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are manual examination and semiautomatic methods, which are time
consuming, costly, prone to inconsistencies and to human error. For
25 example, the width measured manually or semi-automatically varies from
one inspection to the next, even when the same grader is involved [6].
Although several research articles [6], [7], [8], [9] have appeared on
retinal vascular calibre measurement, the study of vessel diameter
measurement is still an open area for improvement. Most of the techniques
30 are semi-automatic and require expert intervention. All these techniques
adopt a previously defined vessel cross-sectional profile which is matched to

obtain the vessel calibre or diameter. This is computationally very expensive



15 vessel nodel, which can neasure vascular width to an accuracy of about
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measured from the Gaussian profile which is defined initially from the
observation. The implementation of this method is computationally very
25 expensive.

Another feature in retinal images is the vessel central reflex. The
central reflex is a very significant feature of the blood vessel in the retinal
image which is related to hypertension [16]. A number of research articles
have reported on central reflex detection. However, a significant

30 improvement is still a necessity for accurate detection of central reflex.

Accurate OD identification can be valuable to reduce the false positive

rate of algorithms designed to detect lesions which have similar color tones



30cal cul ating the centre of each potential optic disc region fromthe
nunber of pixels in each potential optic disc region to thereby detect the
optic di swW0201/022783 The determ nati on of the nunber of PCIXAWERIfig01BACh
potential optic disc region may be perfornmed using a regi on grow ng

t echni que. The cal cul ation of the centre of each potential optic disc
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- SUMMARY OF THE INVENTION

15 The invention is broadly directed to methods of detecting and/or

measuring a feature in a retinal mage. The feature detected and/or

measured may be one or more of the optic disc, optic disc centre, optic disc

radius, blood vessel, vessel calibre/width and vessel central reflex. The the

invention also provides methods of diagnosis of a vascular and/or a
20 cardiovascular disease (CVD) and/or a predisposition thereto.

In a first aspect, although it need not be the only, or indeed the
broadest aspect, the invention resides in a method for detecting an optic disc
in a retinal image broadly including the steps of:

analyzing an image histogram of the retinal image to determine

25 intensity levels;

analyzing the determined intensity levels to determine a threshold
intensity for potential optic disc regions;

determining the number of pixels for each potential optic disc region;
and

30 calculating the centre of each potential optic disc region from the
number of pixels in each potential optic disc region to thereby detect the

optic disc.



ot her nei ghbors. In one enbodi nent of the second' aspect the mapping of a
vessel 5 edge may be perfornmed by sel ecting pixels in neighboring rows
and/ or covOiABl/02R188h al so satisfy a criteria to generat @Ca/A3B0WARENOpi xe
list. I'n anot her enbodi nent of the second aspect the mapping of a
vessel edge conprises determ ning an edge Profile by sel ecting one or nore
pi xel 5on both sides of the edge pixels to neasure their intensity |evels.

The intensity | evel s_nay be peasur in a green channel i . .. In one
enbodi ment of the ngzﬁ]éetsng 'OPI?S %H"f"bgm 'X@F?%r%ﬁg@@wﬂgpgﬁﬁe nay
be determ ned f t W ' Lol @idFSdravi jeent magni tude and
intensity profirﬁgﬁnlrg?%lbg ot heﬁr’hégn%ﬁg?r?en IﬁgWéﬁQgﬂ]@gpect the start

pi xel of a vessel scbuncalediation®y tive ceptreofieachl pbtential bptie dige rpgionimaywhi ch

shows opposite 6 nt e'[?si t%/ﬂl evel s thaﬁ the fi rgl edge within the sane
directi on. erperformed HFing A HOHOO A@nSformAi90t i on of bl ood vessel's may be

performed dy adopting R seldbRdhaspRet,t sEiBldhag4ini At REBSISRIS thd @réadest edge
and 15second edge conbination and a specific distance of the edge start
poi nt s. Traspest, dbe inveptiopfresides e agpethesior aeaseripgyvesselealibee ifed by
groupi ng the ed f.or S : asurenent of the vessel
calibre nmay be ’%ﬁﬁ?'dﬁ?@%a‘tc@?ﬁg 'Qahgg\g t\b\'ﬁls-c[%?sc siders a vessel centreline
pi xel as its centre duigmiginy atikeibulion dfgradiert nsagnitdde bedimtensity profiledn h
edge pixel to generate edge tpi )((jel t_Rrquiars rom whi ch the width of the

o identi

cross-section itBedatieal image Re PEIMRE beundary fixels @f Zope® 189 be

used to dj@gnose.: ' oyl ar di sease and/or a .,
pr edi SpOS?(?i on%gp\ggﬁi}% ﬁétgﬂp%(gésgls%g%%%%ﬁl%lﬂgh agai n not necessarily
t he broadest aspect ,de?étrhininigaatdart pixel of adesselnedgerfrohothef identifiedsane g a

vessel central reflex broadly including the steps of: determning a
di stribution ofm@?edm@ﬂawgél%ude and intensity profile in the retinal
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growing technique; and

15 measuring the vessel calibre from the mapped vessel edges.

The method of the second aspect may further include the step of edge
profiling for removing noise and background edges.
- The method of the second aspect may further include the step of edge
length thresholding for removing noise and background edges.

20 The method of the second aspect may further include the step of
applying a rule based technique to identify and/or define individual vessels’
edges.

The method of the second aspect may further include the step of
calculating a vessel centreline from the mapped vessel edges wherein the

25 calculated vessel centerline is used with the mapped vessel edge to
measure the vessel calibre.

The start pixel of the vessel edge rﬁay be determined by selecting a
pixel from the border of the zone B area which is part of a pattern.
The pattern may be as follows: the edge start pixel is greater than or

30 equal to its neighboring pixels which are also greater than or equal to their
other neighbors.

In one embodiment of the second aspect the mapping of a vessel



30o0ne or nore boundary pixels; mappi ng a vessel central reflex edge
fromthe determ ned start pixel using a region grow ng technique; 6

det er mi niW@ 20f1/@2pW3vessel central reflex is continuous; PCT/AU201080811001 at i ng
a vessel central reflex centreline fromthe mapped vessel central reflex
edge; and measuring the vessel cgntral reflex mean width fromthe
mapped 5vessel central reflex edge and calCTul ated vessel centreline to

t hereby detect the vessel central reflex.. . : Once.a . central reflex
boundar y pi xel 949818 RerRerorid byraslesting: pixels it NEIghoENg, DML ANH be
det er m ned. icH be within
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the gradi ent nmagpi tude i.s wi,thin,the range of % of, the start Dpi . i.f th
valus 1's Tover Sk COTRiEeR Hefiminingan Sdbe Srofie by feletilie, ShEob kel "
i nvention gay ol GHEE8f t PpRel RGPSasING thefustendly levelsor channel

;
extraction, nedian filtering and/ or Gaussian snoot hi ng. The net hods
of the invention mayThe indensityl levels shaybaimeasuiad in argreen ¢hagnel imagdenal

| mage. The nethods qgf the invention be t 20 urth
aspect the inventio n.r%rlkq aggoﬁﬁﬁ%r?tc%%éts&coﬁgor%ﬁgﬁ B{Eg%%&dﬁggllc% %Xﬁ%%ﬁier
program pr OdUCtseQ,@ﬁHreégélma_y be detarriim@dufrém Hrabbandagi pixellist gsinguher
readabl e program code enbodi ed on sai d conputer usable medium for detecting

an optic disc igradiensmagnitudpeng intensity @iplileer readabl e code conpri si ng:
Pt g Sacoke BB EIIRN B oR A AR R SRl
i ntensity | evelsscond edge may be determined from the edge profile which shows opposite
intensity levels than the first edge within the same direction.
The identification and/or detection of blood vessels may be performed
by adopting a rule based technique which considers the first edge and
15 second edge combination and a specific distance of the edge start points.
The calculation of the vessel centreline may be performed by grouping
the edges for each vessel.
The measurement of the vessel calibre may be performed using a
mask which considers a vessel centreline pixel as its centre and determines
20 edge pixels and the mirror of each edge pixel to generate edge pixel pairs
from which the width of the cross-séction is calculated.
The method of the second aspect may be used to diagnose a
vascular and/or a cardiovascular disease and/or a predisposition thereto.
In a third aspect, although again nof necessarily the broadest aspect,
25 the invention resides in a method for measuring a vessel central reflex
broadly including the steps of:
determining a distribution of gradient magnitude and intensity profile in
the retinal image to identify one or more boundary pixels;
" determining a start pixel of a vessel central reflex from the identified
30 one or more boundary pixels;
mapping a vessel central reflex edge from the determined start pixel

using a region growing technique;



conput er readabl e program code devices (ii) configured to cause the
conputer to analyse the determned intensity levels to determ ne a

t hr eshol W@V HBR®Bty for potential optic disc regi ons; PCT/AU20¢puUd er
readabl e program code devices (iii) configured to cause the conputer to
determ ne the nunber of pixels for each pogential optic disc 7 region; and
conput er readabl e program code devices (i v§ configured to cause the
conputer to cal cul atée t he, centre of ea}ch poteegtial optic disc region from
the number of pixel SI§tRMBIRING I dhe Messgl CEpIrALIelieXds FRAINHPUS, t her eby det ect
the Soptic disc. —  calchigfify 8vegséixenival fetlekicenBiehRé frofPtelihapped 98ssen code
devices (iii) may conprise a region grow ng technique. According to
the fourth aspeeantiabngflexeedge;@ndam code devices (iv) may conprise a Hough

transformation. 10ln_a fifth.,aspect the.inveption resjdes: | C r
program product sai @88%@%Fhep&Sﬁ?%!n?edF@M%ﬁe)&mﬁﬂq ?"%ﬁ:fr&“ f?ne. @g@%ﬁut er
usabl e medsum apdsepdanttf fefleacstifd andEsBlRRE skt BONFRIRR tohébY detequt er
usabl e nedium for neasuring vessel calibre in a retinal image, the conputer

readabl e code dbapiesseigentrebeefigyut er readabl e program code devices (i)
P dq 1 : . . . ant
magni fude and i nt ensP06° BRSNPEreEXeanda mierl Heliriined 8 ofer ' &7

nmore boundary pheelentral reflexansy beafetatmiabdcan be potential vessel edge
start pixel; conput er readabl e program code dev '

configured to cause [MROVEGEEHREOEING eenieal eafigxiBay bewithin :Bgii’feq%l?g“yo\r/@sel

edge fro he | 1 £ 0 &gﬂabqlgr I xel s; conput er

r eadabl emgl)éograﬂ]?cgéﬂt‘jéebﬁfg‘\?ié@st%?ir%ﬁ%on I g ng(f?-to cause the conputer to map
a vessel edge from tTiee chgiem giowing of the canitrad reflesi mgy inalwdg astapr eniterion if
techni que; and 25conput er readabl.e praq rAm code ? Lees . . (iv) confi ed to
cause the corrputﬁgrgrla 'eﬁg&%ﬂ’ﬁt RS E@&It eLPNgT © %bcz?:n‘)?ﬁée ﬁ%@‘[}g&el,gﬁéa
edges. A%gwlgwe?tﬁmg{aébﬁme&eﬁm' the conputer readable code may

further conprise conputer rea program code devices (v) configured to
cause the conputer tthemethods efithe inventiohinmay alsoinoludeinage preaprpceasikgr ound
30edges.

15 such as, color channel extraction, median filtering and/or Gaussian
smoothing.

The methods of the invention may also include obtaining and/or
receiving a retinal image.
The methods of the invention may be computer methods.

20 In a fourth aspect the invention resides in a computer program product
said computer program product comprising:

a computer usable medium and computer readable program code
embodied on said computer usable medium for detecting an optic disc in a
retinal image, the computer readable code comprising:

25 computer readable program code devices (i) configured to cause the
computer to analyse an image histogram of the retinal image to determine
intensity levels;

computer readable program code devices (ii) configured to cause the
computer to analyse the determined intensity levels to determine a threshold

30 intensity for potential optic disc regions;

computer readable program code devices (iii) configured to cause the

computer to determine the number of pixels for each potential optic disc



According to the fifth aspect the conmputer readable code may further
conpri se conputer readabl e program code devices (vi) configured to cause 8
t he conpuwer20ti@2p®sf or m edge | ength threshol di ng for reREFIAIGONWEI0EE0and
background edges. According to the fifth aspect the conputer readable
code may further conprise conputer readablf pr.ogram code devices (vii)
configured to cause 5the conputer to apply a rule based technique to
identify and/or_ define individual vessels' edges. According to the
fifth aspect tHEII9®WAOMer readabl e code may further conprise conputer

readabl e program cod&ﬁ&ytbppéao(a‘biléﬁﬁogg%nggggwigég (mggﬁﬁdmgd fPERILeR]Ret O

cal cul ate a vessel centreline fro essel "edges 1lOwherein the
cal cul at ed vessmmputet tr ¢alogatestheszentnsi efleachepatential dptie dissl regitgefrer theasur e

th I libre. A ding to the fifth t, th t, pixel th
vessel - eage’ mayMBRPROEP e 9P BBiseieh §o BREeredTEIe It Efest dhey
which has & patdfiicisc. The pattern‘may be two nei ghbouring

pi xel s with non-zero value and 15two with zero val ues. In one
enbodi nent of the fiAcdaerdisgdotthefeurta@spagt edmputes psegram code dgyicesHiii) be

performed by selectin Ixels.in _nei. | ows and/or colums which al so
satisfy the crimg Fgﬂ%ﬁ@é@%@@@%ﬁﬁﬁ%@%‘%m list. In another

enbodi ment of the fiAddoraingastthé feunmpBpB6t €dmputee psejrard edde devicesi(hgs
determ ning an edge profile by selecting one or nore pixel on both sides of

the start pixelm8ay gompaisgreeHpHah transfamatiop. | evel s. The intensity |evel s
> e - . s
may be Meggured in qn%{@?{‘a%?ﬁ |H\férﬁﬂ8ra réeﬂgggﬁl %%@%&ﬁﬁrg@%rﬁdBﬁédd‘tt

aspect the start pixel a vessel secon ne omt he

boundary pi xel daidtommputer progranh prodlictcommriging:ude and intensity profile.
I n anot her enbodi ment of the fifth aspect the start Eéé(cfélw of a vessel
second edge may be ddfeMRURIUsakienediuaygRd sompyter & pEIAragh F89¢ 1 e

oot her Srbod: KETPSGPALSId o Gt nBghfct MERalngksccabieves
retinal image, the computer readable code comprising:
15 computer readable program code devices (i) configured to cause the
computer to determine a distribution of gradient magnitude and intensity
profile in the retinal image to identify one or more boundary pixels of zone B
area which can be potential vessel edge start pixel,
computer readable program code devices (ii) configured to cause the
20 computer to determine a start pixel of a vessel edge from the identified one
or more boundary pixels;
computer readable program code devices (iii) configured to cause the
computer to map a vessel edge from the determined start pixel using a
region growing technique; and
25 computer readable program code dgvices (iv) configured to cause the
computer to measure the vessel calibre from the mapped vessel edges.
According to the fifth aspect the computer readable code may further
comprise computer readable program code devices (v) configured to cause
the computer to perform edge profiling to remove noise and background
30 edges.
According to the fifth aspect the coniputer readable code may further

comprise computer readable program code devices (vi) configured to cause



30 vessel s may be perfornmed by adopting a rule based techni que which
considers the first edge and second edge conbi nation and a specific

di st ance ¥ 20H&22Mge start points. 9 In still aRéTaROwMObD ment of
the 'fifth aspect the calculation of the vessel centreline may be perforned
by grouping the edges for each vessel by I%sting the pixels in each edge.

I n anot her enbodi nent of the fifth aspect The neasurenent of the 5 vessel
calibre may be a vessel centreline

f d i k which i
bixel as the odREGOMRIHCHER BEOMR S938JENgih, breshalding Her FRMPHRY SO8ERY edge

pi xel to generag&kgﬁgﬁ]d)éd@s_pai rs fromwhich the width of the
cross-section is calculated. In yet another egbodi nent of the fifth aspect

t he conput er readablAccordingddthefiffh aspedidhe computereeadatpatcode maayitusther
program code devices (ix) configured to cause the.co ter .to Qvide a
di agnosi s or i AR fP“t&f(Fa%%H?%PT%ﬁa?‘ﬁd& ."izﬂsgws%%ﬁak'feg{@&a&éeo_r a
predi sposig i on thBeidthputer to_adppli'ra Fulel Based tdHiqud fo AR | gH/6edefige I n a
conput er program product sai d conputer program product conprising: 15a
conput er usabl dndivigiuahvessels @dgeser readabl e program code enbodi ed on said

Crmge. the- comput or Atehe T8 it Seqt Be SomBE @ag 48k cBle Ha n ey "
program code dexongsifseldompdter retdabie programsoddeltievivesipuilidonfigurbeitocause a

di stribution of gradient nmagnitude and intensjty 20profile in the retinal
i mage to i dent ithg compuier tasalculaie aiesselssntraline from the mappad ¥pssel £9985 e

devi i _ : . e
Clart pis of MER I calfRlod VEECHILAaNRE 1 TSR G ridhig) Feshel®
boundary pi xel ssdge to measurethewessel catibtabl e program code devices (iii)

configured to cause the 25conput to map, a vessel ceptral refl ex edge from
the deternined st ar tAGHOK Png%nﬁT?gf'e@‘ ?%%Hhﬁﬁ@ﬁﬂge{%féﬁﬁi"aﬁ%e,l edge may be

conput er reada ; ; ' j >
mp ygﬁ%@.ﬁ]@eg ?)Wt %@@@2‘% Pﬁéﬁfr()hi’?hefieﬁf?{é B4r&8 wHici A4S & gdiern.

conputer to de centra ex I's continuous; conputer
r eadabl e progr am codéhelpatierasndy be ¢twafrieightediring pixels withrmorezeronalnesand o

cal cul ate vesgsel central reflex centreline fromthe mapped vessel central
refl ex edbe; od’ﬁ'ﬁbﬁ?r@rvqhé%ﬁjabl e program code devices (vi) configured to

cause the In one embodiment of the fifth aspect the mapping of a vessel first
edge may be performed by selecting pixels in neighboring rows and/or
columns which also satisfy the criteria to generate a boundary pixel list.

In another embodiment of the fifth aspect the mapping of a vessel

20 edge comprises determining an edge profile by selecting one or more pixel
on both sides of the start pixels to measure their intensity levels.

The intensity levels may be measured in a green channel image.

In one embodiment of the fifth aspect the start pixel of a vessel "
second edge may be determined from the boundary pixel list using the

25 gradient magnitude and intensity profile.

In another embodiment of the fifth aspect the start pixel of a vessel
second edge may be determined from the edge profile which shows opposite
intensity levels than the first edge within the same direction.

In yet another embodiment of the fifth aspect the detection of blood

30 vessels may be performed by adopting a rule based technique which
considers the first edge and second edge combination and a specific

distance of the edge start points.



