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Abstract
Optical coherence tomography (OCT) is a modern rapidly developing technique for non-invasive
imaging of the internal structure of optically non-uniform objects based on the principles of low-
coherent interferometry. However, multiple scattering of light in the objects under study brings
distortions to the images obtained by OCT. The analysis of formation of the OCT signals is required
for understanding the role of multiple scattering in this formation and providing recommendations for
optimal configuration of a measuring setup. In the present thesis formation of the OCT signals and
images is analyzed implementing Monte Carlo simulations of light propagation in scattering media.
Blood, intralipid solution, human skin and paper samples are chosen as the objects under study due
to the interest in the diagnostics of these objects in biomedicine and paper industry.

Multilayer models of skin phantoms, skin and paper were developed in the frames of the present
study for simulation of OCT signals and two-dimensional OCT images of these objects. The
contribution of different scattering orders as well as different fractions of photons (least and multiply
scattered, diffusive and non-diffusive) to these images was found allowing to evaluate the maximal
depth of non-distorted imaging in each particular case.

The simulated OCT images were compared to the experimental ones demonstrating qualitative
similarity. This fact allowed the author to analyze qualitatively the influence of parameters of the
OCT setup on the images which have also been acquired in this work. The formation of the OCT
images of paper samples with various refractive index matching liquids was also studied.

Keywords: blood, contribution of scattering orders, light scattering, Monte Carlo
simulations, Optical coherence tomography, paper, skin
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List of terms, symbols and abbreviations 

2D  Two-dimensional 
3D  Three-dimensional 
BS Beam Splitter 
DC Diffusive Component 
DOCT Doppler Optical Coherence Tomography 
FWHM Full Width at Half Maximum 
HG Henyey-Greenstein 
LSP Least Scattering Photons 
MC Monte Carlo 
MCM Monte Carlo Method 
MSP Multiply Scattered Photons 
NA Numerical Aperture 
NDC Non-Diffusive Component 
NIR Near Infra Red 
OCT Optical coherence tomography 
RIMA Refractive Index Matching Agent 
RBC Red Blood Cell 
RTE Radiative Transfer Equation 
SLD Superluminescent Light emitting Diode 
 
a Amplitude of electric field 
c Light velocity in vacuum. 
C Normalized coherence function 
Er Amplitude of the field of reference wave 
Es Amplitude of the field of sample wave 
I Radiation intensity 
Iint Interference part of intensity 
Ir, Is  Intensities of the waves coming from reference and sample arms 

correspondingly 
k Wave number 
K Contrast 
l Random free path 
lcoh  Coherence length  
ltr Transport length 
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Nr, Ns  Numbers of photons coming from reference and sample arms 
correspondingly 

p Phase function 
P Probability density function 

R  Mirror amplitude reflectance coefficient 
Ri,t Fresnel reflection coefficient 
t Time 
μs Scattering coefficient 
μs’ Reduced scattering coefficient 
μa  Absorption coefficient 
g Anisotropy factor 
n Refractive index 
γx, γy, γz, Directional cosines 
ex, ey ,ez  Unit vectors of coordinate axes 
r Unit vector of photon velocity 
s, s’ Direction of photon propagation before and after scattering 

correspondingly 
θ Azimuthal angle 
ϕ Polar angle 
αi , αt  Incident and transmitted angles of the beam 
ni , nt  Refractive indices of incident and transmitting media 
ξ  Random number uniformly distributed in the range [0,1] 
λс Central wavelength of the spectrum 
Δλ  Spectrum width (FWHM) 
ν Frequency 
τ Delay time 
Δl Optical pathlength mismatch 
Δz Longitudinal resolution 
Hct Hematocrit 
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the OCT signals from blood and evaluation of maximal depth of non-distorted 
imaging in blood. 

Paper V introduces the multilayer model of human skin and analyses 
formation of 2D OCT images of skin and the effect of coherence length and 
numerical aperture on these images. 

Paper VI continues the study started in paper V and is devoted to analysis of 
the contribution of various scattering orders to the OCT images of skin. 
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1 Introduction 

1.1 Motivation of the study 

In recent years optical methods have been widely used in non-contact non-
destructive diagnostics of internal structure of various optically non-uniform 
objects. Particularly, they have applications in medicine [1-3], material sciences 
[4], atmospheric physics [5] and other areas of modern science. The main 
advantages of the optical methods are their non-invasiveness and non-
destructiveness at comparatively low power of probing radiation allowing 
reconstruction of the studied object’s internal structure image preserving the 
object’s integrity. 

Optical coherence tomography (OCT) introduced in 1991 [6,7] is one of the 
most perspective and developing methods of non-invasive imaging today. Based 
on the principles of low-coherence interferometry OCT utilizes the interference 
between radiation backscattered from the object under study situated in sample 
arm of Michelson interferometer and reflected from the moving mirror in its 
reference arm for reconstruction of in-depth refractive index mismatch 
distribution [8]. The transversal scanning allows one to reconstruct 3D 
distribution of the optical properties inside the medium under study. Today 
various modifications of OCT significantly widened its abilities and application 
area. The main disadvantage of the method is comparatively small imaging depth 
(varying for highly scattering media from hundreds of microns to units of mm) 
limited by multiple scattering. 

The majority of the OCT applications are in the area of biomedicine [8]. 
Hence, it is important to understand the features of the propagation of light in 
biotissues. Due to small imaging depth the superficial biotissues, particularly, skin 
are of importance. However, lately a number of industrial applications of OCT 
were proposed. Among them it is necessary to mention paper imaging by OCT. 
Such measurements can be applied for paper production control and are claimed 
by paper industry. 

For improvement of the effectiveness of modern optical diagnostic techniques, 
particularly, OCT, and for development of new methods detailed study of the 
features of light propagation in highly scattering media is required. Solution of 
this problem is restricted by the absence of an exact theoretical approach allowing 
description of light propagation in a random medium. In this connection 
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numerical simulation seems to be a good approach for solution of this problem. 
This approach allows one to vary parameters which are difficult to change in 
experiment (for example, central wavelength, coherence length, etc.), providing 
the possibility to work out recommendations on diagnostic measurements. 

For interpretation of the obtained experimental measurement data and correct 
diagnosis of the object under study it is necessary to know its optical properties 
usually found by comparison of experimental data and theoretical calculations or 
computer simulations applicable in a particular case. 

For simulations of light propagation in scattering media, a method should be 
properly chosen. The Monte Carlo simulation is one of the widely applied 
methods valid for a wide range of objects [9]. The gist of this method is numerous 
calculation of random photon trajectories in the studied object (photon tracing) 
based on a priori input properties values and further statistical analysis of the 
collected data. The main disadvantage of this method is the requirement for large 
computation time; however, modern progress in computation power improvement 
allows its wide application. Accuracy of the obtained results is determined by the 
number of calculated trajectories and agreement of the model and the real object 
under study. 

One of the important problems is a correct choice of the values characterizing 
scattering and absorption in the simulations. These values cannot be measured 
directly: they appear to be the solution of the so-called inverse problem – the 
problem of the scattering medium properties values reconstruction based on 
measurements of the parameters of the light scattered by this medium. Various 
theoretical and numerical techniques are used for this purpose. It is worth noting, 
however, that the values obtained by different researchers differ significantly [1]. 

1.2 Objectives 

Today the OCT technique is widely used for non-invasive imaging of various 
objects including biological tissues and paper. However, the obtained images 
require adequate interpretation in order to provide valid information. 
Unfortunately, in many cases this interpretation is not easy due to the influence of 
speckles and multiple scattering bringing distortions to the acquired images. 
Techniques that would allow reducing of these effects are being developed, but it 
is impossible to eliminate these effects when imaging highly scattering media. On 
the other hand, it is impossible to obtain exact analytical solution for light 
propagation in highly scattering media with complex structure. In this situation 
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numerical simulation of light propagation in such media can provide information 
needed for interpretation of OCT images. The primary goal of the present thesis is 
to develop a method of simulation of OCT images of complex media based on the 
Monte Carlo technique. This method should provide possibilities for interpreting 
experimental OCT images and qualitative analysis of the influence of various 
conditions (such as OCT setup configuration, studied object structure, application 
of optical clearing agents, etc.) on the obtained OCT images. The secondary goal 
was to study the structure of the OCT signals (contributions of different scattering 
orders, role of speckles, etc.) from different objects on the basis of the developed 
simulation method. 

1.3 Outline of the thesis 

In the present thesis the numerical Monte Carlo method for simulation of 2D 
images of multilayered highly scattering media obtained by means of optical 
coherence tomography was developed. This method was applied for simulation of 
OCT signals and images of blood, intralipid solution, skin and paper samples. The 
experimental results were also obtained and compared to the numerical 
predictions. 

Chapter 2 of this thesis explains the basic principles of OCT, reviews the light 
sources usually utilized in OCT and describes modifications of basic OCT such as 
the Fourier-domain OCT, polarization-sensitive OCT, ultra-high resolution OCT 
and Doppler OCT. The review of modern OCT applications is also presented in 
this Chapter. 

Chapter 3 is devoted to paper structure and properties. Physical and optical 
properties as well as different ways of characterization of light propagation in 
paper are discussed. The Chapter also reviews the optical clearing of paper 
samples. 

Chapter 4 discusses the optical properties of biotissues and skin phantoms. It 
characterizes the structure, content and optical properties of intralipid solution, 
skin and blood. 

Chapter 5 introduces the developed Monte Carlo-based numerical method for 
simulation of OCT signals and images of multilayer highly scattering media. It 
also describes the classifications of photons contributing to the OCT signals used 
for further analysis. 

Chapter 6 discusses the simulated and experimental OCT images obtained 
when performing this study. At the first stage, one-dimensional OCT signals from 
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plain layers of intralipid solution and erythrocyte suspension are considered. The 
contributions of various photon fractions to these signals are discussed; maximal 
depth of non-distorted imaging is evaluated for different values of coherence 
length. At the second stage, the multilayer skin phantoms consisting of intralipid 
and blood layers are considered and the maximal depth of non-distorted imaging 
is evaluated for this case. Further, based on the experimental OCT images of skin 
a multilayer skin model with non-planar boundaries is proposed and the 
corresponding simulated OCT images are obtained for various parameters of the 
setup. Finally, the contributions of different photons fractions to these images are 
separated and analyzed. 

Another part of this chapter is devoted to OCT study of paper samples. It 
describes development of multilayer paper model for Monte Carlo simulation of 
OCT images of paper samples. The experimental OCT images are used as a 
reference for development of the model. The optical clearing effect of various 
refractive index matching liquids is studied experimentally and utilizing 
simulations. The developed multi-layer paper model with non-planar boundaries 
is shown to be suitable for study of light propagation in paper samples and 
formation of the OCT signals and images. At the end of this chapter, perspectives 
of further study are discussed. 

