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Abstract. Specificcoloursobserved in imagesof the ocular fundus dependon the architectureof its layers
and the optical propertiesand quantitiesof any pigments present. Thesecolourscanbe predictedfrom the
parametersdescribingtheoculartissuecomposition usinga physics-based modelof light transport.Thispaper
reportspreliminaryresultsof theapplicationof the inverseprocessby which theparameterscanbeestimated
from imagecolours.This is achievedby relatingthecolourof eachimagepixel to theclosestmatchingcolour
predictedby thelight transportmodel,andhenceto theparameterswhich generatedit. Thespatialdistribution
andestimatedquantityof eachparameteris shown in a separateimagecalledparametricmap. Thefirst para-
metricmapsof RetinalPigmentEpithelium(RPE)melanin,choroidalmelaninandchoroidalblood computed
by thismethodshow a distributionof pigmentswhich is generallyconsistent with physiology.

1 Introduction

Thepupil of theeye providesanopening through which theinterior of theeye (theocularfundus)canbeexam-
ined. This is clearly usefulfor the diagnosisof eye disorders.However, the fundus is alsoa unique locationat
whichbloodvesselscanbedirectlyobservedandthis makesit valuablefor thediagnosisof diseasesaffecting the
vascularsystem,suchasdiabetes.Many abnormal conditionsaremanifestedthrough local changesin thefundus
colouration or through the appearanceof unusual colours. The long term objective of this work is to relatethe
colours seenin thefundusto its condition andto any pathologicalchanges.

The colour of the fundus dependson several factorsincluding the architecture of its layersandthe nature and
densityof any pigments present[1]. Quantitativecharacterisationof thesefeaturesshouldbepossibleif a one-to-
onerelationshipexistsbetweenthesephysiological factors,andthespectralintensitydistribution (SID) of thelight
remittedfrom thetissue[2] under a givenincident light. This approachhasbeenshown to work for theskin [3].
In thiswork, it is applied to theocularfundusto createparametricmapsof thekey ocular pigments. Although this
researchwork is at preliminary stage,theearly resultsfor thehealthyfundus look promising. It is hoped that in
thelong termtheresultsof this researchwill beusedto helpwith thediagnosisof diabeticretinopathy, which is
themostcommoncauseof blindnessin theUK’s working population [4].

2 Outline of the method

The methodinvolves threemain steps. The first stepis to determine the composition of the ocular tissueand
specificallythe propertiesof its optically active components,their spatialarrangement andtheir physiologically
plausibleranges. This informationis usuallytaken from the previously publishedliterature. Thenext stepis to
predict the entire rangeof colourswhich canoccurin thehealthytissueandto relatethemto tissueparameters.
Thisyieldsamodelof tissuecolourationbasedonamathematicalmodelof theoptical radiation transport. Finally,
thetissueparametersfor aparticularcaseareestimatedfrom its colours.Thisis doneby relatingthecolour of each
pixel in a colour imageto thehistologicalparameters usingthemodel of colourationcomputedpreviously. The
distributionof eachparameteris shown in aseparatemonochromeimagecalledaparametricmap.A collectionof
thesemapswasshown to bevaluablein diagnosisof skindisorders [5].

3 Methods

3.1 The structure and optical properties of the ocular fundus

The human ocularfunduscomprisesa number of optically andanatomically distinct layersasshown in Fig. 1.
Its colour is determined primarily by theblood in thechoroid andfurther significantlymodified by theamounts
of pigment melaninin the RPEandin the Choroid. The internalretinais transparent exceptfor a few vessels,
thusreflectinglittle light. Light is highly scatteredby the collagenin the choroidal layer. The colour of blood�

