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Abstract 

In the musculoskeletal system, the spine determines the life and movement of 

humans as well as that of all other vertebrates. The degenerative spine usually begins 

with damaged joints of the vertebral bodies, neck herniated disc, ligament, and then 

gradually occurs degeneration of the vertebrae, causing neck pain, especially when 

moving the neck area. 

Nowadays, along with the development of the biomedical field, low-power laser 

therapy is more prominent in its applicability in diagnosis and treatment. This paper 

describes the simulation results of low-level laser propagation from the skin surface to 

the cervical vertebrae with four wavelengths (633 nm, 780 nm, 850 nm, and 940 nm) by 

the Monte Carlo method. These simulation results are the base for analyzing the impact 

of near-infrared light and developing a low-level laser therapy device, that could be 

used clinically for treating the degenerative spine. 

Author keys: Monte Carlo simulation; low-level laser therapy LLLT; cervical 

vertebrae; degenerative spine. 

1 Introduction 

The term "cervical spondylosis" refers to a variety of gradually developing degenerative 

alterations that affect every part of the cervical spine (i.e., intervertebral discs, facet joints, joints of 

the Luschka, the ligamenta flava, and the laminae). The majority of people begin to experience it after 

their fifth decade of life, and it is a natural part of aging. When neural structures are compressed, 

cervical spondylosis symptoms such as neck pain and stiffness may be accompanied by radicular 

symptoms [2]. The majority of adults with spondylotic alterations of the cervical spine on 
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radiographic imaging are asymptomatic, with degenerative changes being evident in 25% of people 

under the age of 40, 50% of people over the age of 40, and 85% of those over the age of 60. C6-C7 

and C5-C6 are the levels that are most commonly impacted. The most typical symptom of 

symptomatic cervical spondylosis is neck pain. The point prevalence of neck discomfort in the 

general population ranges from 0.4% to 41.5%, 1-year incidence from 4.8% to 79.5%, and lifetime 

prevalence up to 86.8% [3]. 

Low-Level Laser Therapy (LLLT) is an application developed and applied widespread in the field 

of medicine in today’s world which stimulates tissue regeneration, relieves pain and inflammation. 

Unlike any other medical laser applications, the LLLT does not have mechanism of ablation or 

thermal, but a photochemical effect meaning light is absorbed resulting in photochemical reaction 

inside the biological tissues.  

This paper depicts the model construction and the propagation of the low-level laser from the skin 

surface layer to the cervical vertebrae layer through the Monte Carlo method. This Monte Carlo-based 

simulation mimics the light propagation inside the multi-layered tissue, the anatomical structure in the 

human body, and the optical parameters of the biological tissues. The results show that the power 

density ranging from (1.0 - 10-4 W/cm2) of the specific wavelengths (633 nm, 780 nm, 850 nm, and 

940 nm) which exhibit the “effective operating area” of the low-level laser beam on the tissue being 

treated. The fact ultimately states that the choice of wavelength, power density, and appropriate 

dosage affect the treatment process.  

2 Materials and Methods  

2.1 Monte Carlo method 

The Monte Carlo method is the main technique used to describe the simulation of light 

transmission in biological tissues in this paper [4]. The mentioned method is applied to simulate the 

propagation of light in biological tissues based on the Radiative transport equation (RTE) and 

simulated calculations, calculating the propagation of photons in the absorption and scattering 

medium [5-11]. The radiative transport equation (RTE) is a popular equation for describing particle 

propagation in the complex structure of tissues [5]. 

A photon is a unit of light. The wave properties of a photon are ignored in this paper, it only deals 

with the properties of the particle. Therefore, the phase and polarization parameters of the light are not 

taken into account. In the simple case, the photon is introduced into an independent medium and its 

motion is recorded until it is absorbed or scattered out of the field of view. Although the results are 

highly accurate, this method demands repeated computations to achieve the desired accuracy, 

resulting in the simulation implementation being time consuming. For example, to achieve 0.1% 

accuracy, the movement of 1000000 photons must be performed. 

