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Investigation of the Optical Properties of Bovine Tissues at 635 nm:
Integrating Sphere Measurements and Monte Carlo Simulations

Highlights
«+ Characterization of optical properties of bovine muscle, heart, brain, kidney, and fat tissues.
+ Application of single integrating sphere and IAD algorithm for optical parameter estimation.

Tissue-dependent variations in absorption and reduced scattering coefficients.

Graphical Abstract

Optical properties of bovine muscle, heart, brain, kidney, and fat tissues were experimentally characterized using a
single integrating sphere and inverse adding-doubling algorithm.

Figure. Schematic illustration of the experimental setup

Aim

The aim of this study is to determine the optical properties of various bovine tissues using integrating sphere system.
Design & Methodology

An integrating sphere system combined with the inverse adding-doubling method was used for characterization.
Originality

This study compares the optical properties of different types of bovine tissues.

Findings

The optical properties showed remarkable variations among muscle, heart, brain, kidney, and fat tissues.
Conclusion

The results provide reliable parameters that can support biomedical applications and tissue modeling studies.
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ABSTRACT

Understanding the optical properties of biological tissues is essential for optimizing Iight-@?e
phototherapy, laser surgery, and biomedical imaging. In this study, the absorption coefficient (L and re
(1) of bovine muscle, heart, brain, kidney and fat tissues were determined at 635 nm usj

depths due to higher scattering coefficients. The findings align with previags i
evaluation through the integration of experimental and computational approaghes.

Biyolojik dokularin optik 6zelliklerini
uygulamalar1 optimize etmek i¢in 6
sogurma katsayisi (|L.) ve indirge

dical diagnosis and therapy has
ention because of its non-invasive
nature and effeptiveness in various applications. Light-
based techniques, such as laser therapy and optical
imaging, are widely used for detecting and treating
medical conditions across multiple fields, including
oncology, dermatology, and cosmetology. These
techniques rely on light-tissue interaction, where
absorption and scattering play a fundamental role to
determine the behavior of light within the tissue.

For example, when light penetrates skin tissue, it
undergoes complex interactions, primarily through
absorption and scattering. Absorption occurs due to the
presence of key chromophores, like melanin and
hemoglobin, while scattering results from cellular

*Sorumlu Yazar (Corresponding Author)
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da, inekten alinan kas, kalp, beyin, bobrek ve yag dokularinin 635 nm'deki
sgy1s1 (") degerleri, entegre kiire sistemi ve Ters Ekleme-Katlama (IAD) y6ntemi

integrating” sphere system and

he results demonstrated
s exhibiting lower penetration

ksek sagilma katsayilar1 nedeniyle daha diisiik penetrasyon derinlikleri goriilmiigtiir.
birlikte kullanildig1 bu ¢alismada literatiirle uyumlu sonuglar elde edilmistir.

structures and other tissue components [1]. The extent of
these interactions depends mainly on the wavelength of
the incident light and the structural composition of the
tissue. Understanding the propagation of laser light
through biological tissues is essential for optimizing both
diagnostic accuracy and therapeutic efficacy [2].
Accurate modeling of light-tissue interactions allows for
improved design and application of optical techniques in
medical and cosmetic fields.

To predict the reflection, transmission, and absorption of
light within tissues, various theoretical and
computational models have been developed. The
reliability of these models depends on the precise
characterization of the tissue’s optical parameters, such
as the absorption coefficient and scattering coefficient
[3]. These parameters are derived by converting



observable quantities, such as diffuse reflectance and
transmittance, into physical values that describe how
light propagates through tissue [4]. Comprehensive
knowledge about the tissue optical properties is crucial
for enhancing the performance of both diagnostic and
therapeutic systems.

The conversion process relies on specific theories of light
transport in biological tissues, which describe how light
interacts with and propagates through complex biological
structures. This propagation is typically characterized by
several key optical parameters, including the refractive
index (n), absorption coefficient (ua), scattering
coefficient (us) and anisotropy factor (g) [5]. The
refractive index determines the speed of light within the
tissue relative to its speed in a vacuum, while the
absorption coefficient quantifies how much light energy
is absorbed per unit distance inside the tissue. The
scattering coefficient describes the frequency of light
scattering events as it travels through the tissue. In
addition, anisotropy factor indicates the preferred
direction of scattering. Accurate determination of these
parameters is essential for modeling light behavior in
biological tissues and improving the precision of optical
diagnostic and therapeutic applications.

