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Abstract

This research focuses on estimating chromophore concentrations in biological tissue using optical
absorption data measured at three wavelengths (780 nm, 800 nm, and 860 nm) across 4225 nodes.
Two numerical methods were implemented to solve the resulting linear system based on the modified
Beer-Lambert law: LU Factorization and Levenberg-Marquardt. The performance of both methods
was evaluated in terms of accuracy and computation time. The results clearly show that LU
Factorization achieved higher accuracy and faster execution compared to Levenberg-Marquardt. This
makes LU Factorization a more suitable and efficient approach for non-invasive tissue

characterization and may contribute to enhancing early cancer detection techniques.
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Chapter 1: Introduction

1.1 Introduction

Laser technology has revolutionized the medical field due to its precision and ability to minimize
damage to surrounding tissues. It is widely used in various applications, including ophthalmology,
dermatology, urology, and minimally invasive surgeries. In dermatology, lasers are employed for
skin treatments, while in oncology, they play a crucial role in thermal therapy and tumor ablation.
Laser-based techniques have also enhanced surgical procedures by making them more precise and

less invasive [1].

Beyond treatment, lasers have significantly transformed noninvasive diagnostic techniques. They are
particularly important in detecting and managing diseases such as brain tumors and breast cancer
through photonic technologies. One of the most notable applications of lasers in medicine is cancer
detection and treatment, where they offer more accurate and earlier diagnoses compared to traditional
methods [2].Traditional cancer characterization relies on physical examinations, such as biopsy
whether through needle aspiration or surgical extraction as well as laboratory tests (including blood
and urine analyses for cancer biomarkers) and imaging techniques like Computed Tomography (CT)
and Positron Emission Tomography (PET). These methods often suffer from limitations such as low
accuracy, delayed detection, and unclear results, which may require further testing. Invasive
procedures like biopsies carry risks and discomfort, while imaging methods expose patients to
harmful radiation. To overcome these issues, laser-based optical imaging has emerged as a safer and
more effective alternative, offering higher sensitivity, better contrast, and real-time monitoring, thus

reducing the need for invasive biopsies and harmful radiation exposure [3].

Optical imaging techniques use laser light to generate high-resolution images of tissues, enabling
earlier and more accurate tumor detection. Among these techniques, Diffuse Optical Spectroscopy
(DOS) is one of the most established and widely used in clinical applications. It provides both
structural and functional information by analyzing how tissues absorb and scatter light. It focuses on
the absorption spectra of oxyhemoglobin and deoxyhemoglobin since changes in their concentration
often indicate abnormalities. By examining tissue behavior in the 650—1000 nm near infrared range,
these methods can effectively distinguish between normal and cancerous tissues. Since absorbance
depends directly on the number of absorbing molecules, the concentration of each chromophore

significantly affects how much light is absorbed. A highly concentrated solution will absorb light



more due to the higher number of interacting molecules, whereas a dilute solution may show little to

no absorbance [4].

Building on this concept, this project focuses on solving the linear systems derived from the modified
Beer-Lambert law to accurately estimate chromophore concentrations in tissue. This law defines a
mathematical relationship between light absorbance and concentration, allowing us to extract
quantitative data from optical measurements. In this study, we simulate phantom tissues with varying
known concentrations, based on real data for normal and abnormal tissue composition. To solve the
resulting linear systems, we apply both direct and iterative numerical methods specifically LU
decomposition and the Levenberg Marquardt. We then compare the results in terms of accuracy (error
analysis) and computational efficiency.

1.2 Laser

LASER: is an abbreviation for Light Amplification by Stimulated Emission of Radiation. This means
that a laser produces and amplifies an intense beam of highly coherent, highly directional light. A

laser consists of at least three components as shown in Figure (1.1).
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Figure (1.1): The component of the laser [6].
The first component is a gain medium that can amplify light. The second one is a pump source that
creates population inversion in the gain medium. Finally, two mirrors forming an optical cavity to

trap the light, the laser is the beam of light that escapes the optical cavity [5].

