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Estimation of two-layered media extinction by sapphire fiber probe and
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Measuring the optical parameters of biological tissues using diffuse reflectance methods is widely used for non-

invasive monitoring of various conditions. One particular application is the analysis of the parameters of various

volumetric inclusions and tissue layers. For this purpose, this paper examines a sapphire fiber probe that measures

an effective extinction coefficient of biological tissue using analysis of spatially resolved diffuse reflectance. It is

based on four-channel laser illumination of the object under study and the analysis of diffuse reflected intensity in

steady-state mode. To evaluate the probe’s sensitivity to inclusions, two-layer polyacrylamide-based phantoms with

varying top-layer thicknesses were developed. A lipid emulsion of varying concentrations was used as the scattering

component, creating a contrast in scattering properties at the interface between the phantom layers. As a result of

experimental studies, it was shown that the measured effective extinction coefficient of such phantoms depends on

the thickness of the top layer, and the probe allows estimation of heterogeneity or inclusions.
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Introduction

Measuring the optical parameters of biological tissues

is one of the methods of non-invasive monitoring of their

condition in various situations, particularly in cases of

impaired microcirculation [1,2], during surgeries [3,4], in

cryosurgery [5,6], in oncosurgery [4], for analyzing the

viability of tissue flaps during plastic surgeries [7], and

in assessing diabetes [7–9]. One common approach to

measurement of optical parameters is to analyze diffuse

scattering [10–14]. Due to the relative simplicity of

realization via hardware and the compact design, systems

based on this principle allow for a quick assessment of

optical parameters of tissues, changes in which correlate

with pathological intra-tissue processes.

There are several approaches underlying such systems —
diffuse reflectance spectroscopy with a broadband radiation

source, analysis of optical response over time or frequency

in a stationary mode, and the presence or absence of spatial

resolution in the registration of diffusely scattered radiation.

The stationary mode involves the use of a continuous

source where radiation is not subject to additional frequency

modulation. Spatial resolution, in turn, is achieved by

using multiple fiber channels with different spatial positions

for delivering radiation to or detecting an object. Using

several channels allows to demonstrate the extinction versus

optical path traveled by the illumination radiation in the

medium. Based on this approach, a sapphire multi-channel

cryo-applicator was previously proposed for monitoring

the cryodestruction process [15] and its more compact

version for assessing the microcirculation disorders [16,17].
They were distinguished by the presence of two detection

channels, in which the signal was registered by two

independent detectors. In addition, the use of sapphire

in the contact part of such devices enabled to use all

benefits of this material in biomedical applications, including

such properties as biological inertness, chemical durability,

and high thermal conductivity at low temperatures, as

well as transparency for optical radiation. It should be

mentioned, that sapphire instruments have found their

application in laser thermal and photodynamic therapy, in

diagnostics based on optical methods [18,19], in surgery for

conventional (sapphire scalpels [20]) and optical (sapphire
tips and applicators [18,21]) tissue resection.

It is clear that the presence of only two detection channels

did not allow fully using the advantages of the spatially

resolved diffuse signal measurement method. To increase

the sensitivity of such devices, the following modification

was developed: a multi-channel sapphire probe with four

radiation delivery channels and one detection channel.

In this work, an experimental study was conducted to

investigate the ability of such a probe to correctly detect

the parameters of the scattering two-layer media. To do

this, tissue phantoms were designed with a flat interface

between the layers and varying thicknesses of the top

layer. They help to simulate a case where at a certain

depth equal to the depth of the interface between the

layers there’s an inclusion in the biological tissue with
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Figure 1. A scheme for detecting diffusely scattered radiation

with spatial resolution implemented in a multi-channel probe.

parameters differing from the main medium. The probe’s

sensitivity to changes in the interface position by 1mm was

demonstrated, as well as the ability to determine its effective

optical depth up to µeffz = 1.58, where µeff is the effective

extinction coefficient, which depends on the absorption µa

and scattering µs coefficients of the medium, and z is the

geometric thickness of the top layer.

