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ABSTRACT

Fluorescentsignalintensitiesfrom confocallaserscanningmicroscopes(CLSM) suffer from several
distortionsinherentto the method. Namely, theseare the decayof intensitieswith increasing
depthby finite transparency of the mediaused,the effectsof extinction of the examinedobjects,
the bleachingof the fluorochromeand stray light at surfaceswithin the volume underresearch.
Undercertainassumptionsthe decayof intensitiescanbe estimatedandusedfor a partial depth
intensitycorrection.This estimationof theapproximatedintensitydecayfunction is describedand
its correctioneffect is outlined.
Volume and local distribution parametersof bacterial cultures marked by fluorescentin situ
hybridization(FISH) are measured.Measurementswith different correctionsare comparedwith
measurementsof originaldata.
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INTRODUCTION

Populationsof bacteriain biofilmslabelledbyfluorescentoligonucleotideprobesaredigitizedwith aconfocal
laserscanningmicroscope(CLSM). Thesedataareusedto analyzethemicrobialcommunitystructure,to obtain
information on the legalizationof specificbacterialgroupsand to examinegeneexpression.In this study, a
plasmidencodinga genefor the expressionof the enhancedyellow fluorescentprotein (EYFP) and FISH in
combinationwith CLSM wereusedto determinein situgenetransferfrequenciesin modelbacterialbiofilms.This
informationis urgentlyrequiredfor anin-depthunderstandingof thefunctionand,moregenerally, themicrobial
ecologyof biofilms (HausnerandWuertz,1999;Geisenberger et al., 1999).Biofilms attachedto a substratum
in anexperimentalenvironmentareanalyzedby relatingthedifferentmarkedregionsunderconsiderationof the
local bacterialdensity.

To obtainareliabledistinctionbetweenbackgroundandobjectsof interest,thesegmentationof fluorescently-
labelledbacteria,the original dataobtainedfrom CLSM have to be corrected.Accordingto PloemandTanke
(1987)andanearlywork of RigautandVassy(1991)dataandmodel-basedcorrectionimprove thepotentialof
3-D measurementsconsiderably. An correctionschemebasedonanapproximatedinversionof theCLSM transfer
function wasshown in Visseret al. (1991)by an iterative methodandlater improvedby RoerdinkandBakker
(1993)using the Fourier transform.In contrastto the relative large expenseof computingtime (Visseret al.,
1991;RoerdinkandBakker, 1993)we presenta methodto estimateapproximatelythe intensitydecayanduse
this functionto correcteitherthemeasuredfluorescentintensitiesor thesegmentationthreshold.

Segmentedresultsareevaluatedto obtainquantitativedescriptionsof volumetric,topological(andtopographi-
cal) properties.Measurementsare performedon different compartmentsof the componentsunder research.
Growth form aswell as interactionof componentscanbe quantitatively described.Classicalmeasurementsof
volumeandintensity(shape,distribution)anddistance-dependentinteractionmeasurementsusingmethodsfrom
mathematicalmorphologyareperformed.
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MATERIAL

Thehybridizedbiofilm wasautomaticallyscannedwith aZeissLSM410CLSM (Kühnetal., 1998).In eachcase,
9 verticalstacksof images(xy-sections,5122 pixels)werecollectedwith 60 images(slices)perstackfor the a
biofilm usinga 40x 1.3 NA oil immersionobjective.Thevoxel sizeis 0 � 25 � 0 � 25 � 1 � 0 � µm� 3, henceonestack
or volumeblock coversabout1 million

�
µm� 3.

Labelledcellsweredetectedasfollows:Recipients:633nm(excitation),665nm(emission);YFP-expressing
cells:488nm(excitation),525-540nm(emission);transconjugants:probe-positiveEYFP-expressingcellswhich
weredetectedby co-localization(emissionin both the 525-540nm and � 665nm ranges).The relatively weak
intensity signalshave to be detected,displayed(Rodenacker et al., 1997) and measured(Rodenacker et al.,
2000).Thedecayof intensitiesin depthis amajorartifactfor erroneoussegmentationby intensitythresholdsand
succeedingmeasurements.

METHODS

ASSUMPTIONS

To estimatethe intensitydecayfunction(IDF) severalmodelassumptionshave to beconsidered.Thefollowing
list is normallynot fulfilled but helpful for theevaluationandmodeldesign:(i) homogeneityof mediumin depth,
(ii) independenceof emissionon depth,(iii) transparency of stainedobjectsin depth,(iv) truncatedemission
valuesduringdigitization,(v)constantbackgroundnoiseintensityin depthand(vi) sufficientlydistributedemitting
materialin depth.

