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Abstract 
Ait analytical model is presented for the propagation of diffuse 
photon density waves in turbid media. The frequency- and 
wavelength- dependence of photon density waves are 
measured using Frequency-domain Photon Migration (FDPM). 
Media optical properties, including absorption, transport. and 
fluorescence relaxation times are calculated from experimental 
results. 

Introduction 
The spectral and temporal characteristics of endogenous and 
exogenous molecules in tissues can provide valuable 
information concerning micro-environment and biochemical 
disposition. For example, it is well known that hemoglobin 
absorption spectra can be correlated Lo oxygen saturation 
levels. Similarly, fluorescence spectra and lifetime can be 
used to follow physiological changes such as as those 
observed during iri vivo photosensitiu uion (1). Unfonunately, 
scattering degrades the information content of diffusely 
remitted light in turbid, biological media. 

In this paper we summarize our efforts Lo measure 
absorption, Lranspon, artd fluorescence relaxation times in 
turbid media using Frequency Domain Photon Migration 
(FDPM) [2,3,4J. fn FOPM, an optical fiber probe is used Lo 
launch amplitude-modulated light into the sample. Variations 
in Lhe optical properties of the medium perturb the phase 
velocity and amplitude of the diffusely propagating photon 
density waves (4, SJ. Phase delay(¢) and demodulation (m) 
are measured, with respect to the source, by a second fiber 
placed 1-3 cm away from the launch fiber. Optical properties 
are calculated by fitting the measured frequency- and discance
dependent behavior to analytical expressions derived from 
diffusion theory. These properties include the absorption 

coefficient (~). the effective scattering coefficient (<Jeff), and 

the fluorescence lifetime (1:f). Since spectral and temporal 
properties can be used to follow the biochemical disposition of 
absorbers and scatterers iri situ, FDPM-spectroscopy may 
provide a means for non-invasive physiological monitoring. 
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Theory 
(i) Determination or absorption and scattering properties 
If a source varies in time with frequencies less than about 
1 GHz, the optical fluence rate in most biological tissues 
satisfies a diffusion equation of the form: 

(1) 

where <p, and% are, respectively, the source optical fluence 

rate and Lhe diffuse photon source density. The parameters c, 
i:,_,"" 11~,c and 't.,, = l/o,1 .,c are, respectively, Lhe velocity of 

light, I.he loss relaxation time and the transport relaxation time 
in the medium at the same wavelength. Solutions to the form 
Eq. (1) can be expressed in the form: 

(2) 

where r is the distance from the source, (i) is the modulation 
frequency and ks is Lhe source complex wave number given 
by, 

. ,,/3 I im ()) 
k, = k, .. +•Jr...., =- --+-

c 't,.,.t .. ~ "t.,. ... 

The real and imaginary part of ks arc: 

k, ..... = [ ~ l ~~(I +(t,.,ro,)2 - 1 (4) -V2 c i:,~ t..., 

(5) 
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where 'ti,, and 't,,.., are, respectively, the loss relaxation time 

and the transport relaxation time at the wavelength of the 
external light source. 

Multi-frequency measurements of phase ($) and 
modulation (m) at a given source-detector separation (r) lead 

to the determination of the optical properties ~s· ~eff•s and 

penetration depth. f> =I/ ~313,(13, + o.,,~), since 

(AC/DC} J ( I)] 
$ = ks,imagr andm = (Ac/oc): - exP[_ 1. k,,.. -5 r 

These expressions assume analytically useful forms under 
different conditions, however. The precise relationship 
between $. m, and ro depends upon the absorption relaxation 
time of the medium. At low frequencies the phase increases 
linearly, but at high frequencies the phase increases as the 
square root of frequency. The transition occurs at an angular 

frequency (ro) equal to the absorption coefficient times the 

speed of light in the tissue (ro = ~ c). Similar arguments can be 
made for the frequency dependence of m. Because of this 
variable relationship between modulation frequency and 

optical properties, we typically evaluate the 4> and m 

frequency-dependence in order to reliably calculate ~ and O'eff· 

(Ii) Determination of nuorescence lifetimes 
If the source is used to excite fluorescence in turbid media. the 
corresponding expressions for the real and imaginary part of k 
for the fluorescent light can be expressed by: 

where 't.,1 and 't,,. ,1 are, respectively, the loss relaxation time 

and the transport relaxation time at the wavelength of the 
fluorescent light. 