Multi-channel fiber probe

Fig. 1 shows general layout of the source and detector

channels in the described probe. The four irradiating

channels, combined into a fiber stack as shown in Fig. 2,

are located 2, 3, 4, and 5mm away from the detection

channel. The probe uses a laser (MRL-FN-671-AOM, CNI,

China) with a working wavelength of 671 nm, which is in

the
”
therapeutic window“ (650−950 nm), where minimal

absorption by water and hemoglobin, maximum depth of

radiation penetration, and moderate scattering are observed

allowing to analyze the diffuse response. This wavelength is

also characterized by a low level of tissue autofluorescence.

The ultimate output power of the laser was 306.6mW.

Additional software control of the pump power is used to

adjust it so that the laser output power is 2.5mW. The

source radiation is introduced into the fiber stack using

an optical system (a telescopic system and a lens) and an

acousto-optic deflector, so that one of the diffraction maxima

of the radiation coincides with the position of one of the four

fibers in the stack at a certain period. The telescopic system

provides a three-fold increase in the diameter of the laser

beam and forms a more uniform irradiation field that falls on

the acousto-optic deflector. Only the first order diffraction

is used at the output of the deflector, so an additional

aperture is present in the optical system to cut off the zero

and higher orders. Using a detachable fiber link based on

attenuators, the fiber stack of the transmitting optical system

is connected to a fiber stack placed and rigidly fixed in a

12 mm outer diameter sapphire rod (the contact part of

the probe), manufactured using the shaped crystal growth

technique (edge-defined film-fed growth, EFG) [22,23]. To

do this, a rectangular slot is mechanically made in the rod

along its entire length (Fig. 2, a), into which a fiber stack is

inserted and fixed with an adhesive so that the output end of

the stack is in the same plane as the output end of the rod. A

1mm thick sapphire window is glued to the probe’s output

end. The window allows to protect the fiber stack and the

fibers themselves from contact with biological tissues and

fluids, as well as to prevent the fibers from shifting inside

the probe.

Diffuse radiation is detected using a single fiber channel

connected to an avalanche photodiode (APD410A2, Thor-
labs). Original software was developed to analyze signals

and synchronize the operation of the source, the acousto-

optic deflector, and the detector. The switching frequency

between the backlight channels and, consequently, the in-

tensity scanning frequency in the detector channel was 300

Hz. This allowed to accumulate and average the values of

20 signals.

Signal analysis is based on the known approximation

of the intensity of diffusely scattered radiation I as a

function of the distance between the source and detector

channels ρ [24]:

I(ρ) =
(C1

ρm

)

e−C2ρ, (1)

where C1 and C2 are empirical parameters depending on

the optical properties of the tissue and optical components

used, parameter m depends on the distance ρ and is taken 1

for the described probe. The parameter C2 is related

to the effective attenuation coefficient (C2
∼= µeff), which

is determined by the absorption coefficient µa and the

2 mm

3 mm

4 mm

5 mm

ba

Figure 2. (a) View of the contact part of the probe (sapphire rod

and fiber stack). (b) The end face of the fiber stack fixing part.
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transport scattering coefficient µ′

s :

µeff =
√

3µa(µa + µ′

s). (2)

The transport scattering coefficient is related to µs by

the anisotropy parameter g as µ′

s = µs (1− g). Thus, by

experimentally restoring the dependence I(ρ), it is easy to

determine the coefficient µeff, which describes the properties

of the scattering medium. To do this, one should get a

dependence

ln
(

I(ρ)ρ
)

= ln(C1) −C2ρ, (3)

approximate it with a slanted line, using, for example, the

least-square method, and find the tangent of its slope, which

will determine µeff. In order to account for additional

losses in the source channels, background illumination, and

other possible experimental errors, calibration is performed

using an object with known optical parameters before the

measurements. Now it’s possible to find the correction

1 ln
(

I(ρ)ρ
)

for each value ρ and include it in the subse-

quent experiment.

When the object is a heterogeneous medium, the coef-

ficient µeff will correspond to the value averaged over the

probed volume. If a layered medium is considered, then as

the thickness of the upper layer increases, its contribution

to µeff will obviously be more sufficient. It is worth noting

that the parameters of a layered medium can be strictly

evaluated using the approach described in [25]. However,

for a qualitative determination of changes in the object

structure, in particular, for assessing the displacement of

the layer interface, the approach presented in this study can

be used [24].
Since there is a flat-parallel sapphire plate in the probe’s

contact part, the resulting signal will be affected by the

radiation that is reflected in it. Therefore, the measured

signal was adjusted to account for the Fresnel coefficients.