The laser operation is based on the principle of stimulated emission, which enables light

amplification. When an atom is excited to a higher energy level (e), it can return to a lower energy
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Figure(1.2): The four-level energy diagram [7].
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level (e:) by emitting a photon with energy equal to (ez - e1), as shown in figure (1.2) ,Suppose an
incoming photon with the same energy as energy difference between e, and e; interacts with the
excited atom. In that case, it can stimulate the release of another photon that is identical in phase,
direction, and wavelength to the original photon. As this process continues, more excited atoms
undergo stimulated emissions, leading to a chain reaction that generates an amplified beam of
coherent and directional light [6]. Because this process is not limited to a specific wavelength, lasers
can be designed to operate across a wide range of wavelengths, depending on the materials and

mechanisms used [7].

1.3 Laser safety

Laser radiation can be produced at nearly any wavelength between 100 nm and 1 mm, and different
wavelengths can cause different effects on human skin and internal tissues. These effects depend on
several factors, including the laser's wavelength, how long the skin is exposed, how powerful the
beam is, and how the tissue absorbs the light. The skin contains molecules like melanin, hemoglobin,
and water that absorb light in different ways. In the visible and near-infrared range (400—-1400 nm),
laser light can reach deeper layers of the skin, potentially affecting blood vessels and connective
tissue. In the mid- and far-infrared range (1400—10,000 nm), water absorbs most of the energy,

leading to more surface-level heating that can cause burns, blisters, or protein damage.

The Maximum Permissible Exposure (MPE) is the highest level of laser radiation that skin can safely
be exposed to without causing harm. This safety limit is important in medical, cosmetic, and industrial
laser use. MPE depends on the laser’s wavelength, exposure time, laser mode (continuous or pulsed),
and the exposed area. Longer exposures and higher power levels increase the risk of skin damage.
MPE is measured using Power Density (W/cm?), also known as irradiance, which indicates how much

laser power is delivered per unit area [8].

1.4 Mechanism of Light Interaction in Biological Tissues

When a photon enters biological tissue, it undergoes interactions governed by key optical properties
absorption and scattering. Some light is reflected at the surface, while the rest refracts into the tissue
and encounters scattering by cellular structures. Scattering in tissue is highly forward directed, aiding
deeper light penetration. Simultaneously, some photons are absorbed by chromophores like
hemoglobin and melanin, with the absorption varying by wavelength. These processes either convert
photon energy into heat or trigger photochemical effects. As a result, light can be diffusely reflected
or transmitted through the tissue, depending on the balance of absorption and scattering. This

behavior is fundamental in imaging and diagnostic techniques like Diffuse Optical Spectroscopy [9].



Chromophores are molecules in the biological tissue that absorb light at specific wavelengths. The
biological tissue contains several key chromophores that contribute to light absorption, such as oxy-
hemoglobin, deoxy-hemoglobin, melanin, as well as water and lipids. Oxy-hemoglobin and deoxy-
hemoglobin absorb light in the visible spectrum (500-600 nm), with a strong absorption peak around

580 nm, as shown in Figure (1.3).

In addition, water absorbs light strongly at 980 nm, while lipids absorb light at 930 nm, the process
of absorption primarily depends on the concentration of chromophores and their spectral properties.
Regarding scattering, it occurs due to components like collagen and elastin fibers in the tissue and is
affected by the size of the scattered particles. In the deeper dermis, scattering reflects the larger
collagen bundles, while in the epidermis, it reflects the smaller melanin granules. This scattering
affects how light propagates through the skin, altering the way we perceive the skin’s appearance.
Understanding light-tissue interactions, including absorption and scattering, is crucial for identifying
the optical window, which is the specific wavelength range where light penetration in biological
tissues is maximized due to minimal absorption and scattering. This window typically spans from
about 650 nm to 1000 nm in the near-infrared region, where key chromophores such as hemoglobin

and water exhibit low absorption.
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Figure(1.3): Absorption spectra of different chromophores [10].

