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Pain is one of the quite common symptoms in clinics and many treatment methods have been applied 
to relieve pain. Among the treatments, high-intensity light therapy for pain has been introduced, but this 
therapy has not been fully supported by confirmed efficacy due to the absence of quantitative assessments 
and treatment feedback data in real time. In this study, the evaluation of light distribution in tissue was 
performed with current high-intensity light sources quantitatively using light-tissue interaction simulations. 
The diffuse reflectance in tissue was generated using Monte Carlo simulation that traces photons as they 
undergo multiple scattering and absorption within each tissue layer (skin, fat, and muscle) and within 
multi-layered tissue. The results showed that the highest diffuse reflectance and the deepest penetration 
of tissue were achieved at λ =830 nm when compared with other wavelengths like λ =650 nm, 980 nm 
and 1064 nm.
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I. INTRODUCTION

Laser therapy has become progressively popular in the 
management of a wide variety of medical conditions. Laser 
is absorbed in the tissue, and, in turn, stimulates metabolic 
processes and improves pain relief and wound healing [1]. 
Although until now, Low Level Laser Therapy (LLLT) has 
been widely used with the object of removing the inflammation 
or the pain, LLLT was too weak to reach deep tissues, 
making its effectiveness very limited for most conditions 
[2, 3]. Many authors of clinical studies have reported the 
benefits of LLLT on tissue healing, but others have shown 
no effect [4]. The many studies on LLLT are full of 
conflicting reports, and much of this is caused by the lack 
of dosage consensus. Brosseau et al. found no effect from 
LLLT on ankle sprains [5]. The poor results may have 
been caused by insufficient irradiation, because low power 
did not penetrate deep tissue. Bingol et al. reported that 10 

applications of LLLT for 2 weeks did not induce significant 
pain relief and improvements in articular function relative 
to the findings for a group control given a placebo [6]. 

High Intensity Light Therapy (HILT) for pain has been 
introduced but this therapy has not been fully supported 
by confirmed efficacy due to the absence of quantitative 
assessments [7]. HILT delivers high amounts of photons 
directly to the injured tissue, accelerating the cellular 
reproduction. HILT involves high-intensity laser radiation 
which causes minor and slow light absorption by chromophores. 
This absorption is obtained not with concentrated light but 
with diffuse light in all directions by scattering phenomenon, 
increasing photochemistry effects (stimulating mitochondrial 
oxidative reaction and adenosine triphosphate, RNA, or 
DNA production) and resulting in the phenomenon of 
photobiology effects in tissue [8]. HILT penetrates deeply 
into muscles, ligaments, tendons, and joints and can be 
employed for various indications including disorders, pain 
relief, and wound healing. It increases the function of local 
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blood vessels through a process allowing oxygen and 
nutrient-rich blood to flow to the injured tissue area. Moreover 
HILT provides a comfortable feeling during the treatment, 
and treatment times are also significantly reduced when 
treating with high intensity laser [9]. HILT is more effective 
than conventional methods such as TENS, ultrasound therapy 
for pain relief. Santamato et al. evaluated the short-term 
effectiveness of HILT versus ultrasound therapy in the 
treatment of subacromial impingement syndrome (SAIS). 
Participants in the HILT group showed significantly greater 
decrease in pain than participants in the US therapy group 
[10]. Zati et al. evaluated the efficacy of HILT, compared 
with accepted therapies such as TENS and NSAIDs. HILT 
has proved versatility and efficacy in the treatment of 
many different musculoskeletal diseases and it is believed 
to have anti-inflammatory, anti-edema and analgesic effects 
[11]. Lorenzo et al. compared the effectiveness of HILT 
therapy (Nd:YAG laser, λ=1064nm) vs. an ultrasound technique 
on myofascial adductor muscles and pes anserina bursitis. 
Patients in the study group reported significantly more reduction 
in pain than with the standard ultrasound technique [12]. 

