WO 2012/ 018303PCT/ SG2011/ 000271 1 Corneal G aft Evaluation based on Opti cal
Coherence Tonography Inmage Field of the invention 5 The present invention
rel ates twoaormatibsnd for processing an optical coherencepcorsegoraphyz7{ OCT)

i mage of an eye which has been subject tlo a corneal graft, to obtain data
characterizing the image, such as data identifying the portion of the inage
whi ch shows t he graft 10 Background of the |nvent|on The cornea is a

cl ear, transjEoraaal G baseg jalagea AMog Image

eye's focusing power. A healthy cor nea shoul d be cl ear and free of

I mpurities. When cornea tissues are damaged or di seased, the cornea 15
becones cl opiy antheVihgemtibrel arity is reduced. Cornea transpl antation is a
surgical procedure to replace a danaged or di seased cornea with a healthy
one froma donor. Penetrating Keratoplasty (PKP) or full thickness cornea
transpl ant a r ' ' 0 ' etely
r epl acecaisnbyi—bﬁg{éé%rﬁ r%%ggoﬁcr‘é%]ésegi 7 rﬁ%}hﬁggéﬁﬁrgg:@%%ﬁg at% (é&ﬁ:%l Fé%%qr%{ﬁ%é rest
of the eye, toafshraphy (emamegebfeﬁremmhwhlmHsza@neubjemoaéﬁamm)eal gradt,t ached
to the remaining portion of the eye by stitches s aced fa around the

circul ar pelc ¢aindaip ghaeacterzing dhe image: sikd asda at'QSPBé(!”Q'ithﬁeOQrBaGPfed f or
vi sual i npr %e 12 nonths and a customnade rigid
contact | en@éﬁa W@lgﬁ%ﬁggvgftﬁgﬁééﬁor the patient. The risk of rejection is
about 8% Since the cornea transplant wound (i.e. the intersection between
the repl ace t cornea ,and the remaining portion of the eye) extends

t hr oughidut gMMrepl acenent corea, and along its entire
circul ar periphery, the bond between 30 the replacenent cornea and the

remai ning portion of the eye is not strong and is at risk of rupture |ong
after the opke abimea is a\Cle20,1PA0SEE3PENISE2 ofl the0awe At contributes two thirds

of the eye’s focusing power. A healthy cornea should be clear and free of

impurities. When cornea tissues are damaged or diseased, the cornea
15 becomes cloudy and vision clarity is reduced. Cornea transplantation is a
surgical procedure to replace a damaged or diseased cornea with a healthy

one from a donor.

Penetrating Keratoplasty (PKP) or full thickness cornea transplantation is a
20 procedure in which the entire cornea is completely replaced by that of a
donor. The original cornea is cut away from the rest of the eye, and the
replacement cornea (which has a dome shape) is attached to the remaining
portion of the eye by stitches spaced apart around the circular periphery of the
replacement cornea. The typical time required for visual improvement is about
25 6 to 12 months and a custom-made rigid contact lens has to be prescribed for
the patient. The risk of rejection is about 8%. Since the cornea transplant
wound (i.e. the intersection between the replacement cornea and the
remaining portion of the eye) extends throughout the thickness of the
replacement corea, and along its entire circular periphery, the bond between
30 the replacement cornea and the remaining portion of the eye is not strong and

is at risk of rupture long after the operation.

An alternative to a PKP is a Descemet’'s Stripping Automated Endothelial

Keratoplasty (DSAEK). This procedure is suitable in cases in which



Descenet's nenbrane (which is a nenbrane which fornms the "lower" surface of

the cornea, i.e. the surface facing towards the interior of the eye) is
di seased.wOnreot2n1830pr ocedure, as illustrated in Fig. 1, &cesekerdloogsrti on of
t he di seased Descenet's nenbrane is ren®ed. This is illustrated in Fig. 1,

5 which shows the eye in cross-section, so that the portion of the
Descenet's nenbrane which is renoved in a DSAEK appears as an arc. The
portion of Desc@stenmmembrapabiwhichi s raermoemdvrame owbicha farms Ithendbwesn, and

repl aced by a_heal one (the rqgraft") from.a donor. .The. pro¢edure, retains
over 90% of S‘t"ﬁ%"%a{ rt'énqorge o'r‘?retggisr\‘tr%&fﬁﬁ'&'gttﬂWErc?Fa@eamg?{m?Ioi?hgiegﬁ) ¥

rej ection cgipased. Othid dréfedufes agnillSpAted Sk Fig. nougbbiitrdl pertibnveete and
there is no need for the prescription of a rigid contact |ens.

Unf or t unat etligeasédrRescemetrs shemheane hie rgmavedwiThis Hedbwsiratedainafisd 1r om

the rema ning. portiong of the original cornea., .JThe graft i d

whet her 3¢ POIRSBOPETIE v5 8 app sRetaf I it P gl or kB TR

opht hal nol ogjeghisranghivBichas rémoveddh e HSAEK Gippiclars ab arhed. elreepbrivhgsBRphy
(OCT) to exanmne the graft after a cornea transplant is performed. OCT is a

t echni que uthengesegmel simamb@ne igHemayeddprayad 3 smatinsisonaandyggiaced

£t oot i vl . nhrareet | ; . :

s composeuPyp e i ine oot 2 GG e pripdatte TR dor Stk ofTm0°
scanned in thespatierg8ajeenéa@intatt avd tHusthas2a ismalier 8K of rejgetionf cempatddtot with

a detached graft. The detachpent can be qgbserved very clearly. I mages
al so shbflv tﬁgpgr\élﬁ'f’nt'meRﬁ%%én EPughly v in 8 waeks andoisre fs ng %%?‘gg{rl e of

possi bl e gra%‘tescf@i&qb% Qggiir?gﬁtaggngnagery can assi st ophthal nol ogi sts to

make better Cl S1ons. shows Vi santeTM OCT Anterior Segnent
| magi ng System avail able from Carl Zeiss Meditec Inc. This system provides

f ht hal nol ogi st t d irtual cali [ i.e. b
mani pul at | YA PBREen o dav sk Bk e astRer Rerores sEpaane Kom e
thi ckness. Hongihig p@%oﬁwf%@@ﬁgmneaﬁnew%et 8t thisReEI LI E Whatidr it isS

avail abl e. Summary of the invention WO 2012/018303PCT/ S&011/000271 3 The
present15 nvatiachad prapertyoisprfovtimizst rinterestdon dles wiphthalMetgistad Thisnpan de

Srage (a LvBbEEN R BhiRaE 2oBBRncs BENERhY DBt igEThenE SR,
i mge (a two* S I - foan e

whi ch has bggar a¢bhesd tréﬁs@a%ﬁ%@ﬁ%@b@T 8 RbEHiqud ubihgaessTiafratedy Ns,
the i nvention proposes that an i mge of an eye subject to a DSAEK

corneal tralighl &t capturi THiraemzigeaimaoss.mafiectively | hebayagi Wik ' 'ortisahea
e o B ASEo® RPAEhehRL BE RS s otk Rp bockrhbarors. the
20 dimensional images, typically scanned in a star-shape formation. Fig. 2 is an
OCT image of a patient with a detached graft. The detachment can be
observed very clearly. OCT images also show the graft thickness clearly and
this allows early detection of possible graft rejection. Thus OCT imagery can
assist ophthalmologists to make better decisions.
25
Fig. 3 shows Visante™ OCT Anterior Segment Imaging System available from
Carl Zeiss Meditec Inc. This system provides a means for an ophthalmologist
to add virtual calipers manually (i.e. by manipulating a data input device to a
computer) to measure the cornea thickness. However, no depth assessment

30 of the transplanted graft is available.

