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1. ABSTRACT

The time-resolved reflectance of photons from a homogeneous tissue was modeled using a
Monte Carlo simulation. The data was then converted by fast Fourier transform (FFT) into the

frequency domain. In the frequency domain, the phase, @, and modulation, M, of collected light
from a frequency-modulated light source was determined. A comparison of Monte Carlo and
ciffusion theory was made for various separation distances between the source and collector on the
tissue surface. The results showed that Monte Carlo and diffusion theory agreed in the time domain
only for times larger than 500 ps after injection of an impulse of photons. In the frequency domain,
Monte Carlo and diffusion theory agreed only if the probe separation, r, was at least 2 cm apart for ps’
= i5(1-g) =5 cm1, or in dimensionless units rjg' > 10.

The effect of buried absorbed is also tested in the time and frequency domains. A semi-infinite
volume of absorber is placed at 0, 3 mm, 6 mm, or e from the surface of a nonabsorbing tissue. The
presence of a deep absorber on the time and frequency domain data show that attenuation of longer
pathlength photons causes the phase of collected photons to reduce and the modulation of collected
photons to increase. Both effects are indicative of the net shorter pathlength of the ensemble of
collected photons.

2. INTRODUCTION

Photon migration in tissues can be described in either the time or frequency domains. We
consider here the case of light escaping at the surface of a semi-infinite tissue. The time domain
indicates the timecourse of collected light, called reflectance, by a collector at the surface in response
to an impulse of injected light. The frequency domain indicates the phase and modulation of
collected light from a a frequency-modulated source.

Several groups have introduced diffusion theory descriptions for photon migration in both the
time and frequency domains [1,2,3,4]. Jacques [5] reported that time-resolved Monte Catlo
simulations of photon migration did not agree with diffusion theory until after a time delay had
elapsed. Sufficient time must pass to allow some scattering before photons behave according to
diffusion theory. Therefore, in this study we sought to understand how this restriction in the time
domain might translate into the frequency domain.
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stable emulsions during the early stages of their development. Our observations suggest that
multiple light scattering spectroscopies may be a valuable diagnostic of an industrially useful
dispersion (see Fig. 2.)
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Fig. 1: Root-mean-square displacement of time (days)

0.3-um diameter spheres at two different
volume fractions (3.85% and 24.1%). The
data demonstrate that at these very early
times (i.e. less than the time it takes the
fluid vorticity to diffuse one particle
diameter), that the particle volume fraction
does not play as significant a role in
affecting the particle dynamics as it does in
the long time limits.

Fig. 2: Normalized changes in average
particle diffusion coefficient as a function
of time (in days) for three samples of Alkyl
ketene dimer paper size emulsions. Sample
I was made to be "stable", while samples II,
and Il were made unstable. Measurements
were made by computing the first cumulant
the DWS temporal intensity autocorrelation
function in the backscattering geometry
for each sample on a daily basis. We see
that clear evidence of early gel formation
in the unstable emulsions is available after
only a few days.
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Furthermore, a second issue addressed in this paper is how an absorbing layer deep in the
tissue will affect photon migration in both the time and frequency domains.

3. METHODS
3.1 Monte Carlo

A well-tested Monte Catlo simulation [6] was adapted to provide time-resolved photon
propagation. Propagation was three-dimensional but photon escape as reflectance was collected in a
cylindrically symmetric array. Photons escaping at radial position, r, within an incremental Ar of
1-mm were collected in an array R(r, t) with spatial resolution of 0.1 mm between 0-4 cm (40 intervals)
and temporal resolution, At, of 25 ps over the range of 0-3.2 ns (or 128 time intervals). The results

were expressed as the time-resolved local reflectance in mm-1ns-1.

2 Fast Fourier Transform (FFT
To convert the data to the frequency domain, a fast fourier transform (FFT) [7] was used to
convert a list of time-domain data, (t, h(t)), into a list of freqency-domain data, (Re(H(fp), Im(H(£y,)),
which were the real and imaginary components of the discrete Fourier transform, H(f;). The phase

shift, ¢, and the demodulation, M, for a photon density wave were then calculated:

Im (H(fn)) Im (Hp)
o= arctan(m )= arctan(—mrs‘ ) (1)

Mo \/ Re? (H(fn)) +Im2 (H(f) \/ RA(Hy) +Im? Ho)
N - Re2 (Ho)

Re2 (H(0))

The 25-ps resolution, At, in the time domain determines the maximum frequency, fmax =
1/Q2At) = 20 GHz, available in the frequency domain. For n data points in the time domain, the FFT
yields n data points in the frequency domain. The resolution in the frequency domain is given by Af =
foax/n. In order to increase the frequency resolution the common technique of "zero adding” was
applied [8]. The time domain array with 128 points (3.2 ns) was expanded up to 1024 points (26.5
ns) by adding zeros into the R(r, t) array beyond 3.2 ns. The procedure is justified in this case by the
fact that after 3.2 ns the time signal has decayed by several orders of magnitude. The frequency
resolution achieved was Af =39.1 MHz.