A Monte Carlo simulating method described by Prahl [6] and programmed by Wang and Jacques 

[7] employs the technique of capturing the hidden photon called "existing weights". Photons have 

their “initial weight” and will decrease with each move until scattered without a stop for each photon 

in the scattering process until they are finished by an absorption one. By that, the statistics would be 

more effective and efficient skipping the computational process of the movement of the photons 

which takes plethora steps until the end in the absorption process.  

 

2.2 Simulation models  

The structure from the skin surface to the cervical vertebrae is classified into 4 layers: human skin 

~ 0.3 cm, subcutaneous fat ~ 1.0 cm, musculus trapezius ~ 2.0 cm; and cervical vertebrae ~ 2.0 cm. 
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Human skin consists of stratum-cormeum, epidermis, demis with the thickness approximately (0.06 – 

0.1 cm), (0.0006 – 0.015 cm), (0.06 – 0.3 cm) [14-16]. In this paper, we focus on the model with a 

thickness of 0.3 cm.  

The aborted coefficient μa and the scattered coefficient μs are the probability density functions 

whose reciprocals can be interpreted as the average mean distances for the absorption and scattering. 

The sum of them is called the total attenuation characterizing the reaction of the photon’s mean per 

unit of path length. Anisotropy coefficient g is the value of the cosine of angle average deviation 

scattering θ of the angle between the direction of the photons being scattered and incident photons, 

characterizes the isotropy of the medium. These aforementioned parameters characterize the 

properties of the tissue layers and are published internationally with credibility which is present in 

Table 1. 
Table 1: The optical parameters of the tissues 

Tissue 
 n µa µs g 

(nm)  (cm-1) (cm-1)  

Skin [17-19] 

633 

1.4 

0.334 272.9 0.9 

780 0.142 197.3 0.9 

850 0.1223 175.73 0.9 

940 0.1905 156.7 0.9 

Subcutaneous fat 

[8] 

633 

1.44 

0.128 125.5 0.91 

780 0.0846 114.67 0.91 

850 0.086 110.9 0.91 

940 0.168 108.6 0.91 

Musculus trapezius 

[8] 

633 

1.37 

1.32 89.6 0.93 

780 0.331 71.2 0.93 

850 0.295 66.0 0.93 

940 0.401 58.1 0.93 

Cervical vertebrae 

[8] 

633 

1.4 

0.122 106.66 0.85 

780 0.073 88 0.85 

850 0.092 82 0.85 

940 0.172 79.33 0.85 

 

The simulated result is performed under the precision value of 0.1% being calculated with 

1000000 photons based on the Monte Carlo Multi-Layered (MCLC) program [7] in unison with its 

companion called CONV [9] to optimize the performance and reduce the simulation. Laser power 

would change complying with the required position for the desired results continuously, with the 

Gaussian-shaped spatial beam profile (radius 1/e2 is 0.14 cm). The simulated results display the 

distribution of power density of 10-4 W/cm2 at which laser beam can cause biological effects on the 

tissue stimulation.  

3 Results 

3.1 MCML program 

We measure the light density distribution along the horizontal axis by using the 1 cm intervals for 

the reflective and transmitted edges.  The MCML program would be executed under the file named 

“file.mci” inputting the data prepared, when the calculation is finished, the output result would be 

performed under the “file.mco” using the MATLAB machine language which is usually used to 
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launch the “.m” files. These simulation results show the distribution of power density of 10-4 W/cm2 - 

at which the laser beam causes the stimulation biological effect on tissue. The output file of MCML is 

handled by the program named “conv.exe” to respond to an infinite photon beam and to compute the 

finite size beams of photon. Initial beams mostly propagate along the vertical axis then gradually 

disperse over different directions.  After the program being invoked, the menu system will direct the 

data input, output, or process – “file.iso”. We used Excel software to produce publication-quality 

graphs and fit data with arbitrary curves. 

