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Abstract

Experimentsdemonstratethe reradiationof diffusephoton densitywavesin turbid mediaby an obstaclefilled with
fluorescentdye. The reradiatedenergy wasalso in the form of a diffusedensitywave that was readily detectedat the
red-shiftedenergy.tn this processthe inhomogeneitywasconvertedinto a sourceof diffusephotondensitywaves,and
localization of the object can be accomplishedby analysis of the reradiatedwavefronts. We will discussthese
measurementsand demonstratesome simple practical devices which are capableof localizing the center of such
a fluorescentinhomogeneity.

1. Introduction Theseideasarepotentiallyuseful for studieswithin
thehumanbody,sincefor example,it is well known

Thetransportof visible andnearinfrared(NIR) that a trace amount of emissivedye (or contrast
photonsthroughdenserandommediahasbeenthe agent)can equilibrate at spatial inhomogeneities
subjectof intenserecentinterest(seee.g. [1]). Im- such as breasttumors or infarcted regionsof the
portantpracticalaspectsof theseproblemsconcern brain [3].
the potential uses of diffusing NIR light fields to The paperis organizedasfollows. Wefirst review
locate objectswithin turbid media. To this end, the essentialaspects of diffuse photon density
photon migrationpatternsderivedfrom a variety waves.Thesepropagatingdisturbancesare produ-
of probes(seee.g. [2]) havebeenemployedtostudy ced when amplitude modulatedlight sourcesare
the effects of inhomogeneitieson optical path introducedinto the densemedia.Thenwe describe
lengthsin turbid media.In this paperwe demon- simple experiments in model biological media
stratemethodswherebyfluorescentdyesand am- which demonstratethe interaction of diffuse
plitude modulated continuous-waveNIR light photon density waves with fluorescent in-
sourcesare used to provide imaging information homogeneities.Finally, we describemorecomplex
aboutspatialinhomogeneitieswithin turbid media. methodsof detectionthat provide practical algo-

rithms by which to obtain images.Theseinclude
spatial encoding by time—amplitude and fre-

* Correspondingauthor. quency—gradienttechniques,as well as by phased-
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arrayscanners.Weconcludebriefly with a descrip- Ourexperimentalapparatushas beenpreviously
tion of currentissuesandfuture directions. described[6]. Briefly, a largeglassfish tank is filled

with a model biological materialcalledIntralipid

2. Background Intralipid solution is a turbid, potydispersesuspen-
sion of micron size particles.By changingthesolu-

Diffuse photon density waves are scalar. over- tion concentrationonecan vary the light diffusion
damped.traveling waves of light energy density, constant overa wide range.Typically. an amplitude
U(r.t(. Theywill propagatethroughany mediumin modulated(200 or 50 MHL( laser diode ( ~~-3mW.
which the transportof light energydensity is gov- 780 nm) is fiber-coupledinto the medium.and an-
erned by the diffusion equation. The traveling otheroptical fiber is used to detectdiffuse photons
wavesare producedby introducing an amplitude asa function of position within thefIsh tank. Using
modulated light source into an optically turbid standardheterodynetechniques,we determinethe
medium [4]. Examplesof such media for visible phaseand amplitudeof the diffuse photondensity
light includedensesuspensionsof micrometer-size wave in the medium.In Fig. 1(a) we showmeasured
spheres, human tissue, paints, foams. and in- constantphasecontoursof the disturbanceprodu-
Iralipid. In essence,the introductionof amplitude cedby our fiber point sourcelocatedat the origin.
modulatedlight into the turbid mediumproduces
a macroscopicripple of brightnessthat is micro- 3. Re-emissionof a diffuse photon density wave from
scopically composedof individual photonsunder- a fluorescent inhomogeneity
going random walks. The disturbancesarise for-
mally in any diffusive systemthat is driven by an The re-emissionof a diffuse photondensitywave
oscillating source [4]. The oscillatory part of the
solution for an infinite, nonabsorbent,homogenous by a fluorescentobstaclewas accomplishedby fill-
turbid media in the presenceof a point source ing a sphericalglass shell with the absorbingdyeIndocyanine green. and then illuminating the
locatedat the origin is of the form

sphere with a diffuse photon densitywave in the
LJ(r, 1) = (A Dr)[exp( —kr)](exp[i(kr -— air)]), (I) Intralipid solution. Thedye was chosento absorb

whereA is a constant,r the radial distancefrom the radiation at the sourcewavelengthof 780nm. and
origin. D the diffusion coefficient for Iiqlit in the very soon thereafterreradiatephotonsat a red-
media. o the source modulation frequency, and shifted energy,830nm. Becausethe dye had a life-