Biological tissue phantoms

Tissue-simulating phantoms are often used for the devel-

opment and testing of various optical diagnostic devices and

systems. Intralipidr product (Fresenius Kabi, USA) and its

equivalents are widely used to obtain phantoms with optical

properties that mimic those of biological tissues. Intralipid is

an aqueous emulsion of a lipid suspension that is sterile and

suitable for intravenous patient nutrition and drug delivery.

Intralipid is attractive for scientific research because the

scattering properties of its aqueous solutions are similar to

those of biological tissues [26,27]. Moreover, it is easy to

handle and cheap.

Several liquid phantoms based on an intralipid ana-

logue — Lipoplus 20 (B. Brown, Germany) were made

for the calibration and verification of the probe. For this,

the emulsion was dissolved in the distilled water with a

volumetric concentration of 2, 3, 4, 5 and 8%. An eight

percent emulsion solution was used to calibrate the probe.

Table 1. Effective extinction coefficient of liquid phantoms

Phantom 2% 3% 4% 5% 8%

Theoretical 0.3352 0.3835 0.4204 0.4472 0.5264

µeff, mm−1

Measured 0.3293 0.3996 0.4564 0.4779 −

µeff, mm−1

Standard 0.0071 0.0191 0.0405 0.0341 0.0039

deviation, σ

Polyacrylamide phantoms are more stable and durable

than other phantoms. After polymerization, they retain

their shape for several weeks and can withstand mechanical

stress. The base is bis-acrylamide, which is known for its

use in molecular biology [28,29]. The process of making

phantoms includes the following steps.

1. Bis-acrylamide solution is prepared in distilled water.

2. A scatterer and/or absorber is added while stirring the

solution vigorously.

3. The initiators of polymerization — ammonium persul-

fate (APS) and tetramethylethylene diamine are added to

the obtained homogeneous solution.

4. Polymerization occurs depending on the concentration

of initiators (at 0.2% polymerization occurs within 2min),
and then the phantom is stabilized at a temperature

of +4 ◦C.

In this study, Lipoplus 20 emulsion was used as a

scattering medium in such phantoms, similar to liquid

phantoms, at a volume concentration of 5 and 8%. Single-

layer samples with a thickness of 5 cm were made for each

type of phantom (with the corresponding concentration of

the scattering substance). Next, a two-layer system was

prepared, consisting of a lower, weakly scattering layer (5%
lipid emulsion) with a thickness of 3.5 cm and an upper,

strongly scattering layer (8% emulsion) with a thickness

of 1, 2, and 3mm.

Results and discussion

Table 1 shows theoretical values [30] from literature and

the values of effective extinction coefficient found from

experimental measurements for liquid phantoms based on

a lipid emulsion. The measured values are not shown for

the 8% solution, as it was used to calibrate the probe, and

after obtaining the corrections 1 ln
(

I(ρ)ρ
)

, the measured

value µeff matched the theoretical value. It can be seen

that calculation error was 0.022mm−1. Thus, the described

probe can be used to determine the effective extinction

coefficient of homogeneous media.

Table 2 below gives theoretical and measured values

µeff for the polyacrylamide single-layer phantoms with a

concentration of the scattering lipid emulsion of 5 and 8%.

It can be seen that the error in determining µeff is greater

than that of liquid phantoms. This may be due to the more
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Figure 3. (a) Schematic representation of the polyacrylamide phantoms used, which are homogeneous and double-layered. (b) Measured

effective extinction coefficient compared to theoretical values (dashed horizontal lines) for homogeneous phantoms. Percentage values

indicate the volume content of the scattering component in phantoms.

Table 2. Values of the effective extinction coefficient for

homogeneous polyacrylamide phantoms

Phantom 5% 8%

Theoretical µeff, mm−1 0.4472 0.5264

Measured µeff, mm−1 0.3899 0.4939

Table 3. Values of the effective extinction coefficient for the

2-layer polyacrylamide phantoms

Upper layer thickness, mm Measured µeff, mm−1

1 0.4127

2 0.4948

3 0.5260

complex technology used to prepare these phantoms, which

is influenced by a variety of factors.