10 conputer to neasure the vessel central reflex nmean wdth fromthe mapped
vessel central reflex edge and cal cul ated vessel centreline to thereby

det ect tH&OveslggR788entral reflex. In one enbodi nent of PE&EAdi2a00apect t he
conput er readable code 5 may further conprise conputer readabl e program
code devices (viii) configured to cause tQ; conputer to determ ne the other
edge of the central reflex. According to the sixth aspect the other

edge of the central ref]ex rra be W|th|n 5 s and/or 75 cro of the
central reflex boundﬁr‘s}'h e”l‘b d?]f Bgtfﬁﬁt%s@%?m%c%'% pny zh‘?egi on

grow ng of the &%Qéf%} tfe%le‘?ﬁa ”Pé ggb‘b'rﬂ?ﬁ htgl @?ﬂ?lr@rthb"édg‘é% fof eé&l?v@éééi“ ent

magnitude is within e range o t "ptxel ©If the value iIs
| ower than the bydistiagtthe pixeds in each edlge.a seventh aspect the i nvent i on

resides in an apparatus r machi ne for nmet hods ac ng to
the first, second aﬁﬂ/"%ﬂo D ?Wg?a%%@c?fpt% h as’g‘fﬁtqﬁﬁrm?%%lf GFL?@ ‘#[1
present 'nyent lv@gs¥f ¢ali b?@@ﬁé@bé@@d&meof GSIRYt A thdsk! WRIh b ridfders £ dessel
description. BRIEF DESCRI PTI'ON DRAW NGS 20l n order that the present

i nvention nay Ieentreline pixelinddhe ceotte and datermines edgemixelalandithedmnirror of

ot or ence numorSatt SaPOELYY obBErfS SRR PRl WAICH R Wi f e,

a general flowcfpsgsecticmiewansulatedet hod of detecting an 25 optic disc (0D
in a retinal imge accordin t%pto one enbodi nent of the invention;
al

1B is a general floundrhan & pEtosimantefthedifthcaspeshthe ¢argpyies ieadable | brtcai
inaretipal i %ﬁ?o g%ﬂh&gcé ﬂgé)tc%ﬁ{ptﬁgﬁg%c#ﬁfg Bfl{gerén@cécﬂé’ 8@%‘(:?9 éx20F| G

1C is a general I'agram s Cting vesse

refl ex accordi rwnngummottdwarusenﬂheohmﬁpmteoto previdenaatiagnosis Br {hdiddbiorsofaa
schematic diagramillustrating an apparatus accordi to, 11 F}not her
embodi ment of tvA&CHlay apd(sR $Qfﬂ'9¥@§?%‘?ﬁp|§&a§ﬁ@rlﬁ‘9‘?rﬁ ogiigp thetedoner ei n:

Fla 2 1s ageneral ihadiflisgeeth 'Mé%ﬁ.bﬁ;réageeu{@w%ui&rpgg@wghlﬂgcgesSe'

calibre according to anot | nment o e 1 nvention
general flow disagt aomphtemprggmmp%uﬂmmﬁnsofg the OD detection nethod of

FIGs, 415 and 4(q) % AOMPHE L4 S eITLARS conTRet FRAdabls REFOTARRGRLe | n
FIGS 4(a) and HfBodied on said computer usable medium for measuring a vessel central
reflex in a retinal image, the computer readable code cdmprising:
computer readable program code devices (i) configured to cause the
computer to determine a distribution of gradient magnitude and intensity
20 profile in the retinal image to identify one or more boundary pixels;
computer readable program code devices (ii) configured to cause the
computer to determine a start pixel of a vessel central reflex from the
identified one or more boundary pixels;
computer readable program code devices (iii) configured to cause the
25 computer to map a vessel central reflex edge from the determined start pixel
using a region growing technique;
computer readable program code dévices (iv) configured to cause the
computer to determine if the vessel central reflex is continuous;
computer readable program code devices (v) configured to cause the
30 computer to calculate a vessel central reflex centreline from the mapped
vessel central reflex edge; and

computer readable program code devices (vi) configured to cause the



10FIGS. 5 (a) and (c) show retinal inmages taken fromthe DRI VE dat abase and
t he STARE dat abase respectively; FIGS 5(b) and (d) show t hreshol ded out put

I mages crweaned/n2espectively fromthe retinal |nages shoRETIAU2FI0@81118 (a)
and (c); FIG 6 shows the threshol ded imge (left) and potential OD regions
15(right) for the two i mages shown in FI G1 5, FIG 7(a) shows a retinal
gray scal e i mage; FIG 7(b) shows a Phreshol ded i nage conpri sing

tic di i xel bt aji ned f th tinal i f Fl ;
FG “7(6) showeoBYehlunSARyEIhPAgSSH Coariabiabit meamwidilforimapeed
7(d h d ' | IR FI'G
70d) shows a | ersse e Han RARAgERh PR ol VessSRbeicite Y tReB) Hethet

i mage showi ng tthe vessglamentral eeftexd f or pre- processi ng and gradi ent
operation; 25FIG 9 is a nediagn filtered.green channel i e: Fl 10 is an
Mage. obt ai ned af t ern 5 TRBIERAI IhE Shibeaprc: tpemAdEaeadabie pade na
gray scal & | mgRay fufthel [ddmp it WoniglieF $88dabIaT Brodrant RBdeMBEfCES ([ﬂii§3
11(a); ~ FIG 11(c) shows a gradient nmagnitude image of the Zone
B area i n 30FI @onfigbied teloguse theporiptier ta detergine theiolbiee gdge ol thessanirabf

FIG 11(b); FIG,11(e) shows a larger and clearer version of FIG 11(c);

WO 2011/ 022783FE1$AU2010/ 001110 12°

According to the sixth aspect the other edge of the central reflex may
be within 15 pixels and/or 75 microns of the central reflex boundary pixel.
10 According to the sixth aspect the region growing of the central reflex
may include a stop criterion if the gradient magnitude is within the range of
60% of the start pixel if the value is lower than the current value.
In a seventh aspect the invention resides in an apparatus or machine
for performing the methods according to the first, second and/or third
16 aspects.
Further features of the present invention will become apparent from

the following detailed description.

BRIEF DESCRIPTION OF THE DRAWINGS

20 In order that the present invention may be readily understood and put

into practical effect, reference will now be made to the accompanying
illustrations, wherein like reference numerals refer to like features and
wherein: '

FIG. 1A is a general flow diagram showing a method of detecting an

25 optic disc (OD) in a retinal image according to one embodiment of the
invention;

FIG. 1B is a general flow diagram showing a method for measuring
vessel calibre in a retinal image according to another embodiment of the
invention;

30 FIG. 1C is a general flow diagram '.showing a method for detecting
vessel central reflex according to another embodiment of the invention;

FIG. 1D is a schematic diagram illustrating an apparatus according to



FIG 12(a) shows an edge inmage produced by the known Sobel operator;

FIG 12(b) shows an edge image produced by the known Canny operator; 5FIG
12(c) showe 2an/eadwé i mage produced by the known zero cr @€3iAlgowmetad or ;
FIG 13 is a threshold i nage show ng thick vessel edges and central reflex;
FIG 14 shows criteria to consider a borde1r1 pi xel ; 10FIG 15 is an inmage
showi ng the pixels traversed (bold and bl ack col our) and pi xel s not

considered for traversal (underlined); . Fl 16 | s a chart, K showi ng the
di stribution ofanpthgs %VHLO tiqf e nyeptior foé??rgrﬁ@"ﬂﬂ thg mgthodsdescr 'wﬁa xel

of a vessel edg&irein: FIG 17(a) is a graph showing an intensity
profile for a vessé‘l’ first 15edge or a central reflex second edge;

FIG 17(b) is a graffiGsidisiangeneral flowrdagranpillastratingf methedSol measaridgedge

or a central reflex first edge,. |G 18 is er.al flow diagram
showi ng one en§SPREFAIDE? aﬁcg‘@ﬂ%ﬁ’ %‘PO"EET ggﬁoﬁgngﬁggfgtggr@v%tgg&, of the
vessel edgg; 20FI CS.FiE@Eas agdrieraSiuwdidigrdiishliny 8he efidihBat SAREICD ONS;
FIG 20 is a grid showng centreline piXels and edge pixels used in the
vessel centr el idetectinremethod attheddyention;, FIG 21 illustrates finding the

mrror of an edge pi for el Fl 22:sh ] ermnation of
vessel width or m nilﬁgalllﬁ'cﬁg} 5%‘!2@5?1%5 .?réqﬂqeé?g%};ﬂtl !lrgaggé'edge pi xel s;
FIG 23 is a grid sim@S1d(b)endaidyshowlrespsbitivedngiogizmms for th retinal images
cross-section with centreline pixel C and FIG 24 shows neasured

vessel widths iiIn&lGH4@ BpdwFre 1ines traversing the vessels. 30Skilled
dd i || ' ' : f '
addresseesyw 11 apprEgeidt § (Eyaénoeh&%\?tﬂgﬂngf uh%@éeé takel ffom ttﬁs.%f\gtggs

are illustrated for sinplicity an and not  necessari e
drawn to scal e.ddtabasxandltite STARE datdbage rdspectivietyys of sonme of the WO

2011/ 022783PCT/ AU2010/ 001110 .
FIGS 5(b) and (d) show thresholded output images created
respectively from the retinal images shown in FIGS. § (a) and (c);
FIG. 6 shows the thresholded image (left) and potential OD regions
15 (right) for the two images shown in FIG. 5;
FIG. 7(a) shows a retinal gray scale image;
FIG. 7(b) shows a thresholded image comprising optic disc pixels
obtained from the retinal image of FIG 7(a);
FIG. 7(c) shows a square shaped region selected in an edge image;
20 FIG. 7(d) shows a detected centre of the optic disc indicated by an
arrow; )
FIG. 7(d) shows a larger size versiqn of FIG. (7c);
FIG. 8 is a retinal image showing the region selected for pre-
processing and gradient operation;
25 FIG. 9 is a median filtered green channel image;
FIG. 10 is an image obtained after applying Gaussian smoothing;
FIG. 11(a) is a retinal gray scale image;
FIG. 11(b) shows the Zone B area of the image in FIG 11(a);
FIG. 11(c) shows a gradient magnitude image of the Zone B area in
30 FIG 11(b);
FIG. 11(d) shows a larger and clearer version of FIG. 11(b);

FIG. 11(e) shows a larger and clearer version of FIG. 11(c);



13 elements in the drawings may be distorted to help i nprove understandi ng
of enbodi nents of the present invention. DETAILED DESCRI PTI ON OF THE

| NVENTI O\WORTH&2RT3ent i on rel ates, at |least in part, toPREABAR/0DI0
detecting features in a retinal inmge. The present inventors have provided
novel and inventive nethods for detecti ng 4 he.optic disc or the vessel
central reflex and/or nmeasuring the optic disc centre, optic disc radius,
vessel calibre and/ vesse entral reflex. 10As used herein "optd isc"
or "OD' refers to t_ﬁgel%nfi(akég‘ow ?'PleeC&@sg’@?%e ﬁﬂdﬁ?ﬁqd!?ynt@?vgnqvﬁﬁé‘ﬁ??g
retina. It app%e?a{dp- col our fundus images as a bright yellow sh or white
region or disc. Its shape is nore or less circular, interrupted by outgoing
vessel s. The QD is tH6.ota(h) showsaan edgei images pradiloedaby thg &newvnt Gannpst
prom nent objects in a human retina. The OD generally 15 has a verti cal
oval shape, w thP%@’r’-age di mensions of 1.79 0.27mm horizontally by 1.97
0.29mm vergically. WiiGe 1R(©Sshows aﬁhvga%eeimﬁg@psém behei kfowh Zdie OD
may vary from person to person. The OD 1s one of the nost inportant
features in a rase$sing opeEfer.and can be used for many purposes. For exanpl e,
the OD can be used i aut [ | . Loal t Qi
structures and | esi orﬂgi,z' qs? dgﬁ tﬁﬁ@s&oﬁ%@%@éﬁlgﬁ\ﬁﬁg%g&ch&% g?%tel(ﬁ%? é\?@s%u tlc:aarl
abnormal ities agaflegup-to-disc ratio assessnent for glaucoma. In addition,

it can be used as a | andmark for i r,rage registration or can be used as an
initial point for bifd6u 1deshours eriteeate sanSidgeadasden pixek i xed position

rel afi onsip p bet wee > : .y Ltd B aEHdS . used
as a ref e@ence to I(gﬂgt?e@ngcglﬁgﬂﬁlag?gs}wﬁﬁgttﬁ%p&%s E@Egéeeg{‘ gs a mar@gre’?or
ruler to esti nadodourhandqixels nobtomsiderad foetranalsal @ssierinen); i nage

cal i bration. "Zone B' is the cjrcul ar area tarti from.t he

di stance of 2 x r aerGeﬂé RA ﬁ'?a'ﬁSQOY"“}Q(g\?néisﬁlli’é'%%tqf’(grﬁ‘i"@ep&ﬁgf’&@ge\?ﬂere r
is the radius s biePadi | D% wRREl 8dgd-ef | ex shoul d be
continuous int oenEbe(;%rr]e Blpar ea gfﬂalrttré%ew dth shou?djdg be approxi mately one
third of the vessel RAt¥7(a) isnr@rgeaph showingeaniintemsity geaideiforad vassehficst

ef ficient é‘echni ues whi ch |arﬁ cagabl(f 8f nmeasuring vessel calibre with

hi gh acculcy. We?ﬁﬁﬁ'é_aa{ﬁ CXGPBAN PE9®5 and are achieved by tracing
vessel s around the gqn@g q7¢h)Ssa g?thtsihbwmg BA ihtBHSI} profild1aVS vEsyetlsepeAd a new
and efficient technique to automatically conpute the CD centre and

automati cal | y csigeuerea caetralzeflex firsfiedgehe B area sel ection. The zone B area

is considered as th S ignifi r ' refi ' f

taki ng the vessel c%lgr® fsngoéeéteggﬂﬂ?‘ﬁ ﬁé%‘i?@"%"@'@?b& é’%&i"ﬁ@?ﬁ“tifﬁ'{%one B
only may be corjethed dfscliboting the'stare pixel bf thecvensel 68ge; t he zone B area has
been conputed, the vessel edge start point is traced fromthe border of the

zone B ardd. Based JHGHhild(a)-ale) swwdifierenthniye! grayripe coadidtansd. Fol | owi ng
o o oS! i . :
this, the retina Vﬁﬁ%f'zg‘i%gtg@ﬂ sfh%tg&@éfegﬂﬁel%é@%@gggﬁi’é@gejp%(élé]gséfc?ﬁﬁﬁé ‘o

cross-sectional w dth & onp C e can be use

measur e Cent r alvgssel ceritretineadetedtipn metleod; ( CRAE) and Central Retinal Vein
Equi val ent (CRVE) to_di arganose vasgjul ar t%nd/ or c?rdi ovascul Di seasges

(CVDs). Retinal imadd®ddylipsiraigs inding thedniraret aniqdas RixelJor avesseh as a
20 fundu: i | y p i i - i ke
undus retinal cafjgy 3p o%ﬁﬁ@@l%ﬁerﬂimét%d Gﬁ}esb@ﬁigﬂw %frggﬂﬁuhi&gﬁan%ﬁdus

exanpl e of a suitable fundus retinal canera Is a gt
canmera. 25 | frora pote rtid) pairsefiesigelpixelst i nal i nage is received by the

e e bt "t S b G o B 158 pal 36 o
section with centreline pixel C; and
FIG. 24 shows measured vessel widths indicated by white lines
traversing the vessels.
30 Skilled addressees will appreciate that elements in at least some of
the drawings are illustrated for simplicity aﬁd clarity and have not necessarily

been drawn to scale. For example, the relative dimensions of some of the



25The present invention uses vessel centreline and edge information, from
whi ch the vessel cross-sectional width or calibre is nmeasured with high
accuracy WAQIHfR2RWBency. The invention detects the OD aRGTAIRPWIEEIIDhe Zone
B area automatically using the OD centre and radius information. The vessel
calibre my be neasured fromthe zone B anga only, fromwhich the 30 CRAE
and CRVE may be conputed. Therefore, the invention achieves very high

ef ficiency by applying the nethod in zone B area for edge detegtiqn,
centrel i ne combBmenBinha d7EUBEF mgk e disusrtar Ehe imBse nderstandig e
speci fication dipbadiefnts ey theprRentintention Pl xel s. Any distance may al so be
measured in mcrons using mcrons per pixel information. FIG 1A shows one
enbodi ment of a nethod 100 of the invention in 5 which an optic disc is
detected in a retinal i 0e- A 1 A BO0L B 3 ABE e d- 100, .8 e, 102 an i mage
hi st ogram of the reti naIrTB' s—atrety ‘a‘.J aa- L e ey sity levels.
In step 108 the deteThHg nRdertivherslates, lskViehst i panthabymethdds et éé@cﬂﬁ%a
threshold intensity for potential optic disc regions. 10ln step 106 the
nunber of pi xelfeatuses natietinaldmepal Thepresentinvantesisdipviespra¥idedmayetiand
Then in step 1 C 0. oy [ ' ' LS

cal cul at ed fro%ﬁ\"%}@ﬁﬁu@%g@do foﬁi%%g %tnﬁﬁle%a{): cpgtg t(ca:n itglks\gep%s?gbgrﬁtgl I're (faISf(on.
FIG 1B shows aard#thabazdfingahensptioudiseocertes edpticadisbrradius, vesseli callbre

15i mage i n accordance with anot her enbodi nent of the invention. In
step 202 a di stafﬂdéthYQﬁ‘FebFe@F%!d?ﬁ%- magni tude and intensity profile in the
retinal i4ymge is det ' i ' one «pyry u Fxel s,

In step 2{)@ a start ﬁ%?ag?érgldvgﬁﬁg wééggg?i ?dﬁ%&bﬁegﬁﬁéﬁ%g?ﬁa the

i denti fied one vesselsrandopticdeerye pita tesretin@l b appeprsidi@obouv fgxieis imdges as

mapped from the determnmned start. pixel i r ' ' t echni .
Ctep 208 Che vesBEINRIBHID PEWHLS sHien OF ik e engps e tdpsapelar |
Vot hosl 200 ey iieuptaty by dthdifig UessgRAITHE OB, the SRGM Bf A rdiir vedleig (0!

shown) and edge reshol @ing 212 (not shown) which are perforned to
renove noi se arahdoenkgf themdostdqireminent objects in a human retina. The OD generally

15 has a vertical oval shape, with average dimensions of 1.79 £ 0.27mm
horizontally by 1.97 * 0.29mm vertically. While these are average
dimensions, the size of the OD may vary from person to person.

The OD is one of the most important features in a retinal image and
can be used for many purposes. For exémple, the OD can be used in

20 automatic extraction of retinal anatomical structures and lesions, such as
diabetic retinopathy, retinal vascular abnormalities and cup-to-disc ratio
assessment for glaucoma. In addition, it can be used as a landmark for
image registration or can be used as an initial point for blood vessel
detection. Based on the fixed posifion relationship between OD and macula

25 center, OD position can also be used as a reference to locate macular area.
The OD can be used as a marker or ruler to estimate the actual calibre of
retinal vessels or image calibration.

“Zone B is the circular area starting from the distance of 2 x r and
ending at 3 x raround the optic disc centre; where ris the radius of the optic

30 disc.

“Vessel central reflex” in a retinal image is the light reflex through the

centre of the blood vessel for which a vessel may have a hollow appearance.