Theseassumptionsserve for simplification of the estimationof the correctionfunction aswell as for the
correctionitself. Critical aretheassumptions(i), (ii) andnaturally(vi). They arecrucialfor theestimationof the
decayfunction.Usingdifferentdatafrom FISH-labelledprostatetumorsthedecaycouldbenicelydemonstrated
by Purkayastha(2000).An exponentialmodelof decayallowedasatisfyingpartialcorrectionof depthinfluences.
This methodis extendedand usedto calculatethe decayfunction by log-linear fitting. Main problemis the
estimationof initial decayor lossbasedon themeasuredemissionintensities.

OBSERVATIONS AND PHYSICAL PROPERTIES

Extinction of light caused by the surrounding medium - Thedecaycausedby themediumhastobeexponential.
Let δ be the optical densityof the mediumper slice, Q the quantumefficiency of the fluorochromes,T0 the
excitation light at depth0 (surface),T1

�
t � the excitation light at object locationof deptht (seeFig. 1a),T �1 the

emittedlight at object locationcausedby excitation light T1 andT �2 the measuredemittedlight at the surface
(t � 0):

� log
T1

�
t �

T0

� δ t; � log
T �2

T �1
�
t �

� δ t; T �1 � QT1 	 T �2 � QT0e
 2δ t � (1)

Extinction of light by occlusion (shadowing) - Theextinction by shadowing (seeFig. 1a)cannotbemodelled
theoretically. Themeasureof influencesis stronglyrelatedto theamountof distributedmaterial,itsopticaldensity
or absorptionrespectively. We haveexampleswith a 100%lossbelow (behind)certainobjects.Of coursein this
caseeverycorrectionapproachwill fail.

Intensity loss by bleaching - Assumingan imagecollectionprocessstartingat depth0 andgoing down one
(optical) sectionby one,the deepestsectionsareexposedto the excitation light for the longestperiodof time
before their emissionis measured.Dependingon the sensitivity of the fluorochromes,a certain amountof
bleachingandhencereductionof thequantumefficiency will occur.

Detector noise - Whenobservingthedistribution of the intensitiesof the interactively selectedbackgroundof
thedatait canbededucedthatbackgroundnoiseis independentondepth(Purkayastha,2000).
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CALCULATIONS

The depth histogram - We call the setof frequency distributionsper depththe depthhistogram, represented
by a [depth � intensityclasses] array. For visualizationandpossibleinsight this arraycanbedisplayedlike an
imagewherethex-coordinaterepresentsthedepth(slice#, e.g.0 ����� 59), they-coordinatetheintensityclass(e.g.
0 ����� 255,bin size1) andthebrightness(grey value)the frequency (white, e.g. � 2000)(seeFig. 1b). Typically,
thedepthhistogramis generatedasanaccumulatedhistogramfrom all volumestacksto obtainabetterstatistical
representation.
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Fig. 1. (a) Illustration of depthinfluenceto excitationandemissionlight; T0 excitation light at thesurface, T1
excitation light at objectdepth,T2 emissionlight at surface, b) Image representationof depthhistogram from
recipientswith frequency thresholdslessthan (20, 200, 400, 800) marked by contours (left, seetext) and the
99.9%percentileasfirstestimateof theIDF (right).

The intensity decay function IDF - The IDF shouldmonotonouslydecreaseunderthe assumptionsstated
above. A first approachto find somepossiblepointsof the function is the usageof very small quantilesof the
depthhistogram.A first estimatefor theIDF is the99.9%percentileperdepth,shown in Fig. 1b. Of coursethis
canonly bea lower limit of thetrueIDF.

The 99.9%percentilefor the two fluorochromesis shown in Fig. 2a. Sinceany intensitydecayhasto be
monotone,theincreasingintensityin thefirst slicesis causedby thelackof adequatematerial.This is illustrated
in Fig. 2b by a vertical sectionthrougha block. This region is representedby a constantfunction from depth
0 up to the locationof themaximum(in Fig. 2aat section# 20). The restis logarithmicallytransformed,fitted
by theladfit procedurefrom IDL. This is a linear fit usinga ”robust” leastabsolutedeviation methodand
transformedback.This correspondsto thetheoreticaldecayof intensitiesby depth(seeSec.3.2),thefindingsin
RigautandVassy(1991)andPurkayastha(2000).
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Fig. 2. (a) Decayof intensityin depth,estimatedfrom nine volumeblocks for two different fluorochromes,(b)
Vertical volumesection(summedupfromseveral sectionsto showamorerepresentative,howeverblurredprofile).
Thedepthis vertically stronglyenlarged.
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A secondmethodof estimationof theIDF is alsousedby applyinga setof quantilevalues,calculatinga set
of functionsanddefiningthefinal IDF by themeanof theexponentialfactorof thefits of this setof functions.
This methodallowsa finer tuningof theinfluencesof materialdistribution in depth.

