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Role of multiple scattering in formation of OCT skin images

M.Yu. Kirillin, A.V. Priezzhev, R. Myllyla

Abstract. Optical coherence tomography (OCT) images of
model human skin samples are obtained by using Monte
Carlo simulations. The contributions of least and multiple
scattering, diffusion and nondiffusion components and of
separate scattering orders are studied by using a multilayer
skin model based on experimental images. The model images
are obtained by neglecting speckles or taking them into
account. It is shown that least scattering forms the image of
the upper skin layers, while the contribution of multiple
scattering can be characterised as a blurred full image with a
lower contrast. Repeated scattering mainly contributes to the
OCT image at depths up to 1 mm. The diffusion component
contributes to the image beginning from the epidermal basal
layer. The partial image produced by this component is more
blurred compared to the partial image produced by to
multiple scattering. The nondiffusion component forms the
OCT skin image at depths up to ~ 1.3 mm.

Keywords: optical coherence tomography, Monte Carlo simula-
tions, multiple scattering, skin structure visualisation.

1. Introduction

The method of optical coherence tomography (OCT) was
first introduced in 1991 [1] and at present OCT is one of the
most promising methods for noninvasive diagnostics of
optically inhomogeneous media. Being based on the
principles of low-coherence interferometry, OCT allows
the reconstruction of the in-depth distribution of optical
properties in an object from the interference pattern
produced upon the interference between radiation back-
scattered from the object under study located in the sample
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arm of a Michelson interferometer and radiation reflected
from a mirror in the reference arm of the interferometer [2].

One of the most actual biomedical applications of OCT
is noninvasive imaging of the internal structure of upper
skin layers [3], which is very important for early detection of
skin cancer. The obtained images are characterised by a high
resolution (a few microns). However, skin is a highly
scattering medium in the NIR range, where the probing
is usually performed. As a result, the depth of undistorted
imaging in skin is limited by the contribution of multiple
scattering, which increases with increasing the probing
depth.

The effect of multiple scattering on the formation of the
OCT images of highly scattering media can be reduced by
various methods. However, it is impossible to eliminate this
effect completely by hardware means. In addition, the
problem is complicated by the fact that the radiation
transfer equation describing light propagation in a scatter-
ing medium [4, 5] has no general analytical solution,
whereas the field of application of approximate solutions
is significantly limited. In these circumstances, the Monte
Carlo (MC) method of numerical statistical simulations
providing possibilities for identification and classification of
photons contributing to the OCT image is a convenient and
efficient tool for analysis of the role of multiple scattering in
the OCT image formation.

Along with advantages such as noninvasiveness and a
high spatial resolution, the OCT technique also has several
disadvantages related to the peculiarities of signal forma-
tion. On the one hand, the OCT signal is produced due to
the interference between the waves reflected from the
reference mirror and backscattered from the sample. On
the other hand, the backscattered waves can interfere with
each other producing speckles that decrease the OCT image
quality [6].

Speckles appear due to the interference of coherent
waves reflected from a random inhomogeneous medium.
Apart from the structure and optical properties of an object
and its movement, the parameters of speckles depend on the
parameters of probe radiation, the character of scattering
and phase aberrations of radiation propagating in the
medium and on the detector aperture.

Skin is a multilayer structure and the optical properties
of various skin layers are different. Therefore, to describe
adequately the propagation of light in skin, it is necessary
either to specify the optical properties of individual layers or
to use effective optical parameters characterising skin as a
whole rather than the properties of individual layers.
However, when the specific features of the layered structure
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of skin are important, the efficient parameters cannot be
used. In addition, it should be taken into account that the
optical parameters of skin in vivo and in vitro are consid-
erably different.

The optical properties of skin can be measured by
various methods [7—11]. The parameters are reconstructed
from experimental data by using, as a rule, the inverse MC
method or theoretical calculations. However, the obtained
results strongly depend on the applied technique. The
method for determining the optical properties of skin
from the OCT A-scan shape was first proposed in paper
[12] and then refined in [13-16]. However, the values of the
scattering coefficient obtained by this method differ by an
order of magnitude from those obtained by other methods.
For this reason, we used in our paper the scattering
coefficients obtained by averaging the values measured
by different methods.

The aim of this paper is to study the contributions of
different scattering orders to the OCT image obtained by
simulations performed for a six-layer skin model, and to
separate the contributions of least and multiple scattering
and of nondiffusion and diffusion components. Such
analysis should provide the understanding of the OCT
image formation, which is important for the development
of the OCT image processing techniques for obtaining
additional information.

2. Photon classification

In this paper, we use two classifications of photons
contributing to the OCT image. The first one is related
to the possibility of localisation of an object from which a
photon was backscattered [17]. A photon is called a
multiply scattered photon (MSP) if the difference between
its optical pathlength / in a medium and its doubled
maximum optical penetration depth 2z,,,, in the medium
exceeds the coherence length /., of the source:

- 2'Zmax > Zcoh‘ (1)

In this case, it is assumed that the photon carries
distorted information on the localisation depth of the
scatterer. In the opposite case, photons carry reliable
information on the localisation depth of the scatterer
and are called least scattered photons (LSPs). Our prelimi-
nary studies showed that the calculation of the maximum
optical depth based on the averaged layer thicknesses give
incorrect results and, because of this, we calculated z,,
separately for each photon taking into account the layer
boundary relief in the photon propagation region.