Various experimental techniques were employed to
determine the optical parameters of different biological
tissues. Among these, the Single or Double Integratig
Sphere system is one of the commonly used methods [
7]. The sphere system is a hollow spherical structurewit
a highly reflective inner surface, which facilit,
uniform distribution of light within the sphere [
this setup, the total diffuse reflection and

using experimentally
transmittance values

iological tissues. The
sed successfully in many
ptical properties of various
0ss a broad wavelength range,
nm (see, for example, [11-14]).
ts are critical for improving the
understanding “of light-tissue interactions and for
enhancing the design of optical diagnostic and
therapeutic devices.

Monte Carlo simulations are widely used to estimate light
propagation within biological tissues. This method
models the expected motion of individual photons,
treating them as light particles that follow specific
probability density functions for their movement. In other
words, Monte Carlo simulations generate detailed maps
of light distribution in tissues and offer a flexible and
robust approach to modeling light transport [15]. Several
software programs are available to simulate radiation

interactions with matter, one of which is the code called
Monte Carlo Modeling of Light Transport in Multi-
Layered Tissues (MCML) [16]. This software allows for
the creation of customized material models and provides
detailed information on the physical processes affecting
photon transport within the material.

Recent studies have emphasized the importance of
accurately characterizing the optical properties of
biological tissues to improve the efficiency of laser-based
biomedical applications. For instance, Shahin et al.
investigated the optical behavior of bovine white and
grey matter preserved in formalin over a spectral range
of 440-1000 nm, using a single integr
combined with an inverse adding-d

influence
properties.
d examined the

between white and grey

of storage conditiols
Complementarily, Ham
dependence of tiss

unk model and COMSOL
, they demonstrated the

relatlons er power and variations in

ed Monte Carlo simulations have enabled
ore efficient modeling of photon propagation
progeneous media, supporting complex biomedical
Additionally, the integration of
experimental datasets with Monte Carlo-based diffuse
optical spectroscopy has facilitated more accurate three-
dimensional modeling of tissue optical properties [20].
Complementing these developments, novel frameworks
for inverse problem validation have improved the
reliability of optical parameter estimation, further
strengthening the methodological foundation of
simulation-based optical studies [21].

In this study, the absorption and reduced scattering
coefficients of various bovine tissues, including muscle,
myocardial, brain, kidney, and fat were determined using
a 635 nm FDT laser device and a single integrating
sphere measurement system. The experimental results
were also utilized as input parameters for Monte Carlo
simulations to investigate the fluence rate distributions
within the tissue models.

2. MATERIAL and METHOD

In this study, total diffuse reflection and transmittance
values of bovine tissues were measured using a single
integrating sphere system. The experimental setup, as
described in a prior study [22], is schematically presented
in Figure 1.

A 635 nm multimode photodynamic therapy (PDT) laser
device operating in continuous mode was employed as
the light source. The integrating sphere system employed
in this study was operated in accordance with the
manufacturer’s recommended calibration protocol.



Figure 1. Schematic illustration of the experimental setup:
(1) PDT laser device, (2) fiber optic cable, (3) collimator,
(4) tissue samples, (5) integrating sphere,

(6) photodiode amplifier, and (7) computer.

The inner surface of the sphere was coated with a high-
reflectivity material, and its reflectance was treated as a
constant parameter throughout the measurements. The
system was specifically designed to collect and quantify
both reflected and transmitted light from the tissue
samples, which is critical for the accurate determination
of their optical properties.

Fresh bovine tissue samples, including muscle,
myocardial, brain, kidney, and fat, were obtained and
prepared under controlled conditions. From each tissue
type, five samples with varying thicknesses were
carefully prepared to ensure consistency and
reproducibility. Each sample was cut to a defined
thickness to minimize variability and ensure uniformity
across measurements. The samples were immediately

measured to preserve their optical properties and preveng

tissue degradation. Previous studies, such as [22], hd®
demonstrated that the optical properties of tissue
undergo significant changes during processes like diwin
or coagulation.