The optical properties of tissues are light absorption and scattering. The key parameters measured are
the absorption coefficient u, , which is a measure of how much light is absorbed by a material at a
specific wavelength. It quantifies the amount of light lost per unit length as light travels through
tissue. The unit of p, is typically expressed in (cm™) or (mm™'), indicating the absorption per unit

distance. Additionally, the scattering coefficient ug describes how light propagates within tissue [10].



1.5 The modified Beer-Lambert Law

The Beer-Lambert Law is a fundamental principle in spectroscopy that relates the absorbance of light
by a solution to the concentration and the path length the light travels through the medium. Figure
(1.4) illustrates this concept, where light enters the absorbing sample with an initial intensity I, and
exits with a reduced intensity I due to absorption. The distance traveled by the light through the
sample is called the path length. This setup demonstrates how the absorbance depends on both the
concentration of the absorbing material and the length of the medium the light travels through.
According to this law, absorbance increases proportionally with both concentration and path length.
This relationship allows for the determination of substance concentrations by measuring light

absorbance at a specific wavelength [11].

Absorbing sample of
concentration ¢

- -

+—— Pathlengh —»

Figure (1.4): lllustration of light absorption in a sample [11].

The Beer-Lambert law that describes the attenuation of light passing through a medium is given by:
I=1,- e #tad (1)

where I is the intensity of light passing through the medium, [ is the original light intensity before

entering the medium, p,is the absorption coefficient of the medium, and d is the path length of the

light within the medium. By taking the natural logarithm of both sides, we get the equation:

In (é) - p,d @

From this equation, the relationship between absorption and concentration can be obtained, resulting

in the modified Beer-Lambert law equation:
Uo=In(10)-¢-C (3)

where € is the extinction coefficient and C is the concentration of the chromophore. Based on this
equation, we can relate the absorption coefficient u, to the chromophore concentration using the

extinction coefficient.



1.6 Numerical Methods

Numerical methods continuously evolve to solve complex problems in applied and pure sciences,
such as weather forecasting, disease modeling, and chemical reactions. Many of these problems
require solving systems of linear equations, which arise either naturally or during computational
processes. These systems involve multiple variables, and no single solution method works best for
all cases. Selection depends on speed and accuracy, especially for large-scale computations where
efficiency is crucial in the medical field. Numerical methods for solving mathematical problems can
be approached using either direct methods, which yield a solution in a finite number of steps, or

iterative methods, which produce successively better approximations of the solution.

One of the direct methods is LU Decomposition. It is a method of factorizing a square matrix 4 into
a lower triangular matrix L and an upper triangular matrix U, such that A = LU. This decomposition
simplifies solving linear equations by converting the original system into two simpler, direct steps:
forward substitution with L and backward substitution with U. It is particularly effective for square

matrices, making it an efficient approach for large systems [13].

On the other hand, Levenberg—Marquardt (LM) is an example of the iterative methods. LM algorithm
is a hybrid optimization technique designed for solving even nonlinear least squares problems. LM
was developed through the combined contributions of Levenberg (1944) and Marquardt (1963), the
method balances the fast convergence of the Gauss—Newton algorithm with the stability of gradient
descent using a damping parameter that adjusts dynamically. LM is especially robust in the presence
of spars data, poor initial guesses, or ill-conditioned systems. It typically exhibits fast, near-quadratic
convergence, making it highly efficient. Its straightforward implementation and stability under

challenging conditions make it widely used and reliable [13].

