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Introduction
Over the last decade, biomedical optics has 

been of considerable interest among researchers 
[13, 14]. One of the tasks of biomedical optics is 
the development of diagnostic methods based on 
near-infrared (NIR) radiation. Optical imaging has 
some potential advantages over existing radiologi-
cal techniques: its non-ionizing radiation allows 
repeated use without damaging the patient.

The high number of scattering events that oc-
cur when light propagates through tissues severely 
limits the ability to create images from the internal 
structures of the tissues. A review of methods used 
to improve the imaging capability is described in [4]. 

Photons, which have undergone few scattering 
events, contain most of the physiological informa-
tion [3]. Unfortunately, the absorption coef� cient 
is considerably less than the scattering coef� cient 
so that the measured signals at distances of a few 
millimeters or more are dominated by diffused 
light. The subject of much of the experimental re-
search focuses on identifying and measuring the 
minimally scattered photons. 

Analysis of methods
The radiative transfer theory.
The most popular model for photon propagation 

is the theory of radiative transfer. This model can 
be regarded as the interaction between photons and 
particles embedded in the medium, in which photons 
propagate. It is derived by considering energy bal-
ance of the incoming, outgoing, absorbed and emit-
ted � ow within an in� nitesimal volume [7, 10].

     
  

Eq.1

A beam of light loses energy by absorption in 
the in� nitesimal volume and by out scattered pho-
tons from the volume. This equation can be simpli-
� ed assuming that the radiation � eld is at steady 
state condition, incorporating models for absorp-
tion and scattering and neglecting emission. 

The scattering of photons is determined by the 
phase function, P(cos��, which speci� es the proba-
bility of deviation from incident direction in an angle 
�. The average dispersion, known as the asymmetry 
parameter g, varies between -1 and 1. It is considered 
that after a number of scattering events correspond-
ing to 1/(1-g) the direction of the photon is totally 
random and independent of the incident angle.

The radiative transport equation has six inde-
pendent variables (x, y, z, �, �, and t). It is ex-
tremely dif� cult to solve analytically, rational ap-
proximations and statistical approaches must be 
chosen, depending on absorption scattering rela-
tion. A numerical approach to the transport equa-
tion is based on Monte Carlo simulations.

 
The Monte Carlo Methods
The Monte Carlo method uses the probabil-

ity distributions of the optical parameters of the 
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medium to simulate random paths of each pho-
ton. The use of Monte Carlo techniques in photon 
transport modeling has increased dramatically in 
the last few years [5, 6, 11, 12].  The algorithm 
is based on the following assumptions: a beam of 
light incidents normally to the surface of the out-
ermost layer of the skin. In the interaction with the 
layer, the photons of the beam might be re� ected 
at the layer, elastically scattered, absorbed or pass 
through the layer. The path length between two 
scattering events �� is calculated from a logarith-
mic distribution equation 2. 

    Eq. 2

The scattering direction is taken from two an-
gles: the angle of deviation from the photon tra-
jectory ��and the azimuthal angle �. The scatter-
ing angle ��is taken from the Henyey and Green-
stein distribution, while ��� takes a random value 
between 0 and 2���After experiment a scattering 
event the weight of the photon is updated accord-
ing to Lambert’s law. If the remainder weight is 
greater than a minimum value and the photon is 
within the boundaries the process is repeated.

The skin model
Human skin is composed of two layers:  the 

epidermis and the dermis. The epidermis is the 
outermost layer of the skin. Its thickness is about 
0,2 mm on average, and it varies depending on 
location on the body. Furthermore, the thickness 
also depends on to the volume of water that epi-
dermis holds. The epidermis is further divided into 
� ve sub layers: stratum corneum, stratum lucidum, 
stratum granulosum, stratum spinosum and the 
stratum basale. This layer does not contain veins 
and capillaries.

The stratum corneum is the outer sub layer of 
the epidermis, its thickness ranges from 8-15 mi-
crometers. This sub layer is composed of several 
layers of hexagonal shaped � attened hard cells 
named horny cells or corneocytes. Corneocytes 

are dry dead cells without organelles, � lled with 
keratin � bers. Stratum corneum prevents exces-
sive dehydration of the skin.  

The dermis lies beneath the epidermis. It is 
much thicker than the epidermis usually its thick-
ness ranges from 1 to 4 mm. The main compo-
nents of the dermis are collagen and elastin � bers. 
Compared to the epidermis, there are much fewer 
cells and much more � bers in the dermis. Dermis 
has two sub layers: the papillary dermis and the 
reticular dermis. The papillary dermis is a loosely 
connected tissue and includes a large amount of 
nerves � bers that form an intricate network.  The 
reticular layer is the bottom sub layer of the der-
mis. It is a transition to the sub cutis. This sub 
layer has a thicker network than the papillary and 
includes fewer nerve � bers and capillaries. In this 
sub layer, collagen � bers are aggregated into thick 
bundles, which are typically parallel to the surface 
of the skin.

