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ABSTRACT

An approach to the examination of the structure of layered tissue can be found in the measurement of the diffuse
reflectance of plane diffuse photon-density waves in the near-infrared range. Here, phase resolved reflectance measure-
ments from phantom tissue, at modulation frequencies of up to 2 GHz, are presented and compared to calculations
provided by a theoretical model. The examination of the phase shift reveals that the reflectance properties are
characterized by photon-density wave interference phenomena. The proposed technique allows the investigation of
the structure of tissue down to more than one penetration depth. A medical application may be found in improved
examination techniques for deep burns, as the method allows the investigation of the tissue structure without physical
contact to the surface.
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1. INTRODUCTION

Optical reflectance tomography offers the attractive possibility of non-invasive examination of biological tissue. Light
enters the tissue and, after having traveled over a certain path length, it partly reappears at the surface, ready to be
analyzed. By comparing the incident to the reappearing light, valuable information can be gained about the optical
properties of the tissue and, by further interpretation, about its medical condition. As biological tissues tend to be
highly scattering, optical techniques based on the coherence of light can only be used for examinations at depths of a
fraction of the penetration depth.!? In order to obtain data from greater depths, multiple scattering has to be dealt
with. In the limit, diffusion models for light propagation assume that coherence is altogether lost. Light that has
randomly traveled in the tissue and reappears at the surface, i.e. diffusely reflected light, can carry information about
more than one penetration depth into the tissue. This implies that, depending on the tissue under investigation,
it potentially has traveled through several layers of different optical properties and eventually carries a mixture of
influences from all of them. This compound effect of layers with different optical properties on light propagation has
been addressed in several studies.®-!! In some medical settings, the evolving phenomena are considered disturbing,
in other cases they are explicitly wanted for analyses of the structure of the tissue. The former case is often met
when the tissue under examination is buried in some other type of tissue. The photons bearing information on the
portion of the tissue that is of interest loose part of this information during propagation through circumjacent tissue
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and by mixing with light that has never reached the location under investigation. As the structural properties of
macroscopically inhomogeneous tissue can be complicated or even unknown, a homogeneous tissue is often assumed a
priori in order to make mathematical modeling feasible.!?:'> However, a better understanding of how the measurement
is affected by different types of tissue could greatly improve such measurements. This problem was recently studied
by Farrell and coworkers.® An investigation by Kienle et al.!® proposed a method for extracting the optical properties
of a single layer from the diffuse reflectance from a two-layered structure.

The latter case, the possibility of using the diffusely reflected light for extraction of structural information,
was addressed by Cui and Ostlander,® who realized that photons re-emerging rather distantly from their point of
insertion are more likely to have traveled deeper into the tissue than those leaving the tissue close to the irradiated
area. A promising technique for structural investigations is based on diffuse photon-density waves (DPDW), which
are excited by sinusoidally intensity modulating the incident light.!417 The investigations by Farrell et. al and Kienle
et al. mentioned above also follow this approach. The penetration depth, which is complex in the case of intensity
modulated light, depends both on the optical properties of the tissue and the modulation frequency. The dispersion
properties of diffuse photon-density waves show that the phase velocity increases with increasing absorption, and
with decreasing scattering.!® This effect depends, moreover, on the modulation frequency. Thus, the phase is delayed
differently in tissues of different optical properties, and it must be expected that the interference of waves from
adjacent layers can be observed in a phase shift of the diffusely reflected light, relative to the incident light. A first
account of this phenomenon, observed in partly coagulated tissue, was recently presented by Svaasand et al.!!

This study is aimed at the investigation of the phase properties of the reflection coefficient of two-layered intralipid
phantoms, both theoretically and experimentally, when irradiated by an intensity-modulated plane wave.
2. THEORETICAL BACKGROUND
2.1. Diffusion approximation to the Boltzmann transport equation8-20

It has been found that light propagation in biological tissue can be adequately described by a corpuscular model
which is governed by the Boltzmann transport equation:
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where: L(r,s,t) radiance, [L] = W/(m? - sr)
f(s,s") anisotropy factor, ff, f(s,s')dQ’' =1
s directional unit vector, [s] =1
Ha absorption coefficient, [u,] = m™!
s scattering coefficient, [u,] = m™!
¢ = co/Nessue  speed of light, [c] =m/s
co vacuum speed of light, [co] = m/s
Ttissue index of refraction of tissue, [n] =1

Unless the blood concentration in the tissue is very high, scattering will dominate absorption (i.e. ps > u,).
Then, the radiance can be approximated by the sum of an isotropic fluence rate ¢ and a directional flux j:

1 3.
L(r,s,t) =~ o p(r,t) + Gj(r,t) -s (2)

where: p(r,t) fluence rate, [p] = W/m?
j(r,t)  diffuse photon flux vector, [j] = W/m?
In a plane symmetry, the vector r can be replaced by the depth into the tissue z. The flux vector j can then be
expressed by its scalar value, j. In the model described here, the source is assumed to be isotropic. Substituting (2)
in (1) and integrating over 4 solid angle yields two decoupled equations, namely the diffusion equation:

%(—% (2,t) + pap(2,t) + Ba;j(z,t) = qo(2,1) ®)
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and:
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= ps(l —g) reduced scattering coefficient, [p!] = m !
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qo(z,t) =47 Q(z.t) isotropic source intensity, qo] = W/m*

For time-harmonic sources, the proportionality go~e¢'™" is valid. Eqgs. (3) and (4) can then be combined to a 27
order differential equation of Helmholtz' type:
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2.2. Layer model

The structures under investigation here consist of two plane layers, the lower one being infinitely extended, the upper
one of finite thickness d and bounded by air at its upper surface. The boundaries are assumed to be homogeneously
smooth planes, see Fig. 1. Both layers share the same index of refraction .

amplitude modulated
laser light

d Ha, 1, 15,1, 0

Figure 1. Layer model

If the surface is homogeneously irradiated by perpendicularly incident plane waves of light, a viable description of
the source function, i.e. how the light enters the diffusion process, is given by an exponential distribution of isotropic
sources in the media:?%:!
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The indices 1 and 2 denote the upper and lower laver, respectively. The imaginary terms account for the phase shift
which the modulated light undergoes between the point of entrance at the surface and the point where it is sourced
into the diffusion process.



In the given geometry of the structure and with the source function (6), the solution to the differential equation (5)
reads as:

2 U .
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The unknowns A, ... A4 are to be found by application of the boundary conditions. The condition:
zllfﬁ’o p(z) =0 ®)
immediately leads to:
Ay =0 (9)
In between the two layers, both the fluence rate and the flux must be continuous:
pr(z=d%) = p(z=d) (10)
az=d%¥) = j(z=d") (11)
The second condition (11), is to be applied by noticing that for harmonically modulated light (4) writes as:
(2) = o i(2) (12
J = —Cuw dz(’o

At the outer boundary of the structure, the partial-current boundary condition proposed by Haskell et al.!? is used:

Rey (“’—‘—’—‘) =fa,n (13)
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The constant R.g, termed the effective reflection coefficient, can be found by integrating the Fresnel reflection
coefficient over the hemisphere. For boundaries between tissue and air Haskell calculated R.g = 0.431 for a refractive
index of nigeue = 1.33, and R.p = 0.493 for nyisene = 1.4.

A linear equation system can now be set up from (10), (11) and (13) and solved for the unknowns A4;, A, and
A3. The fluence rate ¢ just below the surface is then found from (7), and the flux j at the surface can be determined
from (12). The complex diffuse reflection coefficient is defined as:

— _jlz—»O*‘
v=-Tp (14)
and its phase given by:
Smiy}
= arctan 15

3. EXPERIMENTAL

In order to investigate the diffuse reflection properties of stratified structures experimentally, 2-layer phantoms were
made, with intralipid as the scattering medium. On the bottom of a beaker, a solid layer was formed by fixing
intralipid in agar gel. A top layer with varying thickness was then easily obtained by pouring solutions of intralipid
on top of the agar layer.

The sample was irradiated by a RF-modulated 674 nm semiconductor laser. From the laser, the light was guided
by a 100 um-core graded index fiber, collimated by a lens attached to the tip of the fiber and subsequently slightly
widened again by a microscope lens, such that a circle of about 5cm diameter was irradiated on the surface of the
sample when the microscope lens was kept at a distance of about 20cm. See Fig. 2 for a sketch of the setup. Thus,
it was assured that an area sufficient for measurement was approximately homogeneously irradiated, and that the
wavefronts reaching the surface in this area could be considered plane. The reflected light was picked up by a large
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Figure 2. Experimental setup

core step index fiber (600 um, 0.48NA). This detector fiber was kept at an angle of about 25 relative to the source
fiber in order to avoid specularly reflected light. The distance between the tip of this fiber an the surface was roughly
10mm. The light picked up from the surface of the phantom was detected by an avalanche photo-diode with lower
and upper 3dB roll-off frequencies of 1 MHz and 1 GHz, respectively. A network analyzer (HP8753C) both generated
the RF-modulation signal for the laser and analyzed the return signal from the avalanche diode for its phase shift
relative to the source signal.

The lowest possible frequency of the signal generator of the network analyzer was 0.3 MHz. At this frequency,
the avalanche diode was found to perform well. At the high frequency end. the performance of the avalanche diode
deteriorated drastically above 1.5 GHz. As this study aimed at a qualitative investigation of photon-density waves
over a wide frequency range, 2 GHz was chosen as the upper modulation frequency limit in order to gain a maximum
of information.

