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Abstract. Monte Carlo (MC) numerical simulation of light propagation in living tissue is
widely used for characterization of optical coherence tomography (OCT) signals. Using MC
simulation we obtained OCT images of skin with dysplastic nevus. Two various positions of
skin nevus in depth were considered. Comparing these OCT simulation results with image of
skin without nevus, we showed that OCT medical approach allows to detect dysplastic nevus
at different stages of its life.

1. Introduction

The optical coherent tomography (OCT) is one of the widely used and promising noninvasive
technique of reconstruction of the medium internal structure. The research process of the internal
structure is of great importance for such areas of science and technology as biomedicine [1-9],
materials science [10] and diagnosis of art objects [11].

One of the most important applications of OCT in the biomedicine is to visualize the internal
structure of the skin layers [4-6, 8,9, 12], which is crucial for the early diagnosis of the skin cancer.
The resulting OCT images has a high resolution. However, the skin is a strongly scattering
medium, therefore, the depth of imaging is limited by the contribution of multiple scattering.
So it is necessary to analyze the influence of the multiple scattering.

The process of light propagation in multiply scattering media is described by the theory of
radiation transfer. The theory is based on radiative transfer equation. Since the solution of this
equation by analytical methods is rather difficult, methods of numerical simulation are actively
used. Numerical methods such as the Monte Carlo (MC) approach are typically employed [13—
21]. MC simulation allows to classify the photons forming the OCT image and to assess their
contribution to resulting OCT signal.

Various models of biological objects and algorithms were developed for MC simulation of OCT
signal [12,15,16]. These algorithms are based on the classical model of the scattering medium,
which is characterized by such parameters as absorption and scattering coeflicients, anisotropy
factor, and refractive index. The versatility of these algorithms allows applying MC approach
for simulation of radiation propagation in layered media with known optical parameters.
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In the present paper, we consider the MC-based technique used for simulation of 2D
OCT images of skin-like model with dysplastic nevus. Determination of skin nevus and its
transformation in time is important for early diagnosis of skin cancer. OCT may become an
effective instrument for such diagnosis. Using MC simulation we show the potential of OCT to
distinguish different position of nevus.

2. Basic principles and algorithm of MC simulation
MC method allows realizing the consistent simulation of N photons trajectories in a scattering
medium with subsequent statistical averaging of results.

Process of MC simulation consists of the following steps: (i) launching the photon in the
medium, (ii) computation of the photon path-length, (iii) selection of the scattering direction,
(iv) identification of reflection/refraction event at the medium boundaries, (v) definition of the
detection and calculation the absorption [17]. The photon is injected in the medium according
to the light source location and characteristics. The photon path-length between the points of
collisions is defined by the equation [17]:

As = —In(rand)/us, (1)

where 5 is the coefficient of scattering.

Direction of the photon after collision with the particle is determined by the scattering phase
function. Angular distribution of Henyey-Greenstein phase function [22] is commonly used for
MC simulation of light propagation in biological objects:

1—92
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where 0 is the polar scattering angle. This phase function is characterized by an anisotropy
factor g, which is equal to the mean cosine of the scattering angle. In case of crossing of layer
borders, the angle of refraction 5 will be calculated using the Snell’s law:

nisin(a) = nip1sin(8), (3)

where n;, n;+1 are refraction indexes of layers, « is the incident angle. Fresnel law is used to
derive a general expression for the reflection coefficient [17]:

B sin®(a—f) | tg*(a— )
f1=05 <sm2(a 5 Tt 5)) ‘

Random number ¢ € [0,1] is generated. If £ < R then photon is reflected. If £ > R then
photon transmits. After that, the new position of the collision point is calculated. Every step
repeats until the photon arrives at the plane of detector or absorbs in the medium. We used the
total number of trajectory equal to 107.

The method of OCT is based on the principles of coherence interferometry. OCT approach
allows recovering the optical properties distribution of the investigated sample depending on
depth using the interference pattern. The interference pattern obtained by interference of the
back scattered radiation and the reference radiation reflected from the Michelson interferometer
mirror, located in the reference arm.

Neglecting speckle noise, OCT signal model is obtained from distribution of detected photons
using the equation 5 [12]:

(4)
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Figure 1. Algorithm of MC simulation of OCT images.

where N is the number of trajectories, I. is the coherence length of the light source, Iy is the
constant, which defines properties of interferometer, W; is the weight of ¢ — th photon, 2z is the
optical path length in the reference arm, and L; is the optical path length. Simulation algorithm
is presented in the figure 1.

3. Models of skin with and without nevus

Using the described above MC numerical approach for OCT simulation, we analyzed the OCT
imaging in presence or absence of the nevus in the skin. We considered one case without nevus
(figure 2(a)) and two cases of different nevus location: in the derma (figure 2(b)) and in the
board between derma and epidermis (figure 2(c)).

We used the model of human skin with four non-flat layers [12]. The glass plate with thickness
of 1.5 mm was chosen as the first layer. For simplicity of the numerical computations, the two-
dimensional model of scattering medium was used. In the source location point the incident
photon is injected orthogonally onto the first layer. Optical parameters (refractive index n,
scattering coefficient ug, absorption coefficient p,, and anisotropy factor g) and position of
every layer are shown in the figure 2(a). Optical parameters and nevus position for two cases
are shown in the figures 2b,2c. We used the optical parameters of the skin layers, which can be
found in literature [12,23]. Parameters of MC simulation are shown in the table 1.
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Table 1. Parameters of MC simulation.

Case a b ¢
Number of photons, m 50 50 100
Wavelength, nm 910 910 910
Coherence length, um 10 10 10
Thickness of the nevus, um - 60 60
Penetration depth of the nevus in the skin, mm - 0.23 0.35

4. Results

The results of OCT simulation using MC approach for the considered cases are shown in the
figures 2(d-f). The layers boundaries in the figures 2(d-f) are clearly seen. In the case where
the nevus is located in the deep of the dermis (figure 2(b)), the border of nevus (figure 2(d))
is not as clear as the boundaries of layers because of strongly scattering properties of nevus
material. In the case where the nevus is located between dermis and epidermis (figure 2c),
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Figure 2. 2D models of skin and results of OCT simulation for the corresponding models.
Panels (a) and (d) demonstrate model and result for the skin without nevus, panels (b) and (e)
— for nevus in derma layer, panels (c) and (f) — for nevus in epidermis layer.



3rd International Symposium "Optics and its Applications" IOP Publishing
Journal of Physics: Conference Series 673 (2016) 012014 doi:10.1088/1742-6596/673/1/012014

the border of nevus and border, where nevus is located, disappear (figure 2(d)). Thus, nevus
has enlightenment properties. The differences of OCT images for two nevus locations approve
potential scope of OCT for nevus deformation and early diagnosis of skin diseases. Such results
can be used for further development of diagnosis criteria in OCT analysis of skin.

5. Conclusion

In this work Monte Carlo simulation approach of optical coherence tomography of human skin
with dysplastic nevus was described. To determine the diagnostic capability of OCT for different
stages of nevus life we considered three types of skin tissue media: the skin without the nevus,
the skin with dysplastic nevus in the dermis, and the skin with dysplastic nevus on the border
between the dermis and epidermis. The analysis of the results showed the following:

e detection of the nevus within the layer is possible without using additional image processing;
e nevus scatters has strong scattering properties;
e nevus has and enlightenment properties when placed on the interface between two layers.

These obtained results approved the possibility of nevus diagnosis and provided the further
definition of the necessary criteria for OCT analysis of skin cancer.
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