1.7 Literature review

In a study by S.L. Jacques et al. researchers investigated the use of optical spectroscopy to quantify
chromophore concentrations in biological tissues. By analyzing the absorption and scattering
properties of light across ultraviolet to near-infrared wavelengths (250-2500 nm), the study
demonstrated how diffuse reflectance spectroscopy could non-invasively measure hemoglobin,
melanin, and water content in skin and brain tissue. The researchers found that wavelength-specific
absorption peaks (542 nm and 577 nm for oxyhemoglobin) enabled precise differentiation between

healthy and pathological tissues, such as tumors, which exhibit altered scattering coefficients. This
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approach could guide the development of real-time diagnostic tools for cancer detection, as malignant
tissues often show elevated hemoglobin absorption and reduced lipid content compared to normal
tissue. Additionally, the study highlighted the importance of correcting for scattering effects using
modified versions of the Beer-Lambert law, which is critical for accurate concentration measurements
in turbid media. These findings will help us know how the tumor and healthy tissues differ in the

value of their concentration [9].

Tromberg et al. conducted a study utilizing broadband diffuse optical spectroscopy (DOS) to non-
invasively assess tissue composition and function. By combining frequency-domain photon migration
with near-infrared spectroscopy, they quantitatively measured tissue absorption and scattering
spectra. This approach enabled the evaluation of physiological parameters such as hemoglobin
concentration, oxygen saturation, and water content, providing valuable insights into tissue health
and pathology. The study highlighted the potential of DOS as a bedside monitoring tool for various

clinical applications [14].

Donald E. ef al. investigated the penetration depth of laser light at wavelengths of 808 nm and 980
nm through bovine tissue samples of varying thicknesses. Their research demonstrated that 980 nm
laser light exhibited deeper tissue penetration compared to 808 nm, suggesting its suitability for
therapeutic applications targeting deeper tissues. The findings underscore the importance of selecting
appropriate laser wavelengths to achieve desired tissue penetration while minimizing potential

damage to surrounding structures [15].



Chapter 2: Method

This chapter explains the numerical phantom that is designed to make predictions and show the
performance of two types of numerical methods, as well as the numerical methods implementation

used.

2.1 Design and Construction of the numerical phantom:

2.1.1 Simulation studies

Simulation studies are virtual experiments used to model how light interacts with numerical phantoms,
which are tissue-like structures, in a controlled environment. This allows us to test, develop and
optimize the numerical methods without the need for real experiments. This helps improve accuracy,
reduce costs, and improved safety, especially since experiments on real tissues or patients may be

risky, expensive, or impractical.

2.1.2 The Numerical Phantom Design
The phantom is designed as a two-dimensional circular shape with a diameter of 25 mm, representing
a cross-sectional view of a cylindrical three-dimensional model of a small animal, such as a laboratory

rat, as shown in figure (2.1).

Figure (2.1): This figure shows the process of visualizing the phantom starting by sizing a small
laboratory rat to cylinder then taking a cross section and then making a mesh representing the cross
section with 4225 nodes.



2.1.3 Tumor size and placement
The tumor will have a diameter of 4 mm, which is appropriate for the scale of the phantom. It will be
positioned at the center of the phantom, deep within the cylindrical model, to simulate a tumor located

further from the surface, as shown in figure (2.2).

14

phantom

Figure (2.2): A graphical representation of the tumor placement and size within the
phantom cross section.

2.1.4 Chromophore Selection

There will be three (Dye 1, Dye 2, and Dye 3), representing chromophores in biological tissue with
different concentrations. The chromophores representing the blood inside the tumor will have a higher
absorption compared to the surrounding tissue. Two dyes will be incorporated within the tumor to
simulate the presence of blood (Dye 1 and Dye 2). The background will contain only one chromophore

representing a mixture of water and fat, Dye 3.

2.1.5 Lasers and laser Parameters
There are three lasers used in this experiment, the three lasers having wavelengths of (780, 808, 860
nm). For each of the three laser wavelengths, the tissue was illuminated from four different directions,

with each exposure lasting 10 seconds. The location of lasers is shown in Figure (2.3).



Figure (2.3): Laser’s location note that they are all the same wavelengths.