Chapter 7 summarizes the results of the present work. 
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2 Optical coherence tomography 

2.1 Principles of OCT 

Optical coherence tomography (OCT) is a modern method for non-invasive 
imaging of the studied sample internal structure based on the principles of low-
coherent interferometry [10,11]. The basis of the OCT setup is Michelson 
interferometer with a low-coherent light source (superluminescent light emitting 
diode (SLD) or femtosecond laser) situated in one of its arms (Fig. 1). The studied 
object is situated in the sample arm, a scanning mirror moving with constant 
speed is situated in the reference arm, a photodetector detecting the interference 
signal originated from optical mixing of light coming from the sample and 
reference arm is located in the fourth arm.  

 

Fig. 1. Schematics of the OCT setup (BS – beam splitter). 

The in-depth scanning (in the z-axis direction) is performed by uniform 
movement of the scanning mirror in the reference arm of the interferometer (the 
so-called A-scan), the amplitude of the alternating current signal generated by the 
photodetector is proportional to local value of backscattering coefficient at the 
corresponding probing depth whereas the signal frequency is determined by the 
velocity of the mirror. 

Light source 

Mirror 

Detector 

BS

Z
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The presence of the local areas with optical properties different from the 
average ones in the object under study leads to changes in the detected signal 
amplitude. Hence, from the dependence of the signal amplitude on the scanning 
time during one scan one can obtain the in-depth distribution of optical properties 
inside the object. In the transversal direction the scanning is performed by 
consequent shift of probing beam axis at a definite step, for example, using an 
electromechanical system. 

The expressions for partial wave amplitudes coming from the reference and 
sample arms, correspondingly, can be written in the following form [8]: 

 Er(t) = R a(t) exp(i2πνt), (1) 

 Es(t) = a(t + τ) exp(i2πν (t + τ)), (2) 

where R is the mirror amplitude reflectance coefficient, a is the amplitude of the 
wave, τ = Δl/c is the delay time, Δl is optical pathlength mismatch, and c is light 
velocity in vacuum. 

The intensity of the radiation in the measurement arm of the interferometer 
where the photodetector is situated can be defined as 

 I(τ) = <│Er(t) + Es(t + τ) │2>= Ir + Is + 2 r sI I Re C(τ), (3) 

where <...> means the averaging operation over t, Ir and Is are intensities of the 
waves coming from reference and sample arms, respectively, and C(τ) stands for 
normalized coherence function: 

 C(τ) = 
*

r s

r s

 ( ) (   E t E t
I I

τ< + ) >
. (4) 

For the case of narrow spectral band ν
ν
Δ  << 1 and small values of τ (Δν τ << 1), 

expression (3) can be represented as  

 I(τ) =  Ir + Is + 2 r sI I |C(τ)| cos(2π<ν>τ), (5) 

where |C(τ)| is the level of radiation time coherence. In the absence of dispersion 
in the studied medium, the function (4) coincides with the source coherence 
function: 

 C(τ) = 
*

r s
*

r s

 ( ) (   
 ( ) (

E t E t
E t E t

τ< + ) >
< ) >

 (6) 
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Intensities Ir and Is in (3) do not depend on the position of the reference mirror 
and form the constant part of the registered signal, whereas the interference part 
changes with the motion of the reference mirror and carries information on the 
depth distribution of optical properties. 

The longitudinal (in-depth) resolution of the OCT system is determined by 
the bandwidth of the source spectrum: 

 Δz = cln
Δ

2λ2 2
π λ

⋅ , (7) 

where λс is in the central wavelength of the spectrum and Δλ is the spectrum 
width (FWHM). The distance Δz also determines the width of the source 
coherence function and is referred to as source coherence length lcoh. For example, 
for a superluminescent diode with λс = 820 nm and Δλ = 20 nm as a source the 
longitudinal resolution Δz ≈ 15 μm in air. Increase in the longitudinal resolution 
can be obtained by implementing broadband light sources. The transversal 
resolution of the OCT system is determined by the probing beam waist, the 
focusing conditions, and transversal scanning step. 

The OCT signal from an object containing spatial optical non-uniformities is 
a superposition of partial interference signals from various scattering regions 
inside the object determined by these non-uniformity properties and configuration 
of the OCT system. 

A typical OCT signal from a 0.5-mm thick layer (optical thickness is about 
0.7 mm) of scattering medium (mimicking erythrocyte suspension) is shown in 
Fig. 2. The abscissa axis in this graph is presented in optical depth. This value is 
physical depth multiplied by the refractive index of the medium and can be 
explicitly obtained from the delay time τ. When considering a multiple layer 
medium the optical depth is a sum of corresponding products of physical layer 
thicknesses and their refractive indices. The physical meaning of this value is the 
optical pathlength of the photon injected into the medium perpendicularly to the 
surface that has reached the given depth without any deflections. 

Two peaks correspond to the layer boundaries where the refractive index 
mismatch is significant; the signal between the peaks corresponds to the 
scattering medium and its shape is determined by medium and light source 
properties. This part of the signal is formed by both low-order and multiple 
scattering. The second peak is followed by part formed only by multiple 
scattering contribution. The level of the signal after this peak is greater than 
before because it is formed by the photons with snake trajectories reflected from 
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the rear boundary providing the broadening of the peak which value is larger than 
average value provided by backscattering from the medium. 

Fig. 2. Typical OCT signal (A-scan) from a 0.5-mm thick layer of medium mimicking 
erythrocyte suspension (results of Monte Carlo simulations) in linear scale (left) and in 
semi-logarithmic scale (right). The top surface of the layer is located at 0.25 mm from 
the starting point of the scan. The interference signal from the front boundary is 
presented in the inlay. 

 

Fig. 3. Experimental OCT image of skin of a thumb of 25-year old male (image size is 
1.1 х 1 mm). The white bar corresponds to 1mm. 
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Figure 3 shows the 2D OCT image of human skin. A 2D image can be constructed 
as represented in the color map set of A-scans obtained during transversal 
scanning with a definite step.  

2.2 Light sources for OCT 

As was mentioned in the previous chapter, superluminescent diodes or 
femtosecond lasers are usually used as low-coherent light sources for OCT setups 
[12]. The axial resolution of the OCT system is inversely proportional to the 
source spectrum width (2.7). Femtosecond lasers are usually characterized by a 
narrower coherence function shape compared to SLD providing higher resolution 
(down to 1 μm) [13]. However, we should mention that due to a high price of 
femtosecond lasers (1-2 orders of magnitude higher than SLD), the SLDs are 
more frequently used in OCT systems, especially for commercial models 
employed in medical clinics. Moreover, today the technology of spectrum 
widening due to coupling of several SLDs with close central wavelengths is 
developed [14] allowing one to obtain longitudinal resolution close to that 
provided by femtosecond lasers. 

2.3 Disadvantages of OCT 

Possessing several important advantages such as non-invasiveness and high 
spatial resolution, the OCT technique has disadvantages originating from signal 
formation. Low coherence providing the mentioned advantages is, at the same 
time, a weak side of the technique. On the one hand, the OCT signal is the 
product of interference between waves reflected from the reference mirror and 
scattered backward from the object. On the other hand, the waves scattered 
backward from the sample can interfere with each other creating speckles 
decreasing the OCT images quality [8]. 

The speckles are the random spatial interference patterns generated due to 
volumetric scattering and reflection of coherent radiation from the non-uniform 
surface. Besides structure, optical properties and movement parameters of the 
object, the speckles are affected by dimensions and temporal coherence of the 
source, multiple scattering and phase aberrations in the medium as well as by 
detector numerical aperture. 
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2.4 OCT modifications 

Today there exist several modifications of OCT allowing improvement of the 
basic OCT characteristics. One of such modifications is polarization-sensitive 
OCT (PS-OCT) in which the source radiation is polarized. The detection is 
polarization sensitive allowing exclusion of the radiation depolarized due to 
multiple scattering in the medium under study and providing increase in the OCT 
visualization depth. Moreover, the PS-OCT allows one to obtain important 
information about the object under study, such as spatial distribution of the 
properties characterizing birefringence, which cannot be obtained by basic OCT.  
Another modification of OCT is ultra high-speed OCT (UHS-OCT). The basis of 
this modification is the rejection of the mechanical scanning part (scanning mirror) 
and its substitution by a static mirror with simultaneous implementation of 
Fourier analysis of the detected interference signal. In the detector arm a spectrum 
analyzer is situated. Further, the measured spectrum is converted to the scale of 
wave numbers (k = 2π / λ) resulting in the Fourier-image providing the 
information on the spatial distribution of optical inhomogeneities inside the object. 
Comparative analysis of basic and UHS-OCT setups was performed in references 
[15-17], where it was shown that UHS-OCT provides higher resolution [16], 
higher signal-to-noise ratio [17] preserving the advantage in image reconstruction 
speed. 

Doppler optical coherence tomography (DOCT) combines basic OCT with 
laser Doppler flowmetry [8,18]. Doppler shifts obtained by probing while 
scattering from moving objects can be calculated from spectral analysis of the 
OCT signal. This analysis allows 3D reconstruction of flow velocity distribution 
inside the object under study [19-22]. However, it is worth mentioning that the 
photons multiply scattered at moving scatterers acquire various Doppler shifts 
introducing distortions to the reconstructed velocity distribution. This 
phenomenon is called “Doppler noise” and was studied in references [23,24]. 

2.5 Applications of OCT 

Today OCT and its modifications are widely used in diagnostics of the internal 
structure of various optically non-uniform objects. The main applications of the 
OCT are in the field of biomedical diagnosis for non-invasive visualization of 
various human organs and early detection of tumours ([8] and the references cited 
there). However, OCT is applied in the majority of branches of modern medicine: 
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ophthalmology [25,26], oncology [27,28], dermatology [29], dentistry [30,31], 
cryosurgery [32], gynaecology [8], gastroenterology [8], cardiology [8], 
otolaryngology [8], and urology [8]. It is also applied for retrieving values of 
biotissue optical properties [33]. 

Moreover, OCT is applied for diagnostics of various materials, for example, 
polymer matrix materials [8] and paper [I,34,35], being important for industrial 
quality control applications. Recently the method was recognized to be valuable 
for evaluation of old objects of arts [36] and archeological artifacts [37] allowing 
to avoid their destruction.  

