1 A Method and System of Determning a Grade of Nucl ear Cataract Field of
the invention 5 The present invention relates to a nethod and system for

det er mi niwgQ 2811gnede of cataract in a slit-lanp i nage. TireT/veRtodoead syst em
is preferably used to determ ne the grade of nucl ear cataract. Background
of the Invention 10 The nunber of blind people worldw de is projected to

reach 76 mllion by the year 2020 [1]. Statistics have shown that cataract
causes half of the blindness thro hout the vvorld Sorre possr bIe risk
factors for cafdieltpdand-pysiganef Batesmining acarage; Gl atarack there is

no confirmed nmethod to pr event cat ar act 15 formati on. However, nearly
normal visual function can be restored by cataract surgery with the use of
an i nt r accieldof therisverfimnpr event vi sion | oss, accurate diagnosis and tinely
treatment of scataract are essential. Cataract is the clouding or opacity of
the lens inside the eye. The first sign of 20 cataract is usually a | oss of
claritsy oth®lprsddrtGnveitRherefits th L mdtRoA atrMpﬁ%té’rfn r%geetélnﬂgﬁg ég?éué e)
cataract, nanely the nuclear cataract, corticadl cataract an osterior
subcaps ul of catarantar ta slitHewe magaje'lfhmetetbgd taimeli systémniscrrieferpplyausettts, f or

exanpl e th at f the opacities of the lens inside the eyes. Nucl ear
cat ar act Fﬁﬁﬁpthg a@%ﬁﬁgpcggrgﬂgngghs of the eye, cortical cataract
forms in the 25 lens cortex of the eye whereas posterior subcapsul ar
cataract begins at the back of the lens of the eye. Nuclear cataract is the
nost conMmBiciirBlAd bhthd IMveRtibyPes of cataract. Cdinically, nuclear cataract
i s diagnosed via STTt-Tanp assessnent where a grade is assigned to provide
a quadtitative record of cataract severity by conparing the slit-lanp i nage

agai nst s QThese Irn cal cl.a srfrcatr t.hod ape

S0 ot i v EREARLAE " Bifid PRABRSSnbiivics R, ofuchan & Bash il zultBh bt
popul at i oyet20B0 [1]AStaHISHES %adea@ramr thAfcatarabeshusad ABAS tHE iDNBdAEsd - | amp
i mges has been investigated by several research groups. The Wsconsin

group [2 thregghnussbe werisl. Serme @ossiblenrisk faciersSon patasaticdevelopmenth@ee on t he
i I t t t
Uhe ant or Pien 38588 LR 8 4UP iR S0 e, dofihel elFOBRE it ceforpet e

regr essi ofmrmatroauHormtver; gzt normodl visgdlefanction eansbe redtbeed brcatilkt ns
group [4] propose &%t met hod which anal yzes the intensity profile on the

vi sual ax?‘é’gﬁ P§et r @B ipEae 61%‘"s lensank preyend Yiﬁ'@ﬂe'é’rss nBasUTgiay

level , Srigﬁhﬁé’i%a%rdﬂrﬁél RFé%ttﬁfe'n?bf EQta?éct relddeRfi@ 1| € and the fractional
resi dual east-saluare : neural network is then trained using 10
these features to determne the grade of nucl ear opacification. Both the

t udi d W t he John Ho

i1 e {HBPAG 8 YRSHHE i osrva ERREr dBeH B e ol i BT S1OM B | ons
nucl exp | éatrasaal ib Yuswady oz Ribsi 6f BRSNS bt rbnﬁﬁhlc_;drmaré)%ré tﬁfeélﬁrauﬁaypé@bfir act .
The inventors thensel ves have al so previ ous roposed a net hod for

aut omat | cage-sejatast esepfle) sataradte apMEN éhetaucipgr caaramcertmktca@cra@ antk

contour o v ento \V/ v a zed the
whol e | enéoéﬁggg ga aeolgﬂ Y%ac%'t%rn% erdtée%nél}%l (feeﬁ'slég @a Er é'ﬁ’géﬁé Bgﬁr 55t this
resul ts iforaxaniie ahe %@tmeﬁfsmnbpad\bé@of)fhé lenspireido tse ayesliRgcipar f or ned

by the Wsconsin group, the John Ho Ki ns grou or even the I nventors
t hensel veSAtRERCt fREns hihejeeniar gt mﬁg ensqf|the gyeakpical sataractipeas inithe.
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cat aract baclkaof ¢t lemmagkthe eye. Nuclear cataract is the most common among the

three types of cataract. Clinically, nuclear cataract is diagnosed via slit-lamp
assessment where a grade is assigned to provide a quantitative record of
cataract severity by comparing the slit-lamp image against standard photos.
30 These clinical classification methods are subjective and are also time-

consuming especially when used for a population study.



In general ternms, the present invention proposes defining a contour of a

| ens structure in the image which conprises a segnent around a boundary of
a nucl euswofzotiesdsens structure. This contour can then PeTES2eD9f000297
determning the 30 grade of nuclear cataract in the inage. Such a contour
Is preferable as the 3 nucleus regron Is usually the only region in which
nucl ear cataract is normally assessed. -Specrfrcally a first aspect of the
present invention is a nethod for determning a 5 grade of nuclear cataract
in a testAutpmatic dirgnasiho ocoeleer scatgradieusingpslihmp limageef has nigeen

cont our 0 t he te the defin contour of the
| ens Struby@et@%@%ﬂ%&qs;eﬁ/ géla{eg r?grﬂrogﬁautlae %%ﬁﬂﬁﬁ@%ﬁg‘nﬁc‘mﬂgs t he
| ens st r ugtméttiod (Whigh exttarca@tarrwomw whrestdresor e VRsh lamgeewe%@n the
defined contour of the |lens structure in the test image; and (1lc)

det er ni ni $iYC¥HEtensity ane the inigpsihyratiapehueen the eRtericssand pagferibakemil on t he
ly b
i ARG e e

expressed as a conput e SYyS

syst em mescidresisnt Ege albdad Mpplklna grédp (vpropoked carithidd AhicH hhaly2sP tharages.

The invention. nma S ressed as a conputer program product such as
one recor'GENSHY érq?!ﬁn b?iﬁit%’?s Yl @rasknthiesi fegtyiesgmame! Mstheict i ons
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Description of the res An e e invention'w now be
i |l ust ratfealctfamal r¢mdlsaik©° tbe IeasmsnbearerﬂtyAmetUnalr eétevoek cethem traieetialdimyi ng
dravu s a flao of a t hod 100

whi ch1 per I&Eﬁﬁhﬁtﬁ"%ﬁr %Hﬁﬁfﬁ‘"gﬁ g?ﬁ HE?J(J%SO n'ﬂl‘é ﬁﬁr OB%?‘g?%l ag??torchrﬂaﬁ ﬁﬁﬂf%s an
enbodi Wenperﬁrniélﬁb?@ﬁéW%&bnérﬁV@Bbb%d frize o kﬂr%ogr%eespdm?'uﬁﬁzéttr?é)s 102

- 108 and 112 - Fi g. | lustrates a flow di agram of sub-steps
102a - 10@@“61‘353@@;?*@0\28@&1 ﬁnlehwbem die mhplelgrea of the lefs qucteus is

e R N L T e e D Ly
30100 of fhemselves have also previously proposed a method for automatic diagnosis of
15 nuclear cataract [5 — 6] which exiracts the contour of the lens. However, the
| inventors have previously analyzed the whole lens area rather than only the
nucleus area and have found that this results in an inaccurate assessment.
None of the previous studies performed by the Wisconsin group, the }John
Hopkins group or even the inventors themselves has been validated using a

20  large amount of clinical data.

Summary of the invention

The present invention aims to provide a new and useful automatic method and

25  systemfor determining a grade of nuclear cataract in a test image.

In general terms, the present invention proposes defining a contour of a lens
structure in the image which comprises a segment around a boundary of a
nucleus of the lens structure. This contour can then be used for determining the

30 grade of nuclear cataract in the image. Such a contour is preferable as the



4 Fig. 4 illustrates | andmark points on a shape nodel describing a

| ens structure in an imge; Fig. 5 illustrates a flow di agram of

sub- st epswOQ@dti023434bi i of sub-step 104b of step 104 of merisedo@®@020f Fig.
1, S5Fig. 6 illustrates results of steps 102 to 104 of nethod 100; and

Fig. 7 illustrates the differences between the results of nmethod 100 and
the gradi ng perfornmed by a clinical gréﬁer. Detai |l ed Description of the
Enbodi ments 10Referring to Fig. 1, the steps are illustrated of a method
100 whi chniglels regigndisnesiallyithemnly regient ini whisht nugiearagatavarit dd nesmaldy ns an
automatic g of nuclear cataract. By the word "automatic", it is meant
that once initirated by a user, the entire process in the present enbodi nent
is run without human intervention. Alternatively, the enbodi nents nay be
performed in a sem - 15automatic manner, that is, with mninml human

i nt er vent Bpacifitaly, st abPedthst tiBtphesertQRvésioh B hRShéY fdrditdiniging 4t -1 anp
i mges_and test slit- |anp i mages. Method 100 conprises two phases:™ the
trai ning BresseotBUPleRE catprattdpsa 1est images tha dnethedtcampriring s stepsnpt: i si ng

syes. For (Rl p kA ore 1o lRlTAEE RO e teiaboh e

subj ect) ef theolinai steutturtr edmprigingreagegnisnt ans@sd bnbdditidry af 3 Adcleligaee. | n
the trainjng phase, step 2 is first performed to localize the lens in
each of tH¥ tansi sitgfurereJed exir@cting Jeprires fraan thadgshimage pased amitke i s
per f or mned4ten ' h ~ : ' :
training Fﬁag%cgEbHN@g I’eﬁgffée)pnit r%(g%r%u%eﬁfthrgﬁé%ﬁ%é%ﬁngﬁB? g%‘?@i‘“{? Ir?ﬁ?n each
of th¥0 t r gradengf nueigascaiasad inthe hest debgedrhseanen e axtrasted deatumy and st ep
104. Step_108.is thgnl performed to train a Support Vector Machine (SVM
based on PHE3QPBMLIRlY features from step 106 to obtain a 30 grading nodel .
5 Test inmages are used in the testing phase. For each test inmage, steps
112, 114 and 116 are respectively performed to localize the lens in the

i mage, defhpeidagtiban L 0 ' e J.mag features
fromthe irrag:aﬁ\)%ageﬁ @na%t ﬁ!@@tﬁﬁgﬁ%}ee%(pg{grst&?t t?lrsg% cgﬁﬁ'@%’ﬁx%&%%nubﬁgt eps .
in steps pédornibg such Bl éedhad.e Thisecompaterssydiems maysbepatagnatetenith 192, 104
and 106 respectively. Next., . a SVM prediction is performed using the

ot r abt edAPUER L CAPERBSTbIATIR AMagRS. (. QIR0 TR ALTO BLSPHEERat 8% st op
108 to obpaédmputdr Fah selcOfsudieat &stle ré@H88d V=St '

quantitative i ﬁdi c;*??g'n ofﬁt%he severity ofe nucl ear cat araléfg?diléné(;[?ﬂgut]eéns of
the test Magiem, containing program instructions operable by a computer system to

perform the steps of the method.