 

 
Figure 1: Absorbed energy distribution and incident flux distribution at 633 nm 

Figure 1 describe the absorbed energy density distribution and the photon flux distribution at 633 

nm according to the depth z (cm) and radius r (cm) from the MCML program. The light source is 

defined as the point of the laser beam at 𝑟 = 0, z = 0 at the neck skin surface. Regarding the power 

density distribution, the MCML program results in the absorbed energy density per unit of time. The 

power density distribution is plotted in log form representing the color scale. The discontinuity at the 

intervals between tissue layers is due to differences in absorption coefficients owing to the occurrence 

of non-absorption scattering at the boundary. During the propagation of photons from the skin surface 

to the cervical vertebrae at 633 nm, there is a 100 − 10-4 W/cm2 power density photon deposition. 

Thus, photon propagation with absorbed power density of 10-4 W/cm2 at 633 nm exists only in the 

dermal layer, subcutaneous fat layer, and muscle layer (reaching ~2.2 cm depth) and the largest radius 

of action in the muscle layer (~2.2 cm wide) – Figure 1a. Regarding the photon flux distribution, the 

flux distribution with a power density of 10-4 W/cm2 for tissue layers has a continuum, the radius of 

effect gradually increases to a width of ~2.2 cm as the photon propagates from the surface. skin 

surface into adipose tissue. At a depth of approximately ~1.0 cm, the flux distribution with a power 

density of 10-4 W/cm2 according to the radius of action does not continue to increase but gradually 

decreases and ends in the muscle layer – Figure 1b. 
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Figure 2: Absorbed energy distribution and incident flux distribution at 780 nm 

Figure 2 describe the absorbed energy density distribution and the photon flux distribution at 780 

nm according to the depth z (cm) and radius r (cm) from the MCML program. Regarding the power 

density distribution, the photon propagation with absorbed power density of 10-4 W/cm2 at 780 nm 

exists only in the dermal layer, subcutaneous fat layer, and muscle layer (reaching ~3.2 cm depth) and 

the largest radius of action in the muscle layer (~2.7 cm wide) – Figure 2a. Regarding the photon flux 

distribution, the flux distribution with a power density of 10-4 W/cm2 for tissue layers has a 

continuum, the radius of effect gradually increases to a width of ~2.5 cm as the photon propagates 

from the surface. skin surface into adipose tissue. At a depth of approximately ~1.4 cm, the flux 

distribution with a power density of 10-4 W/cm2 according to the radius of action does not continue to 

increase but gradually decreases and ends in the muscle layer – Figure 2b. 

 

 
Figure 3: Absorbed energy distribution and incident flux distribution at 850 nm 

Figure 3 describe the absorbed energy density distribution and the photon flux distribution at 850 

nm according to the depth z (cm) and radius r (cm) from the MCML program. Regarding the power 

density distribution, the photon propagation with an absorbed power density of 10-4 W/cm2 at 850 nm 

exists only in the dermal layer, subcutaneous fat layer, and muscle layer (reaching ~3.2 cm depth), 

and the largest radius of action in the muscle layer (~2.6 cm wide) – Figure 3a. Regarding the photon 

flux distribution, the flux distribution with a power density of 10-4 W/cm2 for tissue layers has a 

continuum, the radius of effect gradually increases to a width of ~2.5 cm as the photon propagates 

from the surface. skin surface into adipose tissue. At a depth of approximately ~1.5 cm, the flux 

distribution with a power density of 10-4 W/cm2 according to the radius of action does not continue to 

increase but gradually decreases and ends in the muscle layer – Figure 3b. 
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Figure 4: Absorbed energy distribution and incident flux distribution at 940 nm 

Figure 4 describe the absorbed energy density distribution and the photon flux distribution at 940 

nm according to the depth z (cm) and radius r (cm) from the MCML program. Regarding the power 

density distribution, the photon propagation with absorbed power density of 10-4 W/cm2 at 940 nm 

exists only in the dermal layer, subcutaneous fat layer, and muscle layer (reaching ~3 cm depth) and 

the largest radius of action in the muscle layer (~2.4 cm wide) – Figure 4a. Regarding the photon flux 

distribution, the flux distribution with a power density of 10-4 W/cm2 for tissue layers has a 

continuum, the radius of effect gradually increases to a width of ~2.4 cm as the photon propagates 

from the surface. skin surface into adipose tissue. At a depth of approximately ~1.0 cm, the flux 

distribution with a power density of 10-4 W/cm2 according to the radius of action does not continue to 

increase but gradually decreases and ends in the muscle layer – Figure 4b. 