Optical coherence tomography was also applied for development of new 
promising high-density optical data storage. Particularly, it was proposed to 
implement OCT setup as a reading device for such data storages [38]. The 
scanning ability of OCT allows one to perform reading from a 3D structure (for 
example, multilayer optical disc) providing the possibility to create data storages 
with capacities significantly exceeding the ones of modern models. 
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3 Biotissues and biotissue phantoms structure 
and properties 

3.1 Blood properties 

3.1.1 Blood content 

Blood is a liquid biotissue circulating in the circulatory system of vertebrates and 
humans. It consists of plasma and other constituents (erythrocytes (red blood 
cells), thrombocytes (platelets), leukocytes (white blood cells) etc.). Red color of 
blood is determined by the absorption spectrum of hemoglobin contained in the 
erythrocytes. Blood is characterized by the relative permanence of chemical 
content. The main function of blood is oxygen transport from respiratory organs 
to tissues and carbonic acid transport back from tissues to respiratory apparatus. 
The secondary functions are transportation of other agents, maintaining body 
temperature, controlling pH, removing toxins from the body and regulation of 
body fluid electrolytes. Blood also has the protective function due to presence of 
antibodies, antitoxins and lysine and leukocyte able to consume microorganisms 
[39]. 

One mm3 of blood contains 3.9-5.0 million erythrocytes, 4-9 thousand 
leucocytes, 180-320 thousand thrombocytes; hemoglobin content is about 13-16 g 
in 100 ml. The photographs of the blood cell obtained by a scanning electron 
microscope are shown in Fig. 4 

Due to the primary role of erythrocytes in determining the optical properties 
of blood, experiments are often carried out with washed erythrocytes suspended 
in buffer solution with volume concentration (hematocrit) corresponding to that of 
the real blood (Hct ≈ 40%). In such a suspension the aggregation of erythrocytes 
can be avoided providing the possibility of studying a single erythrocyte.  

The erythrocytes are nuclear-free cells shaped as a biconcave disc. In 
different pathologies normal erythrocytes can change their shape to echinocyte, 
stomatocyte, spherocyte, etc. (see Fig. 5). 
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Fig. 4. Scanning electron microscope (SEM) photographs of blood cells: erythrocyte 
(E), lymphocyte (L), platelet (P) and reticulocyte (R) [NASA - Biomedical Results of 
Apollo]. 

The average diameter of the adult human erythrocyte is about 7.5 μm, maximal 
thickness 2.5 μm. The erythrocytes consist of thin membrane and liquid content: 
almost saturated hemoglobin solution. Erythrocyte contains 70% of water, 25% of 
hemoglobin, 5% of the other components: lipids, glucose, ferments, salines, and 
proteins. Due to the biconcave shape erythrocytes are capable of reversible 
deformation when passing through capillaries. Moreover, such a shape provides 
larger surface for contact with vessel endothelium than in the case of spherical 
form. From the optical point of view the erythrocytes can be considered as 
optically soft particles: their refractive index nRBC = 1.42 is close to that of 
surrounding blood plasma npl = 1.35 [46].  

              1.                    2.                         3.                            4.                        5. 

Fig. 5. SEM photographs of pathological erythrocytes (bottom) and transformation 
stages (top) : 1- echinocyte, 2 - knizocyte, 3 – leptocyte, 4 – stomacyte, 5 – 
arachnocyte [NASA - Biomedical Results of Apollo] 
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One of the typical erythrocyte properties is a tendency for aggregate formation. 
The erythrocytes stick together with their surfaces forming the so-called 
“rouleaux”, further these rouleaux can unite in more complicated “tree” structures. 
Various aggregates significantly varying in size and shape can be contained in 
blood simultaneously affecting the shape of the phase function [41]. Aggregation 
of erythrocytes in blood is a reversible process and shear stress in the flow 
destroys the aggregates. The kinetics of the reversible process – disaggregating 
can be studied optically by means of aggregometers [42]. In paper II and ref. [40] 
it was also shown that OCT can be successfully used for studying aggregation and 
sedimentation process in a blood layer in vitro.  

3.1.2 Optical properties of blood 

From the optical point of view blood can be considered as a suspension of 
erythrocytes and their aggregates because in visible and NIR ranges the 
erythrocytes mostly determine optical properties of blood. 

The essential problem in reconstruction of optical properties of blood from 
experimental data is the choice of the proper phase function. In particular, in ref. 
[43] it was shown that when reconstructing the value of optical properties from 
goniophotometrical measurements, the scattering coefficient value may vary by 
an order of magnitude for different phase functions. 

Because of the significance of this problem, a series of theoretical studies 
were aimed at finding the proper phase function for erythrocyte description [44-
50]. In particular, it was proposed to consider an erythrocyte as an equivolumed 
sphere whose phase function can be calculated implementing the Mie theory. 
Further, it was proposed to consider it as a spheroid whose phase function can be 
calculated as a series over phase functions for spheres of various radii. One 
should also account for the presence of aggregates in erythrocyte suspension 
which are characterized by the phase function different from that of a single 
erythrocyte. Solutions to this problem were proposed in the paper II and ref. [46]. 
However, the complexity of the analytical expression for phase functions lead to 
wide usage of the empirical Henyey-Greenstein phase function: 
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Primarily this phase function was used for description of light propagation in 
intergalactic space [51]. However, later it was shown [1,43,52] to be valid for 
description of light propagation in biotissue with high anisotropy, in particular, in 
blood. 

Fig. 6. Optical parameters of erythrocyte suspension under shear stress at different 
hematocrits for wavelength of 633 nm [53]. 

Optical properties of an erythrocyte suspension under shear stress obtained from 
experimental results [53] at different hematocrits are shown in Fig. 6.  

3.2 Skin properties 

3.2.1 Skin geometry and composition 

Skin is the largest human organ covering from 1.5 to 2 m2 of human body surface. 
The skin plays an important role in human physiology: it acts as a defensive 
barrier against environment, especially ultraviolet radiation, produces vitamin D 
in epidermal layer when illuminated by solar rays and participates in metabolism 
and body temperature regulation. 



 28 

The human skin consist of three functional layers: epidermis, dermis and 
hypodermis (see Fig. 7). Epidermis is the superficial skin layer consisting of 
keratinocytes and epidermal cells. Dermis is situated under epidermis and is 
composed of connective tissue, blood vessels, nerve endings, hair follicles, and 
sweat and oil glands. The subcutis (sub = under; cutis = skin in Latin) refers to the 
fat tissue below the skin. It consists of spongy connective tissue interspersed with 
energy-storing adipocytes (fat cells). Besides, it contains large blood vessels, 
nerves, hair follicles and sweat glands. 

The epidermis is divided into five layers. The basal layer (stratum basale) 
contains the basal or mother cells that ensure continual regeneration of the skin 
through cell division (proliferation). Above lie the cells of the prickle cell layer 
(stratum spinosum). Above there are granular, clear and corneal layers (stratum 
granulosum, lucidium and corneum) correspondingly. The corneal layer consists 
of 15 - 20 cell layers that, together with the epidermal lipids, form the 
permeability barrier. 

The dermis is divided into two layers, stratum papillare forming the distinct 
undulated border with the epidermis and stratum reticulare which continually 
merges into subcutis. The dermis, or the "true skin," is composed of gel-like and 
elastic materials, water, and, primarily, collagen. Embedded in this layer are 
systems and structures common to other organs such as lymph channels, blood 
vessels, nerve fibers, and muscle cells, but unique to the dermis are hair follicles, 
sebaceous glands, and sweat glands. 

Fig. 7. Multilayer skin structure: 1 - hair, 2 – sweat gland, 3 – nerve and blood 
circulatory system, 4 – oil gland, 5 - arrectores pilorum, 6 – hair follicle, 7 – pacinian 
corpuscle, 8 - dermis, 9 - epidermis, 10 – stratum corneum, 11- free nerve endings [54]. 
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The subcutis serves foremost as the energy reservoir of the skin: here nutrients in 
the form of liquid fats are stored in the adipocytes. Fat cells are grouped together 
in large cushion-like clusters held in place by collagen fibres called connective 
tissue septa or sheaths. At the same time, the subcutis provides insulation and 
shock absorption. 

3.2.2 Optical properties of skin 

From the optical point of view, skin is a much more complicated structure than 
blood. While blood can be considered as an erythrocyte suspension, skin 
consisting of several layers with different optical properties requires more 
complicated description or utilization of effective optical parameters 
characterizing skin as a whole. Besides, one should mention that optical 
parameters of skin in vivo and in vitro differ significantly. 

Measurement of skin optical properties is of importance due to fast 
development of modern optical biomedical diagnostics and therapy [55]. For 
reconstruction of the optical parameter values various optical techniques can be 
used [56-61]. The reconstruction of the parameters from the experimental data is 
usually performed implementing the Monte Carlo technique or theoretical 
calculations. The measured in vitro optical properties of human skin are presented 
in Fig. 8. 

Fig. 8. Absorption and reduced scattering coefficients of 15-year old male skin 
samples [57]. 

The technique of reconstructing the optical properties from the A-scan of OCT 
was first proposed in ref. [62]. Further it was developed in refs. [63-66]. The in-
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depth distribution of scattering coefficient in human arm skin reconstructed from 
OCT-signal is demonstrated in Fig.9.  

Fig. 9. In-depth distribution of scattering coefficient in human arm and palm skin 
reconstructed from OCT-signal at λ = 1300 nm [63]. 

3.3 Intralipid solution properties 

3.3.1  Intralipid content 

Optical phantom of an object is another object with similar optical properties, 
which is usually used at the stage of testing an optical diagnostic technique being 
developed. In optical experiments Intralipid solution is widely used as a human 
skin phantom. Intralipid is a polydisperse suspension of scattering particles in 
glycerin or water solution. The particles are soybean oil droplets with almost 
spherical shape and a radius of 0.3 μm, covered by a thin (2.5-5 nm) lecithin 
membrane [67-69].  

3.3.2 Intralipid optical properties 

It was shown that optical properties of 2% Intralipid solution are close to those of 
skin in the NIR range [70].  
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Fig. 10. Dependence of absorption and scattering coefficients of 10% Intralipid on 
wavelength [68,69] (The picture is taken from S. Jacques (Oregon Medical Laser 
Center) website http://omlc.ogi.edu/spectra/intralipid/index.html).  

The 10% intralipid optical properties from refs. [68], [69] and experiment made 
by the Jacques S. et al using He-Ne laser at λ = 543 nm are compared in Figs. 10 
and 11. One can see that the parameter values shown in the articles differ 
significantly indicating the need of further study. In numerical simulation the 
values averaged from these two data sets are usually used. 