Anot her optional step that may be included in nethod 200 is step 214 (not
shown) of applying a rule based technique to identify and/or define

i ndi vi duaWowvesgige78ddges (i.e., vessel boundary). 30Yet ROGANBP10691116Nal
step that may be included in nmethod 200 is step 216 (not shown) of
calculating a vessel centreline fromthe q?pped vessel edges. Wen step 216
I's included in nethod 200, step 208 the calculated 16 centerline is used

along with the ed ves o neasure the vessel calibre..
shows anot her nﬂ?ﬁgentggbrefsf g’@?’@ti’?r@’\?‘é‘é’%? in &he zane B.eres a”sn't%\” h302 a
di stribution ofg rg;@@lbgrgp??@,gen H#aﬁélg%n%rlﬂlrﬂ%tfﬁﬁl%g%%sﬁmﬂwlé‘r rhBreot he reti nal

i mage is determned to | ne or nore ry pixels. In step 304 a
start pixel of a vesislentemar&dedcnbeﬂlnexvam;ddﬁcmmemmuesmhlbbareieapableed

one or nore boundar | xel s . In st 306 _a vess tral e X edge
i s mapped from?r} TS YERSE! %?'Qf?wgﬁhjweﬁﬁg?WGC\éuﬁéeg %‘f @@ﬁ fi que.
10l n step 508 vhifd aeé ahh%v\éaswkraemgt V@éseu@falr@hd thecapt.e wsmrsm.s the

det er m ned. In step 310 a vessel central reflex centreline is

cal cul at ed frorinvériormppee deyelopedce mevand ffieignttaphnique ta eptqmahqaﬂw

Contral rofl ox CypiE HEIPIAE R BT, ol ilie e RER R LREE

to FIG 1D, an meAadeddtionor nachine 10 for perform ng net hods 100, 200, 300
i n accordance with enbodi nents of the present inventjon conprises a
processor 12 oper at i g 3oneBarea isepnsidared agdhemmstfignificeptareginagetinal

menory 14,,0ne |ﬂk§é‘§é§tﬁ§ﬂ%ﬁ3&§%%%@§rﬁ @V@Ec@&rﬂ Hgﬁcé<?P{§9§§ | cAlbrehin

and/ or pol nt er rocessor one or nore

out put device JﬁmeSBlohlyaﬁa?bewmmmﬁedwgﬂemnprmlmlerenuyelcynwﬂwmhdl t he
processor 12. nory 14 conprises a co er or machine r adabh@
medi um 22, suctPrg3d l3af=‘sr Qﬁﬁ“cﬁﬂ'@mﬁﬁ%p}!@ vessgel e r%eoﬁtﬁétnﬂ‘é'm & F@ﬁ@d thenory

25 (PROVM, or eddgaér 'o?%éyzo%aéa&.'e% @é&rdagﬁvtmsesfa‘ﬁaﬁ]oﬂf”tﬁe

(EEPROM) ), a random access nenor static random access m)r ?%RAI\/)
or synchr onous dbteahechonng\thrscmfsretmabwngéBDEAMayne orayhye pbthimedrang

(0 oS0 Pl RS b Bt SO el S veRshl Bl et
R e Rk nee S VRSSOt oot Rathol 2SR dla (omAEyara e «
sel ectivel y exdtetiral \Ae;n Enanvplenté@RME)m diagmose yasoular gud/edcaisliovascular
Diseases (CVDs).
Retinal images may be obtained from any suitable source such as a

20 fundus retinal camera, a database of retinal images or the like. One example

of a suitable fundus retinal camera is a Canon D-60 digital fundus camera.
in some embodiments the retinal imége is received by the methods of
the invention. In other embodiments the retinal image is obtained as part of
the methods of the invention.

25 The present invention uses vessel centreline and edge information,
from which the vessel cross-sectional width or calibre is measured with high
accuracy and efficiency. The invention detects the OD and computes the
Zone B area automatically using the OD centre and radius information. The
vessel calibre may be measured from the zone B area only, from which the

30 CRAE and CRVE may be computed. Therefore, the invention achieves very
high efficiency by applying the method in zone B area for edge detection,

centreline computation and vessel width measurement.



17 cause the execution of the enbodi ments of the present invention

descri bed herein. Hence, the nmachi ne readabl e nmedi um 22 nay have recorded
t her eon awpr2otly@ai83f i nstructions for causing the nachi RETAY201/00€Y1P or m
met hods 100, 200, 300 in accordance with enbodi nents of the present

5i nventi on descri bed herein. . Accordi ng to t he enbodi nent shown, a
fundus retinal canera 20 for capturing theretinal inmages is operatively

coupled to the processgr 12. |n other. enbodi nents the fundus retinal canera
20 is not present aﬁﬂ ﬁ\‘%tsé’gﬁ'f'gﬁﬁ%?aé'ﬁ?"f@sr'@?ﬁté?/é'ge?%‘ﬂrﬁ al" PR&ERsAPY om

menory 14 or frd?&hﬁcéaﬁégaﬁ%ozbe edsipdd SHOHﬁ'&roﬁétﬁéiH§| miicoRBPaER DI 10,
whi ch can be accessed vi a communi cati ons network such as an intranet or a
gl obal communi deformationet wor k. It will be appreciated that in

sonme enbodi nents the j t device 16 angd th ut i~C 8.can. be.
conbi ned, for exarrpﬁ:é,br']ﬁﬁ‘ $hivg gPGEH:b 'mngPgﬁ@ﬁé{beagéﬂ:&t% 'nvﬁ?é'o_n in

af orement imned yHicRaaIPHRdiSOR dulestealing rdfhAdmae, AccoRiiRgto AR 100
devi ce and acconpanyi ng peripherals as will be famliar to one skilled in

the art. For exasfsipe]02apinage bistegraacefithe ratinatimage isanalygagdtedeteranings, a
conput er corrpri.ﬁi rrl]g. aI gre cessor 12 in the formof an Intel(r) 20 Core(TM
2 Duo CPU E675 tf % d nenory 14 can be in the formof 3.25 GB of RAM

The nethods 100, 20Qngrsy 904 Hdetammiteddnepisiyg bveivarerarahiedite detdrniine such
conbi nati on net hod 400 according to an enbodi nent_ of the invention is shown

in the general &ihseshaldiptansibf forpatential pptis disic regioNst eps 25 402 - 418 of
th t hod | i . t.ai | ed
descri pt (B of each e YSEE ARARCPEASHAL fdh SEHMCMAIBHRE dRE oG | P

person is readidetemiihedt o sel ect steps fromthe nethods described herein to

desi gn ot her net hods_whi ch achieve the effect of the jnventign. 30According
to method 400, in stdpntipsiapel tE%rﬁerngera 1ea¢f PPIRNRL OBfiC{HSC FPIgRds

calculated. In o) { Yok r&sibAN of
interest wthi r?%{I eatrégﬁlrérlrﬂﬁhfg"%'rrtéllg{eﬂ.13 rf__b?%n&eélsglinp e, geﬂgcﬂjﬂg'r(g&ﬁ@ggé@@tfg region
wi t h a maxi mum boundd6y 18fshadwes a meth@d 208 forimeaswringwesseheslitve irsaretonatd as
the region of i.nterest. I.n step 406,i nage pre;pr.ocessi ng techni ques
may be app?ied '?‘@gﬁémﬁomn§§ "f'ﬂbﬁ??ﬁ@r quoﬁiﬂepﬁﬁg@gdﬂ\ﬁe'ﬁl?nsmpt h the
i mage. For exanpl e, |n3tdfo02A didttib@idef gradliehemagpilude ahameRsilproflednd
Gaussi an snoot hing may be enpl oyed to snooth the’i mage. I'n step 408
met hod 400 i ncltbeestingl dnageiisdeterminethtpeidentityonaipamone bobedagsygpixelsde of

the gradient of the i e ing.a.fi.rst_and/ar ond i i tion.
10 n step 410" met nod 0B Acart ik e Vel BigE e BBl b iR ih

ar ea. | ndéntfed'dre BEMMPE bdRdhRCHiNEIES obtai ning and grouping the
vessel edge pixels. As elucidated below, the magnitude of the first

derivativi0 may be cdnster?88 avessstedge isvapped dom thedefersined start pixgle
pi xel tracking,

us‘mg a region growing technique.
In step 208 the vessel calibre is measured from the mapped vessel
edge.
~ Method 200 may also include the optional steps of edge profiling 210
25 (not shown) and edge length thresholding 212 (not shown) which are
performed to remove noise and background edges.
Another optional step that may be included in method 200 is step 214
(not shown) of applying a rule based technique to identify and/or define
. individual vessel edges (i.e., vessel boundary).
30 Yet another optional step that may be included in method 200 is step
216 (not shown) of calculating a vessel centreline from the mapped vessel
edges. When step 216 is included in method 200, step 208 the calculated



15 first, the start pixel of a vessel edge may be traced. For this the
border of the zone B area may be traversed through and exam ned for a

speci fi c WPLrVBYIBBon of the gradi ent nagnitude (in thePgTadizenw{ooirtdge) and
intensity profile (in the original snoothed inmage). Based on this start

pi xel , the region growi ng procedure may bq pplied to trace the vessel edge
pi xel s which 20satisfy the required criteria descri bed bel ow. The
central reflex may al so be considered because it al so has edge .properti es.
Toskip the ceranipTnss dsedaano wirdhesraRnRd wseLedde {iaesededhe VBRS

di stance (edge ffpidion) of central reflex edge start point and the

information of parallel edge of vessel and the central reflex are
considered. 25 I n dtl&p 1€1shaws anatheometimd 30Rfor detesting nessel centraloeten. i al

| ed b i i d d ed through edgg .
el 1 02 o Y ener T 302 A B of R R R 38D SR e
determ ni ng t henh¥eemedl iFRGE"S detdninel I RIenaRSEe 8FERTe bbDAJMRSSIRE!S.

centrelihe may be determned after both 30 edges of a vessel "are obtai ned,
for exanple, by pasdnisier 3Raskstanimixe)iof eressabesntral ieliexis determainedfesel

cross-secti onal, . ool a f , 19 by mappi ng the edge

pi xel s based oﬁhgﬁ(gé'ﬁg"ﬁ?rﬁ% ﬁﬁ*@?ﬁ@f’@‘r‘d%ﬁ’g‘gp‘%ﬂ - OD Centre and

Radi us” Conput ation In step 308ha U@$deddcekiifll ofefleReedge €St mappeacttoat ¢hy and
efficiently detects the OD and conputes the OD radius and center.

Enbodi ments of determieeddian pixel yeipga ragion grewngteehiquehe oD such as, size
and/ or_shige and_ar qnbapgd 368 (ARG OlRPYesbal BORIAY el coffthgbdg @nd/ or
shape analysis. The, reasons for considering these features are as ftoll ows.
Firstly, the Odeterminedbri ghtest part on the inmage and its pixel intensity

val ues nmay be approxi mated by anal ysin he i mage hi stoogram Secondly, the
D is more 10 or |é§§t%n>565|%we$ Imgr@‘ éﬁﬂFth‘—Pg‘tE‘?m?@ isialowates from the
specified wthi L Cul f an erson. Therefore,

P rﬂaﬁpé’@(/éé%la C%htré?%?'r@}éte?gﬁ y P

i ncorporating size and shape 1n "along with the pixel intensity
provi des the hi ghestinstepu3 42 the vessel chritead réflex meaGwidthds oalculategbftemahef | ow

di nbodi t of t ] 15 neth 00 f detecti t he OD
and i n' pal?| culBRPRes Ve senigl (e adoe i FoIalR e Urasel CPO PG o Do
understood that the \8fitRpsfepéndBid e, 300 aRippalatas BEmdehihe! 10 BEHERSINIAG -

In step 502 a received colour RG (red green blue) retinal inmage is
processed by caheinodshtlthe20&x30iin Aceordance twith pmbastimentss phithe pegsante or

i.al i or i dentified from which.th i1l b
det scted” 1 n orleveR R RAEesH 8rasE St {2 drerefdi Erird 10 s Eredmenfify
provi des the hijghretfofinéf ashehfirped) O OP o inpat RREicer eenduciaisegqver

in this colour channel, the OD has a better texture and the vessels are not
obvi ous i40its keyheaed, mouse-aed/er peinterpis eprrativelpoorplgidda the peacsssar 18e red
channel is 25 . V] j I file for
the D among. ald o G5 el SaRLRdLie8 1BrhidEad S RoEiter BLSHE it datafigl o

in other enbodigoepled td the woeessarr1dl ue col our channel s may be used.

In step 504, nethod 500 includes the pre-processing step of calibrating the
retinal inmage to obtMemogy M@pmfwséra@mevtayaru@cqnmr@%med'um 22,

such as a read only memory (e.g., programmable read only memory

25 (PROM), or electrically erasable programmable read only memory
(EEPROM)), a random access memory (e.g. static random access memory
(SRAM), or synchronous dynamic random access memory (SDRAM)), or
hybrid memory (e.g., FLASH), or other types of memory as is well known in
the art. The computer readable medium 22 comprises computer readable

30 program code components 24 for performing the methods 100, 200, 300 in
accordance with the teachings of the present invention, at least some of

which are selectively executed by the processor 12 and are configured to



30 for performng image calibration are as follows. Firstly, the actual
radius of the OD is used and the nunber of m crons-per-pixel is usually
unknown iWOtRhe/i22#de, for exanpl e when i nage data sets RE€&/AIRewW/008d¢ondly,
a 20 confirmation of the nunber of mcrons-per-pixel is required because a
different canera may be used to capture thﬁ retinal inmages (as a standard
procedure). In one enbodinent the image is calibrated based on the D 5

di ameter. The average OD di anet val ue used be 1800 m ¢rons an he

m crons- per - pi @usegh%sX%v'%ofghﬁﬁmw'Wtsan%Sw 'Weé&ﬁoﬁ eécﬁ'g?él e on
the 0D The T aljefefl HENG. e AR blGaile’ M2 by RdVe #esiried

m crons- per-pi xel value. For calibration, 10 to 15 i mages” may be randomy
sel ect ed from gheweon aragradatof insttuciiods tfoe caasing the evachkined 0 troperermaged

the i . TIh | ] .val b '
i or ons- per - pi BFNGR L0 TAAG 1) 1 BoteENLe Ok Ry S0 e preasnt
devel oped ®y t hvritn dedcpibelHer&iasear ch Australia (CERA). In step

506 in FIG 3, the area of the OD is conputed by calculating the QD
di aneter in pixels. Accordingtbthe embodiroantshawnmetiindus ¢etinalicameradf for 15

for circle area 7L 2. ere.r i e radi . the circl I

cal cul ate the dﬁp&qrgﬁg\"\'ﬁ\ﬁ]rie '"PLE‘&%Q%S isoodaeﬁawg%!y r?gf"gfétdht tﬁ)ﬁré@Pél%%qué?s in
the OD and t hi thenéfbolinerits thd furidudetifal dafieral 2y id nob pAstdint Mnd dnstéad r om
the histogram as described in the next step. In step 508, nethod 500

i ncl udes anal ySanpgratugildiretiieyes setinalémages fiam mem er framm 3 datgbase 31 ogr am
provi des e i I € i Nyt j Lxel.s.for ...
each int eilds.'i ty%ggéhb%b]eé(ﬁ%s d(')gntroanﬁgé'r%g%h@qngye&ﬁi Eagﬁg‘% yés%:gg%%&f\lﬁ%dga '

t hreshol d i nt erdinimuhigatisns metworkosysht antanaihtrélet ega @isbalASdnemuaizatiohs ng

t he histogram the pixel nunber is determned for the highest intensity

| evel and a co PBen is nade to deternine if the nunber 25 of pixels is
equal to or greater : R 3 e

pi xel nunber for hig} Q@[b‘% %?Fe)?r%?étiéd?@%%P%ioﬁegéﬁggairgé?ﬁet%i'%qtdr?tiﬁ ee?@f or

t he next hi ghesind thiecostput deeicel 18 campbeviatebimetpfarl examhple, inTthe foumudfaai ve
addi ng of .t he next, hi ghest intensity |evel pixel nunber is continued as
long as t totaFcr\‘/éF%@"does not reach 1.5 x area of OD or higher. Once the
total 30 val ue reachgs (g-tag idgy be
selected as the thr esho?%fwgﬁg%g&g%ﬁ{eghgegneprﬂréﬁtﬁe‘t?)%g%a% %ﬁtlc;?s
way, the threshoimputingedsyits andlagconwanyingaperipheralsaas yilcke tamiiaetd ore G 4

shows two i mage \1@&20 1/0 83PCT/ AU2010/ 001110 Z%Hhi sltoﬁﬁrags (b antd (d)
for two retinalSKIEEJR ?aﬁ- AP ETRARPREYS A MPARYGES HRPE 9&%}?’%" er
contrasts, but dygh aEtdedmput&icehpiisifghrBrécedsoflapeinnthel faemt dfear vtesdol d
intensity val ue fogmﬁoth retinal inmages. In this enbodinent, the red

channel i2fges G@ree U2 &Wo EPY E6Ep0 2166GHB@nddmemory Aé|cande inthedaan @f ng
the retinal i [ fiol lowing way. If f(X,y) is the image and T is the
intensity val H:ﬁg%&%%gw‘ual to which a pixel is selected as form ng part

of the OD, an threshtHgig@thudsP100,2008Mdaer300 carfbe Bembireai &l aheverview
(equation 1) 10 FIGS. 5(b) and 5(d) shows two threshol ded i nages created
fromtheir respf@nesusheepmbinatioagasthnd400 acaprding te;ap)emhpdiment;gfthe

i mages in FIGS,; ; : I d he
STARE dat abase |rr1\ZeSrgg%1t|I§\r/§gf)g\i'ﬁ)lp‘gﬁé?gb@ﬁglog%&?hté}ﬁmofﬁé%(%ogégﬁgm\efﬁge%G 3,
t he met hazb i ncla0Pes418 of thel ®aralhmetticd 400 sdesatib&éDgengialiy belowdolidwed by

t hreshol ded i mage. The potential OD regi ons can be sel ected by computing
the area of thebgetall§AgiRsCriphPR qfseqmn%epof(?%ﬂo‘?/ge-t@%S?cgémﬁﬂﬁrﬁe%npﬁ%s

such as exudat q?erﬁi'neéiéi{qﬁed Eé&onﬁ@ere@hf%.lé 06 seftt SHE RS nﬁaﬁoagnber
of pixels for each of the potenti al egions. According to preferred
enbodi ment s, t hdesctibed heoéingoxddsign nther methods which achieve the effect of the
invention.
30 According to method 400, in step 402 the OD centre and the radius of
the OD are calculated. In step 404 the method 400 includes computing the

region of interest within the retinal image. For example, a square shaped



20 each potential OD region is determ ned by applying a regi on grow ng
techni que. The potential OD region(s) which have a pixel nunber of

appr oxi mewel2911809880 150% of the OD area (pixels) can b@CTAREI0EE1110

The region grow ng techni que categorizes pixels into regions based on a
seed point or start pixel. The basic apprqgch is to start with a pixel 25
which is the seed point for a region to grow. In, one enbodinent, the start
pi xel or seed point is selected fromscanpjng._theothresh ed_|

rowwise (i.e. ,reg!ﬁ’é‘t‘@&h SRR badngary Rﬂh’gqgsqqe Bidea p ﬁﬂégr"ﬂaégﬁgaé? Bfis by
appendi ng to thgsdtadtasihdebgiopidlimersdtng pi xel s that have the same
predefined property or properties as the seed. For exanple, the predefined
property may be pi xdh sepnd@Gdinage pre-prosessingderbnigues Haay rhelapplied to

i he . level.. ' i | d
Dl el of start T ot fm Rtfetndi gl ERRL SmEtt e aRs £ B ke BeRE e,
a stoppi ngsrul engdintfitefing mmbtbe UbeEtd repndverioigs ant Gaudsish sreodtbinghay! d

stop when no nore pixels satisfé| the criteria for inclusion in that region.
In the region droampipyes torssaeath thadmagegi on can be labelled with a unique

nunber. The | Mge | 9 SFA0NGE mdindd 4BYintddedBIRRESsiAG the fdhe BY &akulaliny

satisfies the predefi ne%?proper y or properties Is account “al ong
with its 8-nei ghbanhgnitudefidhéigratient lofi thehiatagerhsidgnafirst ahd/or rsegenday be
scanned in a columm-w se manner or in both a roww se and col um-w se
manner. FIGS. oledivaliMe oPetatione) show the sane threshol ded i mages as shown