The excitation of a fluorophore can be expressed, 

~ N N /JrE/P, 
-+-+-=---
a fnr t, /i(J), 

(8) 

where N is the number of excited fluorophores per unit volume 

and 1/'tnr and l/'tr are, respectively, the non-radiative and the 
radiative contributions to the measured fluorescence decay 
rate. The absorption coefficient of the fluorophore at the 

source wavelength is ~f. the efficiency of the excitation is Ef , 

the lluence rate of the exciting light is <p, and ro, is the 

angular frequency of the exciting light. The source density for 
the fluorescence emission is, therefore: 

where qf is the source density and <D1 is the angular 

frequency of the fluorescent light. The total lifetime of the 
excited state, 'tt, is given by: 

(10) 

and the efficiency of the excitation, Ef = 'tf/'tf. 
In a planar model where the exciting light is launched at 

position x=<>. the detected fluorescent light at position x=a can 
be expressed as: 

~-J=o 'tr £1~1 ro 3(1+icat,,..,) 
<p1 (x = a) = I . • x 

0 l+1cat, 't, (J)/ 2ct,,.,,k, 

3(1+icat ... r) e-•~e-•r<a-~)~ 
2ct,,..1k1 

't f £ f~ f (I) 3(1 + iOJt,,.,,) 
=I ' x 

1 + icat I 't, (I) I 2C't,,. .,k, 

(11) 

3(1 + j(t)'t ' ·") e - l,a - e-k,a 

2ct,,..1k1 k, - k, 

The explicit expressions for the modulus and phase of the 
fluorescent signal in a scattering medium can be determined 
from the real and imaginary components of Eq. (11). 

Materials and Methods 
(I) Instrumentation 
The frequency -domain photon migration (FDPM) instrument 
is a modified multihannonic Fourier Transform phase and 
modulation fluorometer (SLM, 48000-MHF, Champaign, IL). 
A brief description of the instrument is presented in an 
accompanying paper; details have been reported elsewhere f4]. 

(Ii) Materials 
Measurements were performed in a large cylindrical vessel 
filled with an emulsified fat solution, lntralipid™ 
(KabiVitrum, Inc., Clayton, NC). Fibers (flat-cut faces, 600 
µm core diameter) were positioned in the center of the liquid, 
facing each other. This central location was selected in order 
to simulate an infinite medium. The distance between source 
and collection fibers was systematically varied between 5 and 
30 nun. Reference (i.e. source) measurements were recorded 
in air with input and collection fibers facing each other. 

The photosensilizing porphyrin dye, tetraphenyl porphine 
tetrasulfonate (TPPS4) (Porphyrin Products, Logan, UT) was 
added to the scattering system so the effect of absorber and 
fluorophore could be quantitatively determined. All 
measurements were performed using 514-nrn light from an 
Argon-ion laser. Bandpass filters (Corion Corp, Holliston, 
MA) were placed at the entrance to the PMT housing in order 
to isolate the green absorption (514 nm) and red fluorescence 
(650 nm). 

Results and Discussion . 
Fig. 1 shows the frequency-dependent phase response in 2% 
Intralipid, with and wil.hout 2 µg/ml TPPS4, under a variety of 
measurement conditions .. 
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Figure 1. Phase vs. frequency response for TPPS in Intralipid. 

The upper-most fluorescence curve was obtained by 
isolating the TPPS4 emission with a 650 run bandpass filter. 
The scattering response was acquired in pure 2% lntralipid (no 
TPPS4 absorber). The absorption and abs. + fluor. data were 
acquired in TPPS4/lntralipid with and without a source
isolating 514 nm bandpass filter. These data were combined 
with the modulation response in order to calculate the 
absorption and scattering parameters at 514 nm. Table l 
summarizes the measured parameters used to estimate 
fluorescence lifetime. 
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Figure 2. Phase vs. frequency data for TPPS fluorescence and 
lntralipid scattering medium (circles) and TPPS in water 
(squares). Solid lines are simulated response (see text for 
parameters). 

TPPS4 fluorescence was measured using the same fiber 
format (lcm separation) without lntralipid scatterer. These 
data are displayed in Figure 2 (open squares), along with the 
fluorescence obtained in the scattering medium (open circles). 
The difference can be qualitatively understood in terms of the 
additional path, and hence phase delay, experienced by 
fluorescent photons. The solid lines through the data represent 
the simulated response using Table 1 parameters and a 10 ns 
fluorescence lifetime; a value which agrees well with 
conventionally-derived TPPS4 fluorescence lifetimes. 

Table l. Calculated relaxation times ror TPPS4 In 
Intra lipid 

source loss 
relaxation 

time: 'tl,s 

source 
transport 
relaxation 
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