Email: (F.O.Espina,E.Claridge,S.J.Preece)@cs.bham.ac.uk



is determined by the chromophorespresentin it. The most important is the haemoglobin which can exist in
oxygenatedand de-oxygenatedform [6]. The two forms have slightly different absorption propertiesand for
modelling purposesareusuallycombined in the ratiosappropriatefor a given tissue. Melanin is a dark brown
pigment that is presentnot only in thefundus of theeye but alsoin theskin, in thehair andin theiris. Within the
fundus it canbefound in theRPEandin thechoroid. In theRPEhigher concentrationsof melaninoccurin the
fovealregion, whereas in thechoroid thedistribution is normally fairly even. Thelevelsof choroidal melaninvary
with racialgroup andwith eyecolour[7]. Macularpigments,includingXanthopyll [8], arelocalisedin thefoveal
region. They makeasmallcontributionto thecolour of thefundus[7]. Althoughthelensandtheintraocular media
do not belongto theeye fundus,they affect theobserved funduscolouration. Lensesbecomeyellowish with age,
thusreducing theamount of light remittedin theblueregion of thespectrum[9]. Theintraocular medialosesits
transparency andmayincreasethescatter, thusdecreasing thevisibility of finedetailin thefundus[7].

3.2 Model of colouration for the fundus

Theforward MonteCarlo(MC) modelof funduscolourationusedin this work wasoriginally proposedandvali-
datedby PreeceandClaridge[10]. Its construction requiresinformationaboutthestructure andopticalproperties
of thefundusanda model of light transport. Thefundusstructureis shown schematicallyin Fig. 1. This structure
is valid only for young Caucasiansubjectsandfor theperifovealareasof the fundus. Pigments in eachlayerare
characterized by an absorption coefficient �������
	 , a scatteringcoefficient ���
���
	 andananisotropy factor � . The
absorption coefficients for melaninandblood arewell studiedandwidely available(e.g.[10] [11]). The avail-
ability of scatteringcoefficient datais morelimited andhasbeentakenherefrom Hammeret al [12]. Giventhe
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Figure 1. A modelpathwayof light remittedfrom theocular fundus.Figurereproducedfrom [10].

above information,amathematicalmodelof light transport, hencecapableof solvingthegeneralradiativetransfer
equation (RTE), is required to predict all thepotentialspectraresultingfrom thedifferentcombinationof param-
etervalues.MC simulation[13] providesthemostaccuratestochasticsolutionto RTE, andit hasbeenshown to
generatespectrawhichagreewell with experimentalobservations[10]. Thisprocesscanbedenotedby amapping
function from theparameter space,P, to the remittedspectraspace,S. Theparameterspace� mustbe suitably
discretised. ���

���
��� (1)

Theimageacquisitionprocessis thensimulatedby applying opticalfilter functionsto thepredictedspectra.This
canbedenotedby a function from thespectraspaceS to theimagespace,I, whosevaluesarecolour vectors,such
asfor example[R G B]. � �

������� (2)

Figure3.2 depicts the two stagesof the forward modelling processwhich generatesa colour vector for every
possiblecombinationof histological parameters.In thiswayasystematicrelationshipbetweenimagevalues� and
parameters� canbeestablished.This relationship is known asthemodel of colouration.

3.3 Inversion process

Theobjectiveof theanalysiscannow bere-statedasfollows. Givenacolour image� andthemodelof colouration
determine theparametervalues � . Thecorresponding mapping function is

� � ������� (3)

This inversionproblem doesnot have to besolvedalgebraically. Insteada discretelook-up tablecanbeused.For
thosecolourvectors for whichthelook-uptabledoesnothavedirectentries,parametervaluescanbeinterpolated.
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4 An experiment

Thissectiondescribesapreliminaryexperimentcarriedoutto getaninitial indication of themethod’sperformance.
An imageof ahealthyfunduswasscannedfroma35mmslide.Theimagewasuncalibratedandnothingwasknown
about thephotographic processesthathadproducedit. This representsa majorproblem for thealgorithm because
the inversion process assumesthe calibrateddata. Calibrationis the subjectof further work. In an attemptto
reduce the illumination dependence,the original imagewasnormalisedby the average local brightness,but in
future work theuseof calibrateddatais envisaged.The imagewascropped to show only thepartof the fundus
which received fairly uniform illumination. This includesthe foveal region in which themapping is expectedto
fail, sincethecurrent model is only valid for theperifovealregion (theadditional pigments in thefovealregion are
notmodelledatpresent). Theparameterspace� wasvery coarselydiscretisedto asetof  "!# "!# equally spaced
valuesbetweentheplausiblerangesof concentrationsof thehistologicalcomponents shown in Table1.