20 Brief Description of the Figures

An embodiment of the invention will now be illustrated for the sake of example
only with reference to the following drawings, in which:
Fig. 1 iliustrates a flow diagram of a method 100 which performs an
automatic grading of nuclear cataract according to an embodiment of the
25  present invention, the method 100 comprising steps 102 — 108 and 112 — 118.
Fig. 2 illustrates a flow diagram of sub-steps 102a — 102d of step 102 of
method 100 of Fig. 1; '
Fig. 3 illustrates horizontal and vertical lines in an image whereby the
profiles of these horizontal and vertical lines are analyzed in step 102 of method
30 100 of Fig. 1;



10 Trai ning Phase Step 102: Lens localization in training inmges Step
102 localizes the lens in each slit-lanp training inage. Referring to Fig.
2, 15 theweubtigesps of step 102 are shown. When one obsecTss2e09900207 | anp

i mge, one can usually see the corneal bow as the leftnost (for right eye)
or rightnost (for left eye) bright vertical curve in the inage whereas the
lens is usually the largest part in t hé f oreground whi ch 20 occupi es
approxi mately 20%to 30% of an entire slit-lanp inmage. Furthernore, the

| ens usual | y apiiead dllusiratee lardmark peint$)@n Aegfeare mosigh-dasepbingra, leas

t hreshol d_j I LS . .segment the brightest 20%to 30% of the pixels in
the grey 5@8{5‘%% ?ﬁi'%?blgtl anp imge to segnent the foreground. The
brightest pixelFig.a8 dlusitratdssa lfow Giadgrae 6f slitestepsr By4bieveababrlofeubeplext, a
| ocal i zatign scheme is perforned on the foreground of the inmage segnented
in sub-st é94@@i§t%1%@§mez@oq ABO0& 4. Hhe | ocal i zati on scheme conpri ses

sub-steps 102D rig Wflstafesilt 6f 8801 488000 atiibinbd o zontal |1 nes
in the image is Tirst obtained. The B uralrty o nes conprises a nedian
hori zontal | i n€&igndilfustratds thesdiffarerides| bétvekhetheadsalts bdbmethotiad0d ang. A
hori zontal profjle clustering i.s.then perforned in which 6 the horizontal
profiles ﬁmggﬁﬁkﬂﬁH@ﬁﬁﬂﬂ?ﬁhy%bWVﬁ%ﬂﬁﬁ?géﬁne of the image and the four |ines
parallel to the nedian horizontal |line are analyzed. A profile through a
line is defined as the intensity profile of the inmage through the line. In
Fig. 3, tetaistl Bastrptionefithe Bmbediteds ed as |ine A and the four |ines

ar al I i ne WO 5 .aboye Iine and. two, below |i,n are shown. For
gach k ri %erﬁ?rzﬁ'lngp@)oﬁ'geﬂ’ 56%3?3?? e @uﬁg?t@gr fb Q?%{/h?ﬂe‘?%@al\‘f’l?'fiﬁd'so?nt he
| ar gest clensiRiimieht BEHHRY pielBAt inVBRtGRrArdPWhith S&fsreiah autdmbhe gradagcent er
is estinated as the nean of the horizontal coordinates of the centrorlds

det er mi ne@f Nueleancatasart Gt the werdf lautematiele itiameantdhappres initiatedHy aar gest
cluster Tolepal AR Lobsed  ShECihesBoP SubBBabef UShE] iife, Adhmbhe

| ocal i zation'’s Ust'er Size Tor eac ori1z
det er m nedhtandntiba. Kitaraginiedy, thearehisodiafentdemhense | serfrimatti®da aserhne nean
of the_cluster size of the horizontal profiles. In sub-step 102c, a
pl ur al?t y agtorpatic magner, thatis; with mainjmalumandntestendi®hai ned. The 15
plurality of vertical lines conprises a vertical |ine through the estinmated
hori zontal coordinate of the |l ens center obtained from sub-step 102b and
four |inedheanpli teltheanethios VY isi a atries oetraibingslitHamip iprarfad andtasétsht-i ng i s
then performed on th | | . In Fig. 3, the vertical |ine through the
esti mat ed HOPITBAES! VETR1 UG FaTBIISER P ARG Es i rAIENORRASSLUTPITAG B and
i's shown %%Bm@ﬁ —W%Gé"ahBQ?%@eit%[};%ﬁé%telépﬁ%%inbeééebé’1'12”—9138.()‘6\14%9%"{-“3

an o} i ne .

| eft of line d two on erig imlarly, for eac

verti @8l paropiimages|aret ebipingdifromcdifferant eysad Foheveansulgjedt, dwotsid-lampgest

cst' mat ed Ta0Re LB AN SR bt BB R AIPEL BEbBotha  or the verti ca
profiles. The cluster size is also determ ned for each vertical profile and

the vertical = . - .
Training images are used in the training phase. In the training phase, step 102

is first performed to localize the lens in each of the training images and this is
25  followed by step 104 which is performed to define the contour of the lens
structure in each of the training images. Next, step 106 is performed to extract
features from each of the training images based on the defined lens structure
contour in step 104. Step 108 is then performed to train a Support Vector
Machine (SVM) based on the extracted features from step 106 to obtain a

30 grading model.



25 dianeter of the lens is estimated as the nmean of the cluster size for
the vertical profiles. The coordinates of the estinated | ens center (also
referred wo 2asl/2bs51| ocal i zati on center) obtai ned using fabsseeP®o@92b and
102c are denoted as (Lx, Ly) where 30 Lx, Ly are the horizontal and
vertical coordinates of the estinmated Iens center respectively. in sub-step
102d, the lens is then estimated as an 2l |ipse centered on the |ocalization
center with horizontal and vertical dianeters equal to the 7 estinmated
hori zont arreahinnagﬁstarealsadi iartbedesting phase | forseautht tishirdage, steps éﬂép§1402b

d 102 | | f the | t .St
104 Lons 208,18 tredesareiely BRFpiThg & foiar Ahh i ing e s detpe b che
contour ofeddh&rh@i® Sdrt8GE W thel mﬂbé bﬁd%b&}awséam%éi%hn% Pdade ’b‘é%ed
obt ai ni ng antgm nt distribution no in sub-step 104a and then

appl yi ng @nnipgidefiegd ens S"@U@HERJQOINM@I Tloe\swp sﬁ%mwdst[evr: 112, SUB-ankp1604b.
Suo- SLeP B0de SAa 24 i LR Bl R PGS redfed e LR

obt ai ned I"earni ng pa varrabi It

correctl YSMMqiréﬁleﬁom i@ gesfopnddt iking &héMra@&delfémUtémfrbm Sfé’pt ane ws t hat
are consistent with the training set. In sub-step 104a, t ot al

38
| andrar k § Gfading madel obtained from sfep 108 te oh@m@@raﬁ@ feégéph@ét%éesg hape
of a lens 6] ,
t he cont ourggééthe F;Ebﬁdsé ﬁ{}‘i gﬁ@ﬁtlggg% ogélﬂnc udﬂh% ﬂﬁrlhg%%@gaé?téﬁaﬂpm nt
di stri butiinthenedslof #w t=sbimager Fig. 4. A sub-set of inages fromthe
trai nl{fg i mages are used as images in the training 20 set for sub-step
104a n sub-step 104a, the n = 38 |l andmark points are first iabeled
manual |y ofgihig; PRBges in the training set, formng a shape on each image
in the traning set. The shapes on the different images (referred to as the
training shapes) are then aligned to a conmon coordi nates system using a

t ransf or "Eﬁ;' oqgém ch !m n' m.zes. the sum of squared di stances between the 25
manual |y %&—.M.—&r?—‘é@?ém training shapes. Principal -
conponent 8gl12ilscalzebans IdR froeas s@tﬂlafmﬁtrai'm?ﬁﬁagé REfePENG BPRS 2,0
derive the PDM according to Equation (1) which describes the approxi mat ed

| ens $hapdhe ﬁﬁbﬁéﬁnﬁ(ﬁcﬁ’iew 1P2 axe $bA¥es t he nean shape of the aligned

trai ni ng shapes, b=(bi, b2,--bt)risavectorof shapeparaneters, 301:1) =
(c)"(1)2, 4:1),) E R2nxt is a set of eigenvectors correspondi ng to the

| ar gest t Whereownalabzenads 4 kiit-leovsirmage comatan usablly Beetthaicormgnl Hvapas. The
PDM i s

the leftmost (for right eye) or rightmost (for left eye) bright vertical curve in the
image whereas the lens is usually the largest part in the foreground which
20  occupies approximately 20% to 30% of an entire slit-lamp image. Furthermore,
the lens usually appears in the center of the image. In sﬁb-step 102a, a
threshold is first set to segment the brightest 20% to 30% of the pixeis in the
grey image of the slit-lamp image to segment the foreground. The brightest
pixels are pixels having the highest grey level values
25
Next, a localization scheme is performed on the foreground of the image
segmented in sub-step 102a to localize the lens. The localization scheme

comprises sub-steps 102b — 102d.

30 In sub-step 102b, a plurality of horizontal lines in the image is first obtained. The
plurality of lines comprises a median horizontal line and four lines paraliel to the

median horizontal line. A horizontal profile clustering is then performed in which



8 referred to as the initial shape nodel and is subsequently used in the
nodi fied ASMin sub-step 104b. x=.-i+crob(1l) 5 In sub-step 104a, ten imges
are used wo20h@2545ai ning set, n is set to 38 and t i s sS@CTISG2609(000297 t he
first 4 eigenvectors corresponding to the |largest 4 eigenval ues of the
covariance matrix of the training shapes are used in Equation (1) to
descri be the approxi mated | ens shape).GThese first 4 eigenvectors represent

10 90.5% of the total variance of the shapes in the training set.
Al t er nat i thel horizondalpreblas hrough fes median ihorizhetal diaenofnigesiotagenand ttee val ues

The' aSw riehater BatalR REfhs MUt FPudoninl i Bid el BiprBPdPRidTe shape
nodel onl jind B diired fatheintersiySiratiRndf thitifhageethtdjHineaine 3w Ery. 3TMee ASM
method is used to fit the sha?e nodel to a new imge to find the nodel ed

obj ect, i mediansherzantahiing \abelast as lipe &y andithefawer linas panayel totine Adiwe

defin b : ey | el rge t ' s the
space Hesird e S, B FRE oody FAETAFEre S8Rt Yo, FBCE RRRERATORET

t r ansf or ncibsteregrs pbﬁfoahep\e,\a%rmmaeec?mad béthewlgqyfest rmmeh miahrdéa@mdﬁéd.r 'le@g
according to Equation, (2 ere the shape nodel in e shape space and in
the i magenQ] a}‘J'i §°8F—5’r\%@2§d OB);F‘Q leng %en p@c?ﬁv@laye,‘} tafe e gpgARadkdhex, . v,)

denote t NRoRRRAl BoindtB€ d feCenridi™idieRindl RF thBehcilhfalBilfiled N the
shape space whereas the coordinates (tx,c enotes the position of the
shape nodéhe cembzmr ofrpikéle inthgdargest elus{arcios eachgadfiledig xeferrexstanad tkeos9
10 cluster size. In the localization scheme, the cluster size for each horizontal
profile is determined and the horizontal diameter of the lens is estimated as the

mean of the cluster size of the horizontal profiles.