According to the second classification based on the
diffusion theory [18], a photon is assigned to the diffusion
component if its optical pathlength / exceeds the mean
transport length /, in the medium. In this case the photon
‘forgets’ its initial propagation direction in the medium. We
will use a somewhat different definition based on the fact
that the criterion for photon direction randomisation in a
medium is the number of photon scattering events, rather
than the path propagated by the photon. Thus, the photon
belongs to the diffusion component photon (DCP) if the
number N of photon scattering events exceeds the mean
number N, of scattering events per transport length,

N> Ny =taths )
Wy + U

where I, = (u, +uL)"" is the transport length; pl=
u(1 —g) is the reduced scattering coefficient; g = (cos6)
(0 is the scattering angle) is the anisotropy factor; /g, = (u,+
,us)_1 is the photon mean free path; u, and p are the
absorption and scattering coefficients, respectively. In the
opposite case, the photon propagation direction is consid-
ered not random and photons belong to the nondiffusion
component.

3. Monte Carlo simulations of OCT signals
and images

Monte Carlo simulations are based on the calculation of a
large number of random photon trajectories in a scattering
medium [19]. The optical properties of the medium
(scattering and absorption coefficients, phase function or
anisotropy factor, refractive index) determine the lengths
and shapes of individual photon trajectories. In this paper,
we use the program code of the MC algorithm developed
earlier in [20, 21] to simulate OCT signals. Simulations were
performed by using the Henyey-— Greenstein phase func-
tion, which is widely applied for MC simulations of light
propagation in biotissues, in particular, skin [22]:

g (0) = L G
He 4m (1 + g2 — 2gcos0)**

An OCT signal from an optically inhomogeneous object
is a superposition of fringe patterns formed by interference
of low-coherent radiation backscattered from the object and
the reference radiation. The signal structure is determined
by the inhomogencous distribution of optical properties
inside the object. The OCT signal is simulated by calculating
the optical paths of photons in the object and reference arms
and calculating then their optical mixing. We assume that
the coherence function has a Gaussian shape. Each in-depth
scan (A-scan) was simulated by using 5 millions of weighted
photons.

The light intensity in the measurement arm of the
interferometer is decribed by the expression [23]

I() = ([E(t) + E(t + D)) = I + L+ 2y/LLReC(z),  (4)

where E,, E, and I, and I are the amplitudes and intensities
of the waves coming from the reference and object arms,
respectively; the angle brackets denote averaging over f;

C(T) = <Er(l) + Es*(l + T)>/ IN8 (5)

is the normalised coherence function. For a narrow
frequency interval Av/(v) <1 and small values of 7
(Avt < 1), expression (4) can be written in the form

I(t) = I, + I + 2/ 11| C(1)| cos(2n(v)1), (6)

where |C(r)| is the degree of the time coherence of
radiation. In the absence of dispersion in the medium,
function (5) coincides with the source coherence function:

C(r) = (E(E" (1 + 1)) [(E() E" (1)) @)

The intensities I, and I in (6) are independent of the
reference mirror position and form the constant component
of the detected signal, whereas the interference term
changes with the movement of the reference mirror and
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carries information on the distribution of the optical
properties of the object over depth.

By using expressions (4) —(7), the output OCT signal was
calculated from the distribution of the detected photons
over the optical paths [20]:

10 = 3 VRN AD s (Zan) e [ - (2 Y]

lcoh

where N (t,Al;) and Ny(z,Al;) are the numbers of detected
photons coming from the reference and object arms,
respectively; A/l; is the path difference; and /., is the
coherence length of the probe radiation. The exponential
term in (8) determines the Gaussian shape of the coherence
function. Note that expression (8) accounts for the so-called
speckle structure produced by the overlap of interference
patterns. Speckles can be eliminated by different methods
(for example, spatial averaging over several A-scans) [2].
The elimination of speckles in simulations can be combined
with the calculation of the signal envelope by using the
expression

10 = S VRN A oo - (24

coh

)

instead of (8).

The OCT images are obtained by calculating successive
A-scans by displacing the point of incidence of probe
radiation with a specified step along a selected direction.
The total number of A-scans and the step between them are
preliminary specified. The step is usually chosen equal to the
probe beam diameter (FWHM). The OCT images can be
calculated taking speckles into account or neglecting them.

The OCT images of a multilayer human skin phantom
were simulated for the probe radiation wavelength of 910
nm and /.., = 10 pm as in the setup used in [24]. A two-
dimensional OCT image was simulated by calculating 50 A-
scans with a transversal step of 20 um. The typical calcu-
lation time of an OCT image of human skin was about 10
hours by using an AMD Athlon® 3000 PC.