When tissue absorption exerted sufficiently high attenuation on photon density wave
propagation at high frequencies of modulation, the frequency-domain data fluctuated abnormally.
Therefore, in the graphs of this report, we have truncated the upper range of the frequency-domain
results when the behavior abnormally fluctuated.

3.3 Diffusion theory
The time-resolved diffusion theory of Patterson et al. [1], with a scaling factor k, was used to
predict the behavior of photon migration in the model:

2 2
R(r,t) = k (4xDc)3/2 z,t5/2 exp[-%z%] exp(-pact) (3)
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where D equals [3(ia + ps(1-g))11, zo = [us(1-g)1-1, c is the speed of light in the tissue, W, is the
absorption coefficient, s is the scattering coefficient, and g is the anisotropy. k is a scaling factor
required because diffusion theory does not exactly agree with the Monte Carlo simulations. The
discrepancy occurs in the early reflected light near the injection point of the light source where
diffusion theory is inaccurate. In other words, the total diffuse reflectance, Rg = [J R(r,t)2nrdrdt,
predicted by diffusion theory is slightly wrong, but the shape of the R(r, t) for later t is correct.
Therefore k was introduced to cause diffusion theory to match Monte Carlo results at longer times
greater than 0.5 ns. The scaled diffusion theory curve was then compared with Monte Catlo data.
The scaled diffusion theory curve was also transformed into the frequency domain by the FFT for
comparison with the transformed Monte Carlo data.

4, RESULTS

4,1 Comparing Monte Carlo and diffusion theory
Figure 1A depicts the model used for the comparision of Monte Carlo simulations and
diffusion theory. The photon escape at 0.2, 1, 2, and 3 cm was analyzed. The tissue is a semi-infinite

homegeneous medium with 1, = 0.1 cm-1, ps= 62.5 cm'l, g = 0.92, and ps(1-g) = 5 cm°L,

Figure 1B shows the time-resolved behavior. The symbols denote Monte Carlo data and the
solid lines denote the scaled diffusion theory. Fig. 1C shows a closeup of the data in the first ns. Note
that the Monte Carlo data does not agree with diffusion theory at early times. The disagreement is
especially large for the 0.2-cm escape site until about 50 ps. The curves for all escape sites persist in
disagreeing with diffusion theory until roughly about 0.5 ns.

A

212 3cm

o= 0.1 /cm
ps(1-g)=5/cm, g= 0.92

Fig. 1A: Model for simulation using both Monte Carlo and diffusion theory. The tissue is a semi-

infinite homogeneous tissue with p, = 0.1 cm-1, ps(1-g) =5 eml, g = 0.92. Light is incident at the

grigin and reflected light is collected at radial positions of 0.2, 1,2, and 3 cm. The collection width,
r, is 1-mm.

Figure 1D shows the frequency-domain data in terms of the phase of collected photon density
waves as a function of the modulation frequency. As the distance between source and collector
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increases, the agreement between Monte Carlo and diffusion theory improves. At 3 cm, the
agreement is quite good. Closer than 2 cm the disagreement is significant.

Figure 1E plots the modulation of escaping photon density waves as a function of modulation
frequency. Again, Monte Carlo and diffusion theory agree when the distance between source and
collector increases. Beyond 2 cm the agreement is good, but closer than 2 cm the disagreement is
significant.
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Fig. 1B: Time-resolved reflectance, for the model in Fig. 1A. Symbols indicate results of Monte Carlo
simulation. Solid lines are diffusion theory. Fig. 1C is a closeup showing that Monte Carlo data does
not agree with diffusion theory until about 0.5 ns.
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Fig. 1D, Phase @, and Fig. 1E, Modulation M, for model of Fig. 1A. Symbols are Monte Carlo
simulation and solid curves are diffusion theory. There is significant disagreement between Monte
Carl and diffusion theory for source/collector spacings of 0.2 and 1 c¢m, but good agreement for the 2
and 3 cm spacings.
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Figure 2A shows the model used to examine the influence of a buried absorber. The tissue
model is a planar multilayered medium. The upper tissue layer has not absorption. A deep absorbing
layer has an absorption of 0.1 cml. Both layers have scattering that is the same as Fig. 1, ps(1-g) equal
5 cm-l, In a, the absorbing layer is infinitely far from the surface. In b, the absorbing layer is 6 mm
from the surface. In ¢, the absorbing layer is 3 mm from the surface. In d, the entire tissue consists of
the absorbing layer. These denotations, a, b, ¢, and d, are used in Figs. 2B-G.

1cm ? 1cm T

A

6 mm Ha=0/cm

Hg(l-g)=5/cm, g= 0.
Fig. 2A: A 2-layer model for illustrating affect of buried absorber. Initially the tissue has zero
absorption. The source and collector are separated by 1 cm. Then a semi-infinite volume of absorber
(ha = 0.1 cml) is brought closer to the surface. In a, there is no absorber. In b, the volume of
absorber is 6 mm from the surface. In ¢, the absorber is 3 mm from the surface. In d, the entire tissue
consists of absorber. These denotations, a, b, ¢, and d, are used in Figs. 2B-G.