The correction function - Thefinal IDF(Fig. 2a)is usedto calculatethecorrectionfunction(Fig. 3a)

corr
�
t ���

max�
t

�
IDF

�
t ���

IDF
�
t � � (2)

which is appliedby multiplicationto themeasuredintensities.

IMPLEMENTATION

Theprogramsarewritten in IDL (InteractiveDataLanguage,ResearchSystemInc.,Boulder, USA).Calculations
wereperformedondifferentplatforms,mostlyPC’sandUnix workstations.A wholepackageof routines(depth
...) coveringmany aspectsof depthhistogrammanipulationfrom generationthroughtransformationto display
andinteractive accessis implemented.Thepackageis not limited to thereportedapproachandis usedfor many
otherapplicationswith 3- andhigherdimensionaldatawith similarproblemslikemagneticresonanceimagedata
(MRI) aswell asfunctionalMRI (fMRI).

RESULTS

With onefixedthresholdall measurementson theoriginalandthecorrecteddatawereperformed.Thethreshold
wasin thiscaseinteractively selectedby thebiologistaccordingto thebiochemicalandmorphologicalproperties
of theprobesused.For ninevolumeblocks(stacks)themeasuredvolumesof recipientsanddonorsaredisplayed
per depth(Fig. 3b). The dashedlines show the volumesof the original dataandthe solid lines the volumesof
thecorrecteddata.Thecorrespondingcorrectionfunctionsareshown in Fig. 3a.Theamountof labelledbiomass
reachesa maximumat about10µm (10 slicesby 1µm) distancefrom the substrateat depth0 anddecreases
thanto abouthalf of themaximumfor recipientsandto a quarterof themaximumfor donors.For recipientsthe
measurementsfrom correcteddatacorrespondwith visualobservation.For donorstheslight increaseof volume
at theendof themeasurementdepthfeedssuspicionfor over-correction.However thedonorvolumeis to small
for visualinspectionandcomparison.
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Fig. 3. (a) Multiplicativecorrectionfunctionfor two differentfluorochromes,(b) Meanvolumesperdepthfrom9
stacksfor two differentfluorochromes;solid line correcteddata,dashedline original data.

For controlandcomparisonof themethodsappliedthecorrectionschemeby Visseret al. (1991);Roerdink
andBakker (1993)wasapplied.Although therewasno hint given for adjustmentof the necessaryparameters,
thecorrectionperformeddeliveredfor our materialsimilar characteristics.Themagnitudeof this Roerdinkand
Bakker (1993)correctionwashighly dependenton thechosenparameters.
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DISCUSSION

The proposedcorrectionfunction canonly correctpartial influencesof depth.Several assumptionsserved for
the designof this functionsareonly partly fulfilled. Critical assumptionsarethe homogeneityof medium,the
assumedsufficient distribution of labelledmaterialandtheconstancy of emissionin depth.Thefirst assumption
canbecomequestionableif EPSis present.Thesecondis possiblynot fulfilled for thevery sparselydistributed
donorsandthe third assumptionconsidersbacteriaas independenton depthwhich is true for certaintypesof
biofilms but probablynot for all. At leastthe correctionby Visseret al. (1991);RoerdinkandBakker (1993)
showed that for the datausedour in termsof computingtime very cheapcorrectionmethodis acceptableand
comprehensible.

In thecaseof donorsdatacorrectionthefoundfunctionis similar to theonefoundfor recipients.Howeverthe
fluorochromeEYFPis a very stableonewith very little amountof bleaching.Combinedwith thevery sparsely
distributedbacteriatheassumptionsmight not befulfilled. For verificationof thecorrectionfurtherexperiments
with varyingamountsof grown materialhave to beperformed.

Thedatausedarebiofilms grown in a flow channelwhich canbemountedon theCLSM. Thevolumedata
weregatheredwithoutany fixation.Up to now thereis for thistypeof experimentsnoprocedureknown to validate
themeasurementson correcteddatabesidemereplausibility. Besidethenecessaryenlargementof thedatabase
additionalwork hasto bedirectedto theidentificationandreductionof thenoiseby (non-)linearsmoothing.
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