4. Multilayer skin model

The experimental OCT image of human skin (thick skin of
a young male thumb) presented in Fig. la was used as a
base for constructing a multilayer skin model used in our

simulations. Figure la demonstrates distinctly skin layers,
which were used in simulations (scheme in Fig. 1b). The
thickness and shape of the lower skin layers were chosen
according to the parameters of the skin structure presented
in [22].

The optical properties and typical thicknesses of various
skin layers used in simulations are presented in Table 1.
These values are obtained by averaging the data taken from
[13, 22, 25].

Table 1. Optical properties of skin layers (4 = 910 nm).

Skin 1 Thick- / » / N
in layer /mm /mm .
Y ness/mm ks Hs g

Stratum corneum  0.02 40 0.02 0.9 1.54
Epidermis
(prickle layer) 0.18 5 0.015 095 134
Epidermis
(basal layer) 02 10 0.02 085 1.4
Dermis with
upper plexus 0.2 10 0.1 09 139
Dermis 0.8 7 0.7 087 14
Dermis with

0.6 12 0.2 095 1.39

lower plexus

5. Results and discussion

The model OCT images of skin calculated by neglecting
speckles and taking them into account are shown in Fig. 2.
One can see that these images demonstrate different skin
layers, in accordance with experimental results presented in
Fig. la. The consideration of speckles in the calculation of
the OCT image introduces intense noise. This occurs due to
the overlap of the fringe patterns and results in a decrease
in the image contrast, although, the main details of the
image calculated by neglecting speckles are also observed in
the image calculated taking speckles into account.

Figure 3 presents contributions of LSPs and MSPs to
the OCT image of skin calculated by neglecting speckles.
One can see that the LSPs form mainly the image of the
upper skin layers up to optical depths ~ 1 mm. The OCT
image with the MSP contribution repeats in general the full
OCT image (Fig. 2a), being, however, more blurred. This
suggests that the main distortion introduced by MSP is the
image blurring, rather than the image displacement to larger

z/mm

0.4

Stratum corneum
F—~—— —— — | — Epidermis (pricle layer)

n | —Epidermis (basal layer)
W\ Dermis with upper plexus

0.8 |

B _| —Dermis
1.2 +

—
1.6 | .

_| —Dermis with lower plexus

20 —71—— e —
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b

Figure 1. Experimental OCT image of human skin (a) and corresponding multilayer model (b).
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Figure 2. Simulated OCT images of skin without (a) and with (b) speckles of the signal.
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Figure 3. Contributions of least (a) and multiple (b) scattering to the OCT image of skin.
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Figure 4. Contributions of NDCP (a) and DCP (b) to the OCT image of skin.
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depths, which could be supposed from the definition (1) of
multiple scttering.

Figure 4 presents the contributions of nondiffusion and
diffusion components to the OCT image of skin calculated
by neglecting speckles. One can see that the diffusion
component contributes primarily to the imaging of deep

skin layers and, producing as MSPs, a blurred OCT image;
however, not of the whole sample, but only its lower layers.
The image contrast in this case is lower than the contrast of
the image of the contribution of multiple scattering. The
nondiffusion component, similarly to LSPs, forms the image
of upper skin layers at optical depths up to ~ 1.4 mm.
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Figure 5. Contributions of different scattering orders to the OCT image of skin. The number of the image corresponds to the scattering order.
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The contributions of individual scattering orders (from 1
to 9) to the OCT image of the skin sample considered above
are shown in Fig. 5. Because the contributions of scattering
orders above 9 are rather small and do not play a significant
role in imaging of upper skin layers, Fig. 5 presents only
their total contribution. Note, however, that each scattering
order forms a partial image containing the main features of
the total OCT image determined by the object geometry.
The differences are mainly manifested in the signal level and
contrast.

The first scattering order provides the imaging of the
upper sample layer, the lower boundary of corneus layer
and the parts of the boundary between epidermal layers that
are perpendicular to the probing radiation direction. The
second scattering order forms the image of the three upper
layers of the considered skin sample. All the considered
scattering orders contribute to the imaging of these layers,
however, starting from the third scattering order, the
contribution to the upper three layers decreases while the
contribution to the imaging of the lower layers of the sample
increases.

6. Conclusions

In this study we have obtained simulated OCT images of a
skin sample with and without speckles by using the
developed technique based on the Monte-Carlo simulations.
The skin model was chosen based on the experimental data.
The contribution of the different scattering orders and
photon fractions to the obtained OCT image were
distinguished. The separation of the contributing photons
to least and multiply scattering components as well as to
diffusive and nondiffusive components allowed their roles
in the formation of OCT images to be analysed.

It has been shown that least scattering and nondiffusive
components contribute to the OCT image of skin to optical
depths about 1.2 mm. The partial image formed by multiple
scattering exhibits the essential features of the full image,
however, is more blurred. The effect of image shift to the
larger depths due to elongation of the trajectories is
negligible. The partial image formed by the diffusive
component also repeats the essential features of the full
image, however it is less contrasted compared to that of
multiple scattering and exhibits almost no contribution to
the upper three layers of the image. Analysis of the
contribution of separate scattering orders showed that
each scattering order forms the image featuring the essential
details of the full OCT image, however, these partial images
differ in the signal level and contrast.
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