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Abstract. Experimental measurements of the reflected light intensity from two-layer phantoms are presented. We
report, for the first time, an experimental observation of a typical reflected light intensity behavior for the two-layer
structure characterized by two different slopes in the reflected light profile of the irradiated tissue. The point in
which the first slope changes to the second slope, named as the crossover point, depends on the upper layer
thickness as well as on the ratio between the absorption coefficients of the two layers. Since similar experiments
from one-layer phantoms present a monotonic decay behavior, the existence and the location of the crossover
point can be used as a diagnostic fingerprint for two-layer tissue structures. This pertains to two layers with greater
absorptivity in the upper layer, which is the typical biological case in tissues like skin. ©2011 Society of Photo-Optical
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1 Introduction

Light-tissue interaction has been investigated for various appli-
cations in medicine. In the diagnostic field, one can get infor-
mation about the structure and the physiological function of the
irradiated tissue from the profile of the transmitted or re-emitted
light. Changes in the spectrum and the intensity of the light,
compared to the injected light, result from interactions of the
irradiated light with the tissue components. "2

Several optical imaging techniques, such as X-ray computed
tomography (X-ray CT),’ two-photon microscopy,* photo-
acoustic imaging (PAI),> and optical coherence tomography
(OCT)® are widely utilized in the medical diagnosis field. Each
of these techniques measure a different physical property and
has resolution and penetration depth that prove advantageous
for specific applications. Although X-ray CT can be used to
image bodily structure at relatively high spatial resolution, it
does so using ionizing radiation with its associated patient risk.’
The two-photon microscopy and OCT are highly successful
and safe but none of these technologies can provide penetra-
tion beyond ~1 mm into scattering biological tissues since the
optical scattering in soft tissues significantly degrades spatial
resolution with depth.® The PAT does penetrate most biological
tissues for depths greater than 1 mm but it is more complicated
to use. Among these sophisticated optical methods, reflectance
spectroscopy is a simple, safe, and easy-to apply diagnostic
technique that has the potential to provide important basic mor-
phological information about biological tissue without requiring
high penetration depth.

Several models for the analysis of the reflected light in-
tensity from biological tissues were developed during the last
decades.”'! Most of these models refer to one layer tissues,
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in which the entire tissue can be described by a single set of
absorption and scattering coefficients. These models provide
theoretical tools for tissue optical properties investigation and
some of them were combined with experimental validation of
the theoretical expressions.'>"!> Nevertheless, the more realistic
case is the layered characterization, which corresponds to most
biological tissues such as stomach, skin, brain, and more.!6-17
Therefore, several two-layer and multilayered models have been
developed.'®-2* These models present theoretical results for light
path within layered tissues and some of them strengthen the the-
oretical approaches by phantom experiments.'% 226 Still, none
of these works has presented experimental results that can clearly
distinguish between the reflected light intensity profile of one-
layer and two-layer tissues. Schmitt et al.'® has presented some
results of the reflected light intensity from two-layer phantom,
as well as from in vivo measurements of skin tissue, but the
potential theoretical tools were not employed.

One of the most simplest tools for layered tissue investiga-
tion was proposed by Nossal et al., which presented a random
walk theory for light path within layered tissues.'® In this paper,
the injected photons travel within a two-layer tissue structure
and the re-emitted intensity profile, I'(p) (with p as the light
source-detector separation, see Fig. 1), is theoretically analyzed
for optical properties diagnosis. First, they showed that when the
absorptivity of the bottom layer is greater than the absorptivity
in the upper layer, there is no evidence whatsoever for a two
layer structure, as the profile exhibits a single-layer behavior,
albeit with an effective average absorptivity. In the opposite
case, when the upper absorptivity is greater, the predicted profile
exhibits two different slopes, representing the reflected light
behavior according to photons arriving from the upper and the
bottom layer, respectively. Based on this random walk approach,
Taitelbaum et al. provided a theoretical expression for the
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Fig. 1 Schematic description of a photon trajectory in a two-layer lat-
tice. The light source-detector separation is p and the upper layer thick-
ness is W. The solid line presents the trajectory of a reflected photon
that arrived to the detector and the dotted lines are the trajectories
of the absorbed photons. 11 and p, are the upper and bottom-layer
absorption parameters in the random-walk model. Dy and D are the
diffusion coefficients and z; is the characteristic scattering length of
the tissue in the diffusion model.