In sub-step 102c, a plurality of vertical lines in the image is first obtained. The
15  plurality of vertical lines comprises a vertical line through the estimated
horizontal coordinate of the lens center obtained from sub-step 102b and four
lines parallel to this vertical line. A vertical profile clustering is then performed
on these lines. In Fig. 3, the vertical line through the estimated horizontal
coordinate of the lens center is labeled as line B and is shown together with the
20 four lines paraliel to line B (two on the left of line B and two on the right of line
B). Similarly, for each vertical profile, clustering is performed and the centroid of
the largest cluster is determined. The vertical coordinate of the lens center is
estimated to be the mean of the centroids determined for the vertical profiles.
The cluster size is also determined for each vertical profile and the vertical
25 diameter of the lens is estimated as the mean of the cluster size for the vertical

profiles.

The coordinates of the estimated lens center (aiso referred to as the localization
center) obtained using sub-steps 102b and 102c are denoted as (L, L,) where
30 Ly Ly are the horizontal and vertical coordinates of the estimated lens center
respectively. In sub-step 102d, the lens is then estimated as an ellipse centered

on the localization center with horizontal and vertical diameters equal to the



)0' 1)) WD 2011/ 025451PCT/ S&009/ 000297 9 I n sub-step 104b, the nodified
ASM et hod conprises five further sub-steps nanely, the initialization step
(sub- st epv0Q4tiR5451 he mat chi ng poi nt detection step (sulpCIiSepo@®dezo?), the
pose paraneter update step (sub-step 104biii), the shape nodel update step
(sub-step 104biv) and the convergence evaluation 5 step (sub-step 104bv)
as shown in Fig. 5. Sub-steps 104bli td 104bv are repeated and the outcone
of the convergence eval uation step (sub-step 104bv) is used to determine if
t he it er agstiomatet odrizongait amd eertfyad-diametdr84di thel enbhebtairidd &l istbtsteps st ep
(sub-step 104bi) of the dified ASM nethod is used to place the initial
shape nodHl2k 8ng 1926pthis&lipseiing predminany qwt?‘l‘feoltﬁﬁé%"%ﬁtzﬁ‘é@ué@]d is
essential since ASM nethods only search for matching points around a
current shape nodel in the imge space. In sub-step 104bi, a proper pose
par anet erSte@c‘t(M Lzarxsstmdtme dmlw@efirﬂ@betra'mﬁrmx@mewect or b are set. This

is 15gutomatic erfornmed I in t he . cent er

obt ai e Tretes 94 45 GHBtoLR " B elB urdire el braRoSR S BoR st i 2
the par ar@étﬁﬁﬁn@§ doihd A¥Gibubibn n%dél (wam Substep 0103@ Ancktten appﬁm@ scaling
factor s iIs determ ned USI.eg he sem - axes rad|| of the ellipSe

est i mat edmodifiedehctiverShame bodeetASH) anethost[7Hief sitnstepsiidibe nodel in the

i mge space, with a series of inage 20l andnark points. Sub-step 104bii In

t he mat chi ng poi nt detection step (sub-step 104bii) of step 104, for each
i mge | angpbiske9084: OBtdifing$he peirteiisttibution fbderage sloace a mat chi ng
point 25 Ts Tocated and the 1 mage andmark point is noved to the | ocated

mat chithg Ebe rRDMTﬁeobf@den by deanrirg rmﬁ@lﬁnwf pErigpilify froey entraiming sreh@anar k
Prgljglt Iofl ag%gn an n?a Sqﬂ*&‘c‘f&gl e&?fr?gagtlpgﬁggr%ﬁm :{‘ﬁ(a? erred

to as norms:aenfwitb)theﬁanrﬂngseperforrred using the first der| vative of the
intensity distribution of the inage 30al ong the nornal profile to |ocate a
point on the edge of the lens structure in the image as the nmatching point
for the | Ispadrpnk RO of RT= SBMRNIARER pdls as illustrated in Fig. 4 i
bo11/ 0954t ik P8 RUF ROl o poiits as flustrated In Hg. = 18

15 used to describe the shape of a lens. Besides the iens contour described in

previous models [5 — 6], the contour of the lens nucleus is also included in the

thirty-eight point distribution model as shown in Fig. 4.

A sub-set of images from the training images are used as images in the training
20 set for sub-step 104a. In sub-step 104a, the n = 38 landmark points are first
jabeled manually on the images in the training set, forming a shape on each
image in the training set. The shapes on the different images (referred to as the
-training shapes) are then aligned to a common coordinates system using a
transformation which minimizes the sum of squared distances between the
25  manually labeled landmark points on different training shapes. Principal
component analysis is next performed on the aligned training shapes to derive
the PDM according fo Equation (1) which describes the approximated lens

shape. In Equation (1), ¥ denotes the mean shape of the aligned training
shapes, b=(b.b,,~--b)’ is a vector of shape parameters,
30 @=(d,,d,,--D,) e R is a set of eigenvectors corresponding to the largest t

eigenvalues of the covariance matrix of the training shapes. The PDM is



10 landmark points, the matching points cannot be | ocated using the first
derivative of the intensity distribution of the inage al ong the nornal
profil e amo20tn2ssstichi ng points for these inmage | andmar PCPSIG2005/000297
estimated from nearby matching points of surrounding image | andmark points.
The original image 5 | andmark points will be used as the matching points
for those i nmage | andmark points whose at chi ng poi nts cannot be estinated
by the nearby matching points either. Sub-step 104biii 10In the pose
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wei ght . tr rmis, us to find a pose paraneter vector r(s,Otx,t,) , by
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i mge | andmark points of the shape nodel in the inage space and their aE
mat ching points. This is perforned by setting 7 0 where ET is defined ar
15according to Equation (3). In Equas o @), Y, and X, are (the positions
of the ith point in the matching points set and in the defornmed shape nodel
in the imge space respectively, .1:1lis the shape nodel in the shape space
and Wis i r: - - A - = Vag - T
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10 90.5% of the total variance of the shapes in the training set. Alternatively, the
number of images used in the training set and the values of n and t may be

changed.

Sub-step 104b: Applying a modified ASM method

15
The ASM method is an iterative refinement procedure which deforms the shape
model only in ways that are consistent with the training shapes. The ASM
method is used to fit the shape model to a new image to find the modeled object,
in this case the lens of the eye, in the new image. The space defined by the

20 new image is referred to as the image space whereas the space described by
Equation (1) is referred to as the shape space. The transform between the
shape space and the image space can be d.escribed according to Equation (2)
where the shape model in the shape space and in the image space is denoted

by x and X respectively, the coordinates (x,,y,) denote the position of the i

25 landmark point of the shape model in the shape space whereas the coordinates

(t..t,) denotes the position of the shape model center in the image space.

scos —ssind X, r, -
X=T(x)=| . + (2)
ssin@ scos@ Ay, ]



11 The initial weight factors W are assigned according to howthe ith

mat ching point is obtained. A larger W is assigned to the matching points
det ect ed wonrentd2y4sal ong the normal profile (i.e. |ies oRCTIS&20m0r00®197
profile) whereas a smaller W is assigned to the renmai ni ng mat chi ng
points estimted fromthe nearby matching 5points. In one exanple, the Wis
further set to zero for matching poi nts estimted as the original inage

| andmar k E’gl nts. Usi n the initial weight factors W;, a prelimnary update
of the po spbfsémﬂém v &g enodified ASM ,tsgf)qucwlpaﬁeatftye fusthep sefcstePdn (3)

and is used to tgransf.or h
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Equatlon(3) the upgdat e ela dmark points fromthe first
transfornia‘?tllj tefging i ﬂ&] \?ﬁf&HPg&hBH CQUINYRet er vector is used to

transformthe shape nodel in the shape space onto the inage space again.
20This is the second transformation. Sub-step 104biv In the shape nodel
updat e st;&,w_bégg!_ﬂ%b 104bi v) of the nodified ASM net hod, the matching

i h h
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parameter vector z(s,0,7.¢,)and a shape parameter vector b are set. This is

15 automatically performed by employing the estimated lens center obtained in

step 102 and the PDM obtained in sub-step 104a to initialize the parameters as
follows: b, =0, i=1~t,x=;,9=0,tx =L,,t,=L, . The scaling factor s is
determined using the semi-axes radii of the ellipse estimated in step 102. This

creates a first deformed shape model in the image space, with a series of image

20 landmark points.

Sub-step 104bii
In the matching point detection step (sub-step 104bii) of step 104, for each

image landmark point on the shape model in the image space, a matching point
25 s located and the image landmark point is rhoved to the located matching point.
The search for the matching point for each image landmark point is performed
along a profile normal to the boundary of the shape model on the image and
passing through the image landmark point (referred to as normal profile). This is
performed using the first derivative of the intensity distribution of the image
30 along the normal profile to locate a point on the edge of the lens structure in the

image as the matching point for the image landmark point. For some image



(to be el aborated bel ow) whereas di, are the eigenvectors and nean shape in
the 2(n - nu,) dinensional space corresponding to (lI) and respectively.
b(5-; (4) woAINARSHsIng point is considered m spl aced wherCrise2&090bé2izan

di stance between the matching point and a correspondi ng shape | andmark
point on a prelimnary update of the shape nodel in the shape space is

| arger than a certain value. The preli rH)nary updat e of the shape nodel in

t he shape space is 10 conputed using a prelimnary update of the shape
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convergence, eval uation step (sub-step 104bv) of the nodified ASM net ﬁod,
the conveP@BRR@MA" t he shape nodel in the image space is eval uated 25
according to Equation (5) to determine if the iteration should continue. In
Equation (5), X' and X"' respectively denote the deforned shape nodel of
the nth i BebstémAOdbid the (n-1)th iteration in the imge space, and sr is a

| tant val ue. The def d sh del of t th it ti [
ST R A Tt Ceg e A O P A
transt or Maijugfifg WHRGH: tPAHERSHn & 84 & iR PBBSE batdnb2f vBLRL 45 1 £Y-,

by minimizing a weighted sum of squares measure of the differences between

the image landmark points of the shape model in the image space and their

matching points. This is performed by setting 8§, =0, where E_is defined
T

15 according to Equation (3). In Equation (3), ¥,and X,are the positions of the i

point in the matching points set and in the deformed shape model in the image

space respectively, x;is the shape model in the shape space and W, is the

weight factor.

20 E =Y (5~ X W -X)= 30 -T () W, ~T(x) (3)

i=]

In each iteration of the modified ASM method performed in step 104, the
transformation of the shape model from the shape space onto the image space
is performed twice to obtain the updated pose parameter. The first

25  transformation is performed using initial weight factors W, and the second

transformation is performed using adjusted weight factorsW,.