0 PGS pgb) and S(fkte hﬁg%tﬁ%d 206 ikl deEAoUIERAG and Seledfing HeZbie D

regi ons determ ned respectiv rom-t res Images In FIGS. 6(a)
and 6(c). It wiareabe noted that FI G 6(b) conprises two potential OD regions

whereas FI G 6(d) onl onpr..se as sjhgle tential OD region. 15In step
514, method 500 shov!lv? "ﬁﬁp Al mg&pﬁl&(ﬂﬂ@glt&%se&tpwq ﬂgd@gﬂé@ng%h%vg re
shaped regi on g pYngixbiReABUIGAHARY BdbWetHeomagnitbdé bf the freiBeAvERE mBPtS is
based on the greéen cﬁannel of the retinal 1 mage. For each potenti al

regi on, the cerhe eonsideredoio: ehtain the wessehedge pixels & or-adgegixeli tragking, &t al |

th i nt i Si t .patenti al QD i T 5 i t
dotermi nel2he S srERAR L gvsRse(Sdan By Betiten” EPLhTs e hdier S’ ©
transformation jghedBP!4ré8 MBySbenravisé@strdiitt dial examited €bpre spebificHough
transformation is apEI ied in"a smaller rwefg;on whi ch provi des greater .

efficiency in Gistridetion of the geadiemopagaitude (ip te gradippbimagaiand iptensiyuar e

haped region is 25 sgl f i _ . f

Thered 2% 01 WpuB R Tl ATIARY ael ERIE DG dan by Indhaghc 0

order partial Obrbfnmg?Ptd(cﬁidu@@@h@} be applieletorttadentHe gessw edgenpirélsiwhigh. The
X

gradi ent of an 1 nmage ,yY) at_location (x, y) is defined as a two

di mensi ondf vecf’eai'ls?y theaenuirey cfiterig dgsariped haldw( 21 (equation 2) ay 23
It is well known fr i ; I i
direction of maxi rru(r)nﬁ]rI%? %E@él r%ﬂg%)ézéy;?lkp%tg&%&%%ﬁggfef )%u 5?.“ I%? hgﬁggﬁe
detection, the prepettiasddoafkigite ¢entydllreflex ahd toteters thenbdges obithebeessel,

ixels. -5 Acodher HgtaTses (RO ROBCRLAT sooNtA TPOERGRGROS SR aA Andiiee”s
R A
25 In step 414 method 400 includes determining the potential vessel
edges by removing the noise and background edges through edge profiling |
and length computation.
In step 416 method 400 includes determining the vessel centreline
and the vessel edges. The vessel centreline may be determined after both
30 edges of a vessel are obtained, for example, by passing a mask through the
edges.
In step 418 the vessel cross-sectional width is measured, for example,



The Hough transformation is applied for circle detection on a selected

regi on of the edge inmage to find the op centre in the follow ng way. To
10det ect WOePt1d22783a t hree di nensi onal paraneter matri x PEEAWEI)00IH0used
where r is the radius and (a,b) are the centre coordinates. Let (x"y,) be a
candi dat e bi nary edge i nage pixel. The ceqbre coordinates (a,b) of a circle
having radius r = R and passing through (x"y,) lie on a circle of the form

X, = a+ Rcos(0)(equation,3) 15y..=b+Rsin(.0)(egquation 4) . any radius r,0
<r < r. . Accor |r%@ppl5‘gg3ﬁ§de1§’ﬁt@ﬁ$|ﬁé’rﬁs§g ‘%’hﬁ‘%ﬁﬁﬂéﬁe"%@ﬁgej%-y is assigned to
be 30 pixels and thesgphgy? bowndanite ahdRSHBESbrisutatios0 pi xel s. Such upper
and | ower boundary val ues were 20 assigned for retinal images fromthe

DRI VE and STARE dat dbhesmethnd 00 oftheirentioniassyuratelyrand efficieatly deterts thee

i mges. However,~it wll b regi ndary
val ues can be &Beﬂ“%‘?me%%ﬁ;‘ﬁg,nggﬁﬁ‘geéﬁéﬁ’ﬁégﬁmggﬁmeﬁgq’é%’@%"%@?@’ and
a | over bogindarysevgésraetRl Reatares vetife GRduthray, alizerahdioregrpel andnarde

Si ngapore Mal ay Study dat abase 25 based on observations of the QD radius

in the images. bAsgd drsimagegipbakintensdy Ipely. Qlesie-A7d/0ashaRe aRal¥eitelingsr e
dependent on *}Saégﬁ’sgf‘orrc@%fd%haQh%feﬁg@é@ggng'#ﬁgﬁaﬁéﬂfirstl}gﬁ@@ﬁ diinat es

(a, b) given by €quation are¥ca rrespondi ng
el enents of matbrightd¥tr partbonartiee i incageasarst bfs @igel TessiBOMatuess snag be
repeated for every eligible pixel of the binary edgge detector tput. 24
The el ement s ofaHPr'i‘éx'mﬁStl‘?ql by gnalysing thejnage méPéF?JP- 5%?%5%435&?51'5%%
certain tiwesh ' ; ' F%m Y
sel ected +rﬁwegi Ogﬁrqﬁgﬁggmtﬁlﬁg{)éﬁéﬁgﬁggthg%ﬁ ﬁfeﬁ%%@(?e%?? teblég?sm be dcgoﬁgﬁl gt ed
by this nmethod.partieulanearege for diydSersofa)l hergfod, inhorpodating: sizerand shape CD

centre by 5 thi raocess. FlIG . .7(a) shows.a retin r cal e_inmage,and
FLG | 7(b) shovanriwRies ainuth teyikeRRBAR LY Ricviist he Bldbsturaty B o
fromthe . reti ctigrege of FIG 7(a). FIG 7(c) shows a square shaped

region selected in the edge inmage (larger version shown in FIG 7(e)) and
FIG 7(d) shows the FdénBrshowis a genapl flowidiagram ofjaneembedigient o theeveratint al

Results a Di scussio f Det.ectj on. T . e
applied to all P 59@6@??@0{'%%%@%%Qb%%i'cg%wﬁd?%égﬁ P%qr)?lliq%\&ﬁéet
and the test sedgnhtérlald aatfiud.af fsvtol bERgRGerstcud thaethHeléBps dtinadthse H008hay The
accuracy and the efficiency in processing tinme of this technique was al so

derpnstrat ed orals;bedisiedun methpddl00. rages 15 obtained in the epideniol ogic
S oo, Pt hevs, haan eSS i eRAl ool RGEF 5 JREEBIE) lfaTRGBRd
posi tive fractigBcédddd byselour chanedaditiaetibn alet thisprefWioressihg steyeenearce i s
aso knovxg@as S Pt \éi tiyl' heal In e'r i e%(t:iiﬁécii (f:riotrny\)vhirc(ra\%rwg%)egsv?ll tgehgetferc eC .i on
of pi xel s2@r r orfBOIBPYteptialPregigns @
In one embodiment, the red colour channel is extracted which provides the
highest contrast between the OD and the background. Moreover, in this
colour channel, the OD has a better texture and the vessels are not obvious
in its centre. Therefore, for potential OD region selection the red channel is
25 preferred because it provides the best intensity profile for the OD among all
the colour channels. However, it will be appreciated that in other
embodiments, the green or blue colour channels may be used.
In step 504, method 500 includes the pre-processing step of
calibrating the retinal image to obtain a microns-per-pixel value. The reasons
30 for performing image calibration are as follows. Firstly, the actual radius of
the OD is used and the number of microns-per-pixel is usually unknown in

the image, for example when image data sets are used. Secondly, a



20pi xel s. We use the follow ng fornul ae: , ' TN Specificity (TNF)= TN +
FP (equation 6) 25where TP, FN, TN, and FP represent true positive, false
negat i ve,Wor0g/a2e@at i ve, and fal se positive val ues, respeEttALzZeIN001TINe TPF
and TNF val ues are determ ned by conparison with human graded i nmages.

The nmethods 100, 500 according to enmbodi megts.of the invention achieved an
overall sensitivity of 97.93% and a specificity of 100% for the 30STARE and

DRI VE dat ab . Reza et al, [12 hi,eved 96. 7% it Vi 5 00%
opeci 11 i ty 1 oconEnatie el Bitnb¥ R HiaRS e PG e PEtalBE 47 om
the Singapore MrarenExamara dyaylbé akag fo caBlureehe rétird irnages (ey £ dtaridaed

I mge has a size of 3072x2048 pixels and Is either disc or macul a centred.
The net hods 10@rosedurgtcordi ng to enbodi ments of the 5 invention achieved

an overall sensitivity % and Lf.Cl 0% +F from
t he DRI VE dat abase, IPt 06%0?3%8%!'%%“@(3?@’%@?2 2°§E%’§E%’;%%aé°\‘?8r§éeﬁ I N TLAB
7.5.0 to psoduchametdt. THE Riveragl oD diantdtéevale is8d may be 1800anicréies afdm 2
Duo CPU E6750, 2.66GHz with 3.25 GB of RAM For the STARE inmages (/700x605)

the nethod accdhgimigrans-Bemhpeh¥diig rBay brecomputed ion @nomagaB¥ dsavwing a
seconds (aver aggld 8h HaCOD, "Rk ratle®pt 18BETRicrOA BhARNS! IR PaLERE Ao Y ©
g to enpoal nents

St udy dat abase the nethod accordin of the invention takes
0. 394 seconds (dusiredgajcréms-penpixel valye. Fide wadbratiohhd0to1THima@ss awyobei ng

to enmbodi nents of the inyentiaon 15 prqvide r obyst t hod for

det ection and rféﬁgﬂ'?"%@ﬁ{eqt@ tfFm R %abﬁa&&?ﬁt%ﬁhﬁ Lf?élhrao{ﬁg)value

haenor r hages. %?géé@?&l%sgfthégﬁnaﬁ%&h?ﬁ'é cafibrated QaRE Ral bt $L8s afinal - .
val ue based o

threshold I ntensit an approxi mate OD area. Enbodinents of
t he met hods camizrens-peapixel ¥aluet AdisOMmaye berdonen aotamaticatlyr using soffwase OD

Hough 1 anst or HEVFIPSRPEIT Cetire gor Ry BRs SRR AR RHETIRRL ol ont et hods.
The inventors' contrhlyéd 608 iNFIGH 8, theMarB8 of YD &eebrAputeddy chlBglatingul |y
automatic nmethod for detecting OD which is highly accurate and efficient
and facilitati ¢dhe@D diameigr inpixals. Asthe ©Ljistaeir¢uiar shapssbjectdheiberguia
25t ransf OJI’ ém t %r i:ipckta g?eeia yi! Svhlecr)é: Eri'ls tﬁcraergdivt\fsto? tﬁé g#clgf |fsi ucsie%%%alculate the
OD area. This is done to approximate the number of pixels in the OD and
this number is used to find the threshold intensity value from the histogram,
as described in the next step.
In step 508, method 500 includes analysing a histogram of the retinal
20 image. An image histogram provides the intensity levels in the image and the
number of pixels for each intensity level. The histogram of each image is
analysed to find a threshold intensity for segmenting potential OD regions.
After computing the histogram, the pixel number is determined for the
highest intensity level and a comparison is made to determine if the number
25 of pixels is equal to or greater than the value of 1.5 x area of the OD. If not,
the pixel number for highest intensity level is added to the pixel number for
the next highest intensity level to provide a total value. The cumulative
adding of the next highest intensity level pixel number is continued as long
as the total value does not reach 1.5 x area of OD or higher. Once the total
30 value reaches 1.5 x area of OD or higher, the total value may be selected as
the threshold intensity value to segment thé image. In this way, the threshold

intensity value can be automatically calculated. FIG. 4 shows two image



Step 404 - Region of Interest Conputation - Col our Channel Extraction
Returning again to the overall nethod 400 for neasuring vessel caliber, one
enbodi merWWO@PIMIRTA is shown in FIG 2, in sone enbodi mBATEAU28D/00NE0gr een
col our channel is used for edge and centreline conputation because the
green channel has the hi ghest contrast be en the vessels and the
background conpared to the ot her colour channels. However, in 26 other

enbodi nents the .red or bl ue ur. channel. may he, used. T XL mum
boundary of th&'%'&ﬁéarBs )e%{’qﬁ_&)g rIl@@[r@&“?“”ﬁ%ﬁﬂb@_ﬁﬁ?@omﬁrreﬂrﬁ%ﬁ'nggelfrrage,
preferably the rﬁﬁ%rghgaaﬁ{rasg?smthé%@had 'i§e(§tﬁb?l§/fdarp%bleaéf dRtemniAingthé Ng
fromthe distance of OD-radi us and endi ng at X 5 OD-radius around

the OD centre. tWeshoidintensityeatus for bothgetinabiewgaes. intbisembedimeant, thedgdar e
shaped region, the cgntre of which is the optic disc centre, is selected.

The area of t he"AANELIMAPRWEICU¥hped region is up to 3 x OD-radius in

vertical amd horizonhakepls$0 anethods00 inbladePtiweshsoldingithe rgtinad imagein the
selecting this specific area is _to allow the subsequent pre-processing and

10 gradi ent opdohowingsway Ihe (app!is dte image andl T ds the intensity value ahp¥e €7 nage
to achi eve higher efficiency, Step 406 - | nmage Pre- C in Ln the
pr e- pr ocessi ng equdhtewhioha pixehisselrted agdormipg past %ﬁgﬁésa’?%%qd?qom or
reduced in the ' ' the 'gP&ew' noot hed. In 15 one

enbodi nent i rrpué@éhﬁgéasdeg?ggt@%%\r}e %Hre redu!:%r ‘by applying nedian filtering
and the image i s snoot hed by applying a ussi an snoot hi ng operation as
descri bed bel ow. Medi an fi te5i_n ] slfaf@bm—)l?n. nBar filteri ng net hod
whi ch reduces the blurring of edges”/ Median skhddipiseng repl aces a current
point in the inage with 20 the nedian t he brightness in (eguation 1)

i ghb hood. Th di f th [ gh ' 1ei ghb '
a1 octed B i ndi vi a0 Gk Sichshdwa 85 hrsahaled HaaRRs AIFaiPd oINS

T 15 A e O 461 o s

According to prererr ering 1s applied 25
iteratively for(abahtdc)wesadakenifrom thesBRI¢Ewladabaseand the SiARE database
exanple, nmedian filtering may be applied 2, 3, 4, 5 6, 7, 8 9 or 10 or
more tines, but’®BREFYENs a trade off between the nunmber of iterations and

the efficiency of thﬁé?ﬁ% B899 of ke ﬁi&h@d@edisﬁaaﬁm ih GBI metHddintides s
|

applied 2 tinmes resu in the nmedian filtered green channel inmage shown

in FIG 915For selectingthe potantisth Obhregior ftomghe ghresholdedimagey Thespeietialder ed
for the nedian fjlter mask. However, other sjz i C j.dered
for the median ‘é’hf@@Pfﬁe@k‘,bG‘sa‘?vz‘ﬁcﬁ?QW?P@P%@&%M??%%%rg@f&ﬂ% € 27
A Gaussi an snDOdHeD RIMEERE iHevediRtht bisjedtssuehcasgalditesiesiohbostct Tk i s
used to blur imges and renove detail and noise, can be applied to the

i mage. FIG 10 mbthed insludesgieterminingdhediurebergfinivels forratsetinenrietiaing
e Ut on CRBAR, ARG Se el s U oDl B
Gaussi an oot heawh ipdtdritiall SODt Feyién [s ddeterminetli by #splying pai negics geawing
f_uncti on and this is achieved by convol ution, As L_heai nage N sI aur_%-[g ,
di stribution ofteshrigue, khee potertial JADJregienish: WRish; Bave & iRixelcuMmBes ab f or m
which is expresgad afndely S% to Y&0% of (20D area (pixels) can be selected.
The region growing technique categorizes pixels into regions based
on a seed point or start pixel. The basic approach is to start with a pixel
25 which is the seed point for a region to grow. In-one embodiment, the start
" pixel or seed point is selected from scanning the thresholded image row-wise
(i.e., raster scanning). From the start pixel the region grows by appending to
the start pixel neighbouring pixels that have the same predefined property or
properties as the seed. For example, the predefined property may be pixel

30 intensity. In one embodiment, the predefined property is set as the gray level



\le 2a2 x, y )= (equation 7) 2z-a, 7- where a is the standard devi ation
of the distribution and x and y define the kernel position. 15Since the

i mage i s woanad2am3a col | ection of discrete pixels, a diPSEraat2e10/001110
approximation to the Gaussian function is produced in order to performthe
convolution. In theory, the Gaussian distkhbution is non-zero everywhere,
which would require an infinitely |arge convolution kernel , but in practice

it is effectivel r bout th d d t f th
man’ 20and t he RENetY Velip G5k e aded S a PR ¢ &) PMone O™ 1
enbodiment a 5 x 5 W‘tﬁ%fe?éﬁé‘&'tﬁiésrépﬁih dfr%w'ﬁé fechnidued astapsing fukkaragt | on

of 2 is used. In ot h(_ar enb_odl_rrents different sized w ndows and standard
devi ati ons may bmappmﬂ wkucheszih@ﬂ growing ofian trgipR isheuldagtopewBen @, Nrg 5, 7

3t 2 s s o iSisel SR i e llBian P oha ediBs fi thF: Ryiotptbying

Operation)s prob@sé)éécﬁ*fﬂé?ldh eaint b@faﬂéﬂédfmtmadjrﬂ@lﬁb thnb”&aiFhéllmggéessel
calibre showmn in FIG 2, a first derivative in_inmge processing is

i npl ement ed usissaNNARE IMBJOM-Wise HANDERaRG sapl@;ﬁ!xeéihatw@tlﬁﬂ%@e Amedefpadi ent

of a 30f f I
oo TR0 30 arbien by Bab Ak 1 eh d bao i 4IRE vith 118 ishipa e
property that ldonmbﬁ‘#@ Imothes ehibddithenats therimabe ey e searrsed inat eolomnehange
of f at location (x,y). For ed%e detection, we are interest FG'n ?e
ITB.?I’II tuge M X, y/ylsamﬁmqr@émmﬁ A PW-wise afyd ?%B”\Pe‘ﬁ’tSSrm@'Fer(E %e‘i"é ﬁpﬁjy
referre si t t

i@ ( q@l’)}/i , Ili'%(igﬁﬂed h‘?@éh%&?@% wég&y )SQ@EBWnym Ak, 335) A %R8)

M X,y) = nag _ equat i on equat | on 9)
where t he angl FIGS @ﬂa)sandacﬁ(d) ane imagpsaif the pdtentialatdils reg;(ms yu)etermlned

al | owed to varyeBRestueR TaMcie heesofdel maoks M RS i kol paloso”
refer to noted that FIG 6(b) comprises two potential OD regions whereas FIG 6(d)
only comprise as single potential OD region.

15 In step 514, method 500 shown in FIG. 3 includes detecting the edges
of a square shaped region around the potential OD regions, which in some
embodiments is based on the green channel of the retinal image. For each
potential OD region, the centre is computed from the mean of the x-y
coordinates of all the points comprising the potential OD region. The centre

20 is used to determine the square shaped region to which a Hough transform
or transformation is applied in step 516 described below. Therefore, the
Hough transformation is applied in a smaller region which provides greater
efficiency in OD identification.