For laser therapy applications, it is important to know 
the penetration depth and the overall distribution in deep 
tissue depending on the laser wavelength to determine the 
volume of the tissue where the laser-induced photobiological 
reactions occur before applying laser treatments, because 
an insufficient treatment depth reduces the treatment efficiency, 
whereas an excessive depth is very likely to cause various 
minor effects [13]. Best et al. demonstrated treatment with 
positive results by high level laser therapy (λ=810 nm, 980 
nm) in order to define therapeutical concepts. Patient with 
injury of tendon and ligaments reported positive results 
with functioning and pain relief [14]. Szymańska et al. 
observed the effect of low level laser therapy and high 
intensity laser therapy on endothelial cell proliferation in 
vitro-preliminary communication to evaluate the influence 
of LLLT (λ=660 nm, 670 nm, 820 nm) and HILT (λ=808 
nm) on the proliferation of endothelial cells. HILT stimulated 
the proliferation of human umbilical vein endothelial cells 
(HUVEC) [15]. Fortuna et al. investigated the anti-inflam-
matory effect of Nd:YAG laser (λ=1064nm) in degenerative 
osteoarthritis. The serologic data revealed the anti-inflam-
matory effect with a highly significant difference between 
the treated group and the control group [16]. However, 
even though HILT has demonstrated clinical effects, it has 
not yet demonstrated effects according to wavelengths and 
differences between single layer and multi- layered tissues. 

The diffuse reflectance to light transport in tissue provides 
an excellent estimation of depth penetration for applications 
in which the tissue scattering is the dominant optical 
interaction with light [17, 18]. The diffuse reflectance is 
defined as the photon probability of re-emission from the 
inside of an infinite turbid medium per unit surface area. 
The photon trajectories through the tissue form a banana 
shaped region with the ends at the positions of the delivery 
and receiving fibers [19, 20]. As the source-detector 

distance increases the average path length increases signifi-
cantly while the average photon visit depth increases only 
slightly. Maximum penetration depth of light is thought to 
be approximately half the distance between source and 
detector [21, 22]. Studies have been widely performed to 
analyze optical propagation in various media. Farrell et al. 
have developed an instrument to estimate penetration depth 
from the spatially resolved diffuse reflectance [23]. Takatani 
and Graham developed a two-layer photon diffusion model 
that was shown to provide a good description of diffuse 
reflectance from intestinal tissue [24]. Kienle et al. using a 
two-layer diffusion approximation model showed that the 
derived solutions of the diffusion equation are close to the 
results obtained from two layer Monte Carlo simulations 
[25]. However, in human tissue, the propagation of light 
within tissue is known to be complex. Although the 
detected region is the same tissue type, the mean and 
effective penetration depths are thought to vary according 
to each tissue layer (skin, fat, muscle) thickness, tissue 
type and to the laser wavelength used. Therefore this has 
made it difficult to quantify these penetration depths and 
the distribution of light in tissue [26].

The purpose of this study is to estimate and compare 
between diffuse reflectance and the penetration depth in 
single tissue layers (skin/fat/muscle) and multi-layered tissue 
the dependence on different laser wavelengths using Monte 
Carlo simulation. This mathematical modeling may provide 
a better understanding of laser and tissue interaction dependence 
on wavelength and help to determine the optimal wavelength 
for effective HILT.

II. SIMULATION METHOD

The Monte Carlo simulation technique, which is based 
on the statistical nature of radiation interactions, has been 
widely applied in laser radiation transport studies [27, 28]. 
This mathematical modeling may provide a better understanding 
of the interaction between tissue and laser depending on 
wavelength and help to determine the effective wavelength 
as a function of deeper penetration in tissue. When the 
photon is launched, if there is a mismatched boundary at 
the tissue surface, then some specular reflectance will 
occur. The specular reflectance depends on the average 
refractive index and on the surface texture [26, 29]. The 
remaining photon weight after the specular reflection is 
transmitted into the tissue. The step size of each launched 
photon(s) and the azimuthal angle Ф are calculated based 
on a random sampling of the probability distribution for 
the photon’s free path. The computer's random number 
generator yields a random variable from 0 to 1.

ln tS = − ζ / μ (1)

Φ = 2πζ (2)
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TABLE 1. Tissue optical properties [31-33]

650 nm 830 nm 980 nm 1064 nm

Skin
µa (cm-1) 0.08 0.095 0.37 0.2
µs (cm-1) 170 105 150 200

n 1.44

Fat
µa (cm-1) 0.116 0.083 0.123 1
µs (cm-1) 125 112.5 105 178

n 1.44

Muscle
µa (cm-1) 1.03 0.3 0.53 0.5
µs (cm-1) 88 70 58 60

n 1.37
Photon # 10000

µa: Absorption coefficient, µs: Scattering coefficient, 
n: refractive index

FIG. 1. Geometry for tissue modeling.

where ζ is a random number equally distributed between 0 
and 1 (0 <ζ≤1). μt is the extinction coefficient(μt=μa+μs) 
where μa is the absorption coefficient and μs is the 
scattering coefficient, and g is the anisotropy of scattering. 