Summary of the invention




10 extracting the boundary of the body including the graft and the

remai ni ng portion of the original cornea; conputationally detecting the
corners ovothe/gsmwBt; conputationally extracting poi ntsPom/SGheliwoeridary
bet ween the graft and the remaining portion of the original cornea; and
conputationally fitting the points on the boundary snmoothly into a curve.
The outline of the grant is then 15di splayed. As part of this process, a

user may : Inb'b? peeseniriavention aié?sCW@ltv' BgWiane useful medhadsand kemmsser s of
eoul ts | ncPURPy toh i veoRBiid chflea raiPrit TS SCURR Nl OB Ty '

nmodi fi ed byinidige Yaetvd-@interiionialnglicehef deselmefsighal OCTHmagey eift awreyenkes
possi bl e the automated, or sem -autonated, Qfenerat ion of a graft profile
i ndi cati ve whichhas been gdRiechio a RSARKcermaal dapsplastnt al ong its length. To

t he knovg edge of the present inventors, this is the first time such a

25profile has been avail able. The result of the invention nay be useful as
part of a plrogeseral tornmgl thee mventioaprasises thhtare @OTimage ofey eyddsubjeotl |y
utilize pattern reCé)Rni tion, statjstical &'Iic?grrani ng, and ot her technpl ogies.

30 In this Bo@uRSAER: smeal feansplant na: v REEL S| Membiage ke @ t o
S ane at e o >
mean tha géﬂé}ﬂweo@hear RS %e‘ﬁab’e%évdgb 'n ffgeg_%,ebét grdeérgged qBeHahafy: tHd

subsequent| ¥y runs w t hout human | rm"“sem -autonatically”

i s used to ouaflihg dhaheagtdfoufhe apricessl inthudet thHee steps e¥fsicognputatisnalhe

per f or nFOd ex razcc{%\%/ 81%8%%%ﬁg¥ysg?%é/booo y2|7nlclu%ing the graft and the remaining
portion of the original cornea; computationally detecting the corners of the
graft; computationally extracting points on the boundary between the graft and
the remaining portion of the original cornea; and computationally fitting the
points on the boundary smoothly into a curve. The outline of the grant is then

15 displayed.

As part of this process, a user may input commands to the computer system,
" to fine-tune the results of some or all of the steps. Specifically, the computer
system may display its results including control points on the curves it

20 generates which may be modified by the user to fine-tune the detected graft.

The invention makes possible the automated, or semi-automated, generation
of a graft profile indicative of the thickness of the graft at each point along its
length. To the knowledge of the present inventors, this is the first time such a
25  profile has been available. The result of the invention may be useful as part of

a process for glaucoma diagnosis.

The embodiment may additionally utilize pattern recognition, statistical
learning, and other technologies.

30
In this document, the terms “automated” or automatically” are used to mean
that, although a process may be initiated by a human operator, it
subsequently runs without human involvement. The term “semi-automatically”

is used to imply that although a plurality of the processing steps are performed



automatically, a human operator is permtted to interact with the conputer
I npl enmenting the process at one or nore stages, to fine-tune the operation
of the emvodnreans3o3and/ or its intermedi ate and/ or final pcesGRe”00®R7The

i nvention can be inplemented in currentl4 available instrunents w t hout
extensive nodifications. It may operate on OCT inages obtained by an

I ndependent i maging system and/or be incorporated into OCT i mgi ng

equi prent . aOBrnilatfcaﬂg,serhlmeOnOpﬁratdteisdpamhittgd toEimberaictnwiths thef computer

i nvention w || escribed for the sak reference
to the foll m'ﬁa’%ﬂaaﬁgé Hrﬂc%fﬁ pone or more ageﬁef?3@4&3%2&3888['%}@&1?&“ ew
of an eye, fPbmbBHMEelthandior ®s n@tb?m@@é’fé(ahélﬂmmgu%suﬂtéﬁ g. 2 is an OCT

i mge of an eye whi ch has been subj ect to the DSAEK technique; Fig. 3
shows an i mage generated by a prior art inmaging system Fig. 4is a flow

di f h . whi

comosed of TERGMEHE i de°ileMERR MEBbrBhy) sFaliEdhtifiing i whodt '
embodi ment  ektenisBe fhodifitchtiong. lﬁ(nbe)y \Mpexrbtel @namemmuge@ gbdited dgi @m
produced by the enbodiment of Fig shows a fgil_rther I mage

gener at ed bindependaplbdmaging cﬂysiﬂ“@y euI‘d/C?rn hﬁhl'wrawa&ér intadeCils imAadat ed
wth neasur g ﬁg@?ﬂ%a 25Fig. 7 illustrates two types of noise comonly
found in cor I mages; Fig. 8, which is conmposed of Figs. 8(a)
to 8(g), shows an |mage at each of certain sub-steps during a first step of
t he nethod qf. 9 |Ilustrat es an i mage generated by a second
step of 1 he e dra Fig. 10 is an annotated OCT i mage of

an eye whi CEW!R@%& éMWeEiﬁ\Peﬁt%nt\biﬁ neR 6K deReBedlftit the sake of example

only with reference to the following figures in which:

Fig. 1 is a cross-sectional view of an eye, explaining the prior art
DSAEK technique;

15 Fig. 2 is an OCT image of an eye which has been subject to the
DSAEK technique;

Fig. 3 shows an image generated by a prior art imaging system;
Fig. 4 is a flow diagram of a method which is an embodiment of the
invention;

20 Fig. 5 is composed of Fig. 5(a) which is a graft profile produced using
the embodiment of Fig. 4, and Fig. 5(b) which is a segmented graft region
produced by the embodiment of Fig. 4;

Fig. 6 shows a further image generated by the embodiment of Fig. 4, in
which an OCT image is annotated with measurement data;

25 Fig. 7 illustrates two types of noise commonly found in corneal OCT
images;

Fig. 8, which is composed of Figs. 8(a) to 8(g), shows an image at each
of certain sub-steps during a first step of the method of Fig. 4;
Fig. 9 ilustrates an image generated by a second step of the method of