reflected light intensity profile of this kind of a two-layer
tissue,'® supported by simulations only. A similar theoretical
result was also proposed by Dayan et al., which used the diffu-
sion theory for the description of light path within a two-layer
tissue.?’ Both, Taitelbaum et al. and Dayan et al. presented
a “broken” curve for the re-emitted intensity from such a
two-layer tissue (with large enough upper layer thickness),
different from the monotonic decay of the reflected light in-
tensity from a homogeneous, one-layer tissue’ (and two-layers
with greater absorptivity in the bottom). The value of p, the
light source-detector separation, corresponding to the crossover
between the two slopes was named as “the crossover point” and
was symbolized as p.. Both, Taitelbaum et al. and Dayan et al.,
suggested that p. linearly depends on the upper layer thickness.
In the random walk theory the crossover point is given by'®

p(.%W|:l+\/M2/M1:|, (1)

where 11 and p; are the absorption parameters of the upper and
bottom layers, respectively, and W is the upper layer thickness.
In the diffusion theory,?® the crossover point is given as

2w

_ 2
z1(0) — 62) @

Pe A
where 0 and 0, are parameters that depend on the upper and
bottom layer absorption parameters (14; and w,) and diffusion
coefficients (D; and D,), and z; is the characteristic scattering
length of the tissue?® as illustrated in Fig. 1.

These theoretical approaches were substantiated by
simulations.!®2% About a decade later, in 1998, a similar sim-
ulated profile was presented by Alexandrakis et al.,>! with a
crossover point in the reflected intensity profile from two-layer
tissues, also based on the diffusion theory for light path within
the layered tissue.

However, so far no experimental validation for this crossover
point and its dependence on the upper layer width has been
obtained, and its existence was merely a theoretical prediction.
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Fig. 2 Schematic description of the experimental setup for linear re-
flected light intensity measurements. The laser diode wavelength was
650 nm and an optic fiber (arrow) was used to enable the sample irra-
diation on a single point on its surface. The photodiode was in close
contact with the phantom surface. The micrometer plate was moved 60
steps of 50 um each, enabling continuous measurements of the spatial
reflectance from the phantom from 1 mm up to 4 mm from the laser
diode position.

Therefore, an experimental validation for the crossover point is
highly important.

In this paper, experimental results of the reflected light inten-
sity profiles from different two-layer phantoms are presented.
The aim of the current study is to experimentally test whether
reflected light intensity measurements can indeed be used as a
diagnostic tool that distinguishes between one-layer and two-
layer tissue structures, based on the crossover point fingerprint
in two-layer tissues with higher absorptivity in the upper layer.
The crossover point dependence on the phantom optical proper-
ties was investigated as well.

In Sec. 2, we describe the materials and methods of our
measurement system. In Sec. 3, we present the experimental
results. Section 4 concludes the paper.

2 Materials and Methods
2.1 Experimental Setup

A noninvasive optical technique was designed and built
(NEGOH-OP Technologies, Israel) for reflected light intensity
measurements (see Fig. 2). The setup included a laser diode,
as an excitation source, with a wavelength of 650 nm. The
choice of this wavelength is due to its large usage in the medical
field, such as LLLT treatments2”28 and PPG measurements?’
and due to its proximity to the NIR region (which is the relevant
optical region for the photon migration model®). The irradia-
tion was carried out using an optic fiber with a diameter of
125 um. As a photo detector, we used a portable photodi-
ode that was deposited in different distances p on the sample
surface in order to enable I'(p) measurements. The photodi-
ode had a cross-section diameter of 1 mm?. The initial dis-
tance p between the light source and the first photodiode was
~1 mm. A consecutive reflected light intensity measurement
was enabled using a micrometer plate on which the phantom
was deposited. The micrometer plate was moved for 60 steps
of 50 um each. Thus, the reflected light intensity was collected
from ~60 source-detector distances with p varying between
1 mm (the initial distance between the light source and the
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Table 1 Optical properties of the irradiated two-layer phantoms. The concentration of IL refers to the
fraction of solids in the solution, while the concentration of ink pertains to the fraction of the original