WO 2011/ 025451PCT/ SG2009/ 000297 1:3 In sub-step 104bv, ET is set to 10. In
other words, if Ex is less than 10, the iteration is stopped and the
def or red whapa/aegel in the i mage space at this iterati @aTiSS20@0e09as t he
defined |l ens structure contour and if Ex is greater than 10, the iteration
continues. Alternatively, ET may be set to any other value. < ST(5) '
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to be extracted are selected according to a clinical |ens grading protocol
[8] and tassigned twofhe tersainingamatehing pogits astimatacifios the maarbdyematahimg our in
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intensity inside |ens contour 2 -
using Equation (3) and is used to transform the shape model in the shape

space to the image space. This is the first transformation and a preliminary
10 deformed shape model in the image space with updated image landmark points

is obtained from this first transformation.

The adjusted weight factors 7, are then set as the piece-wise reciprocal ratio of

the Euclidean distance between the i matching point and the i updated
15 image landmark point in the image space obtained from the first transformation.
The pose parameter vector is again updated using the adjusted weight factors

w, according to Equation (3) using the updated image landmark points from the

first transformation and the final updated pose parameter vector is used to
transform the shape model in the shape space onto the image space again.

20 This is the second transformation.

Sub-step 104biv
In the shape model update step (sub-step 104biv) of the modified ASM method,

the matching points in the image space are transformed onto the shape space

25  using the final updated pose parameter 7(s,0,z,,7,) obtained in sub-step 104biii.

The shape parameter vector is then updated by projecting the transformed

matching points onto the shape space according to Equation (4) where
beR,®" e R*"™  FeR™™ and YeR™ ™) | ¥ is the transformed

matching points set in the shape space excluding », misplaced matching points



Mean color inside lens contour 5 Mean entropy inside |l ens contour 6 Mean
nei ghbor hood standard deviation inside |ens contour 7 Mean intensity

i nsi de nwDeos/@sssiour 8 - 10 Mean col or inside nucl eusPCDISIGALNY/00007

2011/ 025451PCT/ SG2009/ 000297 14 11 Mean entropy i nside nucl eus contour 12
Mean nei ghbor hood standard devi ation i?gide nucl eus contour 13

(to be elaborated below) whereas @, are the eigenvectors and mean shape in

the 2(n—n, ) dimensional space corresponding to ® and x respectively.

b=®"(5-%) 4)

A matching point is considered misplaced when the Euclidean distance
between the matching point and a corresponding shape landmark point on a
preliminary update of the shape model in the shape space is larger than a
certain value. The preliminary update of the shape model in the shape space is
10  computed using a preliminary update of the shape parameter vector which is in
turn computed using Equation (4) with 3 being the entire transformed matching
points set. Since the misplaced matching points can also affect the shape
parameter vector b when projecting the transformed matching points onto the
shape space, the misplaced matching points are excluded from the transformed
15  matching points set ¥ to get a shape parameter vector b which better fits the

matching points.

The shape model in the shape space is then updated using Equation (1) by
reconstructing the shape model in the 2n-Dimension (2n~D) landmark space

20  with the updated shape parameter vector 5 .

Sub-step 104bv

In the convergence evaluation step (sub-step 104bv) of the modified ASM

method, the convergence of the shape model in the image space is evaluated

25 according to Equation (5) to determine if the iteration should continue. In

Equation (5), X" and X" respectively denote the deformed shape model of

the n" iteration and the (n-1)" iteration in the image space, and¢,is a small

constant value. The deformed shape model of the n'" iteration in the image
space was previously obtained from the first and second transformations

30 performed in sub-step 104biii in the n™ iteration.



Intensity ratio between nucleus and lens 14 Intensity of sulcus 15
Intensity ratio between sulcus and nucleus 16 Intensity ratio between
anteri or wermito2a4sdl posterior lentil 17- 18 Strength of pousGeus/ceeyge 19 -
21 Col or on posterior reflex Table 1 For features 1 - 6 as shown in Table
1, the measurement is averaged within the contour of the lens defined by
the nodified ASM nethod in step 104. St | arly, 5 the neasurenent is
averaged within the region of the nucleus of the I ens structure defined by
t he nodi f IregubStemydO4bY, iepissseb td 0. florotheatwords, i £, 12 lesEhthamtiBndig y
distribution on a horizontal |ine through the central posterior reflex is
used to ali@mRyior is siorpes,and dhe dejermned shagpetmedeldpsthetimage spacg akhfhis

profile i;: ' shev. filter. Th
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then i dengjfy ; Ctal : I nt [ [ he anteri or
lentil angotﬂﬁgq%g%t%cgf% g%fhltg??aetg@ I’eénrlrg'?? %Sdé’t?ﬁg%ggﬁéng u%’f t he

nucl ess edge (features 17 - 18) are cal cul ated based on the visual axis
profile as obtained using the central posterior reflex. The 15 hori zontal
position of the sulcus is defimed XS—tXIE'I]]r@(dIi an poi nt of nucl eus (gfiges and
the intensity of the sulcus (feattre 14) “is calculated. The intensity of
the sulcus is an inportant feature in clinically deciding the grade of

nucl ear cataract. Qther features such as the intensity ratio between sul cus
and nucl eb8howghsigre 104) omethad 100 widch ys the ipsetestade embadirhents ofitite | ens

(feature 3 r 20f r.gdj the severjty, of l.ens gpacity. The
color inf é?gﬁgﬂ gnn\)ggﬁgﬁh@s%gogtrﬁﬁg%@g ASEh MEthSTYST the’ eds structurd &ontotii
10  defining step, the lens structure contour defining step may be performed using
-other algorithms such as. the active contour (snakes) algorithm, the region

growing algorithm and the level set algorithm.

Step 106: Feature extraction from training images

15 In step 106, features are extracted from the image based on the defined lens
structure for diagnosis. The features to be extracted are selected according to a
clinical lens grading protocol [8] and the list of these features is shown in Table
1. The lens contour in Table 1 refers to the defined lens contour from step 104.
This contour comprises a segment around a boundary of the nucleus of the iens

20  structure which is referred to as the nucleus contour in Table 1. For all the

features related to color, the Hue-Saturati'on-VaIue (HSV) color space is

selected to represent the color information.

Feature Description
1 Mean intensity inside lens contour
2-4 Mean color inside lens contour
5 Mean entropy inside lens contour
16 Mean neighborhood standard deviation inside lens contour
7 Mean intensity inside nucleus contour
LS -10 Mean color inside nucleus contour




reflex (features 19 - 21) is extracted as well. 15 Step 108: Support
Vector Machine (SVM Training In step 108, SVM regression, a supervised

| ear ni ng wohen2s4s1used for the purpose of grade predi cPCISG2T®04292Ai1 ni ng
procedure of the SVM regression nethod can be described as an optim zation
probl em as descri bed by Equation 5(6) with the conditions in Equation (7)
where x, denotes the feature vector oflﬁraining image i , y, represents its
associated grade (also referred to as label), o()denotes the kernel
function(fihe radi a| Mess entfepcinsicle r{uRBSYs kentoer i s used here), wis the
vect or ot-geettetreps;—C>0-is g regularization—<constant—b+s—an—-offset
val ue, ,tafe the s %?W%?'EQ%?@QO?&@'S%MW%R" igsifePycieus GanteHEt er |10
def i ni ng|q3gradi ng| {MdRSit) AtPDetwedn THIRRAUSH [ohs N _The SYMprediction in
step 118. min WrI E 1 * 7=4) (6) Yi -14/0(xi)-b 15

1470( x1) bA¥1e- F4' , | Irtehsity of sulcus

15 Intensity ratio between sulcus and nucleus

16 Intensity ratio between anterior lentil and posterior ientil

17 -18 Strength of nucleus edge

19 - 21 Color on posterior reflex
Tabie 1

For features 1 — 6 as shown in Table 1, the measurement is averaged within the

contour of the lens defined by the modified ASM method in step 104. Similarly,
5 the measurement is averaged within the region of the nucleus of the lens

structure defined by the modified ASM method in step 104 for features 7 — 12.

The intensity distribution on a horizontal line through the central posterior reflex
is used to analyze the visual axis profile of the lens. This visual axis profile is
10  then smoothed using a low-pass Chebysheuv filter. The positions of the antefior
lentil edge and the posterior lentil edge are then identified by edge detection.
The intensity ratio between the anterior lentil and the posterior lentil (feature 16),
and the strength of the nucleus edge (features 17 — 18) are calculated based on
the visual axis profile as obtained using the central posterior reflex. The
15  horizontal position of the sulcus is defined as the median point of nucleus edges
and the intensity of the sulcus (feature 14) is calculated. The intensity of the
sulcus is an important feature in clinically deciding the grade of nuclear cataract.
Other features such as the intensity ratio between sulcus and nucleus (feature
15) and the intensity ratio between nucieus and lens (feature 13) are measured
20 for grading the severity of lens opacity. The color information on the posterior

reflex (features 19 — 21) is extracted as well.



?-0 The features extracted in step 106 are used to formthe feature vector
xi and this feature vector x1, together with its associated grade vy, , is
used to tweiznide451SVM in step 108 to obtain the gradi ngCrsd2009/08€297
Testing Phase Steps 112, 114 and 116: Lens localization, lens structure
contour defining and feature extraction for test images 25 For each test
i mage, steps 112, 114 and 116 are respédétively performed to

Step 108: Support Vector Machine (SVM) Training

Iin step 108, SVM regression, a supervised learning scheme is used for the

purpose of grade prediction. The training procedure of the SVM regression
method can be described as an optimization problem as described by Equation
5 (6) with the conditions in Equation (7) where x, denotes the feature vector of
training image i, y,represents its associated grade (also referred to as label),
¢()denotes the kernel function(the radial basis function (RBF) kernel is used
here), w is the vector of coefficients, C >0 is a regularization constant, bis an
offset value, £,¢& are the slack variables for pattern x,, and wis a parameter

10  defining a grading model to be used subsequently in the SVM prediction in step

118.
] N N .
min(a ww+ CZ & +CZ g ) (6)
i=] i=1
¥, —wr¢(xi)—b <e+¢,
15 WT¢(xi)+b—yiS£+§: (7)

&6 20

The features extracted in step 106 are used to form the feature vector x,and
this feature vector x;, together with its associated grade y,, is used to train the

SVM in step 108 to obtain the grading model.
20
Testing Phase

Steps 112, 114 and 116: Lens localization, lens structure contour defining and

feature extraction for test images

25 For each test image, steps 112, 114 and 116 are respectively performed to
localize the lens in the image, define the lens structure contour in the image and

extract features from the image based on the defined lens structure contour.



| ocalize the lens in the inmage, define the lens structure contour in the

I mge and extract features fromthe image based on the defined | ens

st ruct ur evoantign2s4s1 16 The sub-steps in steps 112, 114 aou/SG2@980&@9t he sane
as the sub-steps in steps 102, 104 and 106 respectively. However, in step
114, only steps corresponding to sub-step 104b (Applying a nodified ASM

net hod) are perforned since the PDM obt&i ned fromsub-step 104a is used in
step 114 as 5the initial shape nodel. Step 118: Support Vector Machi ne
predi cti ohh¢ gubreiepsiinegjeps 112, stebands] 16 aB¥Nhersanetathe supestéps ed
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denotes the kernel function wis the weight factor obtained fromthe SVM
traini ng PAremees singe theiRDY pbiained froar sab-step #ddafisarmechio sivp rdd: as

features t:aj | 116 and b is the sane offset value used in
Equatiaon ﬁ%lﬁlt'%ﬁgh%&réﬁfoﬁéd grade f (x) is a quantitative indication of the
severity 150f cataract in the lens of the test inage with the feature
vector X. b(8) The advant ages of rrett,hod 100 are described as

4 |

fol | ows. St-HE2YRRA BN 0 MRCTHING RESCIGIHION 105 Q%Y I ding of inages to
det er mi ne S rit f ; ri Lh these i es
obt ai ned 5oy EYELS SN PR e AR Ui BB RO ool s W2 o
by manual stepi hl& andytredgragling model obtained from step 108 to obtain a predicted

10  grade for each of the test images using Equation (8) where f(x) is the predicted

grade obtained, g¢()denotes the kernel function, wis the weight factor obtained

from the SVM training in step 108, xis a feature vector formed from the
extracted features obtained in step 116 and b is the same offset value used in

Equation (7). The predicted grade f(x)is a quantitative indication of the severity
15  of cataract in the lens of the test image with the feature vector x.