The photon packet loses its weight partially at the end 
of each step as a result of absorption. The amount of 
weight loss is the photon weight at the beginning of the 
step multiplied by (1-α), where α is the albedo μs/(μa+μs). 
The next event that happens to the photon packet after 
absorption is scattering. When an anisotropy factor (g) 
value is 0, indicating isotropic scattering, the cosine of the 
deflection angle is described as:

cos 2 1θ = ζ − (3)

When an anisotropy factor (g) value is near 1, indicating 
anisotropic scattering, both of the cosine of the deflection 
angle are described as:

22
21 1cos 1

2 1 2
gg

g g g

⎛ ⎞⎡ ⎤−⎜ ⎟θ = − − ⎢ ⎥⎜ ⎟− + ζ⎣ ⎦⎝ ⎠
(4)

For the case of multi-layered tissue, during the simulation, 
the photon may hit a boundary between tissue layers. The 
photon can be either internally reflected by the boundary 
or it can escape as observed reflectance. Several steps are 
involved in the simulation when the photon hits a 
boundary of the layer. 1) The distance between the photon 
point and the boundary is calculated. 2) The next step 
decides whether the step size is greater than distance 
(between the photon point and the boundary). 3) If the 
photon hits a boundary, the probability of a photon being 
internally reflected is computed. This depends on the angle 
of incidence onto the boundary. If angle of incidence is 
larger than the critical angle, then the internal reflectance 
is set to 1. Otherwise is it is calculated by Fresnel’s 
equation [27-29].

2 2

2 2

sin ( ) tan ( )1( )
2 sin ( ) tan ( )

i t i t
i

i t i t

R θ θ θ θθ
θ θ θ θ

⎡ ⎤− −= +⎢ ⎥+ +⎣ ⎦
(5)

where θ t is the angle of transmittance. 4) To determine 
whether or not the photon is reflected by the boundary or 
transmits into lower tissue, a random number (ζ), is generated. 
If ζ≤R (θ i) then the photon is reflected or ζ>R (θ i) then 
the photon is transmitted [27-29]. 

Some of the transmitted light will re-emerge through the 
air-skin interface into the air. The re-emergence of light 
will result in the observed diffuse reflection. Their weights 
are accordingly scored into the diffuse reflectance or 
diffuse transmittance depending on where the photon packet 
exits from the tissue. Diffuse reflectance (J/cm2) comprising 

photons which enter the tissue and subsequently are 
scattered back through the irradiated tissue surface. The 
diffuse reflectance depends on the tissue scattering coefficient 
and scattering anisotropy, which determine the probability 
that a photon is backscattered by either single or multiple 
scattering interactions, and that it might be absorbed along 
its optical path within the tissue [30].

A three-dimensional model was used for the simulation 
consisting of three layers with almost homogeneous properties: 
the skin, the fat and the muscle. The thicknesses of the 
skin, fat and muscle layers were 1.5 mm, 3 mm and 3 mm, 
respectively(Fig. 1). The optical parameters of different 
layers corresponding to wavelengths 650 nm, 830 nm, 980 
nm, and 1064 nm are presented in Table 1 [31-33]. Wave-
length dependent absorption and scattering coefficients can 
be assigned to skin, fat and muscle, respectively. The 
anisotropy for skin tissue, g, defined as the mean cosine of 
the deflection angle due to a scattering event, has typical 
value (g=0.9). These optical properties of the tissues for 
simulation were determined on the basis of literature values 
[31-33]. Although a real biological tissue is never infinitely 
wide, it can be so treated on the condition that it is much 
larger than the spatial extent of the photon distribution.
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(a)

(b)

FIG. 2. (a) Diffuse reflectance as a function of the distance 
from the laser to the detector and (b) fluence at skin tissue as 
a function of depth with different laser wavelengths.