The laser beam was directed perpendicularly
tissue samples placed within the int
system. For each tissue type, total diffuse r
diffuse transmittance values were r
experimental errors, multiple m
out for each sample, and
calculated for further analygi

To ensure statistical
repeated independent

to the

which were subsequently
uncertainty in the derived
ding the absorption and reduced

transmittance, sample thickness, and geometrical and
optical properties of the integrating sphere, were
compiled into input files. These input files were
processed using IAD method, a well-established
computational technique for obtaining optical parameters
from experimental data. Through iterative calculations,
the absorption and reduced scattering coefficients of each
tissue sample were derived. The uncertainty values
associated with the calculated optical parameters were
estimated based on the standard deviation of multiple
independent measurements performed for each tissue

type.

To simulate light propagation within the tissue models,
the MCML program was used. This code is a steady-state
Monte Carlo simulation tool designed to model photon
transport through multilayered, turbid media. It assumes
an infinitely narrow photon beam incident
perpendicularly on the tissue surface. The simulation
procedure, including the definition of tissue geometry
and optical parameter specification, and data acquisition
steps, is schematically represented in Figure 2.

Set tissue geometry

!

Define tissue optical
properties

’

Specify simulation
parameters

.

Y Run MC simulation
. ~ J

,\ Record the data

. J

Y

~

Fi . hart illustrating the MC simulation steps for
light propagation in tissue models.

P/ layer within the model was initially defined by
setting the tissue geometry as a single-layer,
homogeneous structure in the shape of a cylindrical disk
with 1 mm thickness, representing the physical structure
of the samples. Subsequently, the optical properties of
each tissue, including the absorption coefficient (L),
scattering coefficient (us), anisotropy factor (g), and
refractive index (n), were assigned. The experimentally
obtained optical parameters for muscle, myocardial,
brain, kidney, and fat tissues were used as input for the
MCML simulations. Additionally, refractive index and
anisotropy factor values for each tissue type were sourced
from the literature [4, 14] and incorporated into the
simulation.

After defining the tissue geometry and optical properties,
the simulation parameters were specified. Monte Carlo
simulations were performed using 1,000,000 photons at
a wavelength of 635 nm to ensure statistical accuracy and
minimize noise in the fluence rate distributions.
Following the simulation runs, the fluence rate
distributions within the tissue models were recorded,
providing a detailed map of photon propagation and
absorption across different tissue environments. The
resulting data offered valuable insights into light-tissue
interactions, enabling a comprehensive analysis of
photon transport and optical dose distribution in various
bovine tissues.



3. RESULTS AND DISCUSSION

In this study, ua and us' of five different bovine tissues
(brain, fat, kidney, muscle, and heart) were determined at
635 nm using a single integrating sphere measurement
system and analyzed through IAD method. The
experimentally obtained values are given in Table 1
together with previously reported data at similar
wavelengths.

The absorption coefficient of brain tissue was measured
as 0.028 + 0.008 mm™', which is higher than the value of
0.015 mm™ exist in the literature for 633 nm [23]. This
discrepancy may be attributed to differences in tissue
preparation methods, hydration levels, or anatomical
variations between samples. Moreover, the reduced
scattering coefficient determined in this study (4.04 +
0.96 mm™) is found to be lower than the literature value
(6.10 mm™), indicating that light scattering in brain
tissue is less pronounced under our experimental
conditions. This reduction may result from variations in
cell density or lipid content, both of which can influence
the scattering behavior of neural tissues.

Furthermore, the absorption coefficient of muscle tissue
was determined to be 0.29 = 0.06 mm™', which is higher
than the value of 0.18 mm™* previously found for 650 nm
[23]. This increase may be attributed to higher myoglobin
or water content, both of which are strong absorbers at
wavelengths near 635 nm. In contrast, the reduced
scattering coefficient (0.56 = 0.08 mm™) is slightly lower
than the literature value (0.72 mm™). This minor
discrepancy might be due to differences in muscle fiber
orientation and the degree of tissue hydration.

