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Abstract

A new, simple and quick approach, oblique-incidence reflectometry, was used to measure
the absorption and reduced scattering coefficients of a semi-infinite turbid medium. An obliquely
incident light beam causes the center of the far diffuse reflectance to shift from the point of
incidence, where the far diffuse reflectance refers to the diffuse reflectance that is several transport
mean free paths away from the incident point. The amount of shift yields the diffusion constant by
a simple formula, and the slope of the diffuse reflectance yields the attenuation coefficient. Only the
relative profile of the diffuse reflectance is needed to deduce both optical parameters, which makes
this method attractive in clinical settings because it does not require a stringent calibration for
absolute quantity measurements. This method was tested theoretically by Monte Carlo simulations
and experimentally by a reflectometer. Because this method can be used to measure optical
properties of biological tissues quickly and requires on inexpensive equipment, it has potential
clinical application to the diagnosis of disease or monitoring of treatments.
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Introduction

In both diagnostic and therapeutic applications of lasers or other light sources in medicine,
it is important to evaluate the optical properties of biological tissues, which are turbid media. The
optical properties can be used to diagnose diseases, to measure tissue metabolic status, or to
determine the dosage in therapeutic applications of lasers. Non-invasive, in vivo, real-time
measurements of tissue optical properties, the absorption coefficient w, and reduced scattering
coefficient |, remain a challenge.

For simplicity, we will define the diffuse reflectance that is several transport mean free
(mfp') away from the incident point of the laser beam as far diffuse reflectance. Conversely, we
will define the diffuse reflectance that is within several mfp' away from the incident point of the
laser beam as near diffuse reflectance. A typical diffuse reflectance profile of a laser beam normally
incident upon a semi-infinite turbid medium, R(x), is shown in Fig. 1. Monte Carlo' simulated
diffuse reflectance is conmsidered accurate, whereas the diffusion theory predicted diffuse
reflectance is only accurate for the far diffuse reflectance.

The far diffuse reflectance becomes linear on a semi-logarithmic plot, and the slope of the
diffuse reflectance is primarily determined by the effective attenuation coefficient, [ . If one
measures the relative profile of the diffuse reflectance R(x), the effective attenuation coefficient can
be computed approximately using a relatively simple algorithm based on the slope of the
reflectance.” If we wish to measure both absorption and reduced scattering coefficients, two
independent parameters have to be determined. The near diffuse reflectance of the relative profile
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Fig. 1. Diffuse reflectance vs. horizontal axis x. The laser beam is normally incident
upon a semi-infinite turbid medium. The horizontal axis x is the distance between the
observation point and the incident point of the laser beam on the surface. The
computations were based on Monte Carlo simulation and diffusion theory. The optical
properties of the turbid medium are index of refraction n = 1.0, absorption coefficient
H, = 0.1 cm™, scattering coefficient i, = 100 cm™, and anisotropy g = 0.9.
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has to be used to determine another independent parameter, which creates a dilemma. No simple
algorithm is available to deduce the second parameter from the near diffuse reflectance. Iterative
algorithms based on Monte Carlo simulations will be time-consuming because Monte Carlo
simulations are slow. Neural network may be used to solve the inverse problem after the network
is trained on a set of Monte Carlo simulation results of various optical properties.>* Once the neural
network is trained, the inverse problem can be solved in real-time. However, the neural network
approach involves a long training process.

Algorithms based on diffusion theory cannot use the near diffuse reflectance because of the
inaccuracy of diffusion theory in the near region. If the absolute far diffuse reflectance is
measured, the diffusion theory based algorithms can be used to deduce the second parameter using
non-linear least squares fits of the far diffuse reflectance. However, in clinical settings it is much
easier to measure the relative profile of diffuse reflectance than to measure the absolute profile.

Oblique-incidence reflectometry (Fig. 2) deduces diffusion constant very quickly and is
independent of the laser beam size if (1) the laser beam has a predefined mirror symmetry and (2)
the size of the beam is smaller than the distance between the measurement points and the center of
the laser beam.** For example, a circular flat beam or a circular Gaussian beam has an elliptical
spot on the medium surface when the beam is incident at an oblique angle. The mirror symmetry of
this elliptical spot about its short axis allows the application of this method to measure p,'. The
method was verified theoretically and experimentally.