We specifically chose these wavelengths because each dye used (Dye 1 and Dye 2) has its highest
absorption peak at one of them. While Dye 3 has approximately constant absorption spectrum with

wavelength, as shown in figure (2.4).

Dye 1 Dye 2

~
—
g
E
<
=,
Dye 3
600 700 800 900 1000

Wavelength (nm)

Figure (2.4): Dyes spectra [16].
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In Table (2.1) is a summary of the extinction coefficients of the three dyes at the utilized wavelengths.

Table (2.1): Extinction Coefficients of Chromophores at Each Wavelength Based on Known Concentrations

Chromophores € € € Concentration%
at 780(nm) at 800(nm) at 860(nm)

Dye (1) 0.011 0.004 0.002 2

Dye (2) 0.024 0.025 0.045 0.5

Dye (3) 0.109 0.109 0.109 0.04

The modified Beer—Lambert Law was employed to calculate the absorption coefficients (u.) at
wavelengths 780 nm, 800 nm, and 860 nm based on the known extinction coefficients of the

chromophore dyes and their respective concentrations, Table (2.2).

Table (2.2): Absorption coefficient at each wavelength.

i, (mm=1) A=780(nm) A=800(nm) A=860(nm)
ateach A

Dye (1) 0.0490 0.0170 0.0070

Dye (2) 0.0280 0.0290 0.0520

Dye (3) 0.0100 0.0100 0.0100

2.2 Mathematical Framework
In this project, the recovered absorption coefficient data at three different wavelengths were used to
create a system of equations for calculating chromophore concentrations at these wavelengths. The
system of equations formed consists of three equations as follows:
€11 C+ &2 - Co+e3-C3 =1
(4)

€21 Cp + 855 Ca+ 853 C3 =1y

€31 Cy + &35 Cy+ €33 C3 =3

11



2.2.1 LU method and implementation.
The system of linear equations derived from the modified Beer-Lambert Law was used to calculate
the chromophore concentrations (Ci, Cz, and Cs) across 4225 nodes. The system is based on the

extinction coefficient matrix A, defined as:
A=1In(10)- ¢ (5)

where € contains the extinction coefficients of three components (Dye 1, Dye 2, Dye 3) at three
different wavelengths (780 nm, 800 nm, and 860 nm). Each column in the matrix corresponds to one
component, while each row corresponds to a specific wavelength. The modified Beer-Lambert Law

in its metrics form is written as follows:

Ha1 €1 &2 &3] [Cy
Haz| = In(10) - |€21 €22 £23]-|Cy (6)
Ha3 €31 €32 £33] IG5

To solve the system of equations, LU Factorization was applied. This method involves decomposing
the extinction coefficient matrix A into two triangular matrices: a lower triangular matrix L and an
upper triangular matrix U, such that A = L - U once the matrix is decomposed, the solution proceeds

in two stages. First, forward substitution is used to solve the equation as in (7):

L-y=up
1 0 0 Y1 Ha1
tr 1 0| |V2| = |Haz (7)
t31 f3, 11 L3 Ha3

which yields an intermediate vector y. Then, backward substitution is applied to solve the equation as

in (8):

U-C=y
8
Upin Uz Uzl [Go V1 (8)
0 Uz Uzs|-|Ca|=|Y2
0 0 U33 C3 }73

resulting in the final values of the chromophore concentrations C;, C5, C5. This approach ensures a

stable and accurate solution for determining chromophore distributions from the absorption data.
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2.2.2 Levenberg -Marquardt method implementation

In the MATLAB simulation, we estimated chromophore concentrations using the Levenberg—
Marquardt method. The Jacobian matrix was defined by the extinction coefficients. The residual was
calculated as the difference between the calculated absorption, which is the product of the extinction
coefficients matrix and the concentration vector, and the recovered absorption coefficients. We started
the algorithm using 100 iterations as a limit, the concentration initial values are set to zero to be closer
to the real values for faster convergence. The damping parameter is set to 0.001 to control the balance
between stability and speed, when damping value is small, the method behaves more like Gauss—
Newton, converging quickly near the solution. When the damping is high, it acts more like gradient
descent, which is safer when far from the solution but slows down convergence.