F)=w'(x)+b (8)

The advantages of method 100 are described as follows.

20
Since method 100 performs an automatic grading of images to determine the
severity of nuclear cataracts in these images, the grades obtained is more
objective and reproducible as compared to grades obtained by manual clinical
grading.

25

From sub-step 104a of method 100, a shape model which also defines a
contour segment around the boundary of the nucleus in the lens is derived and
is in turn used to define the lens structure contour. Hence, the defined lens
structure contour also comprises a segment around a boundary of the nucleus.

30  Since the nucleus region is the only region in which nuclear cataract is normally



25 From sub-step 104a of nethod 100, a shape nodel which also defines a
contour segnent around the boundary of the nucleus in the lens is derived
and is i wounn/asesd to define the | ens structure cont ouPCTISenam®/000292
defined |l ens structure contour also conprises a segnent around a boundary
of the nucl eus. 30Si nce the nucl eus region is the only region in which

nucl ear cataract is normally 17 asses éd, such a shape nodel is nore
suitable for the purpose of nmethod 100 which is to assess the severity of
cat ar act . 2593580 Stiep a18rpeomadsl omoreGuitableotdr fthe puABMenatmedel 160def i ne
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turn inprove the transformati on between the shape space and the inage space
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in the shweighipaare assigneddoi migpiacadaoeatanidgapointe Buntheertriore, ntieplalekdi N an
updat pas araneter. Afirst transformation i s perfornmed usi ipitial
wei ghféjzon}ag@ﬁﬂg_émt"btscﬂf?a?’?‘?“&fﬁﬂ QPN%F%?%F&WS&%;&@SHJ&&P%SHH% i mge
space andsh&ge Waratbtdraelctdrs Sih& aflyumkereinangd rﬁthrhmgSpBiha% L8 B3EY to

def orned shape nodel in the inmage space to performa second transtornmation.
Such an a@ptan teeshapet prrameatghivectast thes updatess shape Mgl tabiainededsiagk so

ot af f ecte MOARR RSV el WIF LRAGG e B BBy BelfBh i Pebifnditat's' anc
in turn, shbiet heydadobined agmgemerdr@;rchltAsm)rﬁamdaeeMuqu-caEéE,WeraDr e,

in method 100, nore features are extracted for grading. Besides the visual
axi s pt of M ihan pae aighingrpeipbisunisplaggeh as the nean intensity in the
30nucl eus and the intensity rati o between sul cus and nucl eus are al so
included. Al these features can inprove the results of the grading.

In addition, two transformations were performed to transform the shape model

in the shape space onto the image space and at the same time, to obtain an
updated pose parameter. A first transformation is performed using initial weight
20  factors to obtain a preliminary deformed shape model in the image space and
the weight factors are adjusted based on this preliminary deformed shape
model in the image space to perform a second transformation. Such én
adjustment of the 'weight factors serves as a negative feedback so that if a
matching point is misplaced, the misplaced matching point will not affect the
25  transformation as much as the correct matching pointé and in turn, a better

pose parameter z(s,6,7,,¢,)can be obtained.

Furthermore, in method 100, more features are extracted for grading. Besides
the visual axis profile analysis, other features such as the mean intensity in the
30 nucleus and the intensity ratio between sulcus and nucleus are also included.

All these features can improve the results of the grading.



18 In addition, nethod 100 can be applied in many areas. For exanple,

nmet hod 100 can be used in clinics to grade nucl ear cataract automatically
usi ng sl iweolanp2s4smges. Al so, nmethod 100 can be i ncor porarsd2000t000202ns
canera systens to inprove the function and features of these systens. 5
Experimental Results An experinment Was %erfor med to test nethod 100 using
slit-lanp images froma popul ati on- basbl st udy, the Singapore Ml ay Eye
Study. The sanpl ed popul ati on consists of all Ml ays aged 40 - 79 living in
desi gnat el @@559%@5@046Opncqm@es@eﬁ'rﬁ%maw &a§aper ©xample gmethod

silt-lamp 0 o ugh a
i | at eq po anpe TRRECR Bhricd ¢TFadt Hld g SRaAi Ao taRea skid SHET 2
si ze of 128 RAd@epiAlebsmethddti@d czin B 2carpageed fintorfedR 8ansuhjseteamser e

tested. 15 The % unfl truth of, the cli r}iical di ar%nosi s of nucl ear cataract

i s obt ai n@dMATBRT G IunglPn @ngifeatungs 6f thewe $¥sieMPnages using the W sconsin
grading system[8]. The range of the grade is fromO0.1 to 5 whereby a grade
of 5 indicates the nost serious case of nuclear cataract. 20 Method 100 was

t est ed usExgenmen&@Reselist -1 anp i mages. Sone exanpl es of the results of the
| ens strugture contour definin tep, are sh in Fig., 6 in which the white
dot s deng%‘(auetxﬂsr'm?lé‘éacf %%!rtn rlglﬁ% @’ftel%hg“ﬁgﬂgqu‘iﬂq%%@'l?mPL'mﬂﬂelﬁg#%mc%nt olur

around t hgomasticibrsed hrlyNUHLUShghpera staryl Byl Stirtyhofthd 0Qauhpsgas the

solid line denotes the elli Ese from tEe |l ens l'ocalization fromstep 25 102
of met hodrariatioy cersistieokale Maiayaged 406- 7Ohvinginsdesignatetastudy atads | ens

structyre, contour. def i ni ne. [ (oTe R e-satisfactary results
despi dé thetﬂ\gﬁc;s'%tth%s? ﬁﬁg Hﬁéa?%i‘ee. gnd(]a(ft%‘c%ltt ?r%rﬁpéa?x?%@ ﬁ@rﬁ’goﬁ rﬁ@?ﬁf‘é?%nt

i mages. Theedtaphstoigespioind leasftraiughea eifhtericpupsin The iflHas wareTedler] @s The
overl ap bet ﬁen 30 the automatically defined |ens structure contour using
met hod 1084RHdCPIRE Imacesl eesRsWER raSiZe ©fcbPBYP4Bnpigalsh A rfak 9fs582R uat ed

visually.; fining step is assessed according to
how wel | %“%ge&eév@g@o%%%%?ﬁ%%%@%oozw 19 automatically defined |ens
structure contour matches the actual |lens structure contour in the inmage.
When the averlap | etyween 80%.-.95% the overlap.is cateqorized as a

par v 18 - oENEaraine Tl ph B olmeslstingnons o (Vi GRerarG SRSy et @

cat egor i ZgFhdes syriafPROLfARE 64tiiRAgeSUEHRS B VISR g%@gﬁsc}gﬁi [g1€th&s
those 5 overlaps whi Ch are not partial ‘detections of wong detections. As

t he nodi frasgessiviheegraste istram A. ttep Mherelly megiade af0d indicatdsothel mexsar chi ng

nmet hod, t Fimsog%eénéép@%élé%%ﬁggr%f the lens in step 102 will lead to a

wr ongl y defined ntour in step 104. For sone inmages with a
slightly deviated | ens estimation, the nodified ASM net hod can still
converge to the contour of the 10 |l ens structure. Furthernore, nethod 100

can i eMethod 8L avas tesied Bsingdhe 7820 sltdampriwagrs s demeoexamples of the
results of the lens structure contour defining step are shown in Fig. 6 in which

the white dots denote the defined contour of the lens structure (including a
contour around the boundary of the nucleus) from step 104 of method 100
whereas the solid line denotes the ellipse from the lens localization from step
25 102 of method 100. As can be seen from Fig. 6, the lens localization and lens
structure contour defining steps in method 100 produce satisfactory results

despite the variation in the size and location of the lens in different images.

The statistics of the feature extraction is shown in Table 2. The overlap between
30 the automatically defined lens structure contour using method 100 and the
actual lens structure contour in each image is evaluated visually. The lens

structure contour defining step is assessed according to how well the
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automatically defined lens structure contour matches the actual lens structure
contour in the image. When the overlap is between 80% - 95%, the overlap is
categorized as a partial detection. If the overlap is less than 80%, the overlap is
categorized as a wrong detection. Successful detections are defined as those
overlaps which are not partial detections or wrong detections. As the modified
ASM method used in step 104 of method 100 is a local searching method, the
wrong localization of the lens in step 102 will lead to a wrongly defined lens
structure contour in step 104. For some images with a slightly deviated lens
estimation, the modified ASM method can still converge to the contour of the
lens structure. Furthermore, method 100 can achieve a success rate of 96.7%

for feature extraction.

Lens Lens Structure
Localization Contour
Defining
Number of images 5820 5820
Number of wrong detections 23 69
Number of partial detections 161 122
Number of successful detections 5636 5629
Success rate 96.8% 96.7%
Table 2

In this experiment, test images with an overlap classified as a wrong detection
(a total of 69 images) were excluded during the SVM prediction step in step 118
of method 100. 161 images were marked by the clinical grader as not gradable
and these images were also excluded in the SVM prediction step in step 118 of
method 100. 100 images were used as the training images for step 108 of
method 100. These images were classified into 5 groups according to their
clinical grades (0-1, 1-2, 2-3, 3-4, 4-5) with 20 images in each group. The
remaining 5490 images were used as test images and the severities of nuciear

cataract in these test images were automatically diagnosed using the SVM

I mages 5820
detections 161 122
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Difference in Grade No. of Images Percentage
0~0.5 4062 73.99%
0.5~1 1243 22.64%

>1 185 3.37%

Table 3

These experimental results as described above represent a strong clinical

validation as the experiment was performed using a large amount of clinical

data (over 5000 images with their clinical ground truth).