The diffuse reflectance with the oblique incidence is shifted toward the +x direction. The
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Fig. 2. Coordinate system and the lumped interaction approximation of the laser beam.
The origin of the coordinate system is at the incident point of the light beam. In the
figure, o, is the incident angle of the laser beam, a, is the refracted angle, Ax is the
horizontal shift of the lumped interaction site from the incident point. The y-axis point
outward from the paper. L, = 1/(0.35 p, + ).
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amount of shift is computed by

sin(o,) sin(o.,)

=T 03 L0 “035p, + 0 (1)

as derived in our previous publication.*

Here we will present more experimental results using an optical fiber probe to deduce two
optical parameters: (1) the shift of far diffuse reflectance, Ax; and (2) the effective attenuation
coefficient, |1 Based on these two parameters, we can compute for the absorption and reduced
scattering coefficients, p, and .

Methods and Materials

Experimental

An oblique-incidence optical-fiber probe was built. The tips of eleven optical fibers were
sanded at 45 degrees. One optical fiber was used as the source to deliver laser light (632.8 nm
wavelength, He-Ne laser) to the turbid media, and the other ten were used as the detection fibers to
collect light from the turbid media. The light from the detection fibers was measured using an
optical power meter. The eleven fibers were bundled together in plastic to form a hand-held probe
(Fig. 3). A thin layer of diffuser was added to each of the ten detection fibers. The distances
between the detection fibers and the source fiber are listed in Table 1. Each detection fiber was then
calibrated for its relative transmission of light.

Table 1. Probe configuration.

Detection Fiber | Distance from Source (cm)

Leftmost, 1 -0.800

2 0.224

3 0.476

4 0.735

5 0.991

6 1.245

7 1.503

8 1.747

9 1.974

Rightmost, 10 2.265
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Fig. 3. An oblique-incidence optical fiber probe. One source fiber and ten detection
fibers were bundled and encased to form a hand-held piece. The core diameter of the
fibers was 600 pm. The incident angle of the probe was 45°. The index of refraction of
the fiber core was 1.46. The index of refraction of tissue phantom was 1.33. The angle
of refraction in a liquid tissue phantom was computed to be 50.9°.

Turbid media simulating the optical properties of biological tissues (tissue phantoms) were
made of water, Trypan blue dye, and polystyrene spheres. The Trypan blue dye was dominantly
absorbing and had negligible scattering. The polystyrene spheres (899.5 nm diameter) were
dominantly scattering and had little absorption. The absorption coefficient of the Trypan blue dye
stock solution was measured using a spectrophotometer. The scattering anisotropy of the
polystyrene spheres was computed using Mie theory,® and the scattering coefficient was obtained
using a collimated transmission measurement.” Different concentrations of the dye and the spheres
can be mixed into water to make a solution of desired optical properties. The tissue phantom
presented here has the following optical properties: p, = 0.40 cm™, ' = 4.0 cm™, and g = 0.914
at 632.8 nm wavelength.

Theoretical

Diffusion theory was used to fit the measured diffuse reflectance for the effective
attenuation coefficient, 1.4, whereas the shift of diffuse reflectance, Ax, provided another equation
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(Eq. 1). The two equations were used to solve for the absorption and reduced scattering
coefficients, i, and W

The diffusion theory is based on the extrapolated boundary condition and lumped
interaction approximation of the incident light.*® Traditionally, the lumped point source is placed a
distance = 1/(i, + W,") into turbid media from the entry point. However, Eq. 1 indicates that the
source should be placed a distance = 1/(0.35 p, + ) from the entry point, instead. Therefore, the
depth of the lumped source is

cos(o,)

=2\
=035, + 1)

= AX ctan(a,) . 2)

Similarly, we have found that the diffusion constant should be

1 AX 1

D=31533 H,+ 1) 3sin(e) H,+3 R, ° ®

Eq. 3 improves the accuracy of diffusion theory when compared with Monte Carlo simulations.!®

First, the shift, Ax, was computed from the measured diffuse reflectance (Fig. 4). A C-
program searched an interaction point on the right-hand side of the diffuse reflectance curve such
that the diffuse reflectance at this point was equal to that of the leftmost data point. The mid-point
between the intersection point and the leftmost data point yielded Ax.

Then, the following diffusion theory was used to fit for | based on the Levenberg-
Marquardt method, which is a non-linear least-squares fitting method.!! The average internal
reflection is'2

r, =-1.440 n 2 + 0.710 n,," + 0.668 + 0.0636 n_ , 4)

where the relative refractive index, n,, is the ratio between the refractive indices of the turbid
medium and ambient medium.