30 Fig. 4;

Fig. 10 is an annotated OCT image of an eye which has been subject
to the DSAEK technique;
Fig. 11, which is composed of Figs. 11(a) to 11(f), shows an image at

each of certain sub-éteps during a third step of the method of Fig. 4;



Fig. 11, which is conposed of Figs. 11(a) to 11(f), shows an imge at each
of certain sub-steps during a third step of the nethod of Fig. 4, WO
2012/ 018398RCI/B&HB11/ 000271 5 Fig. 12 shows an i nage pProlsGai1doe27ng a
fourth step of the nethod of Fig. 4; Fig 13 shows a inage produced during
the fifth step of the nethod of Fig. 4. 5Fig. 14, which is conposed of
Figs. 14(a) to 14(h) summarizes the process of Fig. 4; and Fig. 15

i ndi cates how grpignd2tshoivs ammgsge priducedenaingda fourthikptepiofithe atethedolf t s
perfornmed to test the enbodi nent. 10Detail ed description of the enbodi nent
Referring tBigFfty. 4, a flow chart is given of an enmbodi nent of the

I nvention, knowngas *eNE Y ' |

system The inpult:I tgét (ﬁg imageggés@%ﬁnﬁﬁ%ﬁémf@?g?%&@%&g%@%}as t he
i mmge shownFigb4in Fig. 8(a). The image may be one slice froma

3-di nensi onal OCT inmage, containin | ar ge er of 2-d slices, e.qg.
scanned Sin a st ar9shdpwh r'ﬁﬁpm?%e%tﬁggﬂi%g&%ﬁ h) eFMaRzRS the sel ect ed
(e.g. manu yahRqt he graft. Optionally, COLGATE can be run on
each of a ﬂ%ﬂﬁ.‘})%?égpg] él?msnsi onal OCT inmages sequentially. 20 In step 1,

t he enbodi nent ekigr abtisdicatesdmmdmundotfuthlimagedywérerpregatad ithe conbi nati on
of the graft and the rensini ortion the cornea. The top surface of
this body iSRS Pbﬁ%?gﬁscl?&aﬁ eﬁ’\mg%'ﬁ%é %"ﬁl%ﬁ'ﬁ‘&@ﬁ by the DSAEK), and the
bottom surface of the body includes the | ower surface of the

10 Detailed description of the embodiment

Referring to Fig. 4, a flow chart is given of an embodiment of the invention,
known as the COLGATE (COrnealL GrAft Thickness Evaluation) system. The
input to the image is a 2-dimensional OCT image 10 such as the image shown
15 in Fig. 8(a). The image may be one slice from a 3-dimensional OCT image
containing a large number of 2-d slices, e.g. scanned in a star-shape
formation. The 2-dimensional OCT image is selected (e.g. manually) to
contain the graft. Optiohally, COLGATE can be run on each of a number of 2-
dimensional OCT images sequentially.
20 '
In step 1, the embodiment extracts the boundary of the body formed by the
combination of the graft and the remaining portion of the cornea. The top
surface of this body is the original cornea (which is unchanged by the
DSAEK), and the bottom surface of the body includes the lower surface of the
25 graft and a portion of the lower surface of the original cornea. In step 2, the
embodiment detects the corners of the transplanted graft. In step 3, the
embodiment extracts points on the boundary between the graft and the
remaining portion of the original cornea, and in step 4 it uses them to fit the
boundary smoothly to a curve. From the outputs of steps 2, 3 and 4 the outline
30 of the graft is identified. In step 5, the resultant graft outline is displayed,
together with a graft profile indicating the thickness of the graft at each point
along its length. Each of these steps can be implemented as a respective
software module, typically implemented by program code operated by a

general purpose computer.



25graft and a portion of the |lower surface of the original cornea. In step
2, the enbodi nent detects the corners of the transplanted graft. In step 3,
t he enmbodw@ent2/@sgisact s poi nts on the boundary between wha/sgeerfitoo@id t he
remai ni ng portion of the original corneg and in step 4 it uses themto fit
t he boundary smoothly to a curve. Fromthe outputs of steps 2, 3 and 4 the
outline 300of the graft is identified. In step 5, the resultant graft
outline is displayed, together with a graft profile indicating the

thi ckness of the graft at each point along its Iength, Each of these steps
can be irrp|ngf@goutbnam@sbe@ﬂsn}@y%mﬁap@Iﬁﬁh@ff@r,m shewadn IFj9-i¥Bl-enent ed

by program { e r p ,
2012/018303@8‘*%%%@@}%%0%’{@%9%@ 5{% ?F‘%ﬁ?spﬁ‘g’%é?@gk’ﬁ%p?fat{?g " step 5
in the formaghesvat eachofa phir)ity dflecationistalpn@its lendgth. Abdescribedbglovwq( a) .

This is shows the thickness of the graft outline at each of a ?'I urality of
| ocati ofs QRfiegally sthedifgr sanadivgt contrebroipty eihes variRysRWIVeS to fiRg 1WaRr " can

adj st contyhalqdedBliraft Eidee ol SHIaYGS bOrbhtt drHOET! fifadiet ect ed

graft. Fig. enl arged portion 0O | mage, | di ng

measur enentindatdmgineasurendnyt ddie obidined bgrthe eartibdilent anelr ¢haragterizing

t hi ckness of the subject's qrigjnal .cornea and the transplante aft.
These | mgagetBERBER: BEe sibiee] s SHaRs Breaang e terep Rl bett {hdssiy ¢ ur n
to a 10descpidd fin@ bl RESEISHRPRINEthE HE8ultsSVB nbw RN Y
Extractionclg‘%afabtﬁll ?B?%&gﬁi&gs fi n%l'{gng t he topegurfaclé of themizornea (which is
unchandéd bjestsiptioe obDSAEKYS thase staps boturom surface of the conbi nation of

the cornea and the graft. Firstly, it conprises reducing, and preferably
removi ng, noise that is present in the OCT image 4. Fig. 7 illustrates two

types of noggp £y Bxwadtiom corneal OCT images. A first type of noise
Is intensity spikes, which nornally appear in the mddle section of the

i mage, such as a central intensity 20 spike illustrated by the arrow a in

Fg. 7. Thesf%f?hﬁirirb\}_&(\?e_es fﬁ]quBitﬁS tl%B 6&“@%&5 § 't Bl {hicA 3 iu'P'cHah &4 8. gy

the arrow b s¥noi's uces regrons I Nt ornation”i
m ssi ng.5 Fithe BSAEB)Sarid thebuttdresuriizecf e ebaitgesticisof thel corpeaaesisthd i n

step 1. F ggjraft. Firstly, it comprises reducing, and preferably removing, noise that is
present in the OCT image 4. Fig. 7 illustrates two types of noise commonly
found in corneal OCT ihages. A first type of noise is intensity spikes, which
normally appear in the middle section of the image, such as a central intensity
20 spike illustrated by the arrow a in Fig. 7. The other type of noise is

interference noise, as illustrated by the arrow b in Fig. 7. This noise produces

regions where information is missing.