 

Fig. 11. Dependence of anisotropy factor and reduced scattering coefficient of 10% 
Intralipid on wavelength [68,69] (The picture is taken from S. Jacques (Oregon Medical 
Laser Center) website http://omlc.ogi.edu/spectra/intralipid/index.html).  
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4 Paper structure and properties 

4.1 Paper geometry and composition 

The structure of each paper sheet is unique. The stochastic net of wood fiber is a 
basis of a paper sample [71]. Following requirements to paper properties, various 
fillers of different size and material are added to pulp that is a water suspension of 
fibers and their parts (fines) [72]. The thickness of wood fibers usually varies 
from 5 to 30 μm while their length can reach units of mm. Typical thickness of 
fibers for various types of wood is presented in table 1.  

Table 1. Typical thickness of fibers for various wood types. 

Wood type Thickness (μm) 

birch 22 

eucalyptus 16 

pine 20-35 

spruce 19-33 

In the process of paper production fibers are pressed into layers. A typical 
thickness of the paper sheet is about 5-8 times greater than that of fiber. Typical 
size of filler particles varies from 0.1 to 2 μm. Typical paper sample structure is 
depicted in Fig. 12.  
 

Fig. 12. Typical paper structure: scanning electron microscope photo (the thickness of 
the sample is about 100 μm) 



 33 

4.2 Optical properties of paper 

Determination of paper optical properties is an important problem for quality 
control in paper industry. Typically, when characterizing optical properties of 
paper, the scattering medium is considered as an isotropic medium and optical 
parameters are evaluated based on the Kubelka-Munk theory [71]. However, such 
a consideration does not account for complex paper structure and numerous re-
reflections in a sample, making this approach inapplicable for analysis of paper 
sample OCT images [VII, 35].  

It is worth mentioning that the structure and optical properties of paper 
exclude the possibilities of analytical solution of the problem of light propagation 
in a paper sample, i.e. solution of the radiative transfer equation (RTE) that will 
be described later in Chapter 5. Numerical solution of this equation is too 
complicated due to complex boundary conditions. This fact makes the Monte 
Carlo method the most applicable for solution of this problem. 

In the paper [VII] the multilayer model of a paper sample consisting of fiber 
and air layers was developed. The optical properties of the fiber layers were 
evaluated by the optical properties of pulp [71] obtained from the Kubelka-
Munka theory supposing the average density of the fibers to be 80 g/cm3. 

Thus, based on the data presented in ref. [71-74] for the wavelength of 900 
nm the following values for optical properties were used for the simulations: μs = 
16 mm-1, μa = 0.5 mm-1, g = 0.94, n = 1.53. For some particular models 
accounting for filler particles, these fillers were simulated by spherical particles 
with radii varying from 0.1 to 1 μm and refractive index n = 1.53 [72] in the air 
layers model paper samples. To the best of our knowledge, there is no information 
in the literature about phase function of fibers. It is known, however, that they 
have a high anisotropy factor. Hence, we chose for our simulations the Henyey-
Greenstein phase function (3.1) widely applied for modeling anisotropic 
scattering. 

Another model was developed in ref. [75] in which the paper was considered 
as a porous medium with the ellipsoidal-shaped pores. In ref. [73] a more 
complicated model representing paper as a stochastic network of randomly 
oriented cylindrical fibers was considered. In ref. [76] it was proposed to evaluate 
the reduced scattering coefficient value for paper as for the isotropic medium in 
the diffusion approximation. However, the applicability of the diffusion 
approximation is doubtful as well as surprisingly large values obtained by the 



 34 

authors for the wavelength of 1250 nm: μs': 62.8 mm-1 for copy paper and 46.8 
mm-1 for paper with high porosity. 

It was also proposed to apply the time-of-flight technique for studying the 
optical properties of paper [77,78]; however, this technique allows one to 
characterize a paper sample as an isotropic medium sample and does not give 
information about sample structure. 

4.3 Optical clearing of paper 

Light scattering from the microscopic point of view is caused by distortion of the 
electromagnetic field in the area of variable refractive index; from the 
macroscopic point of view it is caused by the reflection and refraction of light at 
the interface between media with different refractive indexes [79]. A scatterer can 
be considered as an area whose refractive index differs from the one of the 
environment. If the refractive index ratio n1 / n2 is rather small and the scatterer 
size R is quite large (n1 / n2 < 1.05, R >> λ), then the anisotropy of scattering is 
large and the change in direction of photon propagation after the scattering event 
is insignificant. In the opposite case, the effect of scattering is quite high, which 
leads to randomization of photon direction and, consequently, to the distortions in 
the OCT image. To reduce the effects of light multiple scattering when using OCT, 
the refractive index matching agents (RIMA) [80] are usually applied. The effect 
of optical clearing is based on the phenomena that a medium with the value of 
refractive index close to that of the components of the scattering media substitutes 
the medium with a significantly different refractive index. This substitution leads 
to changes in scattering properties of the object under study [80,81]. The potential 
RIMA for a paper sample should satisfy the following requirements: (i) its 
refractive index should be close to the one of the cellulose fibers being the basis 
of paper; (ii) it should not penetrate into the fibers, it should only fill the air gaps 
inside the sample: (iii) it should not chemically react with the fibers and other 
components of the studied paper sample. In the work [35] different RIMA were 
analyzed in order to choose the ones better satisfying the above requirement. It 
was shown that 1-pentanol and benzyl alcohol appear to be advantageous for 
paper optical clearing. The further studies revealed that isopropanol can also be 
used for this purposes. 
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5 Monte Carlo simulations of OCT signals and 
images 

5.1 Principles of the Monte Carlo method of simulation of light 
propagation in scattering media 

5.1.1 The main idea of the Monte Carlo method 

The basic idea of the Monte Carlo method (MCM) is obtaining the required 
solution via numerous repeating of random tests and further statistical analysis of 
the obtained results. Applied to the solution of the problem of light propagation in 
scattering medium, the Monte Carlo method consists in numerous calculations of 
random photon trajectory based on the preset medium characteristics. The Monte 
Carlo method can be used to study the propagation of photons [9,82], electrons 
[83], protons [84], and other moving particles and quasi-particles. It is widely 
applied for comparison of experimental or theoretical data with results of 
computer simulation and further interpretation of obtained results [53,56,85,86]. 

MCM application is based on using the macroscopic properties of the 
medium supposed to be uniform in a certain area. The simulation does not 
account for radiation energy redistribution within a single scatterer. Known 
algorithms allow one to consider light propagation in complex multilayer media 
with various optical properties [9], various geometry [87], finite size of the 
incident beam [88,89] and light polarization [90-92].  

Theoretical solution of the problem of light propagation in scattering media 
implies solution of the radiative transfer equation (RTE) which can be written as 
follows [97]: 
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where L(r, s) is radiance at point r in the s direction; p(r, s, s') is the scattering 
phase function characterizing also spatial distribution of scatterers; dΩ' is unit 
solid angle in the s' direction. Equation (5.1) is valid for the case of absence of 
light sources inside the medium.  

MCM was shown to be a convenient tool for simulation of light propagation 
in biotissues [93-96, V,VI] and paper [VII-IX] because application of RTE is 
strictly limited by the complexity of boundary conditions. The main limitation of 
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the MCM is the requirement of large computation power, but it becomes less 
important thanks to modern development of computers.  

5.1.2 The inverse Monte Carlo method  

In particular, MCM has a wide distribution in reconstructing values of optical 
properties of various objects (see, for example [53,56,85,86]). This technique is 
called the “inverse” MCM. The input data for the inverse MCM is experimental 
data on light scattering in the object under study. Then the simulations are 
performed with a priori supposed values of optical parameters. At the next step 
the simulation results are compared to experimental ones, if they agree with the 
preset accuracy, these values are accepted, otherwise the supposed values are 
corrected (for example, according to the Newtonian iterative method) and a new 
simulation is performed and the procedure is repeated. The repetition lasts until 
the experimental and simulation results agree to a given accuracy. Such iterative 
algorithm allows one to obtain the values of optical parameters with given 
accuracy; however, the number of the unknown parameters should coincide with 
the number of independent values measured in the experiment. 

5.1.3 Monte Carlo algorithm 

The program code developed in the present study allows one to simulate photon 
transport in single- and multilayer media of various geometries. Each layer is 
described by the following optical parameters: scattering coefficient μs, 
absorption coefficient μa, anisotropy factor g or scattering phase function p(s, s'), 
where s, s' are directions of photon propagation before and after scattering, 
refractive index n, thickness and boundary shape. The refractive index of the 
medium surrounding the object is also taken into account. 

The photon propagation in the object is described in Cartesian coordinates. 
The position of the photon is determined by the coordinates (x, y, z) and its 
current direction of motion is determined by the orienting cosines: 

 γx = ex r,  

 γy = ey r, (10) 

 γz = ez r,  

where r  is unit vector of velocity, ex ...ez are unit vectors of coordinate axes.  
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Reflection and refraction of the photon at the interface between media with 
different refractive indices is calculated according to the Fresnel law for non-
polarised radiation [98]: 
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where αi and αt are incident and refraction angles of the beam, ni and nt are the 
corresponding refractive indices of media. The refraction angle αt is calculated in 
accordance with Snell’s law.  
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The calculation algorithm diagram used in the simulations is presented in Fig. 13. 
Let us consider one iteration of this algorithm in detail. The injecting point of the 
photon and its initial direction are determined in accordance with the preset 
parameters of incident beam describing the spatial and angular power distribution. 
The technique of generation of random numbers with given probability 
distribution is described in detail in [99]. Further, the photon free pathlength is 
calculated using the parameters of the upper layer (the only one in the case of  
1-layer medium). The free path length is determined by the following probability 
density function: 

 P(l) = 1
l
le

l

−

, (13) 

where average free path length is defined as  
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Fig. 13. Diagram of the Monte Carlo algorithm used in the simulations.  

The random free path is determined according to the following formula:  

 l = - ln (1 - ξ) <l>, (15) 

where ξ is a random number uniformly distributed in the range [0,1] generated by 
program random number generator.  
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Further the new photon propagation direction is calculated according to the 
scattering phase function:  

 p(s, s’) = p(θ)p(ϕ). (16) 

The scatterers are usually supposed to be spherically symmetrical and, 
consequently, the polar angle ϕ  is supposed to be uniformly distributed in the 
range [0, 2π], while azimuthal angle θ is calculated in accordance with the phase 
function for a single scatterer implementing the algorithm described in ref. [99].  

The directional cosines of the velocity vector at each scattering act are 
modified as follows [9]: 

 γx = 
2
z

sin

1

θ
γ−

(γx γz cos φ – γy sin φ) + γx cos θ,  

 γy = 
2
z

sin

1

θ
γ−

(γy γz cos φ + γx sin φ) + γy cos θ, (17) 

 γz = - sin θ cos φ 2
z1 γ− + γz cos θ.  

If the incident angle is close to normal (i.e. |γz| > 0.99999) the modification of the 
directional cosines is calculated according to the following formulae: 

 γx = cos φ sin θ,  

 γy = sin φ sin θ, (18) 

 γz = sign γz cos θ.  

