimnary mask by shifting the center of the prelimnary
assigning a score to each of the plurality of baseline images, the

score indicating an amount of illumination effect in the baseline image;

comparing the histogram of the retinal fundus image with the

10 histogram of each of the plurality of baseline images; and

assigning a score to the retinal fundus image based on the

comparison and the score assigned to each of the plurality of baseline
images;

generating an adaptive mask based on the analysis; and

15 applying the adaptive mask on the retinal fundus image to filter the retinal
fundus image.

6. A method according to claim 5, wherein the sub-step of generating an

adaptive mask based on the analysis further comprises the sub-steps of:

20 generating a preliminary mask, the preliminary mask being a circle
centered at a center of the retinal fundus.image and with a diameter equal to a

height of the image;

adjusting the preliminary mask by shifting the center of the preliminary
mask away from a portion of the image with a higher amount of illumination
25  effect, the shift being performed by a distance based on the score assigned to

the retinal fundus image; and

setting the adaptive mask as the adjusted preliminary mask.



mask away froma portion of the inmage with a higher anmpbunt of illum nation
25effect, the shift being perfornmed by a di stance based on the score

assi gned wo 20hen2s4sei nal fundus inmage; and setting the asepiSGee9wesksas the
adj usted prelimnary mask. 7. A nethod according to any of claims 2 to 6,
wherein the estimated optic disc boundary is snmoothed prior to step (iii).
8. A nethod according to any of clains?3 to 7, wherein step (ii) is
perforned_Susing a variational level set algorithm 9. A method according
to any of 7 Adm&m;i aesogding de @ny atadaims 2 Jo B swherdin the éstimiatecoptithdisced

channel o ghﬂgamysﬂ%mﬁ%@gﬁﬁgkﬁ%ﬁ({'i 010. A nethod according to any of

clainms 2 ereint e initial region of interest
identified in step (i) is a square. 11. A nethod according to any of the
precedi ng clains, wherein step (b) further conprises the sub-steps of:cI
15form ng_a,first dilated image by applying edge detection on green an
grey chanﬁef\s”‘Sﬁ’qdl‘%;CP Ingdp a%lyrﬂfl.ﬁa' o ?OWHGE%&tSt%Gl)ﬂ?em@mhﬁd)od

vessel §; usingavg,q ) |é-\1,e§§gp€|6 H{Héﬁt ed image by applying edge detection
on a red channel of the retina Pun us image to obtain an outline of an

optic disc region in the retinal fundus inmage; 20sunm ng the fikrst aRd

d di ed | es ta obtain umred. | e; and maski ng t he
Surmed | mal METREARoI e AT o bt 8 VP Bottepdil AR BRBGRI N cssel <
regions i Bntthe redenahndlRA the setiihl HindUul PARRL :

10 10. A method according to any of claims 2 to 9, wherein the shape of the initial

region of interest identified in step (i) is a square.

11. A method according to any of the precéding claims, wherein step (b) further
comprises the sub-steps of: .
15 forming a first dilated image by applying edge detection on green and
grey channels of the retinal fundus image to detect and remove blood vessels:
forming a second dilated image by applying edge detection on a red
channel of the retinal fundus image to obtain an outline of an optic disc region in
the retinal fundus image;
20 summing the first and second dilated images to obtain a summed image;
and
masking the summed image with the identified region of interest to

remove blood vessels regions in the identified region of interest;

25  12. A method according to any of the preceding claims, wherein the removed
blood vessels regions comprise a plurality of pixels and step (c) comprises the
sub-steps of: _

(ix) calculating a first histogram for the plurality of pixels in the removed

blood vessels regions in the red channel of the retinal fundus image;



7512. A nethod according to any of the preceding clains, wherein the
renoved bl ood vessels regions conprise a plurality of pixels and step (c)
conpri seswoOhe11gb+ss3t eps of : (i x) calculating a fiPcIiSGrimtoogoam f or
the plurality of pixels in the renoved bl ood vessels regions in the red
channel of the retinal fundus image; WO 2011/025452PCT/ SG2009/ 000298 23
(x) calculating a second histogran1for2§he plurality of pixels in the
renoved bl ood vessels regions in the red-free channel of the retinal fundus

i mage; (xicplciating pagicond histograrayfer thfe pibeality ofpixatsdnseeond

hi st ogra ' . yst er.s_havi the hi st _1.ntepsi in the
red cgann@é?r{1§¥écfﬁg}%§e\?%ﬁag 'fe?ﬁ%ffs'ﬁitﬁ%dgdéfﬂ%e FH@”W% € r‘?ﬂ'\@ﬁ NASi n the
red-free ahagmel of the retinal fundus inmage; and (xii) detecting

t he di sc haenorrhages as the | ocated pixel clusters. 1013. A nethod
accordi ng to aky) ¥$ingmeaksansiyaligye odithe firstrandeseconddpstograms tpiicats t he
sub- steps i i ' di da di sc enpr r hage
wth & pr Bag|olusters he IR {Manéslinfeithy §) uRERH SRIHGT 8L e s3hel Birce
haenor r hageagd aht éhes iawestfintensitg anthedaidefrés chiapaehefane refia ufdid S bel ow
the predefined value. 14. A nethod according to claim 13, further

conpri si nﬂn?gﬁa -step of: renoving the candi date di sc haenorrhage if the

size of the capgi @éfé‘ctﬁlnig%ﬁeWﬁéér“@%aig%s%tthﬁhgcét@& o clust&.

10  13. A method according to any of the precedihg claims, wherein step (d)
comprises the sub-steps of: '
comparing the size of each candidate disc haemorrhage with a
predefined value; and
removing the candidate disc haemorrhage if the size of the candidate

15  disc haemorrhage falls below the predefined value.

14. A method according to claim 13, further comprising the sub-step of:
removing the candidate disc haemorrhage if the size of the candidate

disc haemorrhage is not the largest. .

20
15. A method for determining the risk of glaucoma in a retinal fundus irhage, the
method comprising the steps of:
detecting disc haemorrhages in the retinal fundus image by a method
according to any of the preceding claims; and
25 determining that the risk of glaucoma is high if 'at least one disc

haemorrhage is detected in the retinal fundus image.

16. A computer system having a processor arranged to perform a method

according to any of the preceding claims.

30



15. A nethod for determining the risk of glaucoma in a retinal fundus
i mge, the nethod conprising the steps of: detecting disc
haenor r hageoeim2sdse retinal fundus i mage by a net hod aceergicagotoonssy of
the preceding clains; and 25determ ning that the risk of glaucoma is high
if at |least one disc haenorrhage is detected in the retinal fundus inmage.
16. A conputer system having a pr ocessdf arranged to performa nethod
according to any of the preceding clains. 24 17. A conputer program
product, réadalfl €0BIPUET: Bragiaey Peatucioftadatiledy astompuiesrandsontdiniogby a
processor ; . e C [ sor. t.0 rforma et hod
accor di nglr%grugﬂéﬂg})éfé%ﬁn%%% ?Obg%geas"é%? &h% %o%%%?er systenP S0 3h0sE he
processor to perform a method according to any of claims 1 to 15. '