The equation (9) is a visual for the formula used in the code
Crew = Cora — (ETE + )»I)_1£Tr (9)

Where C,,.,1s the updated value of concentration. €4 s the previous value of concentration. € is
the extension coefficient matrix. €7 is the transpose extension coefficient matrix. 4 is the damping

factor. I is the identity matrix. And r is the residual which is calculated in equation (10) as:
r=g€Coq — Ny (10)

where p, is the absorption coefficient recovered from the simulation study and €Cg,q4 is the calculated

absorption coefficient.
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Chapter 3: Result

This chapter begins by illustrating the temperature distribution and how the absorption coefficient
affects the tumor differently from the background. We then compare the LU Factorization and
Levenberg-Marquardt methods result of the concentration in terms of speed and accuracy for

estimating chromophore concentrations.

3.1 Temperature maps

In optical imaging simulations, lasers are used to deliver light energy into a biological medium
represented by a mesh of nodes. Each node corresponds to a spatial point in the tissue model and has
specific optical properties such as the absorption coefficient. When the laser light interacts with the
tissue, energy is absorbed differently across nodes depending on their chromophore concentrations.
This absorbed energy is then converted into heat, leading to a rise in temperature at each node. The
result is a temperature map that reflects how the light energy is distributed and absorbed across the
tissue. By analyzing these temperature maps, especially in regions like tumors versus healthy areas,
researchers can gain insights into how light behaves in the tissue and how this behavior can help in
detecting abnormalities. Figure (3.1) shows the temperature distribution map resulting from light
absorption in the tissue using a 780 nm ,800 nm and 860 nm wavelength laser. It can be observed that
the temperature at the tumor center is higher compared to the surrounding areas, indicating a higher
absorption coefficient in that region. Additionally, the laser source regions are easily identifiable, as

they emit bright illumination surrounding the central tumor.

AT(°C) AT(°C) AT(°C)

45 145

4 {4

{35

a 3

25 25

i 2
15
1

780mm 800mm 860mm

45

Figure (3.1): Temperature map showing higher heat in the tumor at the center due to stronger light
absorption while the lasers source reigion is also illuminated.
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3.1.1 Absorption maps
The Absorption maps were founded from the temperature maps. We convert them into absorption
maps through a written code at each of the three wavelengths (780nm 800nm 860nm) then used the

resultant absorption in our calculation to find the concentration for each Dye.

3.2 Results of the Numerical Methods

Two parameters have been used to compare the two numerical methods, the accuracy and calculation
speed. To evaluate the accuracy of our method, we calculated the absolute errors inside the tumor
region and outside to show how close the estimated concentration was to the true value using the

formula:
Error = |Real — Experiment| X 100

For the processing time, we used the tic and toc functions in MATLAB to measure how long the
method takes to run. Tic starts a timer right before the calculation begins, and toc stops the timer and
displays the elapsed time once the calculation finishes. This helps us evaluate the speed and efficiency

of our method.

3.2.1 LU Factorization Method Result

The LU Factorization method was used to solve the linear system formed by the extinction coefficient
matrix and the absorption coefficient data. The matrix was decomposed into lower (L) and upper (U)
triangular matrices, allowing forward and backward substitution to determine the concentration values
at each of the 4225 nodes. The tumor region was defined by the circular condition which identified

121 nodes inside the tumor and 4104 outside.
Y2+ x2 =22

As shown in figure (3.2) the distribution of concentration results of Dye (1) and Dye (2) as the result

of the LU method showed a clear contrast between tumor and non-tumor regions.