After the calculation of the free path length and the directional cosines the new 
coordinates are calculated as follows:  

 x = x0 + l γx,  

 y = y0 + l γy, (19) 

 z = z0 + l γz,  

where x0, y0, z0 are initial photon coordinates. After this calculation the processing 
of one scattering act is finished and all these steps are repeated to process the next 
scattering act. 

Accounting for the absorption of radiation is performed as follows. In order 
to increase the statistics of the calculation it is supposed that each photon is a 
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photon packet characterized by initial weight [82,89] which is decreased at each 
scattering event for the value of  

 P = P0 a

s a

μ
μ μ+

, (20) 

where P0 is the current photon weight. An alternative way of taking into account 
absorption is modification of photon weight following the Lambert-Beer law at 
each scattering event:  

 P = P0 exp(-μa l), (21) 

where l is a pathlength between two consequent scattering acts. However the 
latter variant averages absorption over space separating it from the exact 
scattering events and the mean free path should be calculated without account for 
absorption coefficient. In the simulations the former variant of taking absorption 
into account is used. The photon is supposed to be absorbed if its weight is 
smaller than a certain value in our simulations defined as 0.0001 of its initial 
weight. This value is on the one hand small enough, so the considered photon is 
no longer important for further consideration and on the other hand the choice of 
smaller value will result in longer calculation time. 

The calculation of new coordinates and propagation direction is repeated until 
the photon reaches a boundary of the layer or is absorbed. In the case when the 
photon reaches a boundary, the probability of its reflection or refraction is 
determined by Fresnel’s coefficients. If the photon is reflected, the calculation of 
the propagation parameters is repeated, otherwise these calculations are 
performed based on the optical properties (μs, μa, g or p(s, s’), n) of the other 
layer into which the photon has penetrated. In the case when the photon leaves the 
considered medium or is absorbed, the final parameters of photon (final position, 
direction, weight etc.) are processed and stored and tracing of a new random 
photon trajectory begins. 

The processing of the output photon data consists in saving the information 
about photon trajectory for collecting the necessary statistics and further 
generalization of the data. For each simulated measurement technique a specific 
output data set is important. The collected photons are selected according to the 
preset detection conditions (detector size and position, numerical aperture). 

The typical trajectories of photons propagating in a 1-mm thick layer of 
medium mimicking erythrocyte suspension obtained by the Monte Carlo 
simulation are shown in Fig. 14. 
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Fig. 14. Typical trajectories of photons propagating in a 1-mm thick layer of medium 
mimicking erythrocyte suspension (Hct = 35%) obtained by the developed Monte Carlo 
code (λ = 820 nm).  

5.2 Application of the Monte Carlo method to OCT 

5.2.1 Simulation of an OCT A-scan 

When simulating the OCT signal, the photon tracing inside the object under study 
is performed by the Monte Carlo technique. The OCT setup described in the 
paper IX was considered as a basis for the simulation. For the calculation of the 
OCT signal only the photons fitting the given detection conditions (detector 
position, size and numerical aperture) were selected.  

For calculation of the OCT signal a process of interference signal formation 
resulting in interaction of the waves reflected from the reference mirror and 
backscattered from the object should be simulated. The beam splitter reflection 
coefficient is supposed to be 0.5 and the number of photons injected in the 
reference and sample arms of the OCT setup is the same. 

When simulating the photon propagation in the object its optical pathlength is 
calculated. After completing the simulations for a large number of photons the 
distribution of the detected photons over their optical pathlengths is obtained as 
the output data. This distribution can be considered as an envelope of the OCT 
signal with very narrow (δ-function) coherence function, because it characterizes 
the in-depth distribution of object optical properties [100,101]. 



 42 

The OCT signal itself can be calculated in accordance with the formula for 
the interference part: [8]: 

 Iint =  r sI I  cos ( 2π
λ
∆l), (22) 

where Ir and Is are the intensities of radiation coming from the reference and 
sample arm, correspondingly , ∆l is their pathlength mismatch. Consequently, 
with allowance for the low coherence of the probing radiation the interference 
signal can be calculated as follows:  

 I(t) = r s ( , )i
i

N N t lΔ∑ cos ( 2π
λ
∆li) C(∆li, lcoh), (23) 

where Nr(t, ∆li) and Ns(t, ∆li) are the numbers of photons detected from the 
reference and the object arm, respectively, C(∆li, lcoh) is the coherence function, 
lcoh is the coherence length of the probing radiation. This time dependence can be 
recalculated into depth-dependence using scanning mirror velocity. In our 
simulations the coherence function is supposed to have Gaussian shape, and the 
OCT signal is calculated by the following formula:  

 I(t) = r s ( , )i
i

N N t lΔ∑ cos ( 2π
λ
∆li) exp(-

2

coh

il
l

⎛ ⎞Δ
⎜ ⎟
⎝ ⎠

), (24) 

When performing simulations, the photons are actually not propagated in the 
reference arm, however, their pathlength there is determined and accounted in 
further calculations. The number Nr(t, ∆li) is assumed to be equal to the number of 
photons launched into the medium. To the number Ns(t, ∆li) contribute that 
photons which meet the detecting conditions (exiting point and angle) when 
leaving the scattering medium. 

In ref. [100] the Monte Carlo simulation of OCT signal was performed 
without allowance for the coherence function. In this study the OCT signal was 
obtained as a square root from the distribution of the detected photons over their 
optical pathlength. Accounting for the photons phase shifts when propagating in a 
medium in the presence of moving scatterers allows one to simulate the OCDT 
technique [23,24]. 

However, as photon packets are considered in the simulations it is necessary 
to account for interference of each detected photon packet with reference 
radiation and the simulated OCT signal should be calculated as a superposition of 
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these partial interference fringe patterns. This method was used in our simulations. 
The number of injected photons for simulation of OCT A-scan was chosen 
depending on calculation time and required accuracy of the obtained value or 
dependence. Usually several million photons are lunched. 

Allowance for speckle formation is an important problem for simulation of 
OCT signals. As it has been mentioned above, the main sources of speckles in 
OCT are fluctuations of the studied object position and multiple scattering in 
medium causing phase shifts. The first type of the speckles is not taken into 
account in the simulation because it is assumed that the object is fixed. Moreover, 
modern OCT devices utilizing fiber optics allow one to fix the optical fiber 
directly to the studied object avoiding this kind of speckles. 

The effects of multiple scattering are the main subject of the present study. In 
several papers devoted to Monte Carlo simulations of OCT signals only single or 
least scattered photons are taken into account [8,100,102-104]. In the developed 
model the interaction of radiation backscattered from the object is considered 
accounting for the preset coherence function, which allows one to estimate 
multiple scattering effects. Moreover, MCM enables one to distinguish least and 
multiply scattered photons, which is impossible in experiment. This is an 
important advantage of MCM in OCT signal simulation. 

It is worth mentioning that the speckle effect will be present in the simulated 
OCT signal because it is calculated as a sum of partial interference fringe patterns. 
The summation of the fringe patterns with random phase shifts will result in 
speckle structure of the signal. In experiment this speckle structure is caused by 
random position of scatterers inside the scattering medium.  

Fig. 15. Typical OCT images of paper sample with optical clearing agent applied with 
(left) and without (right) speckle suppression [IX]. 
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Fig. 16. Simulated envelopes of the OCT signals without (left) and with (right) account 
for speckle structure. 

For suppression of the speckle effect the spatial or temporal averaging is used in 
OCT study of scattering media. Typical images of paper obtained with and 
without speckle suppression (spatial averaging) are presented in Fig. 15. In Monte 
Carlo simulation of the OCT signal for suppression of the speckle effect instead 
of spatial averaging, the OCT signal is calculated as a sum of the envelopes of 
partial interference signals. The formula for interference signal calculation in this 
case has the form: 

 I(t) = r s ( , )i
i

N N t lΔ∑ exp(-
2

coh

il
l

⎛ ⎞Δ
⎜ ⎟
⎝ ⎠

), (25) 

This method is enhancement of the technique proposed in ref. [100]. The 
simulated OCT signals (A-scans) calculated with and without accounting for 
speckle structure are presented in Fig. 16. 

Another problem appearing when simulating the propagation of broadband 
radiation is the dependence of the medium optical properties on the wavelength 
leading to dispersion effects. From ref. [1] one can see that the optical properties 
of biotissues and their phantoms in NIR range exhibit weak wavelength 
dependence (usually, units of percent within 50 nm range) and these effects can 
be neglected in simulations. 

Optical properties of the considered media also depend on the polarization of 
the incident radiation. In this study the effect of a specific polarization is not 
considered and the incident radiation is assumed to be non-polarized. 

Alternative approaches to Monte Carlo simulations of OCT signals were 
proposed in refs. [105,106], in which the simulations were based on extended 
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Huygens-Fresnel principle allowing one to accurately account for wave effects. In 
ref. [107] a fixed-particle Monte Carlo method was considered allowing more 
accurate calculation of speckle patterns.  

5.2.2 Simulation of an OCT image 

In order to simulate the OCT image the sequential OCT A-scans are simulated 
with a definite step in probing position. The total number of A-scans and the step 
between them are predefined. The step is usually chosen as a width (FWHM) of 
the probing beam diameter. The simulated OCT images can be created both with 
account of speckles and without it. Typical simulated images of skin obtained 
with and without account of speckles are shown in Fig. 17.  

Fig. 17. Simulated OCT image of skin without (left) and with (right) speckles account. 

5.3 Classification of photons contributing to the OCT signal 

5.3.1 Least and multiple scattering photons 

In the current work we consider two classifications of the photons contributing to 
the OCT signal. The first of them characterizes validity of the information carried 
by the photon about the embedding depth of scatterer [100]. The photon is 
considered to be multiply scattered if the difference between its optical pathlength 
in the medium l and its doubled maximal optical depth reached in the medium 2 
zmax exceeds the coherence length of the probing source lcoh: 

 l – 2 zmax > lcoh  . (26) 
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In this case it is supposed that photons provide distorted information about 
scatterer’s depth. Further these photons will be referred to as MSP. In the opposite 
situation the photons are considered to be least scattered and are supposed to 
carry valid information about the depth of the scatterer. These photons are 
referred to as LSP. The definition of the maximal optical depth is a problem when 
considering media with non-planar boundary shapes. Our study showed that 
calculating the maximal optical depth based on average layer thicknesses provides 
unreasonable results and, hence, it is defined separately for each photon being 
calculated for the layer thicknesses corresponding to the photon incident point.  