product.
Optical properties Ink concentration IL concentration
Phantom # [mm—1] [%] [%]
1 n1 =0.0192, ug, =08 6x1073 0.8
up =0.0064, ps, =0.8 2x10-3 0.8
2 wny =0.0192, pus, =0.8 3x10-3 0.8
po =0.0064, pg, = 1.2 2x10°3 1.2
3 w1 =0.0096, us, =1.2 3x1073 1.2
w2 =0.0096, us, =0.8 3x1073 0.8
4 ny =0.0192, ug, =0.8 6x 103 0.8
w2 =0.0096, ug, =0.8 3x 1073 0.8
5 w1 =0.0096, pus, =0.8 3x10-3 0.8
uz =0.0056, pg, =0.8 1.7 x 103 0.8
6 w1 =0.0096, ps, =0.8 3x10-3 0.8
w2 =0.0064, ps, =0.8 2x 1073 0.8
7 w1 =0.0096, us, =0.8 3x1073 0.8
w2 =0.0073, us, =0.8 2.2 %1073 0.8

photodiode) and the maximal p was ~4 mm. A schematic
description of the measurements procedure is presented in
Fig. 2.

The reflected intensity I'(p), presenting units of Volts,
was collected using a digital scope (Agilent Technologies,
Mso07034a, Santa Clara, California) and the data was processed
using MATLAB.

2.2 Irradiated Sample

Solid phantoms, with different absorption coefficients, were pre-
pared in order to simulate a skin tissue with different optical
properties.>® The phantoms were prepared using varying con-
centrations of Indian ink 0.1%, as an absorbing component, In-
tralipid 20% (Lipofundin MCT/LCT 20%, B. Braun Melsungen
AG, Germany) as a scattering component?! and Agarose pow-
der (SeaKem, LE Agarose, Lonza, USA), in order to convert
the solution into gel. The absorption spectrum of the Indian ink
was determined using a spectrophotometer and the absorption
coefficient, symbolized as u, of each phantom was calculated
according to the concentration of the ink in each solution. The
reduced scattering coefficients, ug/, of the phantoms were cal-
culated using the Mie theory.3> The two layer phantoms were
prepared as follows: first, the bottom layer solution, which was
prepared with ink and IL concentrations corresponding to the
lower layer parameters, was prepared and solidified in vacuum
conditions. Then, the upper layer solution that was similarly pre-
pared corresponding to the upper layer parameters was poured
and solidified on the bottom layer.
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The phantoms were prepared in cell culture plates (90 mm)
and were cooled in vacuum conditions (to avoid bubbles).
Several different two-layer phantoms were prepared and their
optical properties at 650 nm were chosen according to skin opti-
cal properties presented by Dam et al.’* The phantoms’ optical
properties are presented in Table 1.

All phantoms present the required condition for a two-layer
tissue structure to exhibit the crossover behavior.'” Each phan-
tom had a very thin upper layer thickness (up to 1 mm) with
a bottom layer of 10 mm thickness. Thus, the bottom layer
could be considered as an infinite layer compared to the upper
layer.'%20

3 Results

3.1 Crossover Point in the Reflectance from
Two-layer Phantoms

Figure 3(a) presents the reflectance measured from phantom
#1 (see Table 1) with an upper layer thickness of W = 0.7
4 0.1 mm (the thick solid lines). The reflected light intensity
profiles from two one-layer phantoms with absorption coeffi-
cients equal to p; = 0.0192 mm~! and u, = 0.0064 mm ~!
are also presented (the dotted and thin solid lines, respectively)
for comparison. The reflected light intensity profile of the two-
layer phantom presents a crossover point between two different
slopes, while the one-layer phantoms present a monotonic decay.
The first slope (the slope prior to the crossover point) is equal to
the slope of the one-layer phantom with absorption coefficient
L1, suggesting that in short distances the contribution is due to
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Fig. 3 Crossover point in the reflected light intensity profile of two-
layer phantoms (thick solid line) compared to the reflectance from
two one-layer phantoms with the absorption and scattering coefficients
1, fsy (dotted line) and py, uy, (thin solid line). (a) phantom #1
(Table 1) with W = 0.7 £+ 0.1 mm and (b) phantom #2 (Table 1) with
W=0.5 %+ 0.1 mm.

photons arriving from the upper layer of the phantom as was
theoretically predicted.!® The second slope (the slope after the
crossover point) is equal to the slope of the one-layer phantom
with the absorption coefficient u,, suggesting that the reflected
intensity in the long distances is due to photons arriving after
long trajectories in the bottom layer. The intersection of the two
slopes determined the crossover point. This procedure has been
performed for all the phantoms in our study.

