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Abstract. Specificcoloursobsened in imagesof the ocular fundus dependon the architectureof its layers
and the optical propertiesand quantitiesof ary pigmens present. Thesecolourscan be predictedfrom the

parameterslescribingthe oculartissuecompgsition usinga physics-basg¢ modelof light transport.This paper
reportspreliminaryresultsof the applicationof the inverseprocessy which the parameterganbe estimated
from imagecolours. Thisis achiezed by relatingthe colour of eachimagepixel to the closestmatchingcolour

predictedby thelight transportmodel,andhenceto the parametersvhich generatedt. The spatialdistribution

andestimatedquantity of eachparameteis shavn in a separatémagecalled parametriomap. Thefirst para-
metric mapsof RetinalPigmentEpithelium(RPE)melanin,choroidalmelaninand choroidalblood computed
by this methodshow a distribution of pigmentswhich is generallyconsistenhwith physiolagy.

1 Introduction

The pupil of the eye providesan openirg through which theinterior of the eye (the ocularfundus)canbe exam-
ined. This is clearly usefulfor the diagrosis of eye disorders.However, the fundus is alsoa unigue locationat
whichbloodvesselanbedirectly obsened andthis makesit valuablefor the diagrosisof diseasesaffecting the
vascularsystem suchasdiabetesMany abnamal corditions aremanifestedhrowgh local changsin the fundus
colouation or throwgh the apparanceof unusal colous. Thelong term objective of this work is to relatethe
colous seenin thefundusto its conditian andto ary patholaical changs.

The colour of the fundus deendson several factorsincludng the archite¢ure of its layersandthe natue and
densityof any pigmeris presen{l1]. Quantitatve charactesationof thesefeatuesshouldbe possiblef a oneto-
onerelatiorshipexistsbetweerthesephysiologicd factors,andthespectraintensitydistribution (SID) of thelight
remittedfrom thetissue[2] under a givenincidert light. This appoachhasbeenshovn to work for the skin [3].
In thiswork, it is apgied to the ocularfundusto createparanetric mapsof thekey ocula pigmens. Although this
researctwork is at preliminary stage the early resultsfor the healthyfundus look promising It is hopel thatin
thelong termthe resultsof this researctwill be usedto helpwith the diagrosisof diabeticretinopahy, whichis
themostcommoncauseof blindnessin the UK’ s working popuation [4].

2 Outline of the method

The methodinvolves threemain steps. The first stepis to determire the compsition of the oculartissueand
specificallythe propertiesof its optically active compnents their spatialarrargemen andtheir physiologically
plausibleranges. This informationis usuallytaken from the previously publishedliterature. The next stepis to

predid the entire rangeof colourswhich canoccurin the healthytissueandto relatethemto tissueparaneters.
Thisyieldsamodelof tissuecolouationbasednamathenaticalmodelof the opticd radiation transpat. Finally,

thetissueparanetersfor a particularcaseareestimatedrom its colours.Thisis dore by relatingthe colou of each
pixel in a colou imageto the histologicalparametes usingthe mockl of colouration compued previously. The

distribution of eachparameteris showvn in aseparatenorochraneimagecalleda paranetric map.A collectionof

thesemapswasshaowvn to bevaluablein diagrosisof skindisordes [5].