According/ to some embodiments, the square shaped region is

25 selected from an edge image based on 1.5 x diameter of the OD as its sides.
The edge image can be obtained after applying a first order partial
differential operator in the retinal green channel image. The gradient of an

image f(x,y) at location (x, ) is defined as a two dimensional vector:

3

o

Glf(x.»)= [Q@]{%%] (equation 2)



this inmage as the gradient inage. Step 410 - Zone B Area Conputation and
Sel ection After obtaining the gradient inage in step 408, the nethod 400 15
i ncl udes WOrRpUYG22T3t he Zone B area in step 410. The edg@Camd2eW0tdDi ne

i mages are obtained within the Zone B area only because this is the region
of interest of the retinal imge and because the reduced area of analysis
further inproves efficiency. According to one enbodi nent, the Zone B area

[ ted via Al h CX
g ad mhg; max row; e VBN KnBRn o veet AN i et R 7Btk i oo We g ac
mag is the gradyifdich B9 FRY: of Bfaril of (£ HRIGCEMBN! () RNFoMedhEuM

colum of the inage, respectively creafe zoneBimas a bl ahk 1 mge vmththe
si ze of origi nadetbffdif thd ﬁfagfnltudgo*dff(xoyﬂ |§0Rni&ésﬂﬂhﬁhfcﬁn%@1&%hzedx +
r* x* cos(0) 29 y=cy + r* x* sin(0) & max - row &y 1 & y nmax -
col then zoneB baﬁe(dxonﬂ')eangeawbmrhme(lnweﬁ)graﬁhemtmégmhxﬂefturadmﬂxélsmr end

procedure 10FIG 11(a) shows a t I Fl G, b

shows the Zone B ar e%cciﬁ" lpgetoaso:rg@ :en t%éﬁ?gnétﬁﬁaéq%zdm@ irl?: iaé; %

'ﬁ“ger and cl e%ahd g o?ghlt]féﬁéfok' ik 596 Hrid tﬁé{m&tep%@e
(c) shows the gra ni t |mageo the Zone B area inmage in

1;(b|) and FIG déteet)ngsﬂm/@Daaridac@eulaang toe &D eentreasifollows. FI G 11(c). The
pixel grotpihg The Hough transformation is applied for circle detection on a selected
region of the edge image to find the OD centre in the following way. To

10 detect a circle, a three dimensional parameter matrix P(r,a,b) is used where
r is the radius and (a,b) are the centre coordinates. Let (x,,y,) be a
candidate binary edge image pixel. The centre coordinates (a,b) of a circle
having radius » = R and passing through (x,,y,) lie on a circle of the form:

x, =a+ Rcos(6) (equation 3)

15 y, =b+ Rsin(6) (equation 4)

For any radius r,0<r<r_, . According to some embodiments, the

lower boundary is assigned to be 30 pixels and the upper boundary is
assigned to be 80 pixels. Such upper and lower boundary values were

20 assigned for retinal images from the DRIVE and STARE databases based on
observations of the OD radius in the images. However, it will be appreciated
that other upper and lower boundary values can be used. For example, an
upber boundary value of 300 pixels and a lower boundary value 400 pixels
were used for retinal images from the S‘ingapore Malay Study database

25 based on observations of the OD radius in the images. That is, the lower and
upper boundary values selected are dependent on the image resolution and
calibration factor.

The coordinates (a,b) given by equation (2) are calculated and the
corresponding elements of matrix P(r,a;b) are increased by one. This

30 process is repeated for every eligible pixel of the binary edge detector output.



150perations are only applied to the Zone B area to obtain the vessel edges
and vessel centreline as described below Step 412 - Edge Pi xel G ouping
and VessaevoRdyénzpser mi nati on The net hod 400 for neasur PAG/AIRSEE011JAl | br e
shown in FIG 2 includes at step 412 vessel edge detection and pi xel
groupi ng. Edge 20 detection in retinal i@ﬁges is conplicated by factors
such as the central reflex, thick edges, change of contrast abruptly and

| ow contrast between the background and e vessgl . Theref or st andard

edge detection ﬁ'@ﬂ?’gﬁeﬁﬁ‘ggnéﬂﬁefé’@éiH?Y"@&@’%P’BQ‘&'ﬂr@eéﬁt?n,%?ﬂg?'g are

not able to detgct ,on i : b

t hese standard tﬁg%s@%lézgaIggt%gb?feisﬁthﬁ&ﬂﬁ%ﬁ)&é@%ﬂﬁ%ﬂ#ﬂﬁgﬁgg&ﬁecﬁ%ﬁegﬁ%ndy

noi se produces KYEe&s thd IS eaditie afddte Ol eenieé eahibercaleulbiedsbythis fmethokd i n

t he ot her nethods, aspects and enbodi nents o i nvention. |n addi Lixlon,
so

f th
gsi ng t hﬁ t hr ?S hol di Hee Heagesin HGH e/ () a(ﬂ(@nﬁhé"\’rgg?qt@nrﬂgtth%gq gentee
tot : 2 - i ; f
roduced 5 3aTEBIGSEs TG e cheWela dERRG Y Sois Mifs LI, TiEpOCS

t he Canny net hashdusha ¢steshdidediifagencbrnpsesidg ropticrdiss pixglsnehitbmed from the

th hol d=0. 002).. FIG 13 t tpyt i ft t hol di th
ér a(r:IieZn'? magni t& pal image foﬁ&gﬁs‘aﬂ{'ﬂa %@{)swqrr%ggey%@ §{?p(eﬁ;f%§1‘?3'g§é|&%ﬁg Soor
contrast 1s pariﬁ'tﬁé’l/e@?w?ﬁésckﬁ?bei VerEIo‘ﬁssthr( f F@.('R#))aé}ﬂi Fle. T(Elzgﬁoﬂfs FI G

13 conprises thic eSse gesTand central reflex. TO address these issues
t he gradi ent neheidentre affthe @D findicateddry amaimow. 5 in the inmage is first

consi dere The_di st ri but Lon of t .gr adi ent ifude and the intensity
profile i ﬂot he %?qudlrﬂ%q‘taLhﬁﬁyﬁ%angﬁa qsgomgfegﬁg@efegglgp.e. the start point of
the vessel edges. There nRAREEs 900! S0GwetebppiRsd o) all RoriyaEiages @i thed DRIVE
technique is used for tracking the vessel ed The regi on grow n

es.
t echni que gr owsdatabasm éathdhe tiaining set @nd\nthel?@téﬂt)éh?] angfarumagesftee 10

o xel oroupi ng PErSTARE SateBast STEEEE AidFrelhfl ind FiitiefOf R bRkegang
Accordi ng to prigherdfeRisasbintlgie WasSalsb dehsdrfstrited ohlthe dsurpetinal intages
point, the border of the zone B area is traversed through and they?é’ﬁgl ent

magni t uded5of toRtaiseddathe eridesialogiq stydy af thenaingapoee Majayz v etud

started 15 fro C 1 \ i i & of
pi xel s and an aﬁ%ﬁ%ﬁbﬁ%& ogg'é]ér@&Eba?%ﬁ%%@gﬁnﬂgg}%ﬁegg%vi%ﬂie#éggﬂst@?ggt&%d
fromthe zone Bofatwn mdrstiied)anarnbly, ftald positige Sedctionh T PE)idret trae neégativexel
has two nei ghbouri ng pixels_which have non zero val ues in Llhgrz?@% ? area
and al so has tviEaGHEINGKBYED i AQiSHiMeRSUreh iSc RISIEONEY @Sy PORILVI i §-€.

represented in P ; ; i ii ext
row wi th incr en@nﬁi'fﬁ%@gﬁgﬁgsgﬁﬁ {Hr:é[aﬂlaﬁtg';&dgﬁg p%e#?&ﬁ?gﬂ§a(?§%§@% ihg]f?/nt he
same critgoia. pikels. We ube thse tallodvipg formudde:i nt erest. Once a pixel is
considered, a flag value is assigned to mark that pixel. For further
progressing the traversal process, the nmethod includes considering the
second pixel as the centre of a 3 x 3 masgp and 25 based on this a pixel
i s sel ected which has a nSensitivity (RAT ei ghbteauatigngi)xel s havi ng an
intensity value of zero. In this way al {¥¢ houndary pixels are traced
whi ch are checked for selecting ,as fpe start pixel of an edge. FIG 15
shows a table of pi xSpeoiﬁCit;eéTNlﬁ)Whe bolenysitieal® are traversed and
the underlined pixels are not consfder for traversal. 30It will be noted
that the circular path for obtaining the border pixels in the zone B area
is not used as the exact position of sonme pixels nmay be m ssed due to the
di screti za6i on probl where-TiPt RN TN; ard EPoepreasnttide positive tfalse negatiyeytruene

trigonometric co tation and provi des the actual  pixel f o ith
the selected cr Fg& Vg aPH f_aﬁﬁi qoqsgq.y’e_ YUe% rﬁgg?&ﬁ’ﬁh}; Ttyh% i%ﬁﬁnagtﬁgsé}"{er\ge
pi xel's of interggd dSRANMYED BY Lympahisem witvhuraan Beadutbmhddes. Wi th a circul ar
path due to discretization and roundi ng issues fromthe exact trigononetric
The methods 100, 500 according to embodiments of the invention
achieved an overall sensitivity of 97.93% and a specificity of 100% for the

30 STARE and DRIVE databases. Reza et al. [12] achieved 96.7% sensitivity



5conput ati ons. Once the boundary pixels are obtained, the
distribution of the gradient magnitudes of the pixels is checked to

det er m neWORB11422188 pi xel of a vessel edge. For this the&CHiABIINEIUe | S
checked to determ ne whether it is greater than or equal to the val ue of
t he nei ghbouring pixels. The neighbouringogi xel s 10 considered may be
before or after the start pixel in the list. In one enbodi nent the

i ghb [ [ i der ed t ixel s, bef t
pixel in the iat TodRSpRETER it fe e idiands, Diirlred ided Mhobri.
greater than thgkdmarorueie Findaporei KRlldy [FBie0Study dutabased [POJx alese adiser it
inthe list. 15Ordinari l%éqh\l\i?n do not consider the di agonal pi xel s which may

fall in the sezofsidesedr agehatea Bizes 387 252048 pixelsandsisieithgediss 96

th the i i _sect | i f ai |
tosprovi de t i dhaguaRistied, M hetads 106, 806 85pofid & e MBORANR! IFtfe | &
consi deri g anyinvéntion donieeelan seerall sehsitiaity 6188 34%staraksspdécificityaf 400% and

then by conputing its 20 determinant. FIG 16 shows an exapple' of
distribution ofFari@agesfosnthe/REAYE diabase. idack aBproxirpately Hﬁg%egpa%ﬁ ng

d i xel . f ai A i i I
cdge, "the et ndavefisTin GATLAB e b5 prbdiice actfoubl M 6t Fpe sepxse se
obtai ni ng a potaman hitel?CoetM@BUO ORLEEBRBE02.86GHwithp3 2§ GB of RAM ffed t he

The et hod bonthaeRARE imroes Y Ua05! e Besitamosingde ShbesfmprB ST
edge i xelo 07 ouRl A CPEREY O 216 BeundsYaFfagel Toredipiage. e inplgewfrom

The net hod can so I nclude che e intepsity profile int e_orlgindl
snmoot hed i mage,theuSingaporéreMalayotByer Sfudy ndatabase| themmgthod oacawdingnitor m

whether it is the fi d _the. d 4 h
"ntensi ty. pr of iFBoRimENSadnd; imvefagakesr 4. sepihas {a%arBeR ot ke 1

profile of a cqpigqal reflex second edge. FIG 17(b) shows the intensity
profile of a 32 vVessel second edge. FIG 17(b) could also be the intensity
profile of a centralHergd, axethpds 108RR0 according teemhagimepts efthe inveatiga

start - poi t he _edge pi xel, ar i ] i [ I a
ot ent | al Wessdotdga tobist Bl Bl B hreib aRe e entiie bitsehpd
based approach dfexatates, dRgsad 2td habmonhages cEmbodiments afithe custhotibeahocal
contrast variation in the inmage. The regi on growi ng nethod traces the

appropri ate pixaitematiealiv sple¢liadbreshaledi abie baredan arappRgimatg QD
startoporne, t REoRuE ibodEMsRA BRI LATaIgS sl OBbeE ong
gradi ent magni terdesre botdrtiap OR Iregipas exftredlcéd mrea gompaged withgthe\éveratle

G rect i on2d ¢ HEVAGS SIERHEING A HeuaraBsIonBayea whvch vty ity a8y BaDY! r om
oreater than or® oen MERRISe i M ant pixel . 11 all the values are | over

than the current 15pTheinveatsss|centriiutionshesein oan@;esummarifempm_'(cﬁr)g a(c)
ahioh a 3x3 nei ey Tadied for feiating DIEFEEN AR 4sRUES AR R tect e
| the val ue ofyig f?ﬁlg)%iiﬁgtg dtharﬁdlﬁ'é- ah8 Eelir@re %&%iorﬁﬁ?%pﬁgings%ﬁbﬁﬁ ed

even if the value o is less than the val ue of - 20" has a val ue
cl osest t25t he tvansferrodtiarhie thedmagedogahasea withchigh gfligiereybws an enbodi nent

in which the pixel wiih ' di [ | di he hj
Val ue i 3 shar ed et Wik (98 or KRALE o <ergest ComBLEbCs ' Gololf cheEsr
selected if thegypistpoof P9=P8 because Pg is a greater distance than Pg.

For the distance neasure, the nost distant pixel fromimediately before 3
to 5 25pi xel s i n t heRgtustipgdagrigetoptheepverallsemetiac 400 for megguring ¥esselhe

furthest pixel if.nore t i xel . t i ' ed
for the edge. T‘ﬁﬂel'bgggoé"ep%ﬁ@f)agﬁ%rﬁﬁ%#&'ﬂﬁ?ﬁb@%ﬁgﬁéa?aib ﬁtgﬂéésgmgg Bﬁ'}%ﬁ%one B
area or iBpthergel greth Bbhal chahheh is agedafor ddgel Bad Cedritrsling csrhpotatiohor
edge groupi ng nethod. 30We note that traditional edge detection nethods

such as Canny, eeausedhg/gieenshgnaebbas the bighest capisastRetvesm thaiviesselte

edges can be and the background compared to the other colour channels. However, in



reconstructed based on broken edges' slope information in the zone B area.
33 Then detected edges can then be provided to the next steps for noise
renoval aWe 2ppreeAisBal vessel edge selection. Step 414 - PREtAdRDI0AI01NeSSE]
Edge profiling and Length Conputation The edge profiling nmethod filters out
t he noi se and background edges, 5 and fi?gs t he edges which belong to
vessel s. The nmethod checks the intensity [evels in the inage on both sides

of an edge within a specgific directio For, thi,s, each af the edge pixels
are consi dered qt@%%mg_f)ﬁ"?%sg@é?é BBE‘“ﬁ %\guwﬂ%wei%ayf%%a?%%r vertically
and wi thin a certai Tyl glakMEmidouRdah) 8f tAEFRnBIB &lea iE@EIddédin thaehosew el
along with its neighboring pixel in tthhe edge is 10 considered as line

end- poi nts. Theoldupzhamne! image. preferablyi the greentehanngbimage; ofang Bdsithef i nd

the points on both, sides of .the current. edge pix 3 q

fol lows. Let uL"CHIRLAER Sf%“@iﬁ?"émﬁ g@ﬁﬂ% 8& K%Dr’;@sa%e&?ﬂ?“y‘aﬁ)s"’ %nd
(x2, 3/2),5and dbgagng #ftolnd e OB cett@. Withréféncerg FIGI 8, bazedwnatlelODM t he
sl ope and direction of the Iine which are slope and directign. Let us

15assune that (oepfreya)square ahapedweirrsibe gentie of which isdhaoptic Hifc4RaWre: r om

the OD conpared the, & rs LOL.; ' _ows.
If 0 <0 and if's%g'g"%é"mhet rgﬁr}gt@gé%c?e\*&éﬁg Sh?ﬁ‘éerﬁ%@ﬁﬂ% ?‘Qt%léé{aéynd i f
y2 & x2 ) (1 theadfys=indvetiical - and héZdntdldisthng@ from thedOK2centrd. TiheepurPede 7r
Once the actual ansl_le S Ic?)r?pute , the point located on | eft side of éhe

d
edge point 20(>of selecting thisspecifig asea is(toyaliow the:subsgaquent pre-precessing an
cos(O+ /.2)) | ri S f | A4 15 i sin(0
300 1 25 (UlHetRPoBBtstbRS 105k PN, raeriepRint the g imaeto 8 Nt
from the point dchibueighéf efficieneyput i ng the pi xel positions on both sides
of each of the edge _25 poi n4ts, the intensity levels for these positions in

the image are pbtair@&P LML SE-PEUGESHIDt il e is high-to-l1ow for the
out si de-t o-i nsi de p!mE{hé:prﬁﬁrS@ééstirillg %Fe‘be{)ith%gg?{m&%,hﬂhéhn'fﬁ?ﬂsé Réise is

i nsi de-to-outside pixels ensit eve od vessel's, this profile
i s consi stent, rehovedsrdmor redwed in tesrgtinal intage and thedorageTiaemsiothed. Inhe

[ fil I 0., .| to-high 30 high-to-| ' 809
For each B "1 nensorbRefinedifinuise iois i fefipt poredbicBd s aRoinG iR °*”
vessel edges aggteﬁhgcaw th@amagksit &fB6Hhed by Hpphifgid Guliskh §ﬁﬁ>@ﬁ1ihge

| ength of an edge al so conputed to check 1f it passes a certain 3
t hreshol d val ueoderatien assiescribedbelost.ep 416- Vessel ldentification and

Centerline Detecti °"Median filtering is a non-linear filtering method which reduces the

blurring of edges. Median filtering replaces a current point in the image with

20 the median of the brightness in its neighbourhood. The median of the

brightness in the neighbourhood is not affected by individual noise spikes

and so median smoothing eliminates impulse noise quite well. Further,

median filtering does not blur edges.

According to preferred embodiments, median filtering is applied

25 iteratively for better results in noise removal from the image. For example,

median filtering may be applied 2, 3, 4, 5, 6, 7, 8, 9 or 10 or more times, but

there is a trade off between the number of iterations and the efficiency of the

method. In one embodiment the median filtering is applied 2 times resulting

in the median filtered green channel image shown in FIG. 9. For the image

30 shown in FIG. 9, a 5 x 5 window was considered for the median filter mask.

However, other sized windows may be considered for the median filter mask,
suchas 3x3,5x5,7x7,9x9o0r 11 x11.