5.3.2 Diffusive and non-diffusive photons 

The second classification used in the present study is based on the diffusion 
theory [108]. According to this classification, the photon is supposed to contribute 
to the diffusive component if its optical pathlength l exceeds transport length in 
the medium ltr. In this case the photon “forgets” its initial propagation direction in 
the medium. We interpret this definition from the point of view of scattering 
events supposing that stochastization of photon direction in the medium is caused 
by the scattering events. Thus, the criterion of diffusive photon is exceeding the 
average number of scattering event experienced when passing the transport length 

 a

a

s
cr

s

N N
μ μ
μ μ

+ 
> =

′+ 
, (27) 

where transport length: ltr = (μa + μs’)
–1

, μs’ = μs (1 – g), mean free pathlength: lfp 
= (μa + μs)

–1
. These photons are referred to as DC. In the opposite case the 

photons are supposed to contribute to non-diffusive component and are referred to 
as NDC.  
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6 Comparison of simulated and experimental 
OCT signals and images  

6.1 Study of blood and intralipid samples 

6.1.1 Simulation of OCT signals from blood and intralipid 

The simulation of the OCT signals (A-scans) from plain layers of erythrocyte 
suspension mimicking blood and intralipid solution of various concentrations was 
discussed in the paper I. The effect of speckles here and later is not taken into 
account unless otherwise stated. The distributions of the contributing photons 
over the number of experienced scattering events were also obtained. The optical 
parameters used in simulations are presented in Table 2. The data are based on the 
results obtained in the papers [53,68,69]. For intralipid it was supposed that 
scattering and absorption coefficients depend linearly on concentration because 
the considered concentrations are relatively small while for erythrocyte 
suspension the hematocrit dependence is taken from ref. [53]. The parameters of 
the simulated setup coincide with those of the system described in ref. [40]. 

Table 2. Optical parameters of erythrocyte suspension and intralipid solution for 
different concentrations (λ = 820 nm). 

Parameter Erythrocyte suspension  Intralipid solution 

Concentration 35%  10%  5%  10%  5%  2% 

µs (mm-1) 57.3  53.8  29.0  27.0  13.5  5.4 

µa (mm-1) 0.82  0.30  0.15  0.002  0.001  0.0004 

g 0.977  0.992  0.99  0.63  0.63  0.63 

n 1.35  1.35  1.35  1.33  1.33  1.33 

µs’ (mm-1) 1.32  0.43  0.29  10.0  5.0  2.0 

lfp (mm) 0.017  0.018  0.034  0.038  0.074  0.185 

ltr (mm) 0.47  1.37  2.27  0.10  0.20  0.50 

Ncr 28  76  67  3  3  3 

The simulated OCT signals from a 0.5 mm thick layer of erythrocyte suspension 
with volume concentrations (hematocrits) of 5, 10, and 35% are shown in Fig. 18. 
The former two hematocrits correspond to the diluted blood while the latter one is 
close to physiological value. 
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Fig. 18. Simulated OCT signals from a 0.5 mm thick layer of erythrocyte suspension 
with volume concentrations (hematocrits) of 5, 10, and 35%. 

Two maxima in each signal correspond to the layer borders while the interval 
between them corresponds to the signal from the medium. The slope of the signal 
in this interval increases with the increase in concentration of scatterers in the 
medium. The signal after the second peak is formed by multiple scattering and its 
level also increases with increasing concentration. The value of the second peak 
decreases with increasing concentration because larger concentration causes 
stronger scattering and deflection from straight-forward propagation and the peak 
from the rear border is blurred.  

The distributions of the photons contributing to the OCT signal over the 
number of scattering events for three considered hematocrits are shown in Fig. 19. 
Like in the case of the OCT signals, one can see in this figure two maxima for 
each curve corresponding to the layer boundaries. The first one corresponds to the 
near boundary while the second one corresponding to the rear boundary is 
widened and its value decreases with increasing hematocrit. This decrease is 
caused by the increase in scattering coefficient and for Hct = 35% it is almost 
indistinguishable. Position of this maximum can be estimated as the ratio of 
doubled layer thickness 2L to mean free pathlength lfp = 1/( μs + μa):  

 N = 
fp

2L
l

 (28) 
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is an average number of scattering events experienced by a photon contributing to 
the peak from rear boundary. 

Fig. 19. Distributions of the photons contributing to the OCT signal over the number of 
scattering events for three considered hematocrits. 
From the presence of this widened maximum one can conclude that the peak from 
the second boundary is formed by the so-called snake-photons (or LSP), the 
trajectories of which are close to straight-forward propagation. The snake-photons 
are typical for light propagation in a medium with high anisotropy factor. 

The simulated OCT signals from an intralipid solution 0.5 mm thick layer 
with volume concentrations of 2, 5, and 10% are shown in Fig. 20. The former 
two concentrations are reported to have optical properties close to that of skin in 
NIR, while the latter one is the standard concentration at which it is available.  

The structure of the OCT signal is similar to the case of erythrocyte 
suspension, however the peak from the rear border is distinguishable only for the 
smallest of the considered concentrations (2%), which is explained by smaller 
anisotropy factor of intralipid solution compared to that of erythrocyte suspension. 
The qualitative dependencies of the signal shape are similar to that in the case of 
erythrocyte suspension caused by the change in scattering coefficient. 
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Fig. 20. Simulated OCT signals from an intralipid solution 0.5 mm thick layer with 
volume concentrations of 2, 5, and 10%. 

The distributions of the photons contributing to the OCT signal over the number 
of scattering events for three considered concentrations are shown in Fig. 21. 

Fig. 21. The distributions of the photons contributing to the OCT signal over the 
number of scattering events for three considered concentrations. 

From this figure one can see that there are no distinguishable maxima from the 
rear border for all the considered concentrations due to smaller anisotropy factor 
compared to that of erythrocyte suspension. This causes more significant 
widening of the rear border maxima resulting in it being indistinguishable.  
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6.1.2 The influence of blood aggregation and sedimentation on the 
OCT signal 

The processes of red blood cell (RBC) aggregation and sedimentation in blood are 
of importance from the point of view of nonlinear dynamics of flows and clinical 
hemorheology [109,110]. As it was shown in the paper II and reference [40], OCT 
proved to be an effective tool for studying these processes. They affect the optical 
properties of blood and these changes can be detected by OCT. The OCT 
scanning of an erythrocyte suspension layer in real time allows investigation of 
RBC aggregation and sedimentation kinetics. 

Being suspended in a macromolecules solution (in blood plasma, in particular) 
the erythrocytes exhibit the tendency towards aggregates creation. At the first 
stage of aggregation they form linear aggregates, the so-called “rouleaux” of 
different length. At the next stage the linear aggregates unite in complex three-
dimensional structures which slowly sediment because their average density is 
larger than that of blood plasma. The aggregation is supposed to be caused by 
non-specific adsorption of protein molecules on the erythrocyte surface [109,111]. 
It was proven experimentally that the velocity of erythrocyte aggregation linearly 
depends on the protein concentration in plasma, temperature of the sample and 
deformability of the erythrocytes [112] allowing one to diagnose various diseases 
as infections, inflammations, blood pathologies (e.g. leukemia, lymphoma etc.). 
The shear stress can split the aggregates into smaller conglomerates or single 
RBCs. 

Linear aggregates are usually significantly larger than a single RBC; hence, 
the effective anisotropy factor of the suspension containing aggregates increases 
compared to that of the suspension of single erythrocytes. During the 
sedimentation process the thickness of the layer containing erythrocytes and their 
aggregates decreases giving rise to a pure plasma layer on the top of the sample. 
Hence, the scattering properties of the sample as a whole are changing, which can 
be detected by OCT. 

The aggregation and sedimentation processes were studied by OCT 
experimentally in reference [40]. These results were used as a basis for the Monte 
Carlo simulations allowing one to understand the origin of the experimentally 
obtained signals. The SLD at 820 nm with a spectral width of 25 nm was used as 
a source for OCT. The blood layer of 1.1 mm thickness was located in a glass 
cuvette of 4 by 40 mm with a metal reflector as a bottom. The blood sample 
surface was oriented perpendicularly to the incident probing radiation. The beam 
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waist length of 1.2 mm provided negligibility of the focusing effect on the 
obtained OCT signals. The experimental signals are shown in Fig. 22. 

 

(a)                                        (b)                                        (c) 

Fig. 22. In-depth reflectance profiles measured for slightly diluted whole blood: (a) at 
the beginning of the sedimentation process; (b) 5 min later; and (c) 10 min later [II]. 

The first peak in Fig. 22 is induced by reflectance from the glass–blood interface; 
the second peak, which is broad and has some structure caused by non-uniform 
erythrocyte distribution on the layer boundary, is induced by the reflection from 
the RBC–plasma interface; and the third peak is caused by the metal reflector. 
The contrast of the third peak can be chosen as a criterion of quantitative 
characterization of the processes under study: it increases during aggregation and 
sedimentation processes due to increase of anisotropy factor, negligible changes 
in scattering coefficient and decreasing of the scattering layer thickness. 

In the simulations the OCT signals were calculated from a horizontal flat 
layer of an erythrocyte suspension with the thickness of 1.1 mm with a metal 
reflector behind it which corresponds to the experiment [40]. The reflection 
coefficient of the metal was chosen to be 0.6. The following values of optical 
parameters of the non-aggregated suspension before sedimentation (Hct = 35%) 
were chosen for simulations: µs = 57.3 mm-1, µa = 0.82 mm-1, g = 0.977, n = 1.35 
at the wavelength of 820 nm [53]. The dependences of the optical properties at 
the wavelength of 633 nm on hematocrit are shown in Fig. 6. The dependences 
for 820 nm were recalculated from the former supposing that the character of the 
dependence is the same by taking corresponding ratios of the values for 820 nm to 
the ones for 633 nm. 

The parameters for the blood layers after the start of the aggregation and 
sedimentation processes were also chosen based on the parameters shown in ref. 
[53] (see Table 3). It was supposed that during sedimentation processes the 
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sample under study splits into two layers: the upper one contains blood plasma 
only, and the lower one contains the RBCs and their aggregates.  

Table 3. Optical parameters of erythrocyte suspension at different stages of 
aggregation and sedimentation (at different times after start of the processes) for λ = 
820 nm. 

Time (min) Hct (%) µs (mm-1) µa (mm-1) g n 

0 35 57.3 0.82 0.977 1.365 

5 50 57.3 1.5 0.986 1.375 

10 77 57.3 2.2 0.986 1.394 

The thickness of the upper layer increases with time, whereas the thickness of the 
lower layer decreases and hematocrit in it increases, which can be seen from the 
experimental dependences. This thickness value was chosen in the simulation in 
accordance with the experiment. The refractive index was calculated according to 
the formula:  

  n = nRBC ·Hct + nbp·(1 – Hct), (29) 

where nRBC is the refractive index of RBC cytoplasm, nbp is the refractive index of 
blood plasma, Hct is hematocrit. The refractive indexes of RBC cytoplasm and 
blood plasma are 1.42 and 1.35, correspondingly. The upper layer was supposed 
to contain some small amount of RBCs with µs = 1 mm-1, because experimental 
results exhibit some scattering in this layer. 