Fig. 8 shows the how the image 10 changes as it is processed in step 1. Fig.
25 8(a) shows the image 10 at the start of step 1. In order to segment exclude
the intensity spikes, in sub-step 11 thresholding is performed on image 10 to
generate a binary image, as shown in Fig. 8(b). The threshold may be chosen
based on experimental data, e.g. by trial-and-error until a threshold is found at
which the intensity spike disappears.
30
In sub-step 12, small objects are removed. In other words, we perform the
steps of (i) identifying all the pixels above the threshold, (ii) identifying all
islands of such pixels (i.e. objects), and (iii) setting the intensities of all the

pixels of the island to zero if the number of bixels in the island is below a



25 8(a) shows the image 10 at the start of step 1. In order to segnent
exclude the intensity spikes, in sub-step 11 thresholding is performed on
i mge 10 WO 2gexas8®Be a binary i nage, as shown in Fig. 8@bYx/SGeoua/onéeshol d
may be chosen based on experinental datg, e.g. by trial-and-error until a
threshold is found at which the intensity spi ke disappears. 30 In sub-step
12, small objects are renpved. In other words, we performthe steps of (i)

i denti fyi nghpddhdidieTRé tateshalp Ve skietdd math edfdreridd lo ithe@CTYyieabnaldgy
i sl ands of such pixels (i.e. objects), and (iii) setting the intensities of
al| the pixwhigshopradusedsthehdmageseregi fif the QGdbémage |5 ¥ens grainyndhesi and

ol et od i THYERL e RRESHT e ERder R afaulodd 1S Widh ol o, BLO THEC,

e.g. if thenfdgk isTtemn fitereer ¥g@inaionyembhe itteresérdel notsec o srorpholdgicalar ger .
Thi s produces the inmage of Fig. ,8&0). The irza)ge is_th?n filtered arﬁ into
remove iSnt SPERERFRCRS Sdhen appliad &0 gst Eig- 8(a). arasificgly: hiedmage;camaR
applied to -sghglehoSfrﬁj)oTrdép?&'dut G thé EHdROR it8fferMcsURoisa ML an N
order to cut down e effect of Interference noise. As an exanple, the
enbodi ment esamplentiecembedimenttraay sastpig theopoihls jni steps of 80qixdlg (e gkibyg

pi xel nunber nber 21 use,the result to

1, pixel « i xel , et
produce a s%ﬁ‘tghg':xéﬁﬂ\‘%.er{&f't%pfelt%gﬁrt ’ﬁf Bs@ﬁ)c"é?%g?)s%“‘i’ YISPd vr@a’,u‘ty@
extract 10 ;Srlaeueélérgﬁgath%%uam ti e dElepehi lsd TR fedfbveld, WRY BRiractel Y we

can al so use ot her e detection nmethods such as Sobel, Prewett, Roberts,
etc. | r0subthstuntiary usingdeanny &tigeddetection apethad eAlternativalyt we assualgary and

fhe top 15 UstIobH! eBapBsRRirmelibds A& sabeh BrVRE RbHEen | rmge
Fig. 8(d), and select the top-nost white point for the top boundary and the

bottom nost white point as the bottom boundary. From our results, we
observed t hat sulhstapop3bthm gieteated Adgegisnsepanaed éntp afebthpunsdan: anseabot t om

boundaries h ' [ j z : Ao Nt.S are
sanpled fr ot?‘r?q%/ﬁg%%gﬁg%h{ %g’u%r@yrnyﬂnq%ﬁe%&t) %gﬁg%ﬂggpréré&&eﬁ%gﬁ '(j)d%r%'ﬂgfg:é nttag
fittings i tant &sttoanbeandarye weaaRAmihedeaoh oftthepratdimets inhienagexFigs Btd),i ng
point. This is done by curve-fitting using a pol ynonm al equation defining a
curve (i . e.ankselee! g oReMBET whie SOtdPT e top hritiasieRd DY RS best
fit the Cur\)@ﬁ'té %oﬁﬂ%?ﬂ@b@ﬂoﬂobﬁﬁﬁaa T Pﬁorﬁ'édr%gﬁlté’,fwé%e?\;ec; BeatSiRep! ed
points from Be FOUNVE I'S reasur e , and those points ’lying too far away from
the curve aop bapidaties dre generelbpeedi smopthedihiedtie fmittors bowndatieahave
generated based. on the. curve. An inmage such as Fig. 8(g) is then displayed
to a user, YUREHTPIHBYER bott om boundary (i.e. the remmining 30 sanpl ed
points gnd the predicted points). A subset of these points are highlighted

as control points, for the user to fine-tune the curve. The user is given
t he opti on Themddisuip-stap 1opoimts Braisampledifomethiegnttom bgungary: dinendthe

PO S Bbo SR M BT SRR, s RRpel IFeCo b pel¥ e !
predict the next sampling point. This is done by curve-fitting using a
polynomial equation defining a curve (i.e. selecting the parameters of a

25 polynomial equation to best fit the curve to the sampled points). The distance
of each of the sampled points from the curve is measured, and those pqints
lying too far away from the curve are replaced by corresponding predicted
points, which are generated based on the curve. An image such as Fig. 8(g) is
then displayed to a user, containing the bottom boundary (i.e. the remaining

30 sampled points and the predicted points). A subset of these points are
highlighted as control points, for the usér to fine-tune the curve. The user is
given the option to modify the bottom boundary by manipulating the control
points, e.g. by dragging them across the screen using a pointer device such

as a mouse or similar device. Typically, the number of control points may be



WO 2012/ 018303PCT/ SG2011/ 000271 8 10, as shown in Fig. 8(g). If finer

adj ustnent is required, the nunber of control points can be increased

st rai ght fwowaradi1g3o3St ep 2: Gaft Corners Detection 5 StepTAGzaannéA7ies the
four corners of the corneal graft, as shlgpwn in Fig. 9. Corners can be
detected by known corner detection algorithns based on gl obal and | ocal
curvature properties [1]. However, the boundaries in the OCT i mages have

rough edgesqQ sds $hews af Fy. eqﬁ)t. ¢fcfirmr atjustehang idréquireidnthe aliseet 0f contnelr s i f
the corner detection algorithns were applied to the whole OCT i nage. As

di scussed apRDts cambe frcreagksispightfanyardlya circul ar disc of the donor's
Descenet's nenbrane is grafted to the patient's cornea. Exam ning the OCT

i mages and consulting with the ophthal nol ogi sts, the present inventors have
found that Swmpn2rGrt Cbemevs Oeteetfiorspeci fic regions in the 15 i mages. Thus,
t he enbodi nent applies the corner detector algorithnms to specific w ndows
where tHe corner points tend to be localized. The position and size of the

(wo Wi ndowSsiiaed RERIifIEC M 18lr boeRt lofi tBIGSneal grafflCad BRORASH Hi ghance

that the wi ndows capture the corners of the graft, the 20 enbodi ment
perforns a Cemiers zarabe geteictadbyngnewub-cireer 2ietection algotithms based ohe

ling f f ] i s il ab |l QCT, |
Since Tt Dooibabrndibu) St natel Bohblis U i Phitaite b dries R ETes i
i mages so tmégoéshﬁxv@'rbu RéRYesedot the BErrdradtacrsidbie feaat @ find false 2.