Moreover, measured absorption coefficient for the heart
tissue (0.21 = 0.05 mm™) is also higher than the literature
value (0.10 mm™) [23]. This subgggntial difference
suggests that myocardial tissue may e it considerable

reported value (1.5 m
properties despite
agreement in scatte
assumption th i

m icroarcﬁ&

absorption.  This
iCients supports the

Table 1. Optical properties of various bovine tissues.

i a Wavelength
Tissue type (m#m'l) (mm) (hm) 9 Ref.
. 0.015 6.10 633 [23]
Brain -
0.028 + 0.008 4.04+0.96 635 This study
Fat 0.026 1.22 633 [24]
a
0.022 £ 0.009 1.1+0.15 635 This study
. 0.20 0.42 633 [25]
Kidney -
0.31+0.07 0.71+0.09 635 This study
0.18 0.72 650 [23]
Muscle -
0.29 +0.06 0.56 +0.08 635 This study
0.10 15 650 [23]
Heart -
0.21+0.05 1.49+0.03 635 This study

For fat tissue, the ab$o
mm™") aligns cl

tent (0.022 + 0.009
terature value (0.026
within the experimental
uced scattering coefficient
jbits good agreement with the

suggests that sues exhibit stable optical properties
across small wavelength variations, largely due to the
homogeneity of lipid structures that dominate their
composition.

In addition, kidney tissue displayed a higher absorption
coefficient (0.31 £ 0.07 mm™") compared to the literature
value (0.20 mm™) [25]. This difference may stem from
biological variability or differences in the vascular
content of the samples, as kidney tissues are highly
perfused organs. The reduced scattering coefficient (0.71
+0.09 mm™) is also higher than the literature value (0.42
mm™’), suggesting increased microstructural complexity
or greater cellular heterogeneity in the tested samples.

The relationship between the optical properties obtained
in this study and those reported in the literature was
evaluated through linear regression analysis (Figure 3).
Different tissues are indicated by distinct markers and
colors, and the dashed lines represent the linear
regression fits. For the absorption coefficient (p.), the
regression yielded a slope of 1.24 indicating a strong
positive correlation and a slight systematic deviation.
Similarly, for the reduced scattering coefficient ('), a
slope of 0.85 were obtained. These results demonstrate a
consistent trend with the data obtained by different
groups, although minor deviations are observed, which
can be attributed to differences in sample preparation,
tissue heterogeneity, and measurement conditions. The
high degree of correlation supports the reliability and
validity of the experimental methodology employed in
this study.
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i ensi rain, muscle, kidney,
nm, obtained using the
W These distributions provide
propagates and interacts within

scattering cha

In each tissue model, light was introduced as a point
source of collimated photons at coordinatesr=0and z =
0. The optical power density distributions, illustrated in
the figure, are presented on a logarithmic scale to provide
a clearer visualization of variations across different tissue
types. Because of the differences in the optical
parameters, specifically the absorption and the reduced
scattering coefficients, distribution of optical power
density varied significantly among the tissue models. The
depth that light can reach within the tissue is directly
influenced by these parameters, resulting in distinct
propagation patterns for each tissue type.
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Among the tissue models, the brain and fat tissues
(Figure 4a and Figure 4b) exhibit more limited
penetration depths compared to the other samples
although they have relatively lower absorption
coefficients. This reduced penetration is primarily
attributed to the higher reduced scattering coefficients of
such tissues, which increase the likelihood of photon
deflection as the light propagates. As a result, photon
trajectories become more randomized, reducing the
number of photons that can penetrate deeper layers and
leading to a steeper decline in optical power density with
increasing depth.

Additionally, the increased scattering causes a higher
probability of photon absorption due to the prolonged
photon path length within the tissue. This phenomenon is
consistent with established light-tissue interaction
principles, where tissues with elevated scattering
coefficients exhibit lower optical penetration due to
increased photon scattering and absorption events. The
observed differences in optical power density
distributions underscore the critical role of tissue-specific
optical parameters in determining light propagation and
energy deposition within biological tissues.

4. CONCLUSION

The optical
including muscle, myocardial, brain, kidney, and f@
were systematically mvestlgated in th|s study for th

through the IAD method. Additionally,
simulations were utilized using the
the optical power density distribyai

rameters vary
es, leading to
mong the tissues
e lowest penetration
igher reduced scattering

experimental measurements with
Monte Carlo dimulations provides a comprehensive
understanding of light-tissue interactions, offering
valuable insights for biomedical applications. Accurate
knowledge of tissue-specific optical properties is crucial
for optimizing phototherapy techniques, medical
imaging, and laser-based diagnostic procedures. Future
work may extend these methods to a broader range of
tissue types and wavelengths to enhance the precision of
light-tissue interaction models and support the
development of advanced optical medical technologies.

properties of various bovine tissuesp
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