3 Methods

3.1 Thestructure and optical propertiesof the ocular fundus

The human ocularfundus compisesa numter of optically andanatonically distinctlayersasshovn in Fig. 1.
Its colou is determine primarily by the bloodin the chordd andfurther significantly modfied by the amourts
of pigmert melaninin the RPEandin the Choroid The internalretinais transparenexceptfor a few vessels,
thusreflectinglittle light. Light is highly scatteredby the collagenin the choradal layer The colour of blood
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is deternined by the chramoplorespresentin it. The mostimportant is the haemotpbin which can exist in
oxygenatedand de-ocygeratedform [6]. The two forms have slightly different absorpion propertiesand for
moddling purposesare usuallycombned in the ratiosapgopriatefor a giventissue. Melaninis a dark browvn
pigmert thatis presennotonly in thefundus of the eye but alsoin the skin, in the hair andin theiris. Within the
fundusit canbefound in the RPEandin thechorad. In the RPEhighe concetrationsof melaninoccurin the
fovealregion, wherea in the chomwid thedistribution is normally fairly even Thelevelsof choradal melaninvary
with racialgroup andwith eye colour[7]. Macularpigments,includingXanthogyll [8], arelocalisedin thefoveal
region. They make asmallcontritutionto thecolou of thefundus[7]. Althoughthelensandtheintraocuar media
do not belongto the eye fundus, they affect the obsered fundus colouration. Lenseshecomeyellowish with age,
thusredicing theamoun of light remittedin the blueregion of the spectrum{9]. Theintraocula medialosesits
transpagng/ andmayincreasehescatterthusdecreasig thevisibility of fine detailin thefundus[7].

3.2 Mode of colouration for the fundus

Theforward Monte Carlo (MC) modelof fundus colouwationusedin this work wasoriginally proposedandvali-

datedby PreeceandClaridge[10]. Its constriction requresinformationaboutthe structue andoptical properties
of thefundusanda modé of light transpot. Thefundus structureis shavn schematicallyn Fig. 1. This structure
is valid only for young Caucasiarsubjectsandfor the perifoveal areasof the fundus. Pigmens in eachlayerare
charactdared by an absorpion coeficient 1, (), a scatteringcoeficient 45 (\) andananisotroy factorg. The
absorpion coeficients for melaninandblood arewell studiedandwidely available (e.g.[10] [11]). The avail-

ability of scatteringcoeficient datais morelimited andhasbeentaken herefrom Hammeret al [12]. Giventhe
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Figure 1. A modelpathway of light remittedfrom the ocula fundus. Figurerepralucedfrom [10].

above information,a mathematicamodelof light transpot, hencecapableof solvingthe generaladiative transfer
equatiam (RTE), is requred to predct all the potentialspectraresultingfrom the differentcombnation of param-
etervalues.MC simulation[13] providesthe mostaccuratestochasticsolutionto RTE, andit hasbeenshavn to
geneatespectravhich agreewell with experimentalobsenrations[10]. This processcanbedendedby amappng
function from the paraméer space P, to the remittedspectraspace S. The paraneterspaceP mustbe suitably
discretised.

f:P—S 1)

Theimageacquisitionprocessis thensimulatedoy applying opticalfilter fundionsto the predcted spectra.This
canbedendedby afunction from thespectraspaceSto theimagespace), whosevaluesarecolour vectas, such
asfor example[R G B].

b:S—1 (2)

Figure 3.2 depids the two stagesof the forward modcelling processwhich gen@atesa colour vector for every
possiblecomhbnationof histologicd paraméers.In thisway a systematicgelationshipbetweerimagevaluesI and
paranetersP canbeestablishedThis relationslip is knowvn asthe mocel of colouration.

3.3 Inverson process

Theobjective of theanalysiscannow bere-statedsfollows. Givenacolou imagel andthemodelof colourtion
determire the paranetervalues P. Thecorrespnding mappng function is
d:T— P 3

Thisinversion prodem doesnot have to be solvedalgebraicly. Insteada discretelook-up tablecanbeused.For
thosecolourvectos for whichthelook-up tabledoesnot have directentries parametevaluescanbeinterpdated.
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Figure 2. ParameterSpaceo ImageSpace

4 An experiment

Thissectiondescribes preliminary expeimentcarriedoutto getaninitial indication of themethods perfamance.
An imageof ahealthyfunduswasscannedrom a35mmslide. Theimagewasuncalitratedandnothing wasknown
abou the phaograplic processeshathadproducedit. Thisrepesents majorproddem for the algoithm becase
the inversion process assumeshe calibrateddata. Calibrationis the subjectof further work. In an attemptto
redue the illumination depedence,the origind imagewas normalisedby the average local brightress,but in
future work the useof calibrateddatais ervisaged. Theimagewascropped to shaov only the part of the fundus
which receiedfairly uniform illumination. This includesthe fovealregion in which the mappng is expectedto
fail, sincethecurrert modé is only valid for the perifovealregion (theadditioral pigmers in thefovealregion are
notmocelledat preset). TheparaneterspaceP wasvety coarselydiscretisedo asetof 5 x 5 x 5 equdly spaced
valuesbetweerthe plausiblerangesof concefrationsof the histologicalcompneris shavn in Tablel.