Figure 2B shows the time-resolved reflectance. As the absorbing layer comes closer to the
surface, the R(r, t) drops more quickly. Figure 2C shows a closeup of the first ns of data. Note that
curve b does not deviate from curve a until about 0.22 ns. Apparently that is the time required before
the presence of the absorbing layer exerts its influence from a 6-mm distance. As the absorbing laser
moves closer to the surface, its effect is felt much sooner, within the first 100 ps.
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Fig. 2B: Time-resolved reflectance, for the model of Fig. 2A. Fig. 2C is a closeup showing that for
case b, where the absorber is 6 mm from the surface, the data agrees with the no-absorber curve, a,
until about 0.3 ns. Thereafter, b deviates from a. It takes 0.3 ns for the deep absorber to exert its
influence on the time-resolved reflectance. Curves c and d deviate from curve a earlier.

Figure 2D shows the frequency domain results, expressed as the phase versus modulatio
frequency. As the absorbing layer moves closer to the surface, the phase decreases. The presence of
the absorbing layer is attenuating longer pathlength photons, which have a greater phase shift relative
to the source. Therefore, the ensemble of photons collected 1 cm from the source becomes less
dominated by long-pathlength photons as the absorbing layer moves toward the surface.
Consequently, the observed average phase shift decreases in the presence of the absorbing layer.

Figure 2E shows the phase difference, APhase or A®, calculated by subtracting curve a from the
others: (b - a), (c - a), and (d - a). The APhase is negative as the net phase of the ensemble of collected
photons moves toward earlier times. Note that the magnitude of the difference is maximal at a
particular frequency, then returns to zero phase shift at very high frequencies.
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Figure 2F shows expresses the frequency domain results in terms of the modulation, M, versus
frequency. As the absorbing layer moves toward the surface, M increases. Attenuation of higher
longer pathlength photons causes the ensemble of collected photons to shift toward shorter
pathlengths and less loss of modulation. Figure 2G shows the AM, calculated by the differences (b -
a), (c-a), and (d - a). The AM is positive as the net modulation of the ensemble decreases due to

shorter net photon pathlength.
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Fig. 2D: Frequency domain, based on Fourier transform of time-resolved Monte Carlo data for the
model of Fig. 2A. The phase of a modulated light source is plotted as a function of modulation
frequency. The presence of a deep absorbing volume attenuates longer pathlength photons and
therefore the successfully collected photons reaching the collector have a shorter average pathlength
and earlier average phase. In Fig. 2C, the phase difference, APhase or A®, is calculated as (b-a), (c-a),
and (d-a). The APhase is negative because photons arrive with shorter average pathlengths and earlier
average phase. Curves a and d denote homogeneous tissues with no absorber and 0.1 cm-1

absorption, respectively. Curves b and ¢ are two layer models.
Note that APhase is most significant at an intermediate frequency in the 0.2-1 GHz range, and

lessens for both lower and higher frequencies.
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Fig. 2F: Frequency domain, based on Fourier transform of time-resolved Monte Carlo data for the
model of Fig. 2A. Modulation, M, of the collected light from a frequency-modulated light source is
shown as a function of modulation frequency. The presence of a deep absorber attenuates longer
pathlength photons, and and therefore the successfully collected photons reaching the collector have a
shorter average pathlength and less demodulation due to attenuation. Fig. 2G shows the change in
modulation, AM, calculated (b-a), (c-a), and (d-a). The AM is positive. Curves a and d denote
homogeneous tissues with no absorber and 0.1 cm-! absorption, respectively. Curvesb and c are two

layer models.
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5. DISCUSSION

1 Mon rl iffusion

The comparison of Monte Carlo and diffusion theory reminds us that it takes time (or
equivalently, distance) for photons to become randomized so that diffusion theory becomes accurate.
The use of the FFT to transform Monte Carlo results offers an approach toward the behavior of
photon migration in the frequency domain. We had anticipated that in the frequency domain Monte
Carlo and diffusion theory might agree at very low modulation frequencies and only disagree at high
frequencies. However, our results show disagreement at all frequencies when the spacing between
source and collector is too close. The results showed that Monte Carlo and diffusion theory agreed
only if the probe separation, r, was at least 2 cm apart for ps' equal 5 cm-1, or in dimensionless units
' > 10.

5.2 Deep absorbing layer

The study of the absorbing layer illustrates that difference curves, APhase or AM, can be useful
in detecting the presence of an absorber. The behavior is understandable if one considers the signal
as being due to an ensemble of photons with different pathlengths. As the absorbing layer moves
toward the surface it affects the longer-pathlength photons in that ensemble. Shorter-pathlength
photons begin to dominate the signal. Shorter-pathlength photons experience less phase shift and less
loss of modulation. Therefore the phase of the detected signal decreases and the modulation

increases.
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