In the experiments, a structure with a highly scattering bottom layer and relatively low scattering top laver was
investigated. To this end, an agar gel containing 1% of intralipid was made to form the bottom layer. The first
measurement was done with a solution of 0.2% intralipid as the top layer. Since the network analyzer summed the
phase shift culminating over one sweep over the whole frequency range, the originally recorded values included the
frequency response of the whole measurement setup. To eliminate the influence of the system, the phase shift is
given here relative to the phase of the reflection coefficient for a zero thickness upper layer, for every given frequency.
From the measurement results in Fig.3 it can be seen that, as the thickness of the upper layer starts to grow, the
phase shift increases strongly. For modulation frequencies above 700 MHz, a maximum is formed for an upper laver
thickness slightly below 5mm. Thereafter the phase shift drops off rapidly. At smaller frequencies, the change in
phase shift is much stronger at lower than at larger thicknesses, but no distinct maximum can be observed.

In order to investigate the validity of the model, the optical properties were determined from the values given for
intralipid by van Staveren and coworkers.?? For adjustment to different concentrations of intralipid, water absorption
was added as given by Hale and Querry.*® For the bottom layer, a reduced scattering coefficient, of i =1911m !
and an absorption coefficient of p, = 1.9m™! were calculated. The corresponding values for the top layer were
iy =238m~" and p, = 0.7m~!. The influence of agar was neglected at this stage, as its scattering coefficient is
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Figure 3. Measured relative phase shift: Bottom layer: 1% intralipid in agar gel; top layer: 0.2% intralipid
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Figure 4. Simulation to Fig.3: Bottom layer: p} = 1911m™!, p, = 1.9m™?; top layer: p! = 238m™1, p, = 0.7m~!
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Figure 5. Measured relative phase shift: Bottom layer: 1% intralipid in agar gel; top layer: 0.4% intralipid
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Figure 6. Simulation to Fig.5: Bottom layer: p! = 1911m™!, p, = 1.9m™1; top layer: p}, =476 m™!, p, = 1m™!
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negligible in the presence of higher concentrations of intralipid, and experiences with the simulation model showed
that small variations in absorption did not lead to significant qualitative changes. The result of the simulation is
given in Fig.4, again normalized to zero for a zero thickness upper layer. In fact, the maximum in phase shift is
reestablished, at a thickness of the upper layer of approximately 5mm. Again, the maximum appears for modulation
frequencies higher than 700 MHz. It must be noted, though, that the model does not yet allow for a quantitative
analyses, as the simulated phase shift is calculated too high when compared to the measured values.

In order to study the influence of relative changes in the scattering coefficient on the phase shift, a higher intralipid
concentration of 0.4% for the top layer was used in the second experiment; the bottom layer was left unchanged.
The optical properties of the new upper layer were p, = 476 m~! and p, = 1m~!. The measurement results are
given in Fig.5, and Fig. 6 shows the corresponding simulation data. Again a maximum forms for frequencies above
700MHz, but this time at a smaller thickness of the top layer than before, slightly below 4mm. Qulitatively the
model predicts the correct behavior, quantitatively the problem with exaggerated values in the simulation shows up
again. On the other hand, the fact that the maximum of the phase shift reaches only about half the value of the
first experiment is correctly reflected in the simulation results.

4. DISCUSSION AND CONCLUSIONS

The phase response of the diffuse reflection coefficient of layered media shows pronounced maxima and minima as
the thickness of the top layer and the modulation frequency are varied. This phenomenon must be attributed to the
interference of the partial waves propagating in the layers of different optical properties, together with the internal
reflection at the boundary of the upper medium to air. Thus, the findings described here might form the base for
a technique to analyze the structural properties of stratified tissues non-invasively. A possible application may be
found in the determination of the depth of burns.

The two experiments presented in the last section concentrated on the investigation of structures of layers with
mainly different scattering properties. It could be shown, both in experiment and simulation, that the position, as
well as the amplitude of the phase shift, depend on the scattering coefficients of the two layers. The diffusion model
used in this study predicted the behavior of the phase shift phenomenologically correct, but showed weaknesses
in quantitative terms. The reason might in parts lie in the source function (6), which is known to underestimate
absorption and enforces a phase at all depths that might be incorrect. Nevertheless, the relative difference in phase
shift between the first and second experiment was calculated approximately correctly.

The diffusion approximation to the transport equation has shown to be adequate to describe the experimentally
observed phenomena. This also means that the boundary conditions, in particular the extended boundary condition
applied at the surface to describe internal reflection, are adequate for the description of diffuse-photon density wave
propagation.
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