LowerBound | UpperBound
RPEMelanin 4.0 7.5
Blood Haemodpbin 4.0 7.0
Choroidal Melanin 0.8 2

Table 1. Plausiblerangesof concetrationsof the histologicd compaents(mmol/l) [10].

Figure 3. Modelof colowation. Themainaxescorrespadto thestandatd RGB opticalfilters applied whereaghe
sparsityof points revealthevirtual axesfor thethreeparaneterscorsidered Any pointin themodelof colouation
is linkedto a unique setof parametes, or concantrationsof the histologcal compmentsconsideed by themodel.

StandardRGB opticalfilters weremodelledas non-ovellapping Gaussiarfunctions with centralwavelengtts lo-
catedat 650 550 and 450 nm respectiely and full width at half maximum(FWHM) of 40 nm. A schematic
represetation of the modelof colouationis shavn in Figure 3 asa cloud of pointsin the imagespacel. The
individual pointsarelocatedat the RGB coordnatescomputedby applyirg the opticalfilters definedabove to the
spectrgpredcted by the mockel. Eachpoirt in this spacehasanassociatedectorof parameteralues,indicating
the original setof concatrationsthat have yieldedthat point in theimagespace.It canbe seenfrom the figure
(Figure3) thatthe mocel of coloumationformsa volumewithin theimagespace.The sparsityof pointsshavn in
thefigure helpsoneto obsene the threevirtual axescorrespondimgy to quantitiesof the threehistologicd compo-
nents.Oncetherelationslip betweerestimatef the parametes from the imagedatahave beenestablishedthe
variationof eachparaneteracrosshe funduscanbe displayedin the form of a grey level image. Suchimageis
calleda paraméric mapandmay be computedvery simply. The RGB valuesof eachpixd in the fundusimage
provide the index to the modelof colouation. The parametes at this locationarelooked up in (or interpdated
from) themodel.A setof new grey levelimagess createdn whichthecolou of thepixel is substitutedy avalue



represeting themagnitwle of thegiven paraneter

5 Resultsand discussion

Preliminaryresultsare shavn in Figure4. Although the mappng is very crude, the mapsexhibit a distribution
of pigmentswhich is geneally consistenwith physiology The RPE melaninlevelsincreae towardsthe foveal
region. In the centralfoveal areathe incorrectly low levels of melann aremostlikely causeddy the presene of
macularpigments which are not representedy the model. The levels of choradal melanindo not shov much
spatialvariation acressthe fundus, asexpeded. Blood levels areshovn in two maps,onefocusing on large and
mediumretinalvesselstheotheron blood level variatiors in the chomwid. It canbeseerthattheretinalvesselsare
pickedupwell. Whencortrastis stretchedsomevariatinsin thechorddal bload startshaving up, however, their
interpretationwould be prematue becausé¢helack of imagecalibraion certairly introducedlarge mappng erross.
Both mapsshawv high levelsof bloodin the centreof fovealregion, whichis incorrect. Thisis likely to have been
causedy themacuar pigments,similarly to the RPEmelaninmapdiscusse@bove.
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Figure 4. Fromleft to right: Original Image; RPEMelaninParametricViap; Choroidd Melanin Parrametrid\/lap;
Blood Paraméric Map (Main vessels)Blood Paraméric Map (Chowidal variatiors).

6 Conclusion

Thepreliminag resultsrepatedin this paperindicatethataphysics-basethterpretationof thecolouwsin theocular
fundusis feasible.Thefirst paranetric mapsof RPSmelanin,chorddal melaninandchoradal blood computedby
this metha geneally shaw thedistribution of the above pigmeris consistenwith physiology. Furtherwork is in
progessto include addition& ocularpigmentsin themodel,to calibrateor normalisetheinput imagedata,andto
increaseaheresolutionwith which the physiologicalparanetersarediscretised.
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