After profiling the edges and threshol ding the edge | ength the potenti al
vessel edges are obtained. Then an edge is defined as the first edge of a
5 vessel WP 20t1/022188rns a profile value for high-to-|ow PTHAWRIWOHIIKOdeS i ned
as the second edge if the profile value is |owto-high. Then we merge these
edges for individual blood vessels based the likelihood of the first
edge and second edge of a vessel. Generally, after applying a Gaussian

derivat i d ed Ki t hods t d tai ned f bl,00d
Vesser i1 there S0 AGHSEhATapting pesratoR whiehis 523 cBaiel-fbn Aingy F
the vessel, it @aEYARdd® Bllr iMAGS 8hd FEHbvE daesl ARf AdisBNcan el dpptiaditby

| evel s of the central reflex. I'n general, the width of the central reflex
i s approxi mat el thelintags. Flt: 1@ showsnwadtimageoobtaieed rajter happlying @argtianhe

edge | abeled as first and,second e if there.is n I Ist..or cond
or fi rst-seconoerB?r%'fr}ga?ri'% W?%Pﬁ%%fésgﬁpﬁrg(}mgeﬁ‘% ?%ERZ%%J& %@gh’gg. The
di stance i§ Megsdtedesdsitd ihﬁhgléafdefﬂcﬁécﬁﬁﬁ hnseddabyered hereinTHedidea of
start-points. If we have first-first-second conbination of the edges,

we
check the over dBaussian amesthing igterusertbe 2P sistabutionas a peijt-speead’ BEIGHEBN t he

m ddl e and | ast_edge, .11 §! 1L . saty O+iRe: f a
vessel , we def |%°d?'H% l%aaé@%él%nﬁ%c}ﬁn\%ﬂ?@g# ss% %e\e/%gﬁz—bv%g@gaﬁaﬁ&

si mi | ar approacpixéls, ahe! Gadséian Histibutivec i copsitened cioni-Dafaron which is
first-second-first-second we check all the distances; the first
first-second pagXpresspd azfallowsiirst-second pair, the second-first (i.e.,

t he secon(lioand the third edge which is the wwdth of the central reflex).and
the first ‘and | ast edge pair (i.e., the width 'of that cross-section). If
these 25 distances satisfy the vessel 1edgg’ﬁentral reflex properties, we
define these as a single vesseG(r,gf)kerwise, 2t he fieguationsh)- second edge
pair is defined as one vessel and the&econd first-second starts to conpute
t he next vessel edge nergi ng process. The edges for each vessel my be
grouped by listing the pixels in 30 each edge. Fromthis the centreline of
each of the blood vegh@less t5thed etariaed ldeividdiohyofstbeeditiributianancelk aadry from
the edge pixel lists (in order) and averaging them FIG 20 shows a grid of
centreline (O q¢efid thedetneldusitids). 35 pi xel s. FIG 18 shows a net hod

600 f lecting thg start. pixel of d ing t
enbodi mendSof tha i roBREIBRITAE 1 TRIRLAP A ISfED BATREE REoBo? I TRe
edge for the cepddlimfidnte thbGaiRarP ldiBﬁ i@b?@u‘éeﬂﬁ@@d&rté%&f&n&h@

traversed and li'sted. In step 604 a pixel is selected and the distribution
and gradi ent necprivolutionofin theorye the GalUssiare distributioacigtnn-z@rose¥gryehere. he

oot o bl R A R S SPAR I i e =
di stribution ofeffdiveRjt 318! hisrePtHin alSoutthrdeestapdard evibonefreat thié micaner i a

are not 10passed, the nethod returns to step 602. After step 608 if
the sel ec2@d piard thekereel eare bedtuncated atthis Beinh in the distribution of the

intensity profile, the t i L: | t ext
edge start pixel is e%%ﬁmag&gpﬁgﬁg%gﬁ%&ﬁ% g‘%ﬁlsél pv@ﬁglﬁe‘p@eﬁect ed
pi xel does not grapdatd devitionsot 2 & ukedi in tdikemenibadiiments diffarentsized 15

602. In step 614 the pixel is selected if its gradient magnitude is within
a certain rangewiiidowscamd standang deyiatiens may bedised qﬁéagl%lt PVgdPWct ed
as the start of_; 0 | shisfatd j ' iql
passes the critBFF IFESKEERSEE R X SRR thb stardurtdeiiohiinay B
central rebl ex.200200/63, Gohs4, 18, 565 .6adrion of the central reflex point as an

d tart 20 int, the_th hol d of t di ent i i 1
"ess than 400 of t heSIRA4eR - EA3LDREUAE BRSSP0 R el QASTBEGMA  on
observation. However, Sﬁ%‘%hhﬁb%ifjﬁ\@ﬁt Biﬁbhebﬁxeﬁ%d 260 ¥dramkhs 8536t lcafiboref OF

the fol ues:

exanple, less than one o OW ng va 20% 25% % 45% 50%
55% or 60% | n slownaBE3. 2, lafirshderiative ivithage goasesaing is implenyentad sising
criteria. To 25 ensure the ntral .reflex i s not nsi dere a .vessel,
the edge pi xel sa‘ﬁ Q?qg’}btb'pﬁtofiﬁ@ QFﬁ,‘Egmaﬂg the /mags, ﬁ‘g&ggraégrﬂe&isanw e
consi derednt 0 al \r ' (yﬁ.gggﬁ | vector oPe@hatinnat e
t he cent rép remg’s))\%vg@r?ggg |($’§1t) "ig%@'@ng}’ g‘e%:tgﬁ)d Ie ge ocn(?n‘g?%gti on@;are
received in an o¢Rvei ThvectdenaSthe IRipdieYHeoMettss properBQthet it poimtsin

nei ghbouri ng vessel distance range are checked. The edge di stance range nay

be between 5 and 25 pixels and/or 50 and 100 m crons. The edge di stance
range nay be within 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16,



36 17, 18, 19 or 20 pixels. The edge distance range may be w thin 50, 55,
60, 65, 70, 75, 80, 85, 90, 95 or 100 mcrons. In one enbodi nent the edge
di st ance WOr2gu/i287835 pi xel s and/ or 75 m crons. The nei gREBnlU201)/00EE8 el

di stance range may be between 20 and 100 5 pixels or nore. In one

enbodi nent t he nei ghbouring vessel distaneg range is within 60 pixels. The
nei ghbouri ng vessel distance range of 60 pixels is based on the fact that

ihioz‘é‘.“ ?Ua:p%%grﬂ?{:ﬁﬁb AREDIE afpaterta Hd@ g;v e e ipralied &)S'Fﬁﬁeﬁfg?iﬂé*g
veseel or cent et fe 78 b@rmetRheTnailod M) M ReRIon FHED Hrge
the central refy8xeqtd aﬁ(éﬁé%})]ib%é{erfaﬂﬁ%ﬁ td{lh r41§ afe’égéﬁgts%ah enft%HBthu[%ﬁ'e

di stance is deternined nce range

other edge is foymrmonfytaReithevaR@8 cttart points are |ocated the dlstance
between the first 15°edge and other edge is determned. If that distance
is within %he nei ghbouring vessel distance range, for exanple wi thin 60

pi xel s in one enbodi nents, a che isp med, for Il el edge crlterla
based on the edge points obt ai ddﬂ éﬂﬁé@gﬂb Eﬂ Ggk oupi (§gURtien 8y

descri bed bel ow. Once parallel edge crlterla are satisfied then the

sel ected pixels may be assi gned(x, 2= am dGe/@ghsel . Q her wi selequatior@)yes
are* considered to be the edge start points of different vessels. In
alternative enbodi ments, the mcron/pixel information can be utilised.

Wth reference to ste éof t he net hod 40Q for vesz%) fjllbre
shO\r/]m in FIG 2|, ves¥hgredhecangle i3 measysed ity TQSPEGaf%@‘%g 338 For
Crack the %8'92%5?3{69%%§§§®agsﬁﬁeas&ﬁ$sﬁ%e% (4. PllaBE dHt'S afa P&’ O,
embodi ment the JipdidNoda mllw.dn@theﬁ.scéb?ﬁﬂﬁon rﬁcﬁt@t&h@féﬂt@oo‘j

of the start pixel to pi @E’b ﬁgxt p1 xel thus track 'the vessel edge

The nei ghbour hgpig |hfag@l”@:{f-@dgmtémana g 3 mask. 30 The next pixel
considered for region grow n maénq %ased on_a one or nore of the
R

following criteria. Step 4iGefo reacCampyéation and Sefacliofal ue in the
nei ghbour hood pi xel @ﬁ&aoﬂﬁ\fmﬁg tﬁgl ?é?'lt |Hav<#)frﬁ siéS}?QlO%n hé! gfho'dn46{7 37

nei ghbour hood has the Same va pi Xe t he’ urt est distance

fromthe s§art iptlydes @mMngeheczoeré Bsaréél(in stept 410.XEie edyé¢ endasenrelie t he
pi xel having an intensi tﬁval ue closest to_the i ntenS|atéY ?'l ue of the start
pi xel may be sdMages @re ootained withinpthefone\8 afep gnly,kecalisednisds the reging

pi xel having a o?"ﬁfe‘r'@st ftethgeﬁﬁnglr g%?see{ana Bedalydinss r@é%c%ég ch>f éﬁﬁ!é’ igl ue

of the start pixe he next pi xel

Cr oss- Sect i onalfukthdtlm;ﬁovrweﬁk:lmy AccordTM@twmemb@dimbnEthstme Brageaet hod
400 shown in FI.G 2 incl ud at. st 18 cal cul ating the vessel w dth.

Af ter obtai ni ndSPHB"RPé%§¥| Hﬂg‘mﬁ&b"jowlo and centreline i mage, the edge

pi xel s arggmapped based on vessel centreline pixel positions to find the
vessel cross-sectional wdth. For this, the nethod includes selecting a
pi xel fromthe vesse‘kL@@Rlﬂ'HlM de i nage and applying a mask considering the

centreline pixel tre,. e rpose of this pask is to find
the potential edge p#&@é@%%’giz R;Iglrgéj A\t FPVGrmax 896 section of
the vessels, on any §itiedioé céﬁ@r@g@nﬂe&y BRdadrils ROSi tion. Therefore, the
mask is applled to the edge image only.
grad_mag is the gradient image
25 max_row, max_ col are maximum row and maximum column of the
image, respectively
create zoneB_im as a blank image with the size of original image;
forr=2xRto3xR
for = 0to 2n

30 X =cx +r*x* cos(6)



To search all
cal cul ated by shifting one pixel at a time until the limt of the mask
reached. WOr0uA2R783i xel shift, a rotation of -45 to 225Pa&plaew/a0s110
performed. 20 To increase the rotation angle, a step size |less than
180/ (mask length) is used. Accordingly, t% step size depends on the si
of the mask and every cell in the nmask can be accessed using this angle

For each pi xel

t he pi xel positions inside the mask, the pixel position i

position, the edge inage is searched to check whether it

an edge pixel or notY =WthrErdd@ce fo FIG 21, when an edge pixel is
found its mrror, e.g. a second edge pixel corresponding to a first edge
pi xel , can then be found by shifting the angle by 180 degrees and

i ncreasi ng the distgpge 1 Boxxanax t eow 8y ek &numasi-zeolof the mask. In th
way, a rotational invariant mask is produced and the potential pixel pairs
can be selected in dhearzaneB iimdxt We= @rad nag (OdiYAnet er of that cross
ﬁr ea. 30Th$ CL?I | om ng equati ons show one enbodi nent of the
0 T

secti onal
conput at i

of the f

edge pixel in the pixel mapping procedure: 38

= x'" +r * cos O(equsid for 10) =yi +r*sint9(equation 11) where (x' , y')
the vessel centreline pixel position; 5r =1, 2, ..(mask size)l1l2; and O
fQ;Eny pi xel position, if the gray scale value in the

-45,

t he pi xel

225.

edge iﬁﬁge is 255 (r ' white or an edge pixel in the imge) then
(x2,y2) i 1O TOPREeHURS

ite edge (the mrror of this pixel) my

found considering O = ( + 180) and varying r, as shown in FIG 22.
| yi t hi ' th ' [ whi ch t Lte -
i6le T ne eripdiimShas EHBlaR P mAsRAn FRE: 10, TRbe

. ‘h . . J

passing roughzérﬁa? Bsmgﬁéﬂe%HEa %ﬁﬁél;gra?fsc‘ém\}vl’fﬁa% |rF\';'\BfG ‘Qﬂag Féf fargeér ahgws a

After app
edges at

15grid of potenti

ge pair pixels (W,

cross- section cleater aersion o&FIGel by shawyn irFFksn tHdhe RIGx 41 (¢ showstthe

i ni Eucl i di an _di IS AKX, %2 L '
and e wi i h oirogFRR MAKTRLE il Z0ntid are Pide TR £i% 1,
for all vessel s{{(gy shewsRARFG&tand Blebksh VigsivAsS IS, ie).nTha pikeltdroapiagpi xel

wi de.

15

20

25

30

operations are only applied to the Zone B area to obtain the vessel edges
and vessel centreline as described below.

Step 412 - Edge Pixel Grouping and Vessel Edge Determination

The method 400 for measuring vessel calibre shown in FIG. 2
includes at step 412 vessel edge detection and pixel grouping. Edge
detection in retinal images is complicated by factors such as the central
reflex, thick edges, change of contrast abruptly and low contrast between the
background and the vessel. Therefore, standard edge detection methods
such as Sobel, Canny, Zero crossing and .others are not able to detect only
the vessel edges. Sometimes the edges detected by these standard edge
detection methods are broken and this background noise produces edges.
These standard edge detection methods may be used in the other methods,
aspects and embodiments of the invention. In addition, using the
thresholding method in the gradient image is not suitable, also due to these
factors. FIGS. 12(a)-12(c) respectively show the edge images produced by
the Sobel method (threshold=0.02 and applying thinning), the Canny method
(threshold=0.08) and the Zero crossing method (threshold=0.002). FIG. 13

shows the output image after thresholding the gradient magnitude image of

S
S

ze
'is
25

is

X
S

be

or a vessel



Central Reflex Detection: 25Methods for neasuring the vessel central reflex
according to enbodi nents of the invention will now be described. The
central r¥0I28K/881eés are detected with the sane processPCHAlReI&0111Ag the
potential vessel edges described above in Step 414 of method 400. ;
After profiling and length threshol ding thg individual vessel edges are
30identified. Fromthis step the central reflex edges are filtered out for

roriox in the W8 rsteifelve LR R KobfEobiastie BaRiElarl @M ifges
If two edges OfFIG®: 12¢a)-12(c) ekl the imagel sFMIG. fixcornpasés thcoldsdet edhesked.
If they satisfy the Iength threshold (which is approximtely the sane as

vessel " | engt h) ,andeerderjdeflex.e considered as the central reflex edges.

Qtherw se, they areﬂ%d&r‘é@‘tﬁ’{‘é gsues%tg\%t%&g&g’@ta’g%tyagyfﬁ?éflr%f(defr%tﬁ none

are identified, start point b art
vessel ar e chedkehe imagéds fimsteoneidenst. URtldistributiensafl the duadiehturtagpitude

detection, edge pjxel oupi ng and profiling for finding possi Ie edge
Then the | engt f?”d‘thﬁﬂ’é%@é@égr Pﬁi'%hﬁtorf'gdﬂahs%lo é‘?\‘? aRge Bryssd tor ‘éciiﬁégﬁed to

deci de whet her ny ’iﬂ)‘i t&e?‘. d@@sée?eﬁ EENTHaHh, Bﬁéd‘%n t%&agtl%&n @ré‘gﬁ&ﬁs of

central reflex are ed the an w dt’h t he centr
conputed. |If trgfowmtemhdlqbeususq:mmenaMgltbeyessejfedgbe Tifharegwmgrowmgthe

|, the identified cent d_th t f
Exper i ront al  RAGHMICGO O SBIAER! oMy P EEIS: M 2P VAR VRIS | e

I nventi omyas r§%i@|§ﬂl'irﬁjj Sekid Eﬁfér%eWe@dg%WrdtQﬂ ‘&ﬁt*&o\%ﬂhﬁtl&?aﬁ&rp%él by

plotting the centrellne pi xel and its sdrroundin edge pi xel s. Vessel
cross-sect i ons groupingdar edge detactionrangclesarbed ov mendetallmlow showed t hat

nbodi ments of th te. . F 2 t h f
o oses ceat ton o AeuhSTaBlalet R Erbodihas, o darmina it S teT g
WL to WB are pQditt tid botddrbfane zBae %red:iscira\?él’sd@mr@hghtdi@i ﬂi@tgﬁﬁﬂféﬁhtw dth

for sone cross-sectional points indicated with white lines (enl ar%
For quanti tatl veagnitldestofdhe hordempixelsrase listad. |Trmgf&ve(r§edmfogesszls aned4s

pi xel's W eh vt sn ALHH Sl hiina OBRRe DLBD o Iah LA B BABR Ahaad®,

wi th manua Iy measure erent” Cross- sec 1 ons

Ear Hospital, \dnglebf 8 defreds. auhloae dgrabodifwint ar sigel-is eelectay frbhﬁhgrz@deon dth
was obtained fromfive different experts whqg are trained retinal vessel

graders of thatareastichiasine fplpwingsgigcted ﬁﬁ'ﬁeﬁ@ @%WMWBPGW@PM@ used
where the gr adﬁffe@% ich 7298 idh Eﬁ% géﬁheétlg‘@h H@ﬁ'é}gaaérﬂi“'agotﬁ@s

30 and sel ecting various parts. PE PriventT oncwer e app |ed
to these i magemdightpuwithgqsixelseviaciyhaverngo mdeyaﬂasels reprasentedin fiGdd.

These i es were cqpsidered, and nin Si X . Ccross-sections of vessels with
varyi ng width fr f&ﬁ@%tﬂﬁm'yg%%m'%w ev!kﬁ"ér‘?"éw& r'ﬁcgfemeé‘ﬂﬁﬂ The
w dth for eachaﬁf and §&lcl thi @‘ggﬁpéﬁalseysén@mh@ s%?ﬁ%%ﬂtéﬂ&' ?h.y.s%éied

the automatic w nmeasur automatic wd nmeasur enent
The automatic we@bhdnpe@of mtenest. Oncena pixehis danseiemdmﬂag'valuessjassigﬁed

A A ke
?SLS?' a; ei ?Ed |ﬁ{5:lr@dt§3%’bbﬁ¥\rgr69n? heseBoM@ piXtl e the ddrike bh8 3k OmaskPafd] - A

based on this a pixel is selected which has a null flag value and neighbouring

pixels having an intensity value of zero. In this way all the boundary pixels

are traced which are checked for selecting as the start pixel of an edge. FIG.

15 shows a table of pixel values in which the bold pixels are traversed and

the underlined pixels are not considered for traversal.

30 It will be noted that the circular path for obtaining the border pixels in
the zone B area is not used as the exact position of some pixels may be

missed due to the discretization problem. Further, the above method is faster



2101 pxAp 2 _ a2 (equation 13) In equation (13), we considered Cu -
am) to normalize. This fornula is a good neasure as the error rate wll be
| ess if iWOI281Mi22188n the interval of one standard devi aPCHAU2WOG1L1AI S
formula, we calculated the error and accuracy. 15 in all ninety-six
cross-sections and achi eved an average of ,95. 8% accuracy in the detection
of vessel w dth. The maxi num accuracy is 8 .58% and the m ni num accuracy is

89.30% Tabl d2in the. dj x. depi h | _and '
wi deh measur ndien B TioeBp AT BemBHATen Uy oksBs Tn oAl e R R Btes
20Her ei n new angitefHe sdietbdicpigdid. G aaditien, RiPaskivdIS 1 candidédr dTRRspixsTs nt

including retinal central reflex detection are described. This approach is
a robust esti mmfintergst gequentiallydwhichimayaothepessaikleayith a)wr@dwtp%tgtdugrt@

noi se. The resul.ts t.ai ne re significant a h et dy Wi be
directly used i‘%s‘ﬁﬁﬁ%t d Erﬂﬂg‘g'ﬂpeﬁé%\’és. E&"ﬁ hz'?éj te%é&ﬁep@g&to&aééﬁg%e
used to nMERSUr e;ofmpitatiens. paraneters such as vessel nicking, narrow ng,
branchi ng coefficients, etc. to predict or diagnose disea

Advialnt ageo]tcjsl Y, errbdam%mesbqsfnqalﬁ\ep?;e@safﬁtomaioeﬁtth@Hiﬁlﬁniwi%g@fmﬁ gradiafdt i c
n i ti . . d £l Ci . h
For an +ndi cat EAGHINERCOR 6 WifeigRECARIE o HeRmilte SRS of e BRRID e

di sEasg_ olr3 concﬁdg'goﬁoﬁyis ithe bb@vam/ed"s @heslcer!im défesmirsewhetivetiitis aseatenr
ri sk, diabetes an ypertensi on and/or a predispqsition thereto, .
S gni 11 cant 1y (hARCPERGRNTE ha VAR Rg BRI aMEEtS, Tth urighiriding Riyels

10 considered may be before or after the start pixel in the list. In-one "
embodiment the neighbouring pixels considered are two pixels before or
after the start pixel in the list. In some embodiments the magnitude of a pixel
must be greater than the magnitude of two pixels before it and two pixels
after it in the list.