Comparison with prior arts

A comparison between the embodiments of the present invention described

above, and prior arts [2 — 6] is summarized in Table 4.
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results as described above represent a
15val i dation as the experinent was perfornmed using a | arge

and prior arts [2 -

Feature extraction limtation TheWsconsin gr
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the present

invention

features as shown
in Table 1

Two features on|NucleusuaregiQns kgatuest r act ed fbkumitatiennt he
detection extraction
The Wisconsin | No Two features on | Only extracted
group [2 - 3] the visual axis features on the
visual axis
The John | No Three features on | Only extracted
Hopkins group the visual axis features on the
[4] visual axis
Previous work | No Six features on | The whole lens
by the inventors the visual axis | rather than only
[5 - 6] and lens region the nucleus region
is measured
Embodiments of | Yes Twenty one

Table 4



vi sual axis TheJdJohn Hopki nsgroup [4] No Three features on the visual axis
Onl yextracted featuresonthe visual axis Previouswork by the inventors [5 -
6] No SixWeaburesssm t hevi sual axis and | ens regi on Thewh®CElSen809/000297

rat hert hanonly the nucl eus region is neasured Enbodi ments of the present

I nvention Yes Twentyone ”

REFERENCES

[1]. World Health Organization. State of the World’s Sighting: VISION 2020: the
right to Sight: 1999 — 2005, 2005 ,
5 [2].S. Fan, C. R. Dyer, L. Hubbard, B. Kiein, “An automatic system for
classification of nuclear sclerosis from siit-lamp photographs”, Proc. 6th Int.
Conf. on Medical Image Computing and Computer-Assisted Intervention,
LNCS, Vol. 2878, R. Ellis and T. Peters, eds., Springer, Berlin, 2003, 592 -
601.
10 [3].NJ Ferrier, “Automated Identification of the Anatomical Features in Slit Lamp
Photographs of the Lens”, Invest Ophthalmol Vis Sci, Vol. 43, pp. 435, 2002.
[4].D. D. Duncan, O. B. Shukla, “New Objective Classification System for
Nuclear Opacification”, Optical Society of America, Vol. 14, No. 6, 1997
[5].H. Li, Lim, J., Liu, J., Wong, T.-Y., Tan, A., Wang, J., Paul, M.: image Based
15 Grading of Nuclear Cataract by SVM Regression. in SPIE Proceeding of
Medical Imaging 6915 (2008), 691536 -691536-8.
[6].H. Li, J. H. Lim, J. Liu, T. Y. Wong, “Towards Automatic Grading of Nuclear
Cataract,” Proceedings of International Conference of the IEEE Engineering
in Medicine and Biology Society 2007, pp. 4961 — 4964.
20 [7].H. Li, O. Chutatape, “Boundary detection of optic disk by a modified ASM
method”, Pattern Recognition, Vol. 36, No. 9, 2003, pp. 2093 — 2104.
[8].B. E. K. Klein, R. Klein, K.L.P. Linton, Y. L. Magii, M. W. Neider,
‘Assessment of Cataracts from Photographs in the Beaver Dam Eye Study,”
Ophthaimology, Vol. 97; No. 11, 1990, pp. 1428 — 1433.



features as shown in Table 1  Table 4 ?'? REFERENCES [1].Wrld Health
Organi zation. State of the Wrld' s Sighting: VISION 2020: the right to

Si ght: 1990201120861 2005 5[2].S. Fan, C. R Dyer, L. Hulpbassd20md0092in, "An
automatic systemfor classification of nuclear sclerosis fromslit-lanp
phot ographs”, Proc. 6th Int. Conf. on Medical Inmage Conputing and

Conmput er - Assi sted I ntervention, LNCS, l. 2878, R Ellis and T. Peters,
eds., Springer, Berlin, 2003, 592 - 601 10[3]. NJ Ferrier, "Automated

| dentificGlaima of the Anatomical Features in Slit Lanp Phot ogr aphs of the
Lens", Invest Ophthalnol Vis Sci, Vol. 43, pp. 435, 2002. [4].D. D. Duncan,
0. B. Shukla, "New bjective Cassification System for Nucl ear

Opaci ficatianm etrfau fcﬁadjetsﬂﬁirmgy DhraiEbf Gacledplcatdract WP a fast maae tied] . H.
Li, Lim J Liu, J., Wng, T.-Y., Tan, A, Wang, J., Paul, M: I mage Based

15G adi ngméih%@qféﬁﬁsﬂaﬁ'a@ S9PS9T SVM Regr essi on. In SPIE Proceedi ng of

i, 3V Geng ) HRODKE L SRoialt o 2 et gratuty s iy nhps g tefidd

Proceedi ngsntotir bfitties nerts straktute néamprisiag of §elgmérEE£rthdl adunadgry of Medi ci ne
and Bi ol ogy Soci ety 2007 & 4961 - 4964. 20 [7]. H Li, 0. Chutatape,
" Boundar y¥flees of thie '8?5§BPP '8 sk by a nodified ASM met hod", Pattern

Recogni tion, V(‘E'b?1 F?tﬁacﬁ‘ﬂg fe%%%galofft?mﬁﬂﬁeﬁ&@a&g@%&&@lh@deﬁ\e# gn R

Klein, K L.P. sessnment o taracts

from Photmfg.hapshrss stucthes Beﬁueetesmnag@anﬁt udy, " Opht hal nol ogy, Vol. 97, No.
90, f. det er.m ni d f -

o ol (GEF Aeterinion thharade of BB catasin e felimeOe seddn © ©

the extracted features and a grading model.

2. A method according to claim 1, wherein the grading model in step (1c) is
constructed during a training phase, the training phase comprising the steps of:

15 (2a) grading nuclear cataract in a plurality of training images to determine
grades of nuclear cataract in the plurality of training images;

(2b) defining a contour of a lens structure in each training image, the
defined contour of the lens structure comprising a segment around a boundary
of a nucleus of the lens structure;

20 (2c) extracting features from each training image based on the defined
contour of the lens structure in the training image; and

(2d) constructing the grading model based on the determined grades of
nuclear cataract in the plurality of training images and the extracted features

from each training image.

25
3. A method according to any of the preceding claims, wherein step (1a) or step
(2b) further comprises the sub-steps of:
(3i) estimating a center of the lens structure in the image, the image
being either the test image or the training image;
30 (3ii) defining the contour of the lens structure in the image based on the

estimated center of the lens structure.



5(la) defining a contour of a lens structure in the test inmage, the defined
contour of the lens structure conprising a segnent around a boundary of a
nucl eus oWVot2ha/d2e458 structure; (1b) extracting feamr®sceafoneatt he
test image based on the defined contour of the lens structure in the test

i mage; and 10(1c) determ ning the gr adg of nucl ear cataract in the test

i mge based on the extracted features %hd a gradi ng nodel. 2. A nethod
according to claim1, wherein the grading nodel in step (1c) is constructed
during a 4rAimethpdoacerdinghie elaiinnt, nghereds the sHprstep rﬁ@lgtflldféh%'tmpﬂﬂie.s 15( 2a)
gr adi ng r%(éI r—st(é%ts ract in a plurality of training inmages to determ ne
grades of "nuclear™cataract in the plurality of training imges; (2b)
defining a cont4iusbtafnimg beirst sitraliey of kndsinethehimagai thenfirst presity bhinstef i ned
contour of the lens structure conprising a segnent around a boundary of a
nucl eus ofeipAPAraNR taeAGRONR: 20(2c) extracting features from each
trainiang i mage 4 . e | A i . ; e i p the
trai niDng i nagegi?@%ggtgﬁhé 4 ?%ﬁ{é gﬁﬁggﬁuctl nlgl;r%; REHS? gﬁ?&%%{w@gesée on the
det er m necdbtgired pdurafitymfdiesderscat aract in the plurality of training inmages

and the extractge atures fromeach_trajning i e, 75 3. A nethod
according to aL‘g}'goée%?HB'nH}%éé%ﬁnH&'cgPghﬁs!arg\?ﬁ%rcéﬁgéf%p?a(ofd)”eo?@epSt2b)
further compilitgesiitde sub-steps of: (3i) estimating a center of the
| ens structure in the image, the i mage being either the test imge or the
trai ni ng i magef{4i90¢adculptiogfa meag Qfﬁbecﬂﬁm@h?s determindcefos the fustt pinealityy t he
imagelépase T on_thﬁ] estimated center of the lens structure. 74 4. A nethod
accor ngo G 8'th 3, wherein the sub-step (3i) further conprises the

sub-steps of: (4v) estinfading Phiskicbbriinteldffthé cehtdradfithy igHs struerd 8s the
imge, the first plurality of lines bei nfg Paral | el to each other;
mean of the centroids determined for the first plurality of lines.

5. A method according to claim 4, wherein at least one of the first plurality of

15 lines obtained in sub-step (4i) is a median line through the image.

6. A method according to claim 4 or 5, further comprising the sub-steps of:
(6i) obtaining a second plurality of lines in the image, the second plurality
of lines being parallel to each other and perpendicular to the first plurality of
“20 lines;
(6ii) clustering a profile through each line of the second plurality of lines
to obtain a plurality of clusters;
(6iii) determining a centroid of the Iérgest cluster for each line of the

second plurality of lines;

{0
(9]

(6iv) caiculating a mean of the centroids determined for the second
plurality of lines; and
(6v) estimating a second coordinate of the center of the lens structure as

the mean of the centroids determined for the second piurality of lines.

30 7. A method according to claim 6, wherein at least one of the second plurality of
lines obtained in sub-step (6i) is a line through the estimated first coordinate of

the center of the lens structure.



5(4i1) clustering a profile through each line of the first plurality of

lines to obtain a plurality of clusters; (4ii1i) determning a
centroi d wh 20hen2bengest cluster for each |ine of the fi Pst/Schaabiwy of

| i nes; (4iv) calculating a nean of the centroids determ ned for
the first plurality 10of lines; and _ (4v) estimating a first
coordinate of the center of the |ens sttucture as the mean of the centroids
determ ned for the first plurality of |ines. 5. A nethod according to

claim4, wherein at |east one of the first:- plurality of 15lines obtained in

clai m - of & mefhe Ao ey O s 6, 1oBMfer Smehe BS's0RRINET 10 27

second pl of thrégholdihglthedmage tohextiavaaciorédreune adnide frmugelpgrioy tofthe isnes bei ng
parallel to each other and perpendicular to the first plurality of "

70l i nes; Step(4). (611) clustering a profile through each line of the second
plural{ty of lines to obtain a plurality of clusters; (6iii) .
determning a centroid of the largest cluster for each line of the second
plurality9of hatiesd according (t6letpine &, cwhatdimgha sukastepf of tereskokding dise

determ ned for, the secon luraljty, of |ineg; and _(6v) estimating a
Second colReniR BUGICH S BRI bR dPSRs et FiRGe. FAmRUSIAZ REAAIGP! ( h
cent r oi ds ke farHaLdrapriddiethecsitichep! o ddrhdntig higtfentd§é of insphand
according to claim6, wherein at |east one of the second plurality of lines
obt ai ned intheumageeapity Bigheistgeeyl lewel valwesigh the estimated first coordinate

of th 0center of the lens structure. "75 8. A nethod according to any of
cl ai 4 to 7, further conprising the sub-step of thresholding the inmage to

extract a1bonegepbichcebrding b TRGR PrwitsreirtHegerzehtaRjcerangés frorf-20% i@t hod
according to claim8, wherein the sub-step of thresholding the inmage to

extract tB8% oreground of the inmage, the inmage conprising a plurality of |,
pi xel s, further conprises the sub-step of segnmenting a percentage of the
pixels in the image with highest grey |evel values. 10. A nethod according
to claim91. Mmethod ddeerding teahpoé claimgdstof 1O wh208in teacBQaster comprises

15 a plurality of pixels, the method further comprising the sub-step of defining a
preliminary contour of the lens structure based on the estimated center of the
lens structure according to the sub-steps of:

(11i) determining the number of pixels in the largest cluster obtained for
each of the first and second plurality of lines; '

20 (11ii) calculating a mean of the number of pixels in the largest clusters
obtained for the first plurality of lines and a mean of the number of pixels in the
largest clusters obtained for the second plurality of lines; and

(11iii) estimating the preliminary contour of the lens structure as an
ellipse centered on the estimated center of the lens structure, and having a first

25 and second diameter equal to the mean of the number of pixels in the largest

clusters obtained for the first and second plurality of lines respectively.