= (a/2D)’ 2 Although the wave is very rapidly time of less than I nscomparedto the Snsperiodof
attenuated,it hasa well-definedwavelength,ampli- thesource,we expectthe reradiatedenergyto be in
tude and phaseat all points. Interestingly, this the form of a diffuse photon densitywave at the
wavelength can be altered by modifying D or ~. red-shiftedenergy. The absorption and emission
Whenabsorptionis present.wecanderivea similar characteristicsof the dye are shown in Fig. 1(h).
solution to (1), wherethe real andimaginaryparts The quantum efficiency of this dye in water was
of the wave vector k are different anddependcx- measuredto be ~1xl0 2 Our experimentsmdi-
plicitly on the sampleabsorptionlength [5]. For cate that this efficiency is reducedby more than
simplicity we omit thesedetails from our theoret- a factor of 10 in Intralipid solution.The Intralipid
ical discussion,we have, however, included these solution surroundingtheobstaclehad aconcentra-
effectsin our analysisof the data. nonof 0.1 ‘V0 giving a sourcediffuse photondensity

The macroscopicdisturbanceobeysa Helmholtz wavelengthof 18 cm.A point sourceat theorigin
equation,and therefore has many propertiesthat generatedthe incident diffuse photondensitywave.
we normally associatewith conventionalelectro-
magnetic radiation. For example, experimentsiii ‘ Fhe Intralipid usedherecanheobtainedfrom Kahi Pharma-

this andother laboratorieshavedemonstratedthe cia in Clayton.NC. At the 11.1 ~, concentration discussedhere.v, e measurea 0 illusion coefficient of about 4.~ . I 1) cm2

refraction [6], diffraction [5,7]. interference[8,9], a scattering engiIs of 0.7 cm. and an absorption length of
andre-emission[7,10] of thesewaves. ~0cm.
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Fig. I. (a) Constantphasecontoursshowna~a function of position for a homogeneous0.5% Intralipid solution.The contoursare
shownon 20 intervals.(b) Indocyaninegreenabsorption(solid line) andemission(brokenline) spectra.The inset showsthemolecular
structureofthe dye. (c) Constantamplitudecontoursat780nm(brokenlines)and830nm(solid lines)clearlyexhibiting thereradiated
natureof the wave.The amplitude of adjacentcontoursdecreasesby a factorof 0.3.

Constantamplitudecontoursof the incidentwave onstratedin one- or two-dimensionalmodels.We
in the presenceof theobstacleare shownin Fig. 1(c) employ sterile Indocyanine green dye for this
(broken lines). Two spectral filters centeredon work.

2 A concentrationof 0.4mg/I was used,less
830nm(Schott glassfilters, RG830)were sufficient than one tenth of the concentrationcommonly
toenableusto separatetheincident andreradiated usedin humansubjectsto test hepaticfunction.
waves. The first device, shown in Fig. 2 usesmultiple

In Fig. 1(c) we exhibit the measuredconstant sourcesand a single detector to determine the
amplitudecontoursof the wave at 830nm as solid centerof a fluorescentobject.We irradiatea fluor-
lines, and the measuredincident amplitude con- escentsphere with multiple sources of diffuse
toursat 780 nmas broken lines, andtherebydem- photondensitywaves,and thenmeasuretheampli-
onstratethe diffuse photondensitywave character tude (or phase)of the reradiatedlight. The partial
of the reradiatedwaves. We see clearly that re- amplituderesultingsolely from source i is depend-
radiatedwavesoriginatefrom within theabsorbing ent on the ith source—objectseparation,the quan-
obstacle.From the contourswe deducea source turn efficiency of the dye, and the object—detector
origin of —.4.6cm. The diffuse photon density separationaccordingto Eq. (1), i.e.
wavelengthat 830nrn wasapproximatelythe same
asthewave at 780nmto within a measurederrorof ~exp(—k~r

1— r0~)exp(—k’~r0— rdl) 2
35%.Thisphenomenamight be describedasa type x ~ — ~ ~o — ~

of fluorescenceof a diffusephotondensitywave.In
the process,the inhomogeneity is convertedinto where~ is the quantumefficiency of the dye, r, the
a sourceof secondarydiffuse photondensitywaves. position of the ith source,~ the position of the

objectcenter,rd the detectorposition,andk (k’) the
wave vectormagnitudeof the diffuse photonden-