15 Ordinarily, we do not consider the d}agonal pixels which may fall in the
searching order (in zone B border pixels). This is because these are the
inner pixels other than the cross-section and sometimes fail to provide this
edge pattern. The diagonal pixel is determined by considering any three
consecutive pixels as the vertices of a triangle and then by computing its

20 determinant. FIG. 16 shows an example of a distribution of the gradient
magnitudes to consider a pixel as a starting edge pixel.

After obtaining the start pixel of the potential vessel edge, the method
includes searching for the pixels to group them for obtaining a potential ‘"' "
vessel edge. Once the pixel grouping is finished the next start point of a

25 second potential vessel edge may be searched for. The method continues
until the end of the zone B border pixel list. The edge pixel grouping method
is shown in FIG. 18 and described below.

The method can also include checking the intensity profile in the
original smoothed image, such as the smoother green channel image, to

30 confirm whether it is the first edge or the second edge. FIG. 17(a) shows the
intensity profile of a vessel first edge. This could also be the intensity profile

of a central reflex second edge. FIG. 17(b) shows the intensity profile of a



5the central reflex in conventional vessel detection and vessel w dth
nmeasur enent techni ques. Anot her advantage of the invention is that
conput at i\gA2110223Pensi ve pre-defi ned nasks are not reqBCTadi20IpH@1U8e of
edge and centreline information for wi dth nmeasurenment is very accurate and
efficient. 10 The present invention proviges automatic CD area detection,
QD centre and radi us conputation, vessel tracing through vessel edges and

centrelines, vessel, calilre or 0ss:sect.ional, widt.h nmeasur s _and
vessel central e&Pelsecopd&dgg: 5% @Zpi‘&qq'gﬁ“}' V&‘&dﬂtgﬁ‘?%{ H%O%E%thcq ?‘?'ﬂ%?gi on
the ai m has beggfiépfiteeagebe the 15 preferred embodi ments of the invention
without limting the invention to any one enbodi nent or specific collection

. y ] . | .
of features. It wil|Feneadspeotential edgersiartoint thg edae pixebgrosping methodHe ar t

can be made i n PRUCHTpt PROARIctilend BORRfBL viRha e e, P pBRTRRIASO°°
fromthe sope méthbdeadopts anuledSasededpproach to groupthe ffag@m an edgewhion ,

al gorithnms, patent and scientific literature referre herein is |
i ncor por at ed hé&@8i Qvergorpetae darad contfgsta@iation iy Hpmageuddeoreginnm aiewing

AN X LB bt traes, nd SEPHAMS PRI 5ol BRI T
w dth (A) ErromérgesAaemrin@ysifdte edge. The pixel grouping method works as follows.
From the start-point, the method searches for its 3x3 neighborhood and finds
10 the gradient magnitudes of the pixels potential for region growing. We-note ‘:: -+
that the direction of the region growing for the edge is in the opposite
direction of the OD location; because the vessels are traversing away from
the OD. In this direction, we consider the pixel which has the value greater
than or equal to the current pixel. If all the values are lower than the current
15 pixel we select the closet one.

FIGS. 19(a) —(c) show criteria used for edge pixel grouping according
to one embodiment in which a 3x3 neighbourhood mask is used. In FIG.
19(a), pixel Pg is selected if the value of Pg is greater than Ps. In FIG. 19(b),
pixel Pg is selected even if the value of Pg is less than the value of Ps, but

20 has a value closest to the value of the previous pixel. FIG. 19(c) shows an
embodiment in which the pixel with the maximum distance is selected if the
highest value is shared between two or more pixels. In FIG. 19(c) pixel Pg is
selected if the value of Pg=Pg because Pg ié a greater distance than Pg. For
the distance measure, the most distant pixel from immediately before 3 to 5

25 pixels in the grouped edge pixel is selected.

We select the furthest pixel if more than one pixel has the potential to
be considered for the edge. The edge pixel grouping method stops at the
end of the zone B area or if there is no pi)iels which can satisfy the criteria
defined for edge grouping method.

30 We note that traditional edge detection methods such as Canny,
Sobel and/or Zero crossing can be applied from which the edges can be

reconstructed based on broken edges’ slope information in the zone B area.
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Then detected edges can then be provided to the next steps for noise
removal and potential vessel edge selection.

Step 414 — PotentiaIA Vessel Edge profiling and Length Computation
The edge profiling method filters out the noise and background edges,
5 and finds the edges which belong to vessels. The method checks the
intensity levels in the image on both sides of an edge within a specific
direction. For this, each of the edge pixels are considered to obtain two pixel
positions which are located vertically and within a certain distance from this
edge pixel. For this, each pixel along wifh its neighboring pixel in the edge is

10 considered as line end-points. The slope and actual direction of the line:are ¥/
computed to find the points on both sides of the current edge pixel. The
method is as follows. Let us consider the two end-points of the line are (x4,
y4) and (x2, ¥2), and the angle & (actual angle in the image) is computed from
the slope and direction of the line which are slope and direction. Let us
15 assume that (x, y») is the second end-point i.e., located further from the OD
compared to the first end point; we find the value of 8 as follows. If 8 <0 and
ify2 >, y1&x2 = x1then 8 = 6+ . Onthe other hand, if # <O and if y>< y;
&x2<xithen 8 = 6+2 . If 8>0and if y,>y, and xo<x4 then 8=0+ 7. Once
the actual angle is computed, the point located on left side of the edge point
20 (X2,y2) is computed as: ((y, —r *sin(@ + 7 /2)),(x, + r *cos(6 + x/2)) and the
point on the right side of the edge point is:

((y, —r *sin(8 + 37 /2)),((x, + r *cos(8 + 37/2)) where ris the normal distance

from the point (x2,y2).
After computing the pixel positions on both sides of each of the edge
25 points, the intensity levels for these positions in the image are obtained.
Usual vessel edge profile is high-to-low for the outside-to-inside pixels'
intensity levels and low-to-high for the inside-to-outside pixels' intensity
levels. For blood vessels, this profile is consistent, whereas for noise, this
profile is random. Therefore, the consistent profile value (e.g., low-to-high or
30 high-to-low is more 80%) for each of the potential edges are considered for
filtering the true vessel edges and discard the noise edges. After profiling the

edges the length of an edge is also computed to check if it passes a certain
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threshold value for a vessel edge.
Step 416 - Vessel Identification and Centerline Detection
After profiling the edges and thresholding the edge length the potential
vessel edges are obtained. Then an edge is defined as the first edge of a
5 vessel if it returns a profile value for high-to-low. The edge is defined as the
second edge if the profile value is low-to-high. Then we merge these edges
for individual blood vessels based on the likelihood of the first edge and
second edge of a vessel. Generally, after applying a Gaussian derivative and
edge tracking methods two edges are obtained for any blood vessel if there
10 is no central reflex. If there is a central reflex in the vessel, it may be two or: (/¢
three or four edges based on the intensity levels of the central reflex. In
general, the width of the central reflex is approximately 1/3 of the vessel
width. Considering this, we merge the edge labeled as first and second edge
if there is no other first or second or ‘ﬁrst-second combination within
15 approximately the same distance. The distance is measured as the Euclidian
distance between the two edge start-points. If we have first-first-second
combination of the edges, we check the overall distance between the first
and last edge, and between the middle and last edge. If the conditions
satisfy the edges to be part of a vessel, we define the edges belonging to an
20 individual vessel. A similar approach is applied for first-second-second
combination. For first-second-first-second we check all the distances; the first
first-second pair, the second first-second pair, the second-first (i.e., the
second and the third edge which is the width of the central reflex) and the - !
first and last edge pair (i.e., the width ‘of that cross-section). If these
25 distances satisfy the vessel edge-central reflex properties, we define these
as a single vessel. Otherwise, the first first-second edge pair is defined as
one vessel and the second first-second starts to compute the next vessel
edge merging process.
The edges for each vessel may be grouped by listing the pixels in
30 each edge. From this the centreline of each of the blood vessels can be
calculated by selecting a pixel pair from the edge pixel lists (in order) and

averaging them. FIG. 20 shows a grid of centreline (C) pixels and edge (E)
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pixels.

FIG. 18 shows a method 600 for selecting the start pixél of a vessel
edge according to one embodiment of the invention. This method may also
be used to obtain the edge for the central reflex. In step 602 the pixels from

5 Zone B are traversed and listed. In step 604 a pixel is selected and the
distribution and gradient magnitude of the selected pixel is checked. In step
606 the selected pixel is assessed against the selected criteria. If the
selected criteria are passed, the method continues to step 608 in which the
distribution of the intensity profile is checked. If the selected criteria are not

10 passed, the method returns to step 602. SERBRR NS

After step 608 if the selected pixel passes the intensity criteria in the
distribution of the intensity profile, the method 600 continues to step 612 in
which the next edge start pixel is searched for in the border pixels list. If the
selected pixel does not pass the intensity criteria the method returns to step

15 602. In step 614 the pixel is selected if its gradient magnitude is within a
certain range of the first edge pixel. In step 616 the pixel is selected as the
start of the second edge of the vessel if its intensity profile passes the
criteria. The method 600 may also return the edge for the central reflex.

To overcome the selection of the central reflex point as an edge start

20 point, the threshold of the gradient magnitude is set as less than 40% of the -
vessel edge magnitude. This value is taken based on observation. However,
other values may be set as the threshold value, for example, less than one of
the following values: 20%, 25%, 30%, 45%, 50%, 55% or 60%. ‘

In some cases the threshold value does not satisfy this criteria. To

25 ensure the central reflex is not considered as a vessel, the edge pixels start
point distances and parallel edge criteria may be considered to merge the
central reflex into the vessel.

To eliminate the central reflex, when a first edge and second edge
combination are received in an edge distance range, neighbouring vessels

30 within a neighbouring vessel distance range are checked. The edge distance
range may be between 5 and 25 pixels and/or 50 and 100 microns. The
edge distance range may be within 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16,
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17, 18, 19 or 20 pixels. The edge distance range may be within 50, 55, 60,
65, 70, 75, 80, 85, 90, 95 or 100 microns. In one embodiment the edge
distance range is 15 pixels and/or 75 microns. A
The neighbouring vessel distance range may be between 20 and 100
5 pixels or more. In one embodiment the neighbouring vessel distance range is
within 60 pixels. The neighbouring vessel distance range of 60 pixels is
based on the fact that the maximum width of a vessel can be fifty pixels in an
image size of 2048 x 3072.
To perform the checking, once a gradient magnitude for the second
10 edge, which may be a central reflex edge, is set, the other edge of the vessel ‘.
or central reflex is searched for. For example, if the other edge is the central
reflex, it is usually found within 15 pixels. If found, the distance is determined
and if it is within the edge distance range the other edge is found.
Once the edge start points are located the distance between the first
15 edge and other edge is determined. If that aistance is within the neighbouring
vessel distance range, for example within 60 pixels in one embodiments, a
check is performed for parallel edge criteria based on the edge points
obtained from the edge pixel grouping method described below. Once
parallel edge criteria are satisfied then the selected pixels may be assigned
20 as one vessel. Otherwise, the edges are considered to be the edge start
points of different vessels. In alternative embodiments, the micron/pixel
information can be utilised.
With reference to step 412 of the method 400 for measuring vessel
calibre shown in FIG. 2, vessel edge pixel grouping will now be described.
25 For each start pixel of a vessel edge, a region growing technique is used to
track the edge of the vessel. With reference to FIGS. 19(a) -19(c), in one
embodiment the region growing technique includes checking a
neighbourhood of the start pixel to pick the next pixel and thus track the
vessel edge. The neighbourhood is checked with a 3 x 3 mask.
30 The next pixel considered for region growing may be based on a one
or more of the following criteria. The pixel with the highest intensity value in

the neighbourhood pixel area may be selected. If more than one pixel in the
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neighbourhood has the same value, the pixel which is the furthest distance
from the start pixel may be selected as the next pixel. Alternatively, the pixel
having an intensity value closest to the intensity valué of the start pixel may
be selected as the next pixel. As a further alternative, the pixel having a

5 value within a predetermined number of units of the value of the start pixel
may be selected as the next pixel.

Step 418 - Vessel Cross-Sectional Width Computation

The vessel calibre measuring method 400 shown in FIG. 2 includes at
step 418 calculating the vessel width. After obtaining the vessels edge image

10 and centreline image, the edge pixels are mapped based on vessel:: i
centreline pixel positions to find the vessel cross-sectional width. For this, the
method includes selecting a pixel from the vessel centreline image and
applying a mask considering the centreline pixel as the mask centre. The
purpose of this mask is to find the potential edge pixels, which may fall in

16 width or cross section of the vessels, on any side of the centreline pixel
position. Therefore, the mask is applied to the edge image only.

To search all the pixel positions inside the mask, the pixel position is
calculated by shifting one pixel at a time until the limit of the mask is
reached. For each pixel shift, a rotation ofﬂ-45 to 225 degrees is performed.

20 To increase the rotation angle, a step size less than 180/(mask length) is
used. Accordingly, the step size depends on the size of the mask and every
cell in the mask can be accessed using this angle.

For each pixel position, the edge image is searched to check whether
it is an edge pixel or not. With reference to FIG. 21, when an edge pixel is

25 found its mirror, e.g. a second edge pixel corresponding to a first edge pixel,
can then be found by shifting the angle by 180 degrees and increasing the
distance from one to the maximum size of the mask. In this way, a rotational
invariant mask is produced and the potential pixel pairs can be selected in
order to find the width or diameter of that cross sectional area.

30 The following equations show one embodiment of the computation of

the first edge pixel in the pixel mapping procedure:
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X, =x +r*cosé (equation 10)

y, =y +r*sinf (equation 11)

where (x', y') is the vessel centreline pixel position;
5 r=1,2, ..(mask size)/2; and
@ =-45°, .., 225°.

For any pixel position, if the gray scale value in the edge image is 255

(representing white or an edge pixel in the image) then the pixel (x,, y_z) in...
10 the opposite edge (the mirror of this pixel)'may be found considering € = (&
+ 180) and varying r, as shown in FIG. 22.

After applying this operation the pixel pairs which are on the opposite
edges at the line end points may be found which gives imaginary lines
passing through the centreline pixels, as shown in FIG. 22. FIG 23 shows a

15 grid of potential width edge pair pixels (W1, W2, W3, ...) for a vessel cross-
section with a centreline pixel (C).

From these pixel pairs the minimum Euclidian distance is:

\/(x, N s ) (equation 12)
20 ‘
and the width of that cross-section can be found. In this way, the width
for all vessels may be measured, including vessels having a width one pixel' o
wide.
Central Reflex Detection:

25 Methods for measuring the vessel central reflex according to
embodiments of the invention will now be described. The central reflex edges
are detected with the same process for detecting the potential vessel edges
described above in Step 414 of method 400.

After profiling and length thresholding the individual vessel edges are

30 identified. From this step the central reflex edges are filtered out for further

processing. Once a vessel is identified the edges of the central reflex in the
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list are checked based on the start points of the edges. If two edges of the
central reflex are identified their length is checked. If they satisfy the length
threshold (which is approximately the same as vessel length), the edges are
considered as the central reflex edges. Otherwise, they are not considered
5 as the central reflex. If one or none are identified, start point between the two
edges’ start point of the vessel are checked by the same method used for
vessel edge start pixel detection, edge pixel grouping and profiling for finding
possible edges. Then the length of the edges and width of the central reflex
are checked to decide whether or not the edge is a central reflex. Once both
10 edges of central reflex are identified the mean width of the central reflexis
computed. If the mean width is approximately 1/3 of the mean width of the

vessel, the identified central reflex is considered the central reflex.

Experimental Results of Vessel Calibre Calculation:

15 Thé accuracy of the invention ‘was measured qualitatively by
comparing with width measured by plotting the centreline pixel and its
surrounding edge pixels. Vessel cross-sections frbm ten different images
were considered which showed that embodiments of the invention are very
accurate. FIG. 23 shows the grid for a cross-section of a blood vessel where

20 C is the centreline pixel and W1 to W8 are potential width end points. FIG.
24 depicts the detected width for some cross-sectional points indicated with
white lines (enlarged).

For quantitative evaluation we considered ten images (each 3072 x’
2048 pixels which were captured with a Canon D-60 digital fundus camera)

25 with manually measured widths on different cross-sections from the Eye and
Ear Hospital, Victoria, Australia. For each cross-section, the graded width
was obtained from five different experts who are trained retinal vessel
graders of that institution. For manual grading a computer program was used
where the graders could zoom in and out at will, moving around the image

30 and selecting various parts. Embodiments of the invention were applied to
these images to produce the edge image and vessel centreline image. These

images were considered and ninety-six cross-sections of vessels with varying
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width from one to twenty-seven pixels were randomly picked. The width for
each cross-section was measured by the invention which yielded the
automatic width measurement labelled automatic width measurement, A.
The automatic width measurement, A, and the five manually measured
5 widths, labelled manual width, were compared. The average of the manual
width (i) and the standard deviation on manual widths (c,) were calculated

and the following formula was used to find the error:

oyt .
(k+o,) e

UxA

(equation 13)

2

10 =[1-
' /‘lz_o—m

In equation (13), we considered (z—o,,) to normalize. This formula is

a good measure as the error rate will be less if it is within the interval of one

standard deviation. With this formula, we calculated the error and accuracy

15 in all ninety-six cross-sections and achieved an average of 95.8% accuracy

| in the detection of vessel width. The maximum accuracy is 99.58% and the

minimum accuracy is 89.30%. Tables 1 and 2 in the Appendix depict the

manual and automatic width measurement accuracy on different cross-
sections in an image. ‘ |

20 Herein new and efficient techniques for blood vessel width

measurement including retinal central reflex detection are described. This

approach is a robust estimator of vessel width in the presence of low contrast

and noise. The results obtained are significant and the detected width can be

directly used in CRAE and CRVE measurements. Further, the method can

25 be used to measure different parameters such as vessel nicking, narrowing,

branching coefficients, etc. to predict or diagnose A‘disease.
Advantageously, embodiments of the present invention provide an

automatic analysis of retinal vasculature and an efficient and low cost
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approach for an indication prediction or diagnosis of a disease or condition.
The disease or condition may include cardiovascular disease, cardiovascular
risk, diabetes and hypertension and/or a predisposition thereto.

Significantly, the present invention overcomes the problems posed by

5 the central reflex in conventional vessel detection and vessel width
measurement techniques.

Another advantage of the invention is that computationally expensive
pre-defined masks are not required. The use of edge and centreline
information for width measurement is very accurate and efficient.

10 The present invention provides automatic OD area detection, OD
centre and radius computation, vessel tracing through vessel edges and
centrelines, vessel calibre or cross-sectional width measurements and vessel
central reflex tracing and detection.

Throughout the specification the aim has been to describe the

15 preferred embodiments of the invention without limiting the invention to any
one embodiment or specific collection of features. It will therefore be
appreciated by those of skill in the art that, in light of the instant disclosure,
various modifications and changes can be made in the particular
embodiments exemplified without departing from the scope of the present

20 invention.