III. RESULTS AND DISCUSSION

This study investigated the penetration depth and the 
fluence at different wavelengths with reference to the 
diffuse reflectance from a single tissue layer and from 
multi-layered tissue irradiated by HILT. The diffuse 
reflectance to light transport in tissue provides an excellent 
estimation of depth penetration for applications in which 
the tissue scattering is the dominant optical interaction with 
light. As the scattering coefficient increases, the average 
photon visit depth and the average photon path length 
increase. As the absorption coefficient increases, the average 
photon path length decreases and the energy of the 
detected photon packets at a deep position decreases [19]. 
Due to strong absorption in skin, a small amount of light 
penetrates into muscle and light must traverse a great 
distance to reach the detector, and diffuse reflectance is 
decreased. On the other hand, if large amounts of light 
penetrate into muscle, light must traverse a shorter distance 
to reach the detector, and diffuse reflectance is increased.

Figure 2(a) shows that the results of diffuse reflectance 
profiles on the radius (between source and detector) and 
Fig. 2(b) shows that the results of laser fluence over the 
depth at skin tissue depending on the laser wavelength (λ
=650 nm /830 nm /980 nm/1064 nm). In the skin tissue, 
the highest diffuse reflectance and laser fluence were 
achieved at λ=1064 nm, followed by, in order, λ=650 nm, 
λ=830 nm and λ=980 nm. Light absorption is influenced 
by both the wavelength and the composition of the tissue. 
Because melanin and water have a wavelength-dependent 
absorption coefficient, the distribution of these components 
(melanin, water) influences the optical properties of skin 
[34]. The light absorption by water in tissue is higher at λ
=1064 nm than at visible wavelengths [35]. Thereby, the 
high diffuse reflectance, which was also found at λ=1064 
nm with short radius, may arise from high absorption by 
water in the skin tissue. λ=650 nm wavelength which has 
high absorption of chromophores such as melanin, determines 
a small penetration depth of light into the skin tissue and 
correspondingly, larger diffuse reflectance than other 
wavelengths. On the other hand, chromophores contained 
in the epidermis absorb less in the near IR range (λ=830 
nm, 980 nm, and 1064 nm) than in the visible range (λ
=650 nm) of the spectrum. Since the absorption at λ=830 
and λ=980 nm in skin is lower than that of other 
wavelengths, it appears that both λ=830 and λ=980 nm 
have small diffuse reflectance in short radius. 

Figure 3 shows that the results of diffuse reflectance 
profiles(a) and laser fluence(b) at fat tissue depending on 
the laser wavelength (λ=650 nm /830 nm /980 nm/1064 
nm). In the fat tissue, the highest diffuse reflectance and 
laser fluence were achieved at λ=1064 nm followed by, in 
order, λ=650 nm, λ=830 nm and λ=980 nm. Because the 
absorption spectrum of lipids is similar to that of water, λ
=1064 nm is strongly absorbed by fat and water. The 
highest diffuse reflectance was achieved at λ=1064 nm 

with short radius. However, the diffuse reflectance at λ
=1064 nm was decreased dramatically with increasing radius. 

Figure 4 shows the results of diffuse reflectance 
profiles(a) and laser fluence(b) at muscle tissue depending 
on the laser wavelength (λ=650 nm/830 nm/980 nm/1064 
nm). In the muscle tissue, the highest diffuse reflectance 
and laser fluence were achieved at λ=650 nm followed by, 
in order, λ=830 nm, λ=1064 nm, and λ=980 nm. The 
main chromophores in optical spectra of muscle are 
hemoglobin, myoglobin, and the cytochromes [36]. λ=650 
nm is strongly absorbed by deoxy-hemoglobin and λ=830 
nm is absorbed by oxy-hemoglobin [37]. Thereby the 
diffuse reflectance is increased at λ=650 nm and λ=830 
nm in the surface of muscle. 

The diffuse reflectance and laser fluence at each tissue 
layer presented similar tendencies according to the results 
in Figs. 2-4. In skin and fat tissue, λ=1064 nm shows the 
high laser fluence by the strong absorption in the surface 
of each tissue. On the other hand, λ=650 nm and λ=830 
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(a) (b)

FIG. 3. (a) Diffuse reflectance as a function of the distance from the laser to the detector and (b) fluence at fat tissue as a function of 
depth with different laser wavelengths.

(a) (b)

FIG. 4. (a) Diffuse reflectance as a function of the distance from the laser to the detector and (b) fluence at muscle tissue as a function 
of depth with different laser wavelengths.