Figure 3(b) presents the reflected light intensity from phan-
tom #2 (the thick solid line) compared to the reflectance from
one-layer phantoms with the same optical properties as for p;
and p (dotted and thin solid lines, respectively). In this phan-
tom, both absorption and scattering coefficients of the two layers
were different. The crossover point was also observed in the re-
flectance of phantom #3 (data not shown), which presents the
same absorption coefficients for both layers but different scat-
tering coefficients.

3.2 p. Dependence on the Upper-Layer Thickness

Both theory'®?" and simulation'>? predict that the thicker
W is, the larger p. is. Figure 4(a) shows the reflectance
measured from a two-layer phantom (the thick solid line),
which owns the same optical properties as in Fig. 3(a) but with
an upper layer thickness of 0.3 £ 0.1 mm. The reflected light
intensity profiles from two one-layer phantoms with optical
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Fig. 4 Dependence of p. on W: the reflected light intensity as a func-
tion of the distance p from (a) two-layer phantoms with same absorption
coefficients as at Fig. 3 but with W = 0.3 £ 0.1 mm; and (b) two two-
layer phantoms with optical properties as phantom #4 from Table 1
with different upper layer thicknesses: W = 0.8 mm (thin solid line)
and W = 0.4 mm (thick solid line). The measured reflectance profiles
are compared to the reflectance from a one-layer phantom with an
absorption coefficient 11 (dashed line).

properties p; and p, are also presented (dotted and thin-solid
lines, respectively). The crossover point in the reflectance
from the two-layer phantom is well seen. The comparison
between Figs. 3(a) and 4(a) indicates that the crossover point
location p. depends on W: the thicker W is, the larger p.
is. While phantom #1, with an upper layer thickness of 0.7
+ 0.1 mm, presented p. =2.7 £ 0.05 mm [Fig. 3(a)], phantom
#2 [Fig. 4(a)], with W = 0.3 = 0.1 mm, presented p. = 1.55
+ 0.05 mm.

Similar results were observed for phantom #4. Two phan-
toms, differing by their upper layer thicknesses, were sampled.
The reflected light intensity profiles from those phantoms are
presented in Fig. 4(b). The decaying graphs clearly present the
crossover point between the two slopes and the dependence of
pe on W is also well noticed: the upper layer thicknesses (W)
were 0.4 £ 0.1 and 0.8 £ 0.1 mm and p. presents 2 £+ 0.05
and 2.5 = 0.05 mm, respectively.

3.3 pc Dependence on the Ratio 11/ 12

As presented in the introduction by Eq. (1), p. depends not
only on the upper layer thickness but also on the square root
of the ratio between the absorption parameters of the bottom
and upper layers. Let us define R to be the ratio between
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Fig. 5 Dependence of pc on 1 /2 the reflected light intensity pro-
file of two-layer phantoms #2 and #5 from Table 1, thus, /u/,uz
=3 and 1.7 (thin and thick solid lines, respectively). The crossover
points are clearly observed. However, in phantom #7 (14 /Mz =1.3,
dotted line), no crossover can be observed.

and u, (R = Ml/ﬂz)i the smaller this R is, the larger p. is.
This dependence was experimentally tested, measuring the
spatial reflectance from two-layer phantoms with different R.
Figure 5 presents the reflected light intensity from phantom
#2 (the thin solid line, presenting R = 3) and phantom #5
which has a relatively small value of R = 1.7 (thick solid line).
The crossover point is still well noticed at the latter and p. is
relatively large: p. = 2.9 £ 0.05 mm. Similarly, the reflectance
from phantoms #6 and #7, with the absorption coefficient
ratios of R = 1.5 (data not shown) and R = 1.3 (dotted line
in Fig. 5), was also measured. While the crossover point for
phantom #6 was seen, a crossover point could not be seen by
our experimental system for phantom #7.

These results strengthen the theoretical prediction for the de-
pendence of p. on the ratio between the absorption parameters:
when R — 1, the more similar are the reflectance slopes of the
two layers, and the crossover point cannot be observed by using
our experimental system.