Skin optical properties: refractive index, scat-
tering coef� cient, absorption coef� cient affect 
light tissue interaction. Different concentration of 
blood, melanin, and keratin give skin layers opti-
cal properties, [1, 2, 8, 9]. In the skin, lipids and 
proteins scatter incoming light. Stratum corneum 
contains mainly lipid scatterers. Scattering is more 
intense for those objects, whose size is close to 
the wavelength of the incoming light. The prima-
ry protein scatterers in the skin are keratins and 
melanin in the epidermis, and collagen and elastin 
� bers in the dermis. 

Skin has three main absorbers: blood, melano-
somes, and keratin. Blood vessels and capillaries 
are found only below the epidermis. The main 
blood absorption bands are between 400 and 425 
nm and 500 and 600 nm. At wavelengths longer 
than 600 nm the blood absorption is remarkably 
low. The melanosome concentration strongly af-
fects the skin re� ectance, especially for the range 
of wavelengths within 300-700 nm, but less at 
the shortest UVB wavelengths. Keratin is a main 
component of the epidermis and, in particular, of 
the stratum corneum.  Keratin almost exclusively 

Table 1
Skin optical properties

Layer Thickness � [cm] n Abs. Coeff. �a [cm-1] Scat. Coeff. �s [cm-1] Anisotropy g

S. Corneum 0,002 1,562 0,0022 251 0,90
Epidermis 0,009 1,529 32,0000 321 0,81
P. Dermis 0,020 1,493 0,1100 132 0,82
R. Dermis 0,180 1,488 0,0806 132 0,82

Hypodermis 0,300 1,567 1,1000 118 0,90



129

������-�	
����� �����
������������ �� �����	������

PHYSICS AND ENGINEERING
IN PHOTOBIOLOGY AND PHOTOMEDICINE

������������ �� �����	������, 1, 2 ‘2012

absorbs UV radiation with a peak at approximately 
280 nm. The optical properties of the skin layer are 
summarized at table 1.

Photon propagation modeling
The algorithm for the photon transport was 

implemented in Matlab. We evaluated the re� ec-
tance - transmittance characteristic at the air – stra-
tum corneum interface for the optimal selection of 
the incident angle � gure 1. 

We evaluated the interaction of photons with 
each layer by comparing the random free path 

length � with the respective thickness � gure 2.  
The distribution  was calculated in each 
layer to evaluate the backscattering probability. 
The simulation was executed to evaluate the per-
centage of backscattering photons from each layer. 
We considered the hypodermis as a fully diffuse 
re� ector. 

The simulation was executed for a set of pho-
tons. The projection at plane X-Z of the trajectory 
was plotted. The intersection of the backscattered 
photons with the stratum corneum-air interface 
was plotted as well � gures 3 and 4.

The relative backscattered intensity was evalu-
ated assuming a narrow beam from a pointer laser. 
The relative intensity was taken as the quotient be-

tween the photon densities of the incident beam to 
the backscattered light � gure5.

Results
The highest value of transmittance at the air 

stratum corneum interface is at 450. At a � rst 
thought, it seems advisable to direct the light beam 
at this angle, but as the incident angle increases the 
number of backscattered photons from the stratum 
corneum decreases without reaching inner struc-
tures. The stratum corneum seems to be transpar-
ent for NIR photons since 60% pass through this 
layer without been neither scattered nor absorbed. 
In the epidermis, the probability of scattering is 
greater. According to the simulation 50% of the 
photons are scattered. Forward scattering is pre-
dominant for both stratum corneum and epidermis. 
All the photons that pass to the reticular dermis 
are sooner or later scattered or absorbed since � in 
all the simulations were less than the thickness of 
the layer.  As one can see in � gure 5, the relative 
intensity decreases rapidly as the points is further 
from the point of incidence.

Figure 1. Fresnel re� ectance at air – 
stratum corneum interface 

Figure 2. Free path length: a) Stratum corneum, b) Epidermis, c) Papillary dermis

Figure 3. Simulation of photon transport 
through skin layers
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Summary and future research
We have simulated the photon trajectories through 

skin layers to estimate the backscattered fraction of 
the incident light, its distribution over the skin and its 
relative intensity. This work allows estimating photo 

detector placement in research of the internal struc-
ture of the skin. It would be interesting to consider 
the impact of scattering on polarization for imaging 
polarimetry of tissues.

Figure 4.Distribution of backscattered photons 
at skin surface. Horizontal axis in cm

Figure 5. Relative intensity of backscattered photons at skin surface. 
Horizontal axis in cm
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