(a) (b)

FIG. 5. (a) Diffuse reflectance and (b) fluence in multi-layered tissue depending on the laser wavelengths.

nm show the high laser fluence by the strong absorption 
in the surface of muscle tissue. It is expected that the 
basis-dependent results that the diffuse reflectance can be 
used to provide an accurate prediction of the laser fluence 
in the tissue.

Figure 5 shows the results of laser diffuse reflectance 

and laser fluence in multi-layered tissue depending on the 
laser wavelength. Diffuse reflectance and laser fluence in 
multi- layered tissue was significantly different compared 
with those in each layer (skin/fat/muscle). Weersink et al. 
reported that a layer structure in the tissue, with each layer 
having different optical properties, affects the way in 
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(a) (b) (c) (d)

FIG. 6. Two dimensional distribution of fluence in multi-layered tissue depending on the laser wavelength (a) 650 nm, (b) 830 nm, 
(c) 980 nm, (d) 1064 nm.

which the light is distributed on the surface [32]. The 
muscle tissue may change both diffuse reflectance and 
laser fluence, as a result of which the spectral composition 
of light emerging from the upper tissue (skin and fat) is 
changed. Unlike Monte Carlo simulation results in each 
layer, due to high absorption in skin and fat, the 
penetration depth of incident photons into tissue is small at 
the λ=1064 nm. The highest diffuse reflectance was 
achieved at λ=1064 nm wavelength in short radius (<3 
mm), but decreased dramatically with increasing radius. On 
the other hands, the diffuse reflectance at λ=830 nm was 
higher than λ=1064 nm with increasing radius (<3mm). 
Thereby λ=830 nm laser that traveled through deep tissue 
result in a larger diffuse reflectance.

Figure 6 shows the results of two dimensional distri-
bution of laser fluence in multi-layered tissue. Since high 
absorption in skin and fat at λ=1064 nm, the incident 
photons only reach up to the fat tissue. On the other hand, 
λ=650 nm and 980 nm are penetrated deeper tissue than λ
=1064 nm and reached up to surface of muscle. However, 
λ=830 nm penetrated deeply and spread widely into 
muscle tissue. This can be explained by the fact that λ
=650 nm, λ=980 nm, and λ=1064 nm have a property of 
high absorption in skin and fat. This means that a skin or 
fat layer prevents a substantial amount of light passing 
through to the muscle tissue at λ=650 nm and λ=830 nm, 
and λ=1064 nm wavelength. Thereby, light is not going 
through the deep tissue and is localized in the surface. λ
=830 nm has a property of lower absorption in skin and 
fat than for other wavelengths, resulting in more delivery 
up to deep tissue. It appears that λ=830 nm laser 
penetrates the muscle tissue. With these results, the 
clinician can select the optimal light wavelength delivered 
to skin so that the laser fluence is delivered to the target 
region. The most commonly used laser for HILT is an 
Nd:YAG laser with a wavelength of λ=1064 nm. However, 
these results suggest that λ=830 nm penetrate deeply into 
the muscle tissue enough to reach half the distance 
between the light and the detector. For the future 
experiments, it is necessary to investigate the temperature 
and light distributions in tissue phantom and ex vivo 
tissues for the validation of the simulation results in this 

study.

IV. CONCLUSION

In this study, we have demonstrated that the diffuse 
reflectance in multi-layered tissue depends strongly on 
wavelength, and we have evaluated the light distribution in 
tissue with high intensity laser quantitatively using Monte 
Carlo simulations. The simulation was performed with each 
layer tissue (skin, fat, muscle) and multi-layered tissue, 
and compared the diffuse reflectance for tissue according 
to the distance (between source and detector) and laser 
fluence distribution over the depth. In multi-layered tissue 
of Monte Carlo simulation results, λ=830 nm, λ=980 nm 
have larger diffuse reflectance, and spread laser fluence in 
deeper tissue. λ=650 nm, λ=1064 nm, have the smallest 
diffuse reflectance, and localized laser fluence in surface 
tissue. Therefore, λ=830 nm and λ=980 nm could help to 
treatment tissue in deeper region, and λ=650 nm, λ=1064 nm 
could help to treatment tissue in surface region. During 
laser therapy, laser power is controlled according to diffusion 
reflectance intensity for each person for reaching optimally 
tissue injuries.
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