Usi ng the top boundary obtained in sub-step 14, the inage is 25 positioned
so t hat1@ heceroprsrifsthepeprierodeteption @lgardhmsamere anplisgoidthe whate @edt er of

the image. This i ans. t [ - i ' 52,
superi rrpose'cfp?ﬁ?' ¥ uﬁ%ﬁ%@%ﬁ%s&t@%lsﬁygrbﬁ?%é"ggdtaw&%vﬂ%ﬁgaﬁe% St of
the OCT i magsnors Diecémet wirng@brare isgrafedid thebpatiettis coimeas Bkantihinighe
graft are indeed within the windows. I'n sub-step 22, corners within the

wi ndows ar ethgetQET etinagere ansticopskiiags witet &e eephthalsmelpgists, thes RsaRenly
white crossgs. i £Rd'958nd Akt LofdlOboint® &t/ SLPEAERETfegfitikl 1A 0pR271 9

15 images. Thus, the embodiment applies the corner detector algorithms to
specific windows where the corner points tend to be localized. The position

and size of the two windows used are identical for all images.

To increase the chance that the windows capture the corners of the graft, the
20 embodiment performs a resizing and positioning sub-step 21.
1. It uses the scaling factor of the OCT images (this is available for all
OCT images since it is provided by the OCT image capturing device), and
normalizes all images so that they all conformed to the standard scale factor.
2. Using the top boundary obtained in sub-step 14, the image is
25  positioned so that the top-most point of the top boundary corresponds to the

center of the image. This aligns the image.

Fig. 9 shows the two windows 51, 52, superimposed on an OCT image. Inset
53 is an enlarged view of the part of the OCT image within the window 51. As
30  will be seen, the ends of the graft are indeed within the windows.

In sub-step 22, corners within the windows are detected. The four corners

"detected in step 2 are shown by white crosses. Any corners that are not



detected within the left and right wi ndows are sinply ignored. These 4
corner points are used in step 5 to mark the ends of the graft outline.
Step 3: Gwvafzp12Bosgedary Points Extraction 5 The main taskCIisGoEapI®71s to
extract the points that lie on the boundary between the remaining portion
of the patient's original cornea and the graft (i.e. the upper surface of
the graft). Conpared with finding the foreground boundary points in step 1,
graft boundastectend witlsinghe lefbaad dighrt ménddws are)bmailyl igrored cBivsse 4fcotier nat ur e

of theOCTimae For i f dlretl ap edge detection

al gorit hm t BOIp r@(ﬁsqq?r'ﬁ'gggp tlhﬁrf’d1 ?@*B?ﬁﬁ%ﬁb'ﬂmary is mixed with
ot her edges. However, referring to Fig. 10 which shows an OCT i mage which
has been annot at ed rranually to indicate the | ocations of the graft and the
remai ni ng pStep dnGudft BoendanydPeials Extracfion it is observed that the 15 graft
boundary_is visible because of contrast of the average intensities on the
two sides of the I mge. Mdtivated by this, the present inventors propose

that the emppdi RBIM tK PGtsp R %%&rafét)ltﬁé%din!sntﬁdﬂehé oh! thed BBURHERS -
Fig. 11 shows how the image | ooks | owi ng each sub-step. The starting

poi nt is anbétwess, tr@htﬁmammgcr)grtlompé}hwwanﬁs;orlg@abrcpmemlan@dheuw@te 10

M hask such cadh? APRERITHEEPE e ARNT oAl yity ERingrfhe FRAG L' 1
appl ying a polriciry gointéi iel stepi 8. glaf( Bounddrgrpoints arednidre iffidult ttb esistains a
step of edge detection. In our nBI enent atlon t he 25Sobel  edge det ection

al gor i t Hin i Begause ofthg natyrecof the Ofd imagsutFasexamplediweidireati apPI% @b st ep.
| b- st f
bor 1 on of e dEREAGRAGLARR (RIEOICT kg e ot BAUHE ol nd ABARPER 1 08

30 based onmiptezl With athdr Iedgegrermmda,rne&srrmgttal FFlgd10an|bb|cshbwsThnsOOé'g| on

of interest is used as a hask to remgve the edges corr spondi n he top
and bot t om AN @éc%%%’ba\ﬁé‘oéﬁtgglfﬁﬁek@@f Ingjcaf ﬁ‘ ﬁ?é: gPtOfb dary

in this steg ft':éﬁd tH&Q%%gﬁﬁ ogﬂ;tﬁ-n gwoﬂbmﬁn agoﬁéza(qﬁ |sa6t5§‘érv thay hemasked

out fromi t e top an ott aries 18303PCT/ S(2011/ 000271
10 15 graft boundary is visible because of contrast of the average intensities on the

two sides of the image. Motivated by this, the present inventors propose that
the embodiment extracts the graft boundary in the following steps. Fig. 11
shows how the image looks following each sub-step. The starting point is an
image, shown in Fig. 11(a) which is the original OCT image 10 with the central

20 spike region removed by multiplying the image 10 with @ mask such as the
mask of Fig. 8(d).

Sub-step 31 is a smoothing step by applying a filter, to yield Fig. 11(b). Then,
in sub-step 32, there is a step of edge detection. In our implementation, the
25 Sobel edge detection algorithm is used. Fig. 11(c) is the output of the edge

detection sub-step.

In sub-step 33, the embodiment detects the bottom boundary of the remaining
portion of the cornea. Firstly, the embodiment obtains a region of interest
30 based on the top and bottom boundaries obtained in step 1. This region of
interest is used as a mask to remove the edges corresponding to the top and
bottom boundaries because we are interested to find the graft boundary in this
step. Fig. 11(d) shows the image of Fig. 11(c) after we have masked out from

it the top and bottom boundaries.