 

 
Figure 5: The penetrating ability of wavelengths (633 nm, 780 nm, 850 nm, and 940 nm) from the skin 

surface to cervical vertebrae at 10-4 W/cm2 of power density 

The simulation result is shown in Figure 5 from the skin's surface to the cervical vertebrae, using a 

1J total energy for the Gaussian laser beam. In comparison to 940 nm (~3.7 cm), the penetration depth 

into tissue of 780 nm and 850 nm is relatively comparable (~4.2 cm). Less tissue may be penetrated 
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by the 633 nm wavelength (~2.3 cm). The "depth of penetration" and "impact radius" of the beam, on 

the other hand, both considerably rise as the irradiation period increases. 

3.2 MOSE program 

The model of layers from the skin to the cervical vertebrae is built based on the computed 

tomography image data set from the Carver College of Medicine, the University of Iowa (USA). Then 

use Materialize Mimics software to build 3D and mesh the model. The model is then fed into the 

MOSE program to simulate the propagation of photons in tissue from the skin surface to the cervical 

vertebrae [10, 11]. 

 

 
Figure 6: Absorption capacity with a total energy input of 1J from the MOSE program 

Figure 6 depicts the results of absorption ability from the skin surface to the cervical vertebrae 

when irradiating a laser source with input energy of 1J from the MOSE program at four wavelengths 

of interest 633 nm, 780 nm, 850 nm, and 940 nm (in order a, b, c, d). At 633 nm, photon absorption 

only reaches the muscle layer surface and has not reached the cervical vertebrae surface. With the 

remaining three wavelengths, the photon absorption capacity reaches the surface of the cervical 

vertebrae. In which, the wavelength of 850 nm gives the best absorption results compared to the 

remaining wavelengths. 
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Figure 7: Absorption capacity with a total energy input of 4J from the MOSE program 

Figure 7 depicts the results of absorption ability from the skin surface to the cervical vertebrae 

when irradiating a laser source with input energy of 4J from the MOSE program at four wavelengths 

of interest 633 nm, 780 nm, 850 nm, and 940 nm (in order a, b, c, d). At 633 nm, photon absorption 

only reaches the muscle layer surface and has not reached the cervical vertebrae surface. The photon 

absorption capacity reaches the cervical vertebral surface with the remaining three wavelengths and 

spreads to the occipital bone surface. In which, the wavelength of 850 nm gives the best absorption 

results compared to the remaining wavelengths. 

The simulation results of the light propagation in the 3D model of the MOSE program are 

consistent with the results from the MCML program. From this result will help us to see an intuitive 

view of light propagation in the model of tissues with complex surfaces. 

4 Conclusions 

With the implementation of the low-level laser therapy (LLLT) and the use of the Monte Carlo 

method to simulate the propagation of the laser beam into the biological tissue, this paper state that 

the low-level laser of 780 nm, 850 nm, and 940 nm wavelength have significant impact to the tissue 

layers from the skin surface to the cervical vertebrae in which the 780nm and 850nm wavelength are 

the two best in the perspective of penetrating ability. The 2 mentioned ones are best suited to develop 

the LLLT devices. The irradiation time and the penetration depth and impact radius of the beams are 

directly proportional to each other, meaning that when the irradiation time increases, the "depth of 

penetration" and "impact radius" of the beam also increase. 

Although out of the four, the 633 nm wavelength can reach the lowest depth compared to the other 

two, it can be used for skin treatment equipment or intravenous. The laser interacts with the 

component of blood, which improves microcirculation, balances the erythrocytes, and hemoglobin 

concentration, reduces the cholesterol, rheological properties, and blood lipids [12, 13]. Further 
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research and study can be executed by applying the low-level laser of 780 nm, 850 nm, and 940 nm 

wavelengths in the noninvasive LLLT from the skin surface in the treatment of degenerative spine. 
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