4. Prototype imaging devices based on fluorescent sity wave at 780nm (830nm). Theindividual sour-
inhomogeneities ces are separatelyturned on and off, and the

reradiated amplitude for each source—obstacle
A primary goal of our work is to develop an

imaging device and algorithmsfor use in human 2 Cardio-greenis a sterile form of Indocyaninegreen.We ob-
subjects.In this section we discussthree imaging tamedthis dye from Hynson.Wescott& Dunning, Inc.. Balti-

devicesthat we havedeveloped.Theideasaredem- more, MD 21201
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Fig. 2. The time-sharedlocalization device. Four sourcesarc position using essentially thesame analysis as
placed at known positionsand each sourceis separatelyturned above.This schemeis similar in conceptto mag-
on and oft, The black circlerepresentsthe actual position of the netic resonanceimaging. in that we convert a Ire-
reradiator,and the white dot representsthe estimatedposition quencyspectruminto a spatial location.
from the four measured amplitudes. — - .. . .

A third, qualitatively different imagingdevice is
shownin Fig. 4. It usesa scanningphase-arrayand

separationis measured.Since the sourcepositions a singledetector.Specifically. the phased-array[9]
~, and the detector position ~ are known, we consistsof two sources180 out of phasewith each
estimatethe object position by finding the valueof other that interfere destructively to produce an
~ that gives the bestagreementwith the measured amplitude null and a sharp 180 phase shift at

ratio Li] ,‘] L/]. Threesourcesare necessaryto local- points equidistant from the two sources. In t~ko
ize the object in two dimensions,we use four to dimensions,the curve thatdescribesthis family of
improve the signalto noise of this estimate.The points is calledthe nullline (brokenline in insetsof
results of such anestimationare shown inFig. 2. Fig. 4). If we place a detectoron the null line, and
The black circlerepresentthe actualposition of the then movean th,sorhiiuj object from oneside of the
reradiator.while the white dot is the computer line to the other, we find that the object preferen-
estimated position.Usingfoursourceswe were able tially absorbslight from the nearestsource,and
to localize thecenterof this 1 cm sphereto within thereforedistorts the null line. When the absorber
0.4cm. This two-dimensionallocalizationis easily is also a reradiator, the complimentaryeffect is

extendedto threedimensions, seen,that is, the object reradiates morelight de-
An attractive alternativeto the time-sharingap- rived from the closest source.In both measure-

paratusdescribedabove is a frequencyencoded ments the phaseof the detected diffuse photon
device shown in Fig. 3. In this case, each sourceis density wave will undergoa 180 shift as theab-
modulatedby a slightly differentmodulation fre- sorbercrosses theoriginal, undisturbednLill line.
queney. f~(i.e. f, = 200.00+ i(0.01) MHz) and is Theseeffects are demonstratedin Fig. 4(a). Note
kept on at all times. In this way we can associate that the reradiatedlight displaysa sharperphase
a modulation power spectrumwith each spatial transition,anda deeperamplitudenull (not shown)
location in the sample.By measuringthe power than that of the incident lightand that the re-
spectrumof the reradiatedlight as afunction of radiated wave phase exhibits a complimentary
modulationfrequency.we can determinethe object changeasdiscussedabove.
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200’” ________~~j~ora. dentlight occursneartheposition of thedetector.If_____ we know the position of the null line asa function

150 of the reradiator.By performingthreescansdown
three perpendicularaxes, we can achieve three-I : ~ of time we achievea one-dimensionallocalizationdimensionallocalization.

0 1nc 5. Conclusionsand future work0 Reradiated

.50 I I We havedemonstratedthat a fluorescentobject
.3 ~2 -1 0 1 2 3

AbsorberPosition(cm) illuminated by a diffuse photon densitywave be-
~ 0 ________________ comesa secondarysourceof diffusephotondensity

.50 d teoto
waves at a red-shifted photon energy. We have

- -~ demonstratedseveralmethodsby which the center
.100’ of the fluorescentobjectmay be localized.Future
.150 work must include an improvementin the signal-

to-noiseratio which is about 10 for the geometries.200’

abrbe S Inciden we used.We arecurrently looking into bettersour-
~. .350 ces and detectorsand are hopingto improve the

PQrnt.on o Reradiated quantumefficiency of the dye.We havealsobegun
-300

.350 work to addressthe problem of multiple objects/
0 1.0 2.0 3.0 4.0 5 0 reradiators.

Null Line Position(cm)

Fig. 4. Theseexperimentswere performed with a 50 MHz oscil-
lation frequencyin ‘-.0.4% Intralipid, with a sourceseparation Acknowledgements
of ‘—2.2cm, The reradiator was located --.2.0cm and thede-
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Interestingly, in the situation depicted in

Fig.4(a), the phaseshift of the reradiatedlight is
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