In the simulations two various options for the model medium were 
considered: suspension of the RBCs in physiological solution (aggregation does 
not occur) and in blood plasma (aggregation takes place). The envelopes of the 
simulated OCT signals for both cases are shown in Fig. 23. It is assumed in the 
simulation that a strict boundary between plasma layer and RBC-containing layer 
is formed during sedimentation. The structure of the simulated OCT signals 
obtained qualitatively represents that of the experimental ones; however, the 
presence of the strict boundary causes a pronounced narrow peak corresponding 
to it in the simulated OCT signals.  
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Fig. 23. Simulated OCT signals from non-aggregating (top) and aggregating (bottom) 
erythrocyte suspension (Hct = 35%) (a) before sedimentation starts, (b) in 5 minutes, 
(c) in 10 minutes. 

The essential difference between cases of aggregating and non-aggregating 
suspension is in contrast of the peak from the rear boundary (corresponding to the 
metal reflector), which is larger for the case of aggregating suspension due to 
higher anisotropy factor. As was mentioned above, the effective anisotropy factor 
in the presence of aggregates is higher due to larger average size of the scatterer 
causing stronger forward elongation of the phase function. 

In the experimental signals the peak is less contrasted than in the simulations 
results, which is probably caused by the absence of strict boundary between blood 
plasma and RBC containing layer and the presence of gradient distribution of the 
RBC concentration in this region. In order to account for this effect, another set of 
simulations was performed in which a gradient increase of hematocrit in the 30 
μm thick layer near the boundary between blood plasma and RBCs was simulated. 
This gradient increase was considered to be linear increase from the optical 
properties of the upper layer to that of the blood. The simulations were performed 
both for the cases of aggregating and non-aggregating suspensions. The results 
are presented in Fig. 24.  
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Fig. 24. Simulated OCT signals from non-aggregating (top) and aggregating (bottom) 
erythrocyte suspension (Hct = 35%) with account for hematocrit gradient in the region 
of plasma layer boundary (a) before sedimentation starts, (b) in 5 minutes, (c) in 10 
minutes. 

In this case, the simulated envelopes of the OCT signals are close to the 
experimental ones compared to the case presented in Fig. 23. This fact allows one 
to conclude that this gradient distribution of concentration takes place in 
experiment and should be taken into account.  

6.1.3 Determination of imaging depth in OCT measurements 

An important problem in characterization of the OCT signal and images of the 
objects under study is determining the imaging depth which can be interpreted as 
the maximal depth of non-distorted imaging. This depth is usually determined as 
the depth from which the contributions of multiple scattering and least scattering 
are equal [100]. This problem was studied in the paper III. Both classifications 
mentioned in paragraph 5.3 were used for this characterization. At the first stage 
the contributions of different fractions to the OCT signals from one layer models 
of biotissues were obtained implementing Monte Carlo simulations. The objects 
under study were plain 1mm-thick layers of 2% intralipid solution and non-
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aggregating erythrocyte suspension at Hct = 35%. The optical properties for these 
media are listed in Table 3. 

 

Fig. 25. Simulated OCT signals and contributions of different fractions for 2% 
intralipid solution layer (left) and erythrocyte suspension at Hct = 35% (right).  

The envelopes of the OCT signals and the contributions of different photons 
fractions to these two media are presented in Fig. 25. For the case of intralipid 
solution (Fig.25 left), two pronounced peaks corresponding to the boundaries of 
the layer can be observed, whereas for the case of erythrocyte suspension the peak 
from the rear boundary cannot be observed due to stronger scattering in 
erythrocyte suspension compared to that in intralipid solution. This reason also 
explains stronger attenuation of LSP and NDC components in the case of 
erythrocyte suspension. 

Imaging depth, more exactly maximal depths of detection and localization 
can be evaluated using the criterion of prevalence of NDC and LSP in the signal, 
correspondingly. This means that it is possible to detect non-uniformity inside the 
object under study if at the corresponding depth NDC prevails over DC and it is 
possible to determine the localization (position) of non-uniformity. However, one 
should mention that large refractive index jumps (i.e. intralipid layer boundary in 
Fig. 25 left) can be detected at larger depths. 

From the obtained results one can conclude that the maximal depths of 
detection and localization are 0.4 and 0.3 mm for the layer of 2% intralipid 
solution, and 0.3 and 0.2 mm for erythrocyte suspension, respectively, 

One can also evaluate information content of the OCT signal by analyzing the 
distributions of the photons contributing to the signal from the target layer over 
the optical pathlength. For each layer, which boundaries are shown by vertical 
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lines, the contribution of the photons, which maximal reached depth lies within 
the layer, are shown. Such dependences for four target layers situated at different 
depths for both intralipid solution and erythrocyte suspension are plotted in Fig. 
26. From this figure one can observe broadening of photon distribution over 
pathlength with the increase of the layer embedding depth, and the maximum of 
this distribution shifts towards longer pathlength relative to the position of the 
layer. This broadening is caused by the scattering in the medium, whereas larger 
scattering coefficient together with smaller anisotropy factor provide more 
significant broadening and decrease of signal information content. One can see 
that the majority of photons that reached the target layer at a depth larger than 0.5 
mm have optical pathlength which does not correspond to the embedding depth of 
the layer resulting in distorted information in the signal. 

Fig. 26. Distribution of the photons contributing to the OCT signal from target layers 
(boundaries marked by vertical lines) over optical pathlengths for plain layers of 
erythrocyte suspension at Hct = 35% (left) and 2% intralipid (right).  

The coherence length of the probing radiation is the key characteristic for the 
OCT setup. It determines the resolution of the OCT setup, on the one hand, and 
the selectivity of the photons contributing to the signal on the other. The maximal 
depth of non-distorted imaging is connected with coherence length via criterion 
for multiple scattering photons definition (5.18). The influence of the coherence 
length on the maximal depth of non-distorted imaging was studied both for 2% 
intralipid solution and erythrocyte suspension at Hct = 35%. These dependences 
are plotted in Fig. 27. 
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Fig. 27. Maximal depth of non-distorted imaging versus coherence length in 2% 
Intralipid and blood at Hct = 35%. 

From this figure one can see that the maximal depth of non-distorted imaging 
increases with the increase of the coherence length. The latter leads to a decrease 
of the resolution of the OCT system, simultaneously providing more photons 
suiting LSP-criterion and keeping the same total amount of contributing photons; 
the redistribution occurs causing an increase of LSP and consequent decrease of 
MSP. This results in an increase of the depth at which the contributions of LSP 
and MSP are equal. 

At the next stage of the present study, 3-layer biotissue phantoms consisting 
of two 2% intralipid layers and one erythrocyte suspension layer at Hct = 35% 
between them were considered. The thickness of the blood-like layer was chosen 
to be 100 μm, and its embedding depth varied from 50 to 300 μm, which 
corresponds to the capillaries embedding depth in skin. The simulated envelopes 
of the OCT signals for two values of blood-like layer embedding depth and the 
contributions of different fractions are presented in Fig. 28. 
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Fig. 28. Simulated OCT signals from the 3-layer skin phantom for 50 μm (left) and 300 
μm (right) embedding depth of the blood-like layer. 

From this figure one can see the peak corresponding to the boundaries of the 
layers. However, for the case of the blood-like layer embedding depth of 300 μm, 
the rear boundary of this layer is almost undetectable. The step-wise decrease in 
signal level at the intervals of the signal corresponding to the blood-like layer are 
explained by smaller reduced scattering coefficient of blood compared to that of 
2% intralipid. From these figures one can also observe that the peaks from the 
boundaries are formed by NDC and LSP components. 

6.2 Study of skin samples 

6.2.1 Determination of imaging depth in simulations of OCT signals 
from skin 

At the next stage of the present study the four-layer model of skin consisting of 
four upper skin layers was considered to evaluate the maximal depth of non-
distorted imaging. We considered four upper layers of skin, giving the major 
contribution to backward scattering which can be imaged by OCT. These layers 
are the following: stratum corneum, prickle layer of epidermis, basal layer of 
epidermis, and dermis containing upper capillary plexus. As was mentioned above, 
various authors report different values for optical properties of skin. These values 
also strongly depend on the type of the skin. In ref. [63] the authors proposed the 
original method of extracting the skin optical properties from OCT scans. 
However, the values reported by these authors vary significantly from the ones 
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reported by other authors using different methods (see, for example, [1]). In the 
present study average values shown in Table 4 were used. 

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

Skin layer Thickness (mm) µs (mm-1) µa (mm-1) g n 

Stratum corneum 0.02 40 0.02 0.9 1.54 

Epidermis  (prickle layer) 0.18 5 0.015 0.95 1.34 

Epidermis (basal layer) 0.2 10 0.02 0.85 1.4 

Dermis with upper plexus 0.2 10 0.1 0.9 1.39 

The simulated envelopes of the OCT signal from the skin model and contributions 
of different fractions are presented in Fig. 29. 

Fig. 29. Simulated OCT signals from the 4-layer skin model and contribution of 
different fractions. 

From this figure one can see that for the considered model of the skin upper 
layers the maximal depths of localization and detection are 0.55 and 0.65, 
respectively, exceeding the corresponding values for media simulating 
erythrocyte suspension at Hct = 35% and 2% intralipid solution. This allows us to 
conclude that when utilizing OCT for imaging skin samples, the values for 
localization and detection depths may exceed those obtained above for 2% 
intralipid, erythrocyte suspension and their combinations. 
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6.2.2 Comparison of experimental and simulated OCT images of skin 

The study of formation of OCT images of skin phantom was further performed in 
the paper V. For simulating the OCT images of a multilayer human skin phantom 
we considered the OCT setup described in the paper IX in which λ = 910 nm, lcoh 
= 7.5 μm. Three values of coherence length lcoh = 5, 10 and 15 μm were used in 
the simulations. For calculating a 2-D OCT image, 50 A-scans with a transversal 
step of 20 µm were calculated. The typical calculation of an OCT image of 
human skin took about 10 hours at PC by means of AMD Athlon™ 3000 
processor. We considered the multilayer model of skin, developed in the paper VI. 
Its schematic is shown in Fig. 30. These layers were chosen on the basis of the 
experimental OCT image of skin shown in Fig. 31a. 

Fig. 30. Schematic of the multilayer skin model used in simulations. 