All computer programs, algorithmé, patent and scientific literature

referred to herein is incorporated herein by reference.
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APPENDIX

TABLE |
MEASURING THE ACCURACY OF THE AUTOMATIC WIDTH
5 MEASUREMENT

Cross- | Centreline Detected width end points Auto Error | Accuracy
section | pixel width (%) (%)
Xe Ye | X Y4 Xz Y, (A) AN

1 1683 | 1500 | 1691 | 1509 | 1680 | 1495 | 17.805 |9.01 |90.99

2 1434 | 855 | 853 |1436 |859 |1432 |7.211 14.52 | 85.48

3 2055 |629 |2068 |632 |[2046 |628 |22.361 |0.86 |99.14

4 1859 |[519 | 1871 | 519 | 1850 (520 |21.024 |2.50 |97.50

5 2259 |815 |2259 |811 2259 | 824 |13 0.54 |99.46

6 2350 | 1077|2350 | 1070 | 2350 |1084 |14 12.39 | 87.61

7 2233 | 13172239 | 1314 | 2239 |1322 |11.314 [6.51 |93.49

8 2180 |1435(2189 | 1431 | 2172 - | 1440 | 19.235 |4.61 |95.39

9 1618 | 1331|1335 | 1623 | 1330 | 1617 |7.81025 | 10.46 | 89.54

10 1475 | 1164|1169 | 1479 | 1162 | 1474 | 8.6023 | 16.80 | 83.20

11 2045 | 1451|2054 | 1452 | 2042 | 1452 |12 9.24 |90.76

12 1443 | 1000|999 | 1446 | 1004 | 1440 |7.81025|8.77 |91.23
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CLAIMS 1. A nethod for detecting an optic disc in a retinal imge broadly
i ncluding the steps of: anal yzi ng an i mage hi stogram of the
retinal iwagelm2materm ne S5intensity |evels; analPgTiAugotole1110
determned intensity levels to determne a threshold intensity for

potential optic disc regions; determ ningghe nunber of pixels for each
potential optic disc regi on; and 1Ocal cul ating the centre of each potenti al

R e L
wherein the de@éé@&éido&’bﬁéyé DiseHselen M’éla?'P’é%bﬁe e Smgapbrs MHI _IyﬁlEyéIOt IC

disc region is performed using a regi on grow ng 15techni que. he” net hod
of claim1l or c$fudm(S|MES)"e®phllhh&m@eﬁmdeml(bl@gy 04f0|t114€(1);é3ﬁm35020@§ch

A method for . maaCLPTae §adien Br CofbeF ok Gtef 4 Sl e

20i ncl udi ng themﬁir&iéﬁsc@far abnormaﬁiﬁs&érﬁﬂ incitind stoké: Frl’fwath@rosv‘lergs&diskﬂh
magni tude and intensity profile in the retinal inage to identify one or

more boundary proremuniiesAtudy. tanceh 2P SR8 Hbt enti al vessel edge
start pixel; [21], Weng qu{%réme’ﬁ'l "8 ?(Ié’haht §h§r%tt°ARa Kl‘éﬁ?%E eggealfrom

the identified 5not e undary a veéssel
fromthe deter rmueﬁhtatw tetinakednulai aszguber aa@ rlslnog:ravmongsctmm’rdm@aseun ahidar

measuring the vessel calibre fromthe ed v t hod
of claim4 furtRFEONsiciheragdiovasculappealt g g 'Pquﬁaﬁ$%20§@r1gE§§rE%g
noi se andjpackgyqyynd edges. 6. The et hod of claim4 or claim5 further

including he step of edge length threshol ding for renoving noise and
background edgd22] Ngayei T‘ITHAIalmgtJibdslafn &M, Mitehelf PcTappsRd, ¢toalc Retindler

N e o B SRR GuSe A oA e ol el Tt ybbSfi BarBil o,
7 further incluslidsy 4 IFé8Iefausdiab) study. Diabetes 2008;57:536-539.
[23] Wang JJ, Rochtchina E, Liew G, Tan AG, Wong TY, et al.: The long-
15 term relation among retinal arteriolar narrowing, blood pressure, and incident
severe hypertension. Am J Epidemiol 2008 Jul 1;168(1):80-8
[24] Klein R, Klein BE, Moss SE, Wong TY: Retinal vessel caliber and
microvascular and macrovascular disease in type 2 diabetes: Xxi: The
wisconsin epidemiologic study of diabetic retinopathy. Ophthalmology
20 2007;114:1884-1892.



5 calculating a vessel centreline fromthe mapped vessel edges wherein the
cal cul ated vessel centerline is used with the napped vessel edge to neasure
t he vessevocalvi3es3 9. The nethod of any one of cl aiPeE/AM209/@1Mber ei n
the start pixel of the vessel edge is determ ned by selecting a pixel from
the zone B area which is 10part of a patt n. 10. The nethod of claim?9
wherein the pattern conprises the start pixel is greater than or equal to
two nei ghbouring pi xels which are al so gﬁiﬂﬁﬁi than or equal to their other
nei ghbours. 11. The nmethod of any o laims 4 to 10 wherein the

meppi ng of a 15yesseh fdffdvd forPBEfRliAg tarl optie! &St iRY%a FeliRAIS imagd Bréadgur i ng

rows and/or colums which also satisfy a criteria to generate a boundary
pi xel list. 12nclidingtbetstepodfany one of clains 4 to 11 wherein the

mappi ng of a vessel edqge.conpri.ses deternining,an profile l.ecting
one or nore pixel o Yﬂng{%bémageﬂﬂﬁt%&?ﬂ‘to F'}(eelrgﬁ'?ag' ukoe c{é}(%rﬁﬁng
intensity feveliatendityfevEre method of any one of claims 4 to 12 wherein the
intensity levels are neasured in a green channel image. 14.The nethod of

any one of clains 4 anglyzngibe deterniped tinfensily Jevelsfo gdetermiae astweshplddge

is determ ned f. A el | sing the gradi ent nmagni tude and
intensity profi'f‘%msggi%}.)'%#gﬂﬁéltwg@xﬁc}c gﬁé%éjrm of clains 4 to 14 wherein the
start pixel of a vesggtbrmpimytheatlgnbésofdsikels foreath patantidleoptidgiisregion; e

whi ch shows opposite intensity levels than the first edge wthin the sane
direction. 16.aMhe net hod of any one of clainms 4 to 15 wherein the

detect] on@f Ol 00d Mefcfibfing graég’%mgf@rde% %g%ﬁetiaggﬁgcrdi'é@r@gﬂéﬁ rdrAthal ave

whi ch 30consi ders the rst e and second rnation” and a specific
di stance of thenwadber of pixelspin each pofential bpticeisvoregidn tmyhereby detedtdhes 4

to 16 wherein the calculation of the 49 vessel centreline is perfornmed by
groupi ng the edRRIE 98¢ each vessel. 18. The nethod of any one of clains 4

to 17 wherein the mﬁ%élh?é’fﬁa{u o?fcléill?le? Vietein tha! ddtefininatiB 'of WeMUnbErg a

mask. whi ch considers a vessel centreline pixel as the centre and determn nes

.

edge pi xel s andpikéls for eachrpaténtialaphic dikpregionds pedorracbusing acegjen growingpai r s
from whi C%]St he t\ém'c ﬁiﬁugf t he
3. The method of claim 1 or claim 2 wherein the calculation of the center
of each potential optic disc region is performed using a Hough
transformation.
4, A method for measuring vessel calibre in a retinal image broadly
20 including the steps of:
determining a distribution of gradient magnitude and intensity profile in
the retinal image to identify one or more boundary pixels of zone B area
which can be potential vessel edge start pixel;
determining a start pixel of a vessel edge from the identified one or
25 more boundary pixels;
mapping a vessel edge from the determined start pixel using a region
growing technique; and
measuring the vessel calibre from the mapped vessel edges.
5. The method of claim 4 further including the step of edge profiling for
30 removing noise and background edges.
6. The method of claim 4 or claim 5 further including the step of edge

length thresholding for removing noise and background edges.



cross-section is calculated. 19. A nmethod for neasuring a vessel central
reflex including the steps of: determning a distribution of gradient
magni t udewvardivne®asity profile in the retinal inmage toPC@ai2pfyoodbrie or
nore boundary pixels; 10determ ning a start pixel of a vessel central
reflex fromthe identified one or nore boygdary pixels; mappi ng a
vessel central reflex edge fromthe determned start pixel using a region

growi ng techni que; termning.if the vessel niral, refl ex.is. continuous;
15cal cul ati ng g}{vesgﬁl‘e Hb%{{‘]?%gf ?BYIOQQ_%f&i?'mgﬁ%%fngﬂﬂ W@E‘rqérlﬂa@(? %}8830 I
central reflex gMingdile based ERARIGUED idEtify anafdr detinkerindividel exssarn
width fromthe napped vessel central reflex edge and cal cul ated vessel

centreline to tedgasby detect the vessel central reflex. 2020. The nethod of

other edge of e coftd arehed PLahfaneinr TtEr o L tftbe! RelRh fishitp i 1,
19 or clais 20 ydiculgiiny atveeseksitrelinetffism aRanigppadeiessel Baged wvharéinithe 15

pi xel s and/or 75 mcrons of the central reflex boundary pixel. 2522. The
met hod of any o¥cWated yessel1centeripe ighased nwithethee praspegr ¥apsR) @999 e

central reflex %gg%b%gfyeq,feg%%pcaqiﬁéeri on if the gradient magnitude is
0 0 e's

within the range o art pixel if the value is |ower than the
cur;I ent \égl ue. 9. Thethethod ofrany ene of aiimsn4otodlwberainitide starppikelrofthegr am
pr oduct conpri si ng: , a co t er usabl e nedi um and copput er . readabl e
program code en%&?g%dgﬁ\'sgﬁt%fnﬂﬂggg‘yé@%'ﬁﬁIaé)'ﬁggfwrf%@% AeR Whidy's
recei vi ngq@ SOUIFéﬁ bPalhattBRge, the conputer readable code conprising: . .
conput er readable proé)r am code devices (i) configured to cause the conputer
to anal yse an ithge Themethadhobdlainh@ wheréindhe pattgen camprises thierstéart pixehisi t y

| evels; " 5comput et 1 eadabl e B 9% Ab G2 EITHRS Sicid Which oL A48 §datg: fakse
or equal to their other neighbours.
11.  The method of any one of claims 4 to 10 wherein the mapping of a

15 vessel edge is performed by selecting pixels in neighbouring rows and/or
columns which also satisfy a criteria to generate a boundary pixel list.

12. The method of any one of claims 4 to 11 wherein the mapping of a
vessel edge comprises determining an edge profile by selecting one or more
pixel on both sides of the start pixels to measure their intensity levels.

20 13.  The method of any one of claims 4 to 12 wherein the intensity levels
are measured in a green channel image.

14. The method of any one of claims 4‘to 13 wherein the start pixel of a
vessel second edge is determined from the boundary pixel list using the
gradient magnitude and intensity profile.

25 15. The method of any one of claims 4 to 14 wherein the start pixel of a
vessel second edge is determined from the edge profile which shows
opposite intensity levels than the first edge within the same direction.

16. The method of any one of claims 4 to 15 wherein the detection of
blood vessels is performed by adopting a rule based technique which

30 considers the first edge and second edge combination and a specific
distance of the edge start points.

17.  The method of any one of claims 4 to 16 wherein the calculation of the



conputer to analyse the determned intensity levels to determne a
threshold intensity for potential optic disc regions; conput er

r eadabl e Woagra2®wdde devices (iii) configured to causePCRAWZOMWNIIES toO
determ ne the nunber of pixels for each potential optic disc 10regi on; and
conput er readabl e program code devices (iyg configured to cause the
conputer to calculate the centre of each potential optic disc region from

th nb f pixels i h_potential optic. di iQn to th det ect
the optic di sc veesshoenraing s pariomed by dinbEingdls cdopsdPrpRe sttty i n
conput er progr afg.codehélgidtit@Poldry dnoNaings4 fo 1EEhereid timeastRhentare.

25. The conputer program product "of claim 23 or claim?24 wherein conputer
program code debeceassel eplibreyiscpenierimed asingughmasisydtieh raensisiers a vessel 26,

2 computer Usatiel AU el 28 e sE B A LB aT BB s TR
said conpuser Ussth €ddge pixentd genekitsigtigedpinel paies fronnwhictr tHe witdth iofdbe, t he

conput er readabl e code conprising: conputer readabl e program code devices
(i) configured &reseaastion iscaloatednput er to determine a distribution of

gradi ent magni tygle | i i | i i i ify
one or nore boutlgdjarf/}&' &é}ﬁ{;gﬂ%{ﬁ %'%ﬁ](;ri?@ %?%%%&E?@ﬁélggﬂéﬁgc%h%%@@%ggeI
edgfe staréI pi xel ; determiningadistribzition @fgreddient pragnitaide aondéntdasitycrsfilgiin)
configured to cause_ the conputer (o determne a start. pixel of a vessel
edge fromthe itgﬁrﬁﬁ'%@@agﬁéo&}t'_f}‘rﬁpﬁ %&W&at?%}”lﬁf%%,&s' conput er
readabl e g 00ram coqegfifinitPa stdrt pixePof & HERH ceAtraPHTRX ffn BRRIEified 0. MEP
a vessel edge fromthe determned start pixel using a 51 region grow ng

t echni que; and one or mooerpotusdanyqrxiels] e program code devices (iv) configured

t th t t 0. th I |l i.bre. f t h d. I
edges.  27. The comlIpBPNGRbesse! prliencr sdda s e dremanedsigiridly s

conput er r eadahighghegRM gredfhdiR¢hARRief Vii) configured to cause the
conputer to apply @ rule based technique to identify and/or define

i ndi vi dual vessel s' deiguginingifthervesssdspotrakrefeydsy eentinuewsct of claim 26 or

cont i gur elPto 10" cApienefit EFRH Eenbr eIt G 8ME TttER b eERrt b
the mapped vessgintiefesfexéjeciandt he cal cul ated vessel centerline is used

wi th the mapped vessel edge to neasure the vessel calibre.
measuring the vessel central reflex mean width from the mapped

vessel central reflex edge and calculated vessel centreline to thereby detect
the vessel central reflex.

20 20. The method of claim 19 wherein once a central reflex boundary pixel
is determined, the other edge of the centrél reflex may be determined.

21.  The method of claim 19 or claim 20 wherein other edge of the central
reflex may be within 15 pixels and/or 75 microns of the central reflex '
boundary pixel.

25 22. The method of any one of claims 19 to 21 wherein the region growing
of the central reflex includes a stop criterion if the gradient magnitude is
within the range of 60% of the start pixel if the value is lower than the current
value.

23. A computer program product said computer program product

30 comprising:

a computer usable medium and computer readable program code

embodied on said computer usable medium for obtaining or receiving a



29. A conputer program product said conputer program product corn prising:
15a conputer usabl e nmedi um and conputer readabl e program code enbodi ed on
sai d conplOep1easBe nedi um for obtaining or receiving ECTeatUzawyooirtge, the
conput er readabl e code conpri sing: conput er readabl e program code
devices (i) configured to cause the conpuiggr to determine a distribution of
gradi ent magnitude and intensity 20profile in the retinal inage to identify

one or nore boundary pixels; co t.er _readabl e.pr.ogram code devi ces
(ii) configur edeﬁ%aldﬁ'%gg' h?ec%'B_Prﬂt.?{é?gf?%blaé’f)g?rﬁoﬁém?"gq'art pi xel of a
vessel central refl epnipar idiabiepidgramtodeaeicasql)onfyikY to dauselthe
conput er readabl e program code devices (iii) configured to cause the

25conput er to re@nputeetnsanalyseapdmagerhistegetiyofthe retingd image todatarminer ¢

pi xel using a r.eqi [ oW.ng techni que; conput er readabl e program
code devi ces (i'\?‘%@@ﬁ%\%ﬁgfed to cause the conputer to determine if the

vessel cergral refl e@omputepidadableisrogeamiezstiedevivad i) configasdin caude thkevi ces
(v) configured to cause the SOCorH)uter to calculate a vessel central reflex

centreline frofortasigrnalyseibedeterminad intensiuevelsdo daleamingipireshold
readabl e progr%ﬁggaﬁfp\gtg@%*g&%@\%% ed to cause the 52 conputer to

nmeasure the vesse ﬁ‘] fromthe mapped vessel central
refl ex edge and cal conhgiddr reasiable pregtamicode devicel€iiiptonfitetredto ddusetes sel

central reflex. 30. The ¢ ut er, program praduct, of cJaim 29 further
conpri si ng 5ScofPMRer B%\E’ﬁfﬁ" NG (Sﬁgé?h‘?@%éﬁd@&élléé?r F?Pi‘iﬁoq]%%qﬁli%'Fe‘ﬁs?o
cause them:orrpqéﬁgnt Qngeterm' ne the other edge of the central reflex.. .31.

An appar atus or chine for performng the methods according to any one of
clains 1 to 22. computer readable program code devices (iv) configured to cause the

computer to calculate the centre of each potential optic disc region from the
number of pixels in each potential optic disc region to thereby detect the
optic disc.
16 24.  The computer program product of claim 23 wherein computer program
code devices (iii) comprise a region growing technique.
25. The computer program product of claim 23 or claim 24 wherein
computer program code devices (iv) may cpmprise a Hough transformation.
26. A computer program product said computer program product
20 comprising:
a computer usable medium and computer readable program code
- embodied on said computer usable medium for obtaining or receiving a
retinal image, the computer readable code comprising:
computer readable program code devices (i) configured to cause the
25 computer to determine a distribution of gradient magnitude and intensity
profile in the retinal image to identify one or more boundary pixels of zone B
area which can be potential vessel edge start pixel;
computer readable program code devices (ii) configured to cause the
computer to determine a start pixel of a vessel edge from the identified one
30 or more boundary pixels; ,
computer readable program code devices (iii) configured to cause the

computer to map a vessel edge from the determined start pixel using a



WO 2011/022783 PCT/AU2010/001110

10

15

20

25

30

51

region growing technique; and

computer readable program code devices (iv) configured to cause the
computer to measure the vessel calibre from the mapped vessel edges.
27. The computer program product of claim 26 further comprising
computer readable program code devices (vii) configured to cause the
computer to apply a rule based technique to identify and/or define individual
vessels’ edges.
28. The computer program product of claim 26 or claim 27 further

comprising computer readable program code devices (viii) configured to

cause the computer to calculate a vessel centreline from the mapped vessel /i

edges wherein the calculated vessel centerline is used with the mapped
vessel edge to measure the vessel calibre.

29. A computer program product said computer program product
comprising:

a computer usable medium and computer readable program code
embodied on said computer usable medium for obtaining or receiving a
retinal image, the computer readable code comprising:

computer readable program code devices (i) configured to cause the
computer to determine a distribution of gradient magnitude and intensity
profile in the retinal image to identify one or more boundary pixels;

computer readable program code devices (ii) configured to cause the
computer to determine a start pixel of a vessel central reflex from the
identified one or more boundary pixels;

computer readable program code devices (iii) configured to cause the
computer to map a vessel central reflex edge from the determined start pixel
using a region growing technique;

computer readable program code devices (iv) configured to cause the
computer to determine if the vessel central reflex is continuous;

computer readable program code devices (v) configured to cause the
computer to calculate a vessel central reflex centreline from the mapped
vessel central reflex edge; and

computer readable program code devices (vi) configured to cause the
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computer to measure the vessel central reflex mean width from the mapped

vessel central reflex edge and calculated vessel centreline to thereby detect

the vessel central reflex.

30. The computer program product of claim 29 further comprising
5 computer readable program code devices (viii) configured to cause the

computer to determine the other edge of the central reflex.

31.  Anapparatus or machine for performing the methods according to any

one of claims 1 to 22.