LowerBound UpperBound
RPEMelanin 4.0 7.5
BloodHaemoglobin 4.0 7.0
Choroidal Melanin 0.8 2

Table 1. Plausiblerangesof concentrationsof thehistological components(mmol/l) [10].
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Figure 3. Modelof colouration.Themainaxescorrespondto thestandard RGBopticalfiltersapplied, whereasthe
sparsityof points revealthevirtual axesfor thethreeparametersconsidered.Any point in themodelof colouration
is linkedto a uniquesetof parameters,or concentrationsof thehistological componentsconsideredby themodel.

StandardRGB opticalfilters weremodelledasnon-overlappingGaussianfunctionswith centralwavelengths lo-
catedat 650, 550 and450 nm respectively and full width at half maximum(FWHM) of 40 nm. A schematic
representation of the modelof colouration is shown in Figure3 asa cloud of pointsin the imagespace� . The
individual pointsarelocatedat theRGB coordinatescomputedby applying theopticalfilters definedabove to the
spectrapredictedby themodel. Eachpoint in this spacehasanassociatedvectorof parametervalues,indicating
theoriginal setof concentrationsthathave yieldedthat point in the imagespace.It canbe seenfrom the figure
(Figure3) thatthemodel of colourationformsa volumewithin theimagespace.Thesparsityof pointsshown in
thefigurehelpsoneto observe thethreevirtual axescorresponding to quantitiesof thethreehistological compo-
nents.Oncetherelationship betweenestimatesof theparameters from theimagedatahave beenestablished,the
variationof eachparameteracrossthe funduscanbedisplayed in the form of a grey level image.Suchimageis
calleda parametric mapandmaybecomputedvery simply. TheRGB valuesof eachpixel in the fundus image
provide the index to the modelof colouration. Theparameters at this locationarelooked up in (or interpolated
from) themodel.A setof new grey level imagesis createdin whichthecolour of thepixel is substitutedby avalue



representing themagnitudeof thegiven parameter.

5 Results and discussion

Preliminaryresultsareshown in Figure4. Although the mapping is very crude, the mapsexhibit a distribution
of pigmentswhich is generally consistentwith physiology. TheRPEmelaninlevels increasetowardsthe foveal
region. In thecentralfoveal areathe incorrectly low levelsof melanin aremostlikely causedby thepresenceof
macularpigments which arenot representedby the model. The levels of choroidal melanindo not show much
spatialvariation acrossthe fundus, asexpected. Blood levelsareshown in two maps,onefocusingon largeand
mediumretinalvessels,theotheronblood level variations in thechoroid. It canbeseenthattheretinalvesselsare
pickedupwell. Whencontrastis stretched, somevariationsin thechoroidal blood startshowing up,however, their
interpretationwouldbeprematurebecausethelackof imagecalibration certainly introducedlargemapping errors.
Both mapsshow high levelsof bloodin thecentreof fovealregion, which is incorrect. This is likely to have been
causedby themacular pigments,similarly to theRPEmelaninmapdiscussedabove.

Figure 4. Fromleft to right: Original Image; RPEMelaninParametricMap; Choroidal MelaninParametricMap;
BloodParametric Map(Main vessels);BloodParametric Map(Choroidalvariations).

6 Conclusion

Thepreliminary resultsreportedin thispaperindicatethataphysics-basedinterpretationof thecoloursin theocular
fundusis feasible.Thefirst parametricmapsof RPSmelanin,choroidal melaninandchoroidal blood computedby
this method generally show thedistribution of theabove pigments consistentwith physiology. Furtherwork is in
progressto include additional ocularpigmentsin themodel,to calibrateor normalisetheinput imagedata,andto
increasetheresolutionwith which thephysiologicalparametersarediscretised.
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