12. A method according to any of claims 3 to 11, wherein the sub-step (3ii) is
an iterative process further comprising the sub-steps of:
30 (12i) estimating an initial shape model, the initial shape model being

described in a shape space;



11. A nmethod according to any of clains 6 to 10 wherein each cluster
conprises 15 a plurality of pixels, the nethod further conprising the

sub- st ep WO 2defa2pisSmg a prelim nary contour of the | ens CTGRUIMERATed on
the estimated center of the lens structure according to the sub-steps of:
(11i) determ ning the nunber of pixels7in the | argest cluster obtained for
each of the first and second pIuraIity-%f |l ines; 20(115) calculating a nean
of the nunber of pixels in the |argest clusters obtained for the first
plurality of I (‘r?elg inibalizingdha itgrative proaess byf ransferming therdnitiat gbape

et mat 1 nieRL R shaPs SERRECaO AP rhade dpack (b IRfbas.to ity

centered shapdfhoefel bnaheimagatsnd of the lens structure, and having a first
25 and second di ameter equal to the nean of the nunber of pixels in the

| ar gest cl ust efRibReffHEENG Hie terative PEeCess)s PRy Geiprming dhe shaes
respec{iv Amg{a @ ac i %"%%ﬁ I rein the
sub-stbep |e)l Olil‘gthgr% I %:lgﬂl\%e&@frég%ﬁg%sb urt e@‘fec%énf%bﬁgg%gﬁa%ﬁé&‘gagl@tgps of :
30(121) eptavimid itgradion iamdt thal defbaped shdpk, model inra tuaéns harationds deldvei ng
descri bed in a.shape space; (1211) initializing the iterative
process b# pcr?g?f?f'Bﬁ}ﬁdn‘ga Y$e initial shape nodel fromthe shape space onto
an i mage space in the inage to produce a shape nodel on the imge; and
(12iii) performng the iterative process by repeatedly deform ng the shape
model on fiBeA meffodiactodrdingdid Cairent Wwhensde subisiepl gy fodhehapmpnisdsl in a

previpus [teratipn d.the.deforned, shape nodel in a current.iteration is
bl owld:” plrisceis P S igratins e 5 SRARE AR o a B B ihageS hener o n
sub- st ep aam(rantyfdﬂimsgés @@!ﬁpﬁsmgsa dQbRet siteshIamIef ofFhINIFY imagddre i niti al
shape nodel froma plurality of inmages, the plurality of 1nages conprising
a sub-set of the plurality of training inmages. 14. A nethod according to

The ol ur aittr g et bdAeBdRipg 8, Sainfoid, SR, W8 suBtatpl ' QERpRatRE The 1 P

| abel i ng nitidiwhabetmodél frandnerdurlindsinsagezatitthet cohfpridedrtakisup-steps mages
to forma shape on each of the plurality of images, the shape on each of
t he pi%rapf-ty of images being referred to as a training shape; (14ii)

aligning the tradinidibs 12 of MREA rate I 14f)
cal cul ating pau@ﬁ&%& 92@?%’;@9@% he 1 n??fgpﬁgﬂageéﬁg%eﬁf%sé@%h tdrfle
al i gned t imagéestp fapz shape dn(ebtihvdf thetpdunalityi afgmiaiges| thet sladpes bapachwmdel
fromthe ?al C|J| a]t ed par ameée.rs. - ,

he plurality of Images being referred to as a training shape;

(14ii) aligning the training shapes to a common coordinates system;
20 (14iii) calculating parameters describing the initial shape model! based on
the aligned training shapes; and

(14iv) determining the initial shape model from the calculated parameters.

15. A method according to claim 14, wherein the sub-step (14ii) is performed
25  using a transformation which minimizes the sum of squared distances between

the plurality of landmark points on different training shapes.

16. A method according to claim 14 or 15, wherein the sub-step (14iii) is
performed by performing a principal component analysis on the aligned training

30 shapes.



15. A method according to claim 14, wherein the sub-step (14ii) is
performed 25using a transformati on which mnimzes the sum of squared

di st anceswbebmwaessihe plurality of |andmark poi nts on diPCTSGeeNM/000287 ni ng
shapes. 16. A method according to claim 14 or 15, wherein the sub-step
(14iii) is performed by perform ng a principal conponent analysis on the

al i gned training 30 shapes. 17. A nethod according to any of clainms 14 -
16, wherein the paraneters calculated in sub-step (14iii) conprise a set of
ei genvect bf.s, Atmethoet acdordinge tov @ty 0ofs claims ep endb ngvhtereinathge paramnegtens/ al ues

of a covari,anc trix of the training shapes. 18. A nethgd acgording to
any of cl%ﬂlﬁ@a -'n1§¢b'\§/£?é3r e(ﬁﬁ'"s c_:ompﬂ%easa%t_ soﬁeﬁ'gffffe?tf’rﬁ’u?q%e?e%ceﬂpri ses
the sub- s¢igaavédtofetdirddbotdind'td IRbe SEAGENRAIEITBE Blco@fibRE: AflriR @F thég an
initial poSe parameter vector for the transformation of the initial shape
nodel fr oi@ining $hepes. space onto the i nage 10 space to produce the shape
nodel .on the inmage, the shape nodel on the inmage conprising a plurality of
i mge "l andmark points; and the sub-step (12iii) further conprises the

sub- st eps1®fA hegthed @dbyrding to any b 8lalmé deat i ngwherdh chi ng poi nt for each
i mage | andmark point of the shape nodel on the image; 15(18ii) updating the

pose par anet er theegulmstaps (tejit Weheregennrigegninek spisters aheetiing rBSpER i ve
mat chi ng Q?é;gatn ?grfrﬂgtelr n\{aegcjéors éég' ééﬁiné ransifs"ho% %ﬁ?ﬁ%?%g&%gglfo? thd he

shape space e 1n the inmage usi pose
par anet ertraesfoonation pf tok atidl ehagef modetfrsirathe salssd spacé bato tregimad® 19,

A nethod according to claim 18, furthey conprising the sub-st of updati ng
the sHhpeSRRRRCIO Ridtife i shaPe pundis! on the image. (e shansmREEbLPR iR MROE ! ai m
19, wher eé&nb_ﬁgng@p@pgﬁ%?f inqggi@;%rﬁgnémepoﬁ,lﬂ?pgng&mdel in the shape space

further conprisesS the s steps of: 201) transforming the matching
poi nts in the theagub-siepdd 26i) furthdrecahpriressihacaibastiepy of hepegiddiyed pose
par amet er vect gf,. . 20i | ). updati.ng the shape paraneter vectopr by
b0 ect i ng.a. scik{osgting e Tpldhutt B e, oot 47 B8e HRRRS ol ehihe
space; anshasd Afdidel bn dslahhgs; t he shape nodel in the shape space using the
updat ed shape paraneter vector.
15 (18ii) updating the pose parameter vector using the image landmark
points and the respective matching points; and
(18iii) transforming the shape model in the shape space onto the image
space in the image using the updated pose parameter vector to produce the

deformed shape model on the image.

20
19. A method according to claim 18, further comprising the sub-step of updating
the shape model in the shape space.
20. A method according to claim 19, wherein the sub-step of updating the shape
25 model in the shape space further comprises the sub-steps of:
(20i) transforming the matching points in the image space onto the shape
space using the updated pose parameter vector;
(20iiy updating the shape parameter vector by projecting a subset of the
transformed matching points onto the shape space; and
30 (20iii) updating the shape model in the shape space using the updated

shape parameter vector.



WO 2011/ 025451PCT/ SG2009/ 000297 98 21. A nethod according to claim 20,
wherein the sub-step (20ii) further conprises the sub-steps of:

(211) proyveabimgs4she transforned nmat ching points onto tireTsiGapw/08@aTe t o
obtain a prelimnary update of the shape paraneter vector; 5(211i) updating
t he shape nodel on the shape space using the prelimnary update of the
shape paraneter vector to obtain a prek¥mnary update of the shape nodel
the prelimnary update of the shape nodel conprising a plurality of shape
| andmar k Poi it spethod (@2tdirding ofot @iaimn @0t hevherdin stite slubtdtept (2003 f furtined

mat chi ng goints bﬁ]lo exg%yding a transforned matching point if an
Eucl i deanCNBIises e 8¢RSEPSHe t r ansf or med mat ching point and its
correspondi ng i {3t t ! ue.
22 A et hod-aceer e RSRme RGN g FOM St S AP Spct e,
15conpr i sebtaire pselminasy spdate of the shapgnaramstereegdton; nage | andmar k poi nt

| cul ati jrst derjvatij f i ity distributi f the,i
Fong 5 profi1 TR HEARGNSLINES siaeRy PaS Brs ioB. Shahs) SBA%k nbsibingh€ang
passi ng t predinghatyNepddteas thasiaps barirhefer vebtbr(td dbtdin sprbntiferyfupdte

derivative calculated for each inage | andmark point 70 to | ocate a point on
an edge off thfeshape rsedelc the orelimingey update 8t thexghane dAPAg peMATisiNgrat he

| andmar k g@rQEYiO%ﬁ?%éli%ﬁ?%ﬁﬁ&r glilgg to claim?22, further conprising the

sub-step g point of an imge | andmark point fromthe
mat chi ng 25poi (& Hii)ofobsainingu itk ngub-setgof | ted nranksfooied snafching mpalirthi bg poi nt
is located using the first derivative of the profile for the imge | andmark
poi nt 10 2@xcluding: & Janséersned MAERINGIRAIM 8220 Eushidean, disiapce Sepreeh At he
sub-step LaRt | i pakL N i n O &% t he

i mge | ang@?@?@gﬁ ﬁ%@ngﬁﬁﬁt %tdcﬁlé n%orgéc)slpn?dthg 'dg%ﬁﬁgésﬂjr@cﬁanrgi Rg‘hf ?rgge

| andmar k fogert thaareprestedemminadivatyet he first derivative of the profile for

t he surroundi ng i nmage | andmark points. 29 25. A nethod according to any
of clainms 18 -23, wherein sub-step (18ii) further conprises the sub-steps

of : 22. A method according to claim 18, wherein the sub-step (18i) further
15 comprises the sub-steps of: _

(22i) for each image landmark point, calculating a first derivative of an
intensity distribution of the image along a profile normal to a boundary of the
shape model on the image and passing through the image landmark point; and

(22ii) using the first derivative calculated for each image landmark point

© 20 o locate a point on an edge of the lens structure in the image as the matching

point for the landmark point.