Dye (1) Concentration% Dye (2) Concentration%

‘ {
' i

Figure (3.2): distribution of chromophore concentration of dye (1) and dye (2) By the LU method.
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Table (3.1:) The result values of the LU method

Concentrations Average Average Outside | Error percentage | Error
Inside tumor tumor inside percentage
outside
Dyel 1.644 0.005 35.559% 0.531%
Dye2 0.377 0.001 12.299% 0.1203%
Dye3 0.043 0.040 4.284% 0.0001%
Calculation speed | 0.001 seconds to calculate all 4225 nodes

Table (3.1) shows the average estimated concentrations of chromophores obtained using the LU
Factorization method. It also includes the corresponding error percentages, which help assess the
method’s reliability and precision in recovering the actual concentration values. Additionally, the LU
Factorization method demonstrates high computational efficiency, making it suitable for applications

requiring fast real-time or near-real-time processing.

3.2.2 Levenberg Marquardt method Result

The Levenberg-Marquardt method approached the problem as linear least squares optimization. The
extinction coefficient matrix served as the Jacobian, and the residual was defined as the difference
between estimated and measured absorption coefficients. A damping parameter of 0.001 was used to
stabilize and control the step size. The method iteratively adjusted the concentration values to

minimize the residual for each node over all the 4225 nodes.

As with the LU method, the tumor region was defined using the circle condition. The resulting

concentration seen in figure (3.3) showed elevated values within the tumor region and lower values

Dye (1) Concentration% Dye (2) Concentration%

Q0

Figure (3.3): distribution of chromophore concentration of dye (1) and dye (2). By the Levenberg Marquardt method
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outside, confirming the algorithm's sensitivity to localized absorption.in dye 1 and dye 2.

Table (3.2): The concentration values and analysis of the Levenberg Marquardt

Concentrations Average Average Error Error percentage
Inside tumor Outside tumor percentage outside
Inside
Dyel 1.642 0.007 35.740% 0.643%
Dye2 0.377 0.001 12.349% 0.154%
Dye3 0.043 0.040 4.308% 0.020%
Calculation speed 0.064 seconds to calculate 4225 nodes

Table (3.2) presents the concentration results obtained using the Levenberg-Marquardt method. The
method delivered reliable concentration estimates with smooth spatial distribution. Although it took
more time than the LU method to calculate iteratively each node, it maintained robustness in the

presence of residual error and provided the same Level of accuracy as the LU method.

3.2.3 Comparison of the Two Methods

Both methods effectively identified the tumor region by producing higher chromophore concentrations
at its center. However, the LU Factorization method demonstrated superior performance in terms of
speed and accuracy. It achieved similar error percentages to the other method and completed the
calculations 48 times faster than the Levenberg, making it more suitable for real-time or large-scale
applications. In contrast, the Levenberg-Marquardt method, while slightly less accurate and
significantly 48 times slower, offered flexibility and stability in cases with more complex residual

structures or near-singular systems.
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Conclusion

This study compared LU Factorization and the Levenberg—Marquardt algorithm for estimating
chromophore concentrations in biological tissues. The results demonstrated that LU Factorization
outperformed Levenberg—Marquardt in both computational speed and estimation accuracy. LU
efficiently solved linear systems with reduced computational time, making it well-suited for real-time
medical imaging applications. In contrast, the Levenberg—Marquardt method is more effective in cases
where the number of chromophore concentrations dose not match the number of Lasers, leading to a
non-square system matrix. In such scenarios, Levenberg—Marquardt offers greater flexibility and
adaptability, whereas LU Factorization, which is optimized for square systems, is less applicable.
However, Levenberg—Marquardt generally requires more iterations and that takes more computation
time, and its performance is more sensitive to initial parameter estimates. LU Factorization, by
contrast, provided a direct, stable, and reliable solution, even for large-scale data sets. Overall, LU
Factorization proved to be the superior method in terms of performance, robustness, and precision.
These findings underscore LU as a preferred numerical technique for accurate and efficient cancer

characterization using optical imaging data.
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