Table 3 shows the measured values of µeff for double-

layer polyacrylamide phantoms with different thicknesses of

the upper highly scattering layer. For clarity the obtained

results are also presented in Fig. 3. It can be seen that

the effective extinction coefficient of the phantom with a

thin top layer (1mm) is close in value to the theoretical

µeff of a homogeneous phantom with the addition of 5%

of scattering emulsion, which is used as the bottom layer.

With such a small thickness, it is the main contributor to the

averaged µeff. Yet, it is still slightly larger than the measured

µeff for a homogeneous 5% polyacrylamide phantom. This

confirms the probe’s sensitivity to the presence of a thin

layer in the object’s structure and suggests that it may be

possible to detect small-sized inclusions in real biological

tissues. As the thickness of the top layer goes up to 2mm,

µeff also rises, as the contribution of the highly scattering

medium to the averaged extinction coefficient increases.

When the top layer thickness is increased to 3mm, the

measured value of µeff is in good agreement with the

effective extinction coefficient of an 8% phantom. Thus,

the contribution of the lower layer to extinction is greatly

reduced.

The findings show that higher thicknesses of the top layer

lead to an increase in µeff. At the same time, the probe is

sensitive to a 1 mm shift of the interface between the layers.

Despite the almost exact coincidence of µeff for a phantom

with a top layer thickness of 3 mm and the theoretical

value µeff for a homogeneous phantom with a 8% scattering

substance, we may see a difference µeff from the measured

value for this homogeneous phantom. Whereas µeff for the

two-layer medium is higher. It is clear that the interface

is the main contributor to extinction. Thus, the findings

demonstrate that the described version of the sapphire fiber

probe along with the direct assessment of µeff, can be used

to analyze the position of inclusions in tissue at least up to a

depth of z = 3mm. It is worth noting that this value is true

for the specific scattering and absorption parameters of the

studied phantoms and may change depending on different

variations of these parameters. It is easy to estimate the

effective optical depth that corresponds to this limiting depth

as the product of µeffz , analogous to the optical thickness

(µa + µs)z . Here, this value is equal 1.58.

It has previously been demonstrated that a four-channel

sapphire applicator used for cryodestruction can be used

to estimate the position of the ice front at a depth of

up to 1 cm [6]. However, this was done by solving an

inverse problem based on theoretical estimates of a two-

layer scattering medium for various possible values of µa

and µ′

s . More computational efforts are needed here,

Optics and Spectroscopy, 2025, Vol. 133, No. 12
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compared to the approach used in this work, but it allows to

get a higher limit in determining the layer interface position.

The follow-up of the proposed approach used to increase

the maximum depth is of interest.

In this study, the problem of evaluation of sensitivity of a

multi-channel fiber probe to presence of inclusions in tissue

was solved using a two-layer phantom. Of course, this

structure is a first approximation of real tissue structures. In

the future, more complex phantoms should be used, such as

multi-layered phantoms with simulated inclusions of various

shapes and sizes. Polyacrylamide-based phantoms may be

used in creation of various structures, making them suitable

for further research.

Conclusion

This paper outlines the options of using a multi-channel

fiber probe with a sapphire contact part to study such

parameter of heterogeneous objects as the effective ex-

tinction coefficient. Its measurements are based on the

spatially resolved diffuse reflectance analysis in a stationary

mode. Liquid homogeneous phantoms based on an aqueous

solution of a lipid emulsion and solid phantoms based

on polyacrylamide were used for experimental studies.

Measurements of homogeneous phantoms showed that the

average error in determining the extinction coefficient was

0.022mm−1. Measurements of the two-layer phantoms

with different layer scattering coefficients and different layer

interface depths showed the probe sensitivity to the interface

shift by 1mm and the possibility of detecting the change

in effective extinction due to the presence of an internal

inclusion at a depth of up to 3mm with the extinction

coefficient of the top layer of 0.5264mm−1. The results

obtained prove that this probe can be used for biomedical

applications.
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