4 Discussion

The dependence of the reflected light intensity profile on the
tissue optical properties was intensively discussed.®!0-13.17.18
The analytical models of Taitelbaum et al.'” and Dayan et al 2
suggested an identification of a two-layer tissue structure using
reflected light intensity analyses.

In the present study, reflected light intensity measurements
from two-layer phantoms are presented. Our experimental re-
sults verify the theoretical predictions: the reflectance profile
presents a crossover point between two different slopes, corre-
sponding to the two different absorption layers of the phantom.
This might be a significant step forward, allowing one to use the
theoretical models for diagnostic purposes of two-layer tissue
structures.

Figure 3(a) presents the reflectance from two-layer phan-
toms with two absorption coefficients p; and u, for the upper
and lower layers, respectively. The two different slopes were
compared to the reflectance curves of two different one-layer
phantoms with the same absorption coefficients of the upper
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and bottom layers of the two-layer phantom, p; and w,, and
were found to be the same. The physical phenomenon behind
our experimental findings is that each layer of the two-layer
tissue contributes reflected photons to different distances on the
tissue surface.!®!” At small p (in our results about 2-3 mm)
the measured intensity is mainly due to photons traveling in the
upper layer only, meaning, in the absorption region of w;. The
intensity profile for large p (in our results: o > 3 mm) has a
significant dependence on p, due to the fact that most of the
arriving photons have traveled through the lower layer.

Schmitt et al.'® presented the reflected light intensity from
two-layer phantoms as well as from in vivo measurements of
skin tissue. Their relevant experimental results (Figs. 9 and 10)
clearly present two different slopes, but those two slopes were
not discussed as a quantitative means for identifying a two-layer
structure. Our experimental results for the reflectance from two-
layer phantoms emphasize the crossover point in the reflected
light intensity profile, as well as its dependence on W, as a
practical diagnostic tool.

Both Taitelbaum et al. and Dayan et al. predicted a depen-
dence of p. on W and on the ratio ul/,uz. Figures 4(a) and
4(b) show that indeed the thicker W is, the bigger p. is. The
physical explanation for this finding is that the measured inten-
sity for distances less than 3 mm is mainly due to photons that
traveled in the upper layer only. As W increases, the extent of
this single layer region also increases, therefore, the location
of p. increases as well.!” Further experimental investigation is
required in order to substantiate the relation between p. and W.

Figure 5 experimentally strengthens the dependence of p.
on [ /,u2: for relatively high values of R, such as R = 3, the
crossover point presented in Fig. 5 is larger than the presented
pe in Figs. 3 and 4. This result demonstrates that the bigger
I’ / Wo s, the smaller the resulted p. is, as predicted by Eq. (1).
Schmitt et al.'® argued that the slope change occurs only for
large differences at the absorptivities. Our results also present a
crossover point for relatively small values of R, suchas R = 1.5.
It suggests that the crossover point can serve as a two-layer
fingerprint even if the absorptivities difference is not so large.

Figure 3(b) presents the reflectance from a two-layer phan-
tom presenting not only different absorption but also differ-
ent scattering coefficients for its two layers. While the absorp-
tion was higher in the upper layer, the scattering presented a
higher value in the bottom layer. As was suggested by Schmitt
et al.,'® by increasing the scattering properties of the tissue, the
reflectance slope becomes more sensitive to the absorption coef-
ficient value. Therefore, one can define an effective coefficient,
Wefr, Which depends on the product i, ws.>? Thus, despite the
higher scattering in the bottom layer, the measured phantom pre-
sented a higher effective coefficient in the upper layer. Indeed,
the resulted reflectance presents a well-noticed crossover point
in the reflectance profile.

Different physiological conditions can be characterized by
different optical properties. An example is a tumor, which has
a different absorption coefficient than its surrounding®* and
can, therefore, be regarded as a separate layer within the tis-
sue. As was suggested by Nossal et al.,'® the two-layer diffuse
reflectance measurements can be used for some potential clin-
ical applications involving tumor detection and therapy: when
irradiating pigmented epithelia of a finite thickness, such as a
region of malignant melanoma tissue,* one can reveal how the
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underlying tissue layer affects the absorption profile. In order
to avoid invasive measurements within the tissues, information
may only be available from photons that penetrate and subse-
quently are re-emitted from the surface.'® Our results suggest
that reflected light intensity measurements can indeed be used
as a diagnostic tool for multi-layer tissue structure investigation.
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