A=(1+r1)/(1-r1), (5)
The distance between the virtual boundary and the surface of the turbid medium is
z,=2AD. ©)

The fluence on the virtual boundary is approximately zero. The distance between the observation
point (x, 0, 0) and the lumped source (Ax, 0, Az) is

p,=V(x - AX)* + Az . @)

The distance between the observation point (x, 0, 0) and the image source (Ax, 0, Az — 2 z,) is

p,=V(X - AX)” + (Az + 2 z,)° . 8)
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The diffuse reflectance is

Az (1 - -
R(x) = z(1+ Ivleff4l;tlr))lfxp( Wee py) + (az+2z) (1 +‘l£|;gz?2) exXp(=W. p,) . 9

Because the measured data represent the relative profile of diffuse reflectance, k R(x) was used to
fit for the effective attenuation coefficient, where k is a scaling factor. Because diffusion theory
does not hold for IxI < 1 mfp', any data experimental points falling into this region should be
excluded from the fitting.

When [, was obtained from the curve fitting, Eq. 1 and the following equation were used
to compute for p, and W'

oo = ViD= [ b (10)
or
H.=3 si;(Aa)f)' (1
and
u,' = Sinﬁ‘l— 035y,. (12)
Results

A measured diffuse reflectance curve was fitted using the above theory (Fig. 4). The fitted
results were compared with the expected values based on the optical properties of the tissue
phantom (Table 2). The relative errors were below 10%. The non-linear least-squares fit took <0.1
sec on a Sun SPARCstation 2 computer. A refractive-index-matched boundary condition was used

for the fitting.
Table 2. Comparison between measured and expected results.
Parameter Expected Fitted Relative Error
AX (cm) 0.187 0.204 8.6%
W, (cm™) 2.229 2.118 -5.0%
u, (cm™) 0.40 0.392 -2.0%
i (cm™) 4.0 3.675 -8.1%
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Fig. 4. The measured and fitted diffuse reflectance and the fitted shift, Ax. The
experimental data were measured using the optical fiber probe on a tissue phantom.
The horizontal positions of the measured data correspond to the positions of the
detection fibers (Table 1). The fitted shift was the mid-point of the horizontal line
connecting the leftmost measured data point and the intersection between the line and
the right side of the measured diffuse reflectance.

Discussion and Conclusions

The boundary condition that was used for the curve fitting was refractive-index matched.
The refractive indices of both the ambient medium and the turbid medium were set to 1.33, which
is the refractive index of water. The surface of the turbid medium was partially exposed to air and
partially exposed to the probe. It is inappropriate to use the refractive index of either air (1.0) or
probe material (1.45, plastic) for the ambient medium. Before a better solution becomes available,
we used 1.33 as the refractive index of the ambient medium. The fitted results seemed to be in
good agreement with the expected results maybe partly because 1.33 was between 1.0 and 1.45.

The optical probe based on oblique-incidence reflectometry allows us to quickly measure
both absorption and reduced scattering coefficients of turbid media. The shift of the diffuse
reflectance with respect to the light entry point is sensitive to the diffusion constant. The slope of
the diffuse reflectance is sensitive to the effective attenuation coefficient. Therefore, these two
parameters (1, and W,") can measured using the relative profile of the diffuse reflectance with
oblique-incident light.

We are extending the current probe to a multi-wavelength probe, which is able to measure
the optical properties of turbid media at multiple wavelengths simultaneously. A filtered arc-lamp
will be the light source. The white light collected by the detection fibers will be expanded spectrally
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through a spectrograph and then projected onto a CCD matrix. One dimension of the CCD matrix
represents the spatial information of the diffuse reflectance, while the other the spectral
information. The above procedure will be used to compute the optical properties at each
wavelength rapidly.
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GLOSSARY

Absorption coefficient | The probability of photon absorption per unit infinitesimal
[H,, cm™] pathlength.
Anisotropy [g] The average of the cosine value of the deflection angle by single

scattering.

Diffusion constant
[D, cm]

Linking the gradient of light fluence, V¢, and light current, F,
(Fick's law), i.e., F = -D Vo.

Effective attenuation
coefficient [|L.q, cm™]

The decay constant of light fluence far away from light source.

Weg = \3 u/D .

Interaction coefficient The probability of photon interaction per unit infinitesimal

[}, cm™] pathlength, where the interaction includes both absorption and
scattering. W, = M, + W, Sometimes, it is also called total
interaction coefficient or total attenuation coefficient.

Mean free path [mfp] The mean pathlength between interactions, which is 1/p,.

Penetration depth [3,
cm]

8 = 1/l It represents decay constant of the light fluence far from
the source.

Reduced scattering
coefficient [, cm™]

K, =l (1 — g). Sometimes, it is also called transport scattering
coefficient.

Scattering coefficient The probability of photon scattering per unit infinitesimal
(K, cm™] pathlength.

Transport interaction L' =+ U,

coefficient [, cm™]

Transport mean free 1/, .

path [mfp']
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