In each colum in Fig 11(d), only the bottom nost edge of Fig. 11(c) has
been retained. The edges of Fig. 11(d) are plotted on Fig. 11(e) as dots,
superi nposecdoizpus3oBhe original imge Fig. 11(a). Sone ofcrisegeli®ots1 are not
5 within the RO. In consideration of thge cornea structure (which is shaped
as a portion of an ellipse due to the internal pressure of the eye) and the
fact that this sane internal pressure will press the graft towards the

i nner surface of the cornea form ng a snooth elliptical contact surface, we

h ft bouynd f ell h
£ Bnst or m 18 @51 PR 4Eh onb g ErfasbmesSsE Rt do] 1 ABRS s as
wel | as there?%HB ar'Vhé)f?Jlgﬁs edf' ' FRE > 1.1 cﬂe'éré Fo‘f'l%ad oROFiy.S. 1qg Ridedigsed on

t he average ness orig cornea using enpirical data
(avai |l abl e supertdpesdd ppdh rtlumbngmm) lrdagerﬁlgnhlga) r&omemfagese Uotskm&ssotof a

chosen taki Wihiihg RELdrronshsrsiomahie saPEBtichs (WhiaE R BIART 2R fess.
The resul t B%Pheoé@vah pbé N & MeGhietfal Hassar 5fetHé @%Oénd bfe feREQRSt RO,

and the stan eviation gives the thickness of the RO. This creates a
RO that i sthihepme infekralprossuretwit press theograftitawards thelipner sudacscpf tﬁiened
below, in ste

Second RO CoBeRIPI AR S eBngH e e RO RGE. WetbeRofrabb et can

be used to gelinduy ipbints 08 HaRdf elfesd. 98 Hdughstramitbed is apphé(ﬂd/tlﬁ-ﬁ&bfs' cal
met hod can be used. Specifically, the enbodi nent may us pr e- known

typi cal 14 at tmdeiect the centaeef meaﬂlbpae egarelhas the, bpugdawcgf thqfrﬁ"mey gineal

val ue of PI e at und
truth inages. eﬁéidlgﬁsbﬁ%“gay %aod ?' n@%eg‘}é/%r% dm%n%%ased% gﬁb%he t%ypl cal
PIT ratio. &@gjmab(amrh@a asingoemmdmﬂ Hatzam(awmatﬂe of mudtcaplmutglcauonb)truth

i mges (that manual | y mar ked i mages) is deter m@aed t hat theama
val ue of P/ qe$%'bmﬁf@n€v?rﬁée§h§ﬁﬂﬁ$%oﬁé\ﬁ%ﬁ?%ﬁn%tsos@ afd,deyjption.adde t ne

embodi ment e3e. 6#%&%&%&5@@ EHﬁ%g@ﬁf@aﬁue%ﬁhﬁﬁ%@%H%ﬂi gr aw

a curve at a locafion corresponding to e seco
gener atgd adevatian imgatreecatibiakoesy. efted result bf the Hmegh &adsfoam giyea the

t hi ck f 0.5% ab th Af t that,. o ed
e be ot el Y 305t Rllhng 155 SYarisspeiviaon iy So e gease.
ei ther caseqys {HRERON CAROLredtBo G F‘\'@Nhéﬁ@%%é‘d ik whdrt hebeaS isABwAlA m.@ed by

manual neasurenents to define the second di scards edges outside the
RO, and t h¢hfudes explginatebelow,dn step rmdbe(@nbedlm%tnnaslkﬁspuwpoms fthat her

fine-tune the result esult is a graft boundary that may be 5
nore accur af'® ?Lﬁglﬁie tﬁg Sgﬁgnﬁlrf?% ned above using the Hough transform Step

4: G af4g Boundary Curve Fitting Step 3 results in a set of boundary points

correspondi ng to detected edges
Note that a Hough transform is not the only method which can be used to

define the second ROI. Besides this method, a purely empirical method can
be used. Specifically, the embodiment may use a pre-known typical ratio of
the values P and T (defined in Fig. 10). This typical value of P/T can be
25 obtained in advance by a study of multiple ground truth images. The
embodiment may select the second ROI based on the typical P/T ratio. For
example, suppose that from studies of multiple ground truth images (that is,
manually marked images) it is determined that the mean value of P/T is 70%
and the standard deviation is 0.5%. In this case, the embodiment may use the
30 top and bottom boundaries obtained above to draw a curve at a location
corresponding to the 70% value. The second ROl is generated as an elongate
area centered on this curve, and having a thickness of 0.5% above and below

the curve. After that, only the edges within the second ROI are used.



10 within the second RO . Broadly speaking, step 4 |ocates control points
whi ch are a sub-set of the boundary points detected in step 3, and which
lie on a woroe/dexadri bi ng the graft boundary. The G aft Pooscdaryoadint s
obtained in step 3 still contain sonme ngise, as 15 shown in Fig. 11(e). In
order to obtain a nore accurate result, we approximte the graft boundary
as part of an ellipse and only the boundary points near the boundary of the

el 1 pse ar gnréither aade, thegsrebéntdrhibodinert iueRs ple-knbwnsiafornfatibnwidaingdpoi nt s
is sanpled, and arc detection is applied to the sanpl ed points using the

R.
Hough t r anshyomanugl mgasuramentsigdeling the sepend RQIndiscards edges QutsKles o,

boundary p t e ) i e f det ect ed
arc are coﬁtblg(ﬁcr)g%r n?sth%ﬁ&g%s%@%ﬁ%é@%ﬁ&_e%%ﬁ%&ﬂ@ﬁgag%gam n Fig. 12.
The corner fpgthst finexdneteedsuits STiep eRd aesultisesigtaft boundarp¢hatahay ded ri ght
ends 25of the graft outline. In step 43, the enbodi pent does_a simlar
process Sas MAreascwatethen thgane oltainedahaye yiing the bioNgatANsi™M-s of Fi g.
12; use consecutive sanpled points to predict the next sanple point,

di scard those which lie too far away fromthe 30 predicted points, and
finally fitStsiptdr GradipBomedaryrGueve Kithingber of control points are then
sanpled fromthe spline curve to be used a control points, so that the user
can fine tune it later, e.g. by dragging the control points using a

POi nt i ng degiepea ST 8 EBUGbouNIIHMAISHRGHE Y HoRRET babBsiot o

that in the case that there is separation between the graft and the cornea,
such t Hét twithio the secont Rt Brpadlsspeaking,sstep Blomatds gentealtpqiatsrwiichot h on

the both the upper syrface of the agraft d the | gwer,s ace .of. the

cornea. Bas¥& ﬁu@h%e%p%?ﬁﬁsbw%{ygﬁ”?tﬁ (g%qﬁf)teg,'ntﬂgpa%'céigéew&é‘m Iﬁoﬁgp 41
wi || producgrvé deselitighehé gfafebodhdaryl s desirably the upper surface of the
graft, so that COLGATE can delineate the graft in step 5. Step 5. Display

Gaft Profile 10Step 5 invol ves displaying an outline of the graft. This

e R G T o e
edge whisch drowrdir Figf 11 e). Bpbidee tobbtdinedmore ateyrate result, (ei apprbrihtatend

right edge |lines, which are obtained fromthe corners points obtai nﬁd in
step 2. Usithg gratt hoyndary 8oipartsof amellipse and only the boundary points near the

boundary of the ellipse are retained. Specifically, in step 41, the set of
boundary points is sarhpled, and arc detection is applied to the sampled
points using the Hough transform (or a similar method) to obtain an arc. In

20 step 42, boundary points more than a predetermined distance away from the
detected arc are considered as noise and discarded. The result is shown in
Fig. 12.

The corner points extracted in step 2 are used to mark the left and right ends

25  of the graft outline.

In step 43, the embodiment does a similar process as in sub-step 14 down-
sample the graft boundary points of Fig. 12; use consecutive sampled points
to predict the nexf sample point, discard those which lie too far away from the
30 predicted points, and finally fit with a spline curve. A number of control points
are then sampled from the spline curve to be used a control points, so that the
user can fine tune it later, e.g. by dragging the control points using a pointing

device such as a mouse.



15 enbodinent initially fornms left and right edge Iines as showm in Fig.

13, but the parts of these |left and right edge |Iines which extend beyond

t he | owerwodge/Esi3t he spine (ii) are trimed away. So @&ce/SGaelipas’s of the
| oner edge and the spline which are to fhe left and right of the edge

| i nes, thereby producing an i mage such as Fig. 5(b). 20 As well as the

I mge 5(b), the enbodi nent displays a profile of the graft as shown in Fig.

5(a). You crBtd Rt e thd@aBeopas thake e rdbatatidie bafédn aké Vgraftsafe theat the
graft boundary (i.e. the upper edge of the graft) becones a straight |ine.

Thekcgnt er ganag, sich that theradanpsbaunrdany” a8 sych: sepzowdl dptechrointssbetnght i s
2 good ana 9 it bOYrE0 REraPe ¥ e Sl E KPR BRERY MR ol ) 07

a wel | -att aghest Bhahé poirts detested a kiep 8sthecdratdstestion stebl 41 will prdduee

patient's cornea, such that both ends of the graft wil] thin gs time goes
by, and % hi 8 siaglepeusygenttyf ishdepiraftly |tbe pRPainstRace b aralli e thale

function of |L§;'% cgﬁﬁetlinggtteghiaﬂcjeraﬁ% g%gdgst roy undesirabl e bi ol ogi cal

material w € cornea an reby ep the cornea cl ear, excessive

thinning of the entire graft may indicate a problem since it mght inply
that the cells Ln_.th aft _are dying. WD 2012/018303PCT/ SG2011/000271 13
V& now sur‘mﬁfqué" @ﬁ@%’f?@@é@@r ®Fig. 4 with reference to Fig. 14. W start
with an OCT inage of the patient's cornea (Fig. 14(a)). Using the boundary
extraction step 1, we mark the outline (Fig. 14(b)). In the graft corners
det ectildn sbtgp Hdneqvey disphayidg cor aatlinpodfnthe airadt. ddtie oudlihe( Aickudesa(icp) . W

then 5l ocate th i on .of int RO) . b irical,data (Fig.
1400)  wi clwenedgBauTirE s, 8 Pt e e a0 &7 Sut Sprtn et he i foea’
transform wh B draftTBbidied in" stbpapp! gpf iamﬁmsaz e WRicarigparberhdaspiihe The

graft boundary points extraction step (step 4) then |ocates points that
l'i es on t heohjaitfed ipcsiapah andr@i)del ang dghtcedgrelimes, wiieh @re abtaised frore

et 2 ek e 5Pl S 8B 30 s B8 e B s v
of the ppsiémebdihenthnitibiviciany I4fs apliaightasdd@Olinds as shbWn in Figam3,nmge with
the RO renobved. W connect the corner points and use the result to mark
the left aribierpafms cfdbese deft ene gk edgeriliges Mfpigh)exteng bavand the
Ségggreintngg t gé'&a%%%ﬂé gﬂ?;é?ﬂ% (iﬁ%ré’ @%mé‘oda%Q.ego(ai:rEQhe]p% o th&Aoter edge
and the spline which are to the left and right of the edge lines, thereby
producing an image such as Fig. 5(b).
20 |
As well as the image 5(b), the embodiment displays a profile of the graft as
shown in Fig. 5(a). You can imagine the process as bending the graft
outwards so that the graft boundary (i.e. the upper edge of the graft) becomes
a straight line. The center point of the cornea is marked zero, the zone on the
25 right is marked positive, and the zone on the left is marked as negative. This
gives a good and simple way to evaluate the condition of the graft. For
example, a well-attached graft will eventually fuse almost perfectly with the
patient’'s cornea, such that both ends of the graft will thin as time goes by, and
this may be seen on the profile. In another example, since the function of the
30 graft material is to destroy undesirable biological material within the cornea
and thereby keep the cornea clear, excessive thinning of the entire graft may

indicate a problem, since it might imply that the cells in the graft are dying.



W now present experinental results using data obtained from Si ngapore Eye
Research Institute (SERI). They are hand pi cked by an opht hal nol ogi st so as
20 t o hawsoaopdusBodover age of the various types of traneprscked/ oo neal
grafts that are commonly encountered in1PSAEK. In order to mark the ground
truth for the cornea thickness of the patient and graft, we perforned the
follow ng procedures. A few lines were drawn on the 25 OCT i mages and the 3
poi nts of iWen®sgisuhimaarizenther plexc'ess loé Fig. dewithh ecferencedtodsigt hé. \Gleostad t r ut h

The- enbodi nah ShACTHEIRGRATBR RSN BT i evkelabomahe FRreabar  son
of the grOUQﬂrécﬁMmt%}bﬁeweamgM%&m.ﬂéggg @@; 46 thy gdtecermapsli rrent 30 To

eval uate thé accuracy of the |nes gene t he eimbodi nent, we adopted
t he netri csdeteetion stepr(sta 2)\/|th}e:AIcqgne\mpblntaaarleaiﬂject[eﬂ](l:@d‘h(m)m Wectienhem f or

i ne sef e uat i on rics are Li ne
over| ap X m PoatanSGea el infeetn BIp baPBben AmAkca datad e (Rl o
where Lg, LghcRides!the paffife llipsh omalméatt@qh@%u@etrsﬁ%ﬁntmmw ively.
(b) Relative absolute |ength difference (nR) f{ Dg- Ddl x100%
the first approximation to the graft boundary). The graft boundary points
extraction step (step 4) then locates points that lies on the graft boundary.
Points outside the ROI are discarded. The points are used to form a second
10 estimate of the position of the boundary. The result is the image of Fig. 14(e),
where the second estimate of the position of the boundary is shown as 60.
Fig. 14(f) is an image with the ROl removed. We connect the corner points
and use the result to mark the left and right edges of the graft (Fig. 14(g)). The
graft is then segmented out by removing the unwanted lines (Fig. 14(h)).
15

4. Experiments and Results

We now present experimental results using data obtained from Singapore Eye
Research Institute (SERI). They are hand picked by an ophthaimologist so as
20 to have a good coverage of the various types of transplanted corneal grafts

that are commonly encountered in DSAEK.

In order to mark the ground truth for the cornea thickness of the patient and
graft, we performed the following procedures. A few lines were drawn on the
25 OCT images and the 3 points of interest that intersect the line are marked as
the ground truth as shown in Fig. 15. These ground truth lines were stored for
each image. The embodiment was then performed, and then there was a
visual comparison of the ground truth lines and the points generated by the
embodiment. |
30
To evaluate the accuracy of the lines generated by the embodiment, we
adopted the metrics used in one of MICCAI grand challenge [2] and modified
them for line segment evaluation. The modified metrics are as follows:

" (a) Line overlap (m1)



where, and Dg, Dd are the length of the ground truth and detected |ines

respectively. Note that both nmetrics would have value 0 for

perfect

det ecti orwO 20Qums8®speri nental results are shown in TABLECT/SGRoti@oediat t he
mean thi ckness 10of G (as defined by Fid4 10) is 16.6 pixels so the

detection error is magnified. Overall the values | ook very prom sing. TABLE

1. Experinental results obtained Center Regi onEdge Thicknessm m 1772

9.6% 6. 4% 8. 1% 6. 1%[11. BRI L, 1% 7. 6%
m, =|1-——21x100%

g4 d

where Lg, Lq are the ground truth and detected line segments

respectively.

(b) Relative absolute length difference (rhz)

5 m, =P—DL,—5Dd—qxlOO%

g

where, and Dy, Dy are the length of the ground truth and detected lines

respectively. Note that both metrics would have value 0 for perfect detection.

Our experimental results are shown in TABLE 1. Note that the mean thickness

10 of G (as defined by Fig. 10) is 16.6 pixels so the detection error is magnified.

Overall the values look very promising.

TABLE 1. Experimental results obtained

Center Region Edge
Thickness m M- my s
T 9.6% 6.4% 8.1% 6.1%
P 11.6% 7.1% 7.6% 7.3%
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5 in the original cornea of the eye has been replaced by a graft thereby
formng a body incorporating the graft and a renai ning portion of the

ori gi nal worneA18308 i dentify the outline of a portion ofPCris&20rmger1
corresponding to the graft, the nethod il6cluding the steps of:

(1) conputationally locating in the image the surface of the body; 10(ii)
conputationally locating in the imge the corners of the graft;

(iii) conpu€Chiinsnal |y | ocating boundary points in the i nage which are on
t he boundary between the graft and the remaining portion of the original

cornea; and ~(iv) conputationally deriving a curve fitting the
boundary points, Alagftod, pEHbIMEd SANEH OB Nndgd ef Ah @§eCfhel \® hawaged surface
of the body, and an portion of the derived curve. 2. A nethod according to

claim1 in ekpesiensedd PSAEK goaTeal ranspleat isgwhich a Dgsegments mafabiai®y, and

of oot ar 1 e e R o e S s BELF TR0t a bl M eMiF R, (1 S
i s performed dodysedrpoeating theeraf @ndranremhainliy poriga dfftiee brgieal sothdapver

pi xel s having an intensity above a threshold. 25 4. A nethod according to
claim1, cligigeptityitheoxtifesof , pariosrofdhe pmege corespepdipgrtadhegrafidithe at

| east one pﬁie{fﬁo@mc‘%@n\gﬂk{ ﬁt%%s!o‘?fem ified in step (i) to define the
WO W NAdows, €

| ocations o Wi ndows corresponding to respective ends of
the graft, and pgyEemputadionally wcatingiinlénd inhageatheosurédagoof therbodyt hi n each 30
of e, g ndows. A et oD TS T th 2 MhaBL G5 SoiL S LR bt o step
(iii) computationally locating boundary points in the image which are on
the boundary between the graft and the remaining portion of the original
cornea; and
(iv) computationally deriving a curve fitting the boundary points,
15 said outline comprising a portion of the located surface of the body, and

an portion of the derived curve.

2. A method according to claim 1 in which said portion of the located
surface of the body, and said portion of the derived curve are selected using

20 the located corners of the graft.

3. A method according to claim 1 or claim 2 in which step (i) is performed
by seeking in each column of the image the upper and lower pixels having an
intensity above a threshold.

25
4. A method according to claim 1, claim 2 or claim 3 in which step (ii) is
performed by using at least one point on the surface identified in step (i) to
define the locations of two windows, the windows corresponding to respective
ends of the graft, and performing an corner identification aigorithm within each

30 of the windows.

- b. A method according to any preceding claim in which step (iii) is
performed by a step of edge detection, followed by removal of edges identified

in step (i) to derive a set of boundary points.
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2012/ 018306RGR/@&DHG11/ 000271 17 6. A method accordi ng POoTSIGaIIM0B027n whi ch
step (iii) further conprises generatingla region of interest, and

di scardi ng any of the boundary points which are not within the regi on of
interest, to forma reduced set of boundary 5points, the reduced set of
boundary points being used in step (iv). 7. A nethod according to claim®6
in which the region of interest is obtajned by an el]ipse-fitting algorithm
to form an &ppr o&i%ﬂ‘Pgr?CGPrqe'H@t%S'@Hﬂé \n whigg S@%évbﬁrﬁgrm@wsgon of
interest b q 10 f : ﬁ@,ud}q od
accordi ng ?%&%r{gﬂgé %?gg%&érﬁén%t’ ?Bgtdﬂls;ér;n?lﬁgl udi ngﬁgbgtuggagfpggﬁirati ng,

f or each ofwhichlarealat withof tHeoegidroofintdresty td farm deadidaedsetmfridundacf t he

i mage carresponding to the graft, respect,ive thickness val ue indicative
150f the t PQRIfeE Eﬁdobtcﬁg 5(??8? [’9“%&%!‘/&5%%&%%“36 i f pp<.w3me from the
t hi ckness values. 9. A nethod according to any preceding claim further

including a step of receiving data input froma user to nodify the |ocated
surface of The bbdyethed actording twoleimd inaphishdhe segiontodinterast is ogr am

i nstructions,_.operative t.0 rforma method according. .to.any claims 1 to
9. 11. A c%tﬁtﬁ e. sb;ag&ﬁlgﬁ]&ﬁ}t{mglg,O_r@ﬁgﬂoggrngapaﬁp@rﬁaﬂg\arﬂ qufgf‘ﬁg medi um 25
storing pr %@{Hdrﬁsérwgéh@r%ﬁn?@ﬁé PédivR of Mterest ®aked BRhe \appréaniatiolof
apparatus, to cause the conputer to performa nethod according to any of

cl ai ns 1D t othe boundary.

8. A method according to any preceding claim, further including a step of

generating, for each of a plurality of locations along the identified portion of

the image corresponding to the graft, a respective thickness value indicative
15 of the thickness of the graft, and generating a graft profile from the thickness

values.

9. A method according to any preceding claim, further including a step of
receiving data input from a user to modify the located surface of the body.

20
10. A computer apparatus containing program instructions operative to

perform a method according to any of claims 1 to 9.

11. A computer program product, such as a tangible recording medium,
25 storing program instructions operative, when performed by a computer
apparatus, to cause the computer to perform a method according to any of

claims 1 to 9.