23. A method according to claim 22, further comprising the sub-step of

estimating a matching point of an image landmark point from the matching

[\
W

points of surrounding image landmark points if no matching point is located

using the first derivative of the profile for the image landmark point.

24. A method according to claim 22 or 23, further comprising the sub-step of
estimating a matching point of an image landmark point as the image landmark
30 point if no matching points of the surrounding image landmark points are
located using the first derivative of the profile for the surrounding image

landmark points.



(251) deriving an initial weight factor for each inmage | andmark point based
on the respective matching point; (2511) mnimzing a wei ghted sum
of squar esOormeassesi1of di fferences between the i nage | angcask2poione297 and t he
respective matching points using the initial weight factors to calculate a
prelimnary update of the pose paranmeter vector; (25111) transform ng the
shape nodel in the shape space onto thé%i mage 10 space in the image using
the prelimnary estimte of the pose paraneter vector to produce a

prel i m nak§. Aehethoddcsbeging toaay obclditns 18ad@s, vHereiprsib-siepa giidkdened

shape nodel canprising a, plurality of updated inage | andmark points
corresponﬁ?'ﬁgr'ngs h‘?es‘:ﬁ?fﬁb%sl %fﬁdnnr k points with respective matching points;
(25iv) derivi n@@ﬂgmiﬁgfaﬁdnmﬁal @BIgHt d&dteF er%acﬁQ%%'ég?ﬁ@rﬁgrk PB@E basb@ndmar k

poi nt; and 25v) "mnimzing the weighted su squares neasure of
di f f er ences therespestive enaiglingerbintrage | andmar k point's and the respective
mat ching poi nt i 1k dj , ight factors to obtain.a.tinal update
of the pose pafzaéﬁt@g"'s/‘gzg?@ré. ﬁéggteﬁeﬁg%&g %%‘{%?ﬁirﬂﬁa?‘gecpgiqﬁefgpcﬁﬁerei n
the sub- sbewee?Sthe inagd Gindia points bRE thBbre8beBveOiatching points (11hg
assigning a first weight factor to an imge | andmark points if its

respect i vihengit@hweighidasiors to ralctlaiel agerelimingsy sfndage ﬁgwoﬂ%pawmmdar y
of the 25 ,shgpe nodel and passing through the inmage | andnark point;

(2611) assigni'ng a second wei ght factor to each of the remaining inmage

| andmar k poi nt 5iif)htearssformihgvibiegdttapeanioaie] irethegsisapd bpacd bato theirhagst

wei ght factor.,3§\ 27. A method according to claim 26, wherein the second
wei ght0 f a8h@fe BslbedMmass wsing Abe PEinipaN psiimate:pf e beseoPaRMSIE MBEIBRI ng
poi nt of ' | : j ' : j : . A
ot hod ackop Al neers PR ph, PefdtinegEshalse MEHR orPeRidest ihe prelimbery;
further cdeforinedshape mobektapprising sepiuralily ohapddijedsmagewandimark potnts as a
pi ece-w se_recipr cak atio of a Eukl [ drﬁgn. i Sstance betgc\fign t he updat ed
Pmage | anGMEr R Wi rrads BBmark poinia iR RSPEGHYR Makied PAIRET hod
according to ampsipf ddiviny entdd)dstebaiwaighheasion foPeestt rgsdfddf pahgs es of
step (1 b) or step (2c) conprise one or nore of a group of features

conpr }5i n@ndpEgkpointh@d@ i ntensity inside the defined contour of the |ens

tructure; 10(2%j . h f i ped f .t he |
Structure (2sfa0y B i SigbiRd Sut Re SBleRcaPRBhR br et ons
st r uct ur ebetwaSinvtheaupaed irabgs aridmark séiardaidtHicrdspetive masdHieg pbmtsef i ned

contour of the |lens structure; _ i
using the adjusted weight factors to obtain a final update of the pose parameter

vector.
20
26. A method according to claim 25, wherein the sub-step (25i) further
comprises the sub-steps of:
(26i) assigning a first weight factor to an image landmark points if its
respective matching point is located on the profile normal to the boundary of the
25  shape model and passing through the image landmark point;

(26ii) assigning a second weight factor to each of the 'remaining image
landmark points, the second weight factor being smalier than the first weight

factor.

30 27. A method according to claim 26, wherein the second weight factor assigned
in sub-step (26ii) is set as zero if the matching point of the image landmark point

is the image landmark point.



(29v) a nean intensity inside the contour around the boundary of the

15nucl eus of the lens structure; (29vi) a nean col or inside the

cont our awound/m2hs1boundary of the nucl eus of the | ens SCTSGRUN9®P0297
(29v1i) a nean entropy inside the contour around the boundary of the

nucl eus of the lens structure; (29vi 11) a mean nei ghbor hood standard
devi ation inside the contour around th30 boundary of the nucleus of the |ens
structure; (291 x) an intensity ratio between the nucleus of the |ens
struct ure2&nd mbmddeasccfrmngctbwrw of 2Binsa2b R ENBhéneinthe sablstes (2Bivi he

i mage; XIE an intensity ratio between the sulcus in the inmage and
the nucl efysther Cpﬁwrséﬁé %tSPGr?tt%fP%Of setting the agjysigd %'thf@ﬁ@ir@;? & Riecs-

bet ween a%ls%n?éélgﬂj;gzagﬁﬁﬁélofaﬁﬁ EuBRRIRT HRfiah &M etwedh e LpBSRY

(29xiii) a stren a nucl eus edge ens structure,; andmg%% 29Xi V)
a col or olndnparktpeint@ndrtbéirespectivetreatamirgepointho

2011/ 025451PCT/ SG2009/ 000297 31 30. A nethod according to claim?29, wherein
the features (291) to (29iv) are cal cul ated by averagi ng neasurenents of

the intensety metHdy ac&?ﬁfn@pbb ang d’ﬂﬁlhgfth@(:é&ﬁq cairddhdrélghatdameotéd hi n
t he defined contour of the’lens Structure A met hod according to claim

29 or 30, fagtwesi of stap (fehoustep (2X9comprise2ond iof )meneeotalgrauptatdeatures
aver agi ng nr\pbasurnenents of the intensity, -color, entropy and nei ghborhood
standard G&VPEE!Sn within the nucleus of the |ens structure. 32. A

met hod accor di (Zpi} 8 neéBh mier@I@llﬁQdBQhé@leﬁﬁed‘ﬁbﬁfo@k@ftﬁ@lén%aétwcﬁﬁe(29X| i) to
10(29XI ii) are calcul ated using the sub-step rs£{32| obtaining a

visual® axi s pr&Adidé meaﬂwelqrémd%m%eem%d sa%t@ar ghtheniens SIS,
di stribution 0{29’?@%%&%&@;) |H§|d%%8%tﬁn %%H{Jlﬁ'ofg&f &t &Fucft&‘xf : ex in the

i mage; e V|sua axls e using W pass
Chebyshev fil tezgsv)lFa( 3Aédnd) néngbbbmm@darastamdardl devnlaaoml ins&ﬁagethandeﬁned
posteri Orcé)r?tgtuir lof ﬁ1e lenlsr:]strhgteurela mage by edge detection; and
(29v) a mean intensity inside the contour around the boundary of the
15 nucleus of the lens structure;
(29vi) a mean color inside the contour around the boundary of the
nucleus of the lens structure;
(29vii) a mean entropy inside the contour around the boundéw of the
nucieus of the lens structure;
20 (29viii) a mean neighborhood standard deviation inside the contour
around the boundary of the nucleus of the lens structure;
(29ix) an intensity ratio between the nucleus of the lens structure and the
lens structure;
(29x) an intensity of a sulcus in the image;

(29xi) an intensity ratio between the suicus in the image and the nucleus

[S]
W

of the lens structure;

(29xii) an intensity ratio between an anterior lentil and a posterior Ientil in
the image;

(29xiii) a strength of a nucleus edge of the lens structure; and

30 (29xiv) a color on a posterior reflex in the image.



(32iv) calculating features (29xii) to (29x111) based on the snoot hed
visual profile and the |ocated anterior lentil edge and posterior lentil
edge. 20380 24wmes4s0od according to any of clains 29 to 3PCTisieeemiono2vhe
feature (29x) is calculated using the sub-steps of: (33i) defining a
hori zontal position of the sulcus as a medi an point of nucl eus edges; and
(33ii) calculating feature (29x) based3bn the horizontal position of the
suicus. 34. A nethod according to any of the preceding clains, wherein the
step (1lc) 36r Asrmegth¢@dccosdipgribociaimnl 2% iwiereirs tipgp deatuves t(29i) raq@bive.are3?

36. A conputer .system having a processor arranged to perform g netho
socordi ng Plsuaied oy e 59 B Ao raeRts 8 REIRerSh e Sitebadno

product, rr%@%rﬁod&’st%n@@F@HE@i"ati@ﬁQ\/iWErﬁi Abfied chRDUF B tHORMs ARRIcAREE by a
processor of” a conputer systemto cause the processor to performa method
according to any of clainms 1 to 35. 10
5 31. A method according to claim 29 or 30, wherein the features (29v) to (29viii)
are calculated by averaging measurements of the intensity, color, entropy and

neighborhood standard deviation within the nucleus of the lens structure.

32. A mefhod according to any of claims 29 to 31, wherein the features (29xii) to
10 (29xiii) are calculated using the sub-steps of:

(32i) obtaining a visual axis profile of the lens structure based on an
intensity distribution on a horizontal line through a central posterior reflex in the
image;

(32ii) smoothing the visual axis profile using a low-pass Chebyshev filter;

15 (32ii) locating an anterior lentil edge and a posterior lentil edge in the
image by edge detection; and

(32iv) calculating features (29xii) to (29xiii) based on the smoothed visual

profile and the located anterior lentil edge and posterior lentil edge.

20  33. A method according to any of claims 29 to 32, wherein the feature (29x) is
calcuiated using the sub-steps of:
(33i) defining a horizontal position of the sulcus as a median point of
nucleus edges; and

(33ii) calculating feature (29x) based on the horizontal position of the

[\
w

suicus.

34. A method according to any of the preceding claims, wherein the step (1c) or

step (2d) is performed using a support vector machine.

30 35. A method according to any of the preceding claims, wherein the test image

is a slit-lamp image.
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32

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

according to any of the preceding claims.

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

processor to perform a method according to any of claims 1 to 35.