The optical properties and typical thicknesses of various skin layers used in the 
simulation are listed in Table 4.The experimental and simulated images are shown 
in Fig. 31. 
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(a)                                                  (b) 

Fig. 31. Comparison of experimental (left) and simulated (right) OCT images of human 
finger skin. 

From this figure one can see that the proposed multilayer model provides the 
simulated OCT image qualitatively like the experimental one. This fact leads to 
the conclusion that the proposed model can be used to study formation of OCT 
signals from skin samples and to evaluate the influence of OCT setup parameters. 

6.2.3 The influence of OCT parameters on the OCT image 

Images obtained for three different values of coherence length (5, 10 and 15 μm) 
are presented in Fig. 32. One can see that an increase in coherence length causes a 
decrease in the resolution. Most clearly this fact can be seen from the imaging of 
the upper skin layer (stratum corneum) which is fairly well visualized in the case 
of lcoh = 5 μm. In this case its borders are easily detectable while in the case of lcoh 

= 10 and 15 μm its borders are blurred.  

(a)                                        (b)                                      (c) 

Fig. 32. Simulated OCT images of model biotissue for various values of coherence 
length: (a) 5 µm, (b) 10 µm, (c) 15 µm (λ = 910 nm, image size 1 х 1.1 mm). 
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The envelopes of A-scans averaged over transversal direction for the considered 
values of coherence length are depicted in Fig. 33. One can see that an increase in 
the coherence length leads to an increase in the level of the OCT signal causing 
also overlapping of the signals from the stratum corneum layer; however it keeps 
the contrast of the boundary between the two epidermis layers constant and 
slightly increases the contrast of the epidermis-dermis layer interface. 

Fig. 33. Averaged A-scans of OCT from a model biotissue for various values of 
coherence length. 

The further study was concentrated on the influence of speckles on the simulated 
OCT image. As was mentioned in section 5.2.1, the exact signal should be 
calculated according to the formula (24), however, it provides noisy results due to 
the overlapping of the particular fringe patterns. In order to avoid the effect of 
speckles in the experiment, various speckle reduction techniques are used. In 
simulation, these techniques can be implemented via several calculations and 
further averaging of the results. The next step is calculation of the envelope of the 
resulting averaged signal which is usually used for imaging and analysis. 
However, using formula (25) allows one to avoid this time-consuming post-
processing. The simulated OCT images obtained by the Monte Carlo technique 
using formulae (25) and (24) are shown in Fig. 34 for the values of the coherence 
length 5 and 15 μm. 

One can see that using formula (25) provides less noisy images which make it 
reasonable unless there is an aim to study the influence of speckles. The layer 
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more accurate imaging. The effect is especially pronounced in the case of lcoh= 15 
μm where the overlapping fringe patterns are wider compared to the case of lcoh= 
5 μm. We should mention also that in these simulations, we do not obtain real 
speckles as in the experiment, because in the experiment, the speckles depend 
only on the structure of the studied medium while in simulated “speckles” the 
effect of randomness is due to the stochastic character of the Monte Carlo method, 
where the scattering events occur at random positions. In order to overcome this 
difference, a fixed-particle Monte Carlo method should be used [107]. 

 

(a)                                                                          (b) 

(c)                                                                         (d) 

Fig. 34. Simulated OCT images calculated without (a - lcoh= 15 μm, c - lcoh= 5 μm) and 
with allowance (b - lcoh= 15 μm, d - lcoh= 5 μm) for the speckle effect. 
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6.2.4 Contribution of various scattering orders to OCT image of skin 

At the next stage of the present study described in the paper VI the contributions 
of various photon fractions to the simulated OCT images of skin samples are 
discussed. The classifications of photons used in the study are the same as for 
analysis of single A-scans described in section 5.3. The calculations for the 
developed technique were performed for 6-layer skin model introducing also 
deeper skin layers: dermis and dermis with lower capillary plexus which 
schematics is shown in Figure 35a. The optical properties of the skin layers used 
in this model are given in Table 5. The simulated OCT images of this skin sample 
are presented in Fig. 35b,c both without and with speckle effect account for lcoh = 
5 μm. 

(b)   (c) 

Fig. 35. Schematics of the skin model (a) and simulated OCT image of skin without (b) 
and with allowance for speckles (c). 
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Table 5. Optical properties of various skin layers (λ = 910 nm). 

Skin layer Thickness (mm) µs (mm-1) µa (mm-1) g n 

Stratum corneum 0.02 40 0.02 0.9 1.54 

Epidermis  (prickle layer) 0.18 5 0.015 0.95 1.34 

Epidermis (basal layer) 0.2 10 0.02 0.85 1.4 

Dermis with upper plexus 0.2 10 0.1 0.9 1.39 

Dermis 0.8 7 0.7 0.87 1.4 

Dermis with lower plexus 0.6 12 0.2 0.95 1.39 

 

(a)   (b) 

(c)   (d) 

Fig. 36. LSP (a) and MSP (b), NDC (c) and DC (d) components of the OCT image of skin. 

Figure 36a,b shows the contribution of LSP and MSP to the OCT image of skin 
without allowance for speckle effects. From this figure one can see that the LSP 
component forms the image of the upper skin layers while the MSP component 
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repeats the full OCT image, however, it is blurred and provides low contrast. The 
LSP contributes to the image for optical depths up to 1.1 mm. 

Figure 36c,d shows the contribution of NDC and DC to the OCT image of 
skin without allowance for speckle effects. From this figure one can see that the 
DC contributes to imaging the object starting from the epidermis basal layer and 
is more blurred compared to the multiple scattering contribution. The NDC 
contributes to the image for optical depths up to 1.3 mm. 

The contributions of the separate scattering orders to the OCT image of the 
skin sample are shown in Fig.37. From this figure one can see that the image is 
primarily formed by the small scattering orders; however, the structure of the 
contribution of each of the considered scattering orders is the same, varying only 
in the level of the signal. 
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Fig. 37. Contributions of 1st-9th scattering orders to the OCT image of skin. 
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6.3 Study of paper samples 

6.3.1 Plain layer paper model 

As was mentioned above, paper samples are characterized by a complex 
stochastic structure, hence analytical solution of RTE for analysis of light 
propagation is impossible. The available, widely applied methods for 
characterizing paper samples, such as the Kubelka-Munk theory, consider paper 
as a uniform medium; however such a representation cannot directly account for 
the porosity of paper and be effectively applied for analysis of the OCT images of 
paper samples. More complicated models of light propagation in paper 
accounting for porosity should be developed for valid interpretation of OCT 
images of paper samples obtained in experiment. As a first step in developing this 
model it was proposed in the paper VII to use a multilayer model of paper sample 
consisting of alternating plain fiber and air layers. This model was also based on a 
layered character of OCT images of paper samples obtained experimentally. The 
model provides reasonable qualitative results; however, its main disadvantage is 
that is does not account for stochastic character of light scattering in paper 
occurring at the fiber-air interface. 

6.3.2 Sinusoidal boundaries paper model 

The next step in developing a more sophisticated model of paper for simulation of 
OCT images was introduction of non-planar boundaries between layers. The 
results of utilization of this model are presented in the paper VIII; however, this 
model also provides regular images which differ significantly from the obtained 
experimental results. The upper and lower boundaries of the fibril layers were 
defined by the following analytic expressions, correspondingly: 

 z(x) = a sin (2πυx + 4πm/10)+b(2m-1), (30) 

 z(x) = - a sin (2πυx + 4πm/10)+b(2m), (31) 

where m = 1…5 is the index of fibril layer, υ is the  spatial frequency of boundary 
shape (υ = 6 mm-1), a is its amplitude, chosen equal (a = 2 μm), b is the thickness 
of air and fiber layer chosen equal to 12 μm. The cross-section of the model paper 
sample is presented in Fig.1.  
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Fig. 38. Cross-section of a model paper sample composed of 5 fibril layers and 4 air 
layers used in Monte Carlo simulations. While obtaining the OCT image, A-scans are 
performed along the z-axis consecutively at different x values. The size of the image is 
1 x 0.150 mm. 

The simulated OCT image of paper sample is shown in Fig. 39 for lcoh = 5 μm. 
However, one can mention that the structure of this image is regular and does not 
account for the stochastic origin of paper structure observed in the real OCT 
images of paper samples [35].  

Fig. 39. Simulated OCT image of paper sample for the case of fibril layer boundaries 
without random item. The size of the image is 600x500 μm. 

That is why we introduced the stochastic structure of paper by adding a random 
item to the analytic expressions for the fibril layer boundaries. 

6.3.3 Introduction of noise to paper borders 

The updated analytic expressions for upper and lower boundaries of the fibril 
layers, correspondingly, are the following: 

 z(x) = a sin (2πυx + 4πm/10) + (a/5) sin (rnd) +b(2m-1), (32) 

 z(x) = - a sin (2πυx + 4πm/10) – (a/5) sin (rnd) +b(2m), (33) 

where rnd is a random value uniformly distributed in the interval [0, 2π]. The 
difference in the shape of the simulated fibril layer boundaries with and without 
random item can be seen in Fig. 40. 
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Fig. 40. Difference in fibril layer boundary shape with and without random item in 
analytic expression. 

In simulations, a paper sample without fillers was considered. The thickness of 
the sample was about 150 μm, and the porosity about 40%. The proposed model 
provided simulated OCT images which are more qualitatively like the 
experimental OCT images compared to the results of the described above models. 
The simulated and experimental OCT images of paper samples are compared in 
Fig. 41. 

Fig. 41. Comparison of experimental (left) and simulated (right) OCT images of paper. 

6.3.4 Comparison of simulated and experimental OCT images in 
optical clearing of paper 

To continue the study of OCT imaging of paper samples, several refractive index 
matching (RIMA) agents were used for optical clearing of the samples. The 
RIMAs applied and their refractive indexes are listed in Table 6.  
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Table 6. Refractive indices of the optical clearing agents. 

RIMA n 

Isopropanol 1.375 

1-pentanol 1.407 

Benzyl alcohol 1.538 
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                                   (g)                                                            (h) 

Fig. 42. Experimental OCT images of the paper samples with speckle suppression by a 
piezo at 15 MHz connected to a scanning head (a – without RIMA, c – with benzyl 
alcohol, e – with 1-pentanol, g – with isopropanol) and without it (b – without RIMA, d – 
with benzyl alcohol, f – with 1-pentanol, h – with isopropanol). 

The experimental images of the samples were obtained with commercially 
available OCT setup produced by the Institute of Applied Physics of RAS 
(Nizhny Novgorod) described in detail in the paper IX. This setup uses a 
superluminescent diode emitting light at the wavelength of 910 nm with a 
coherence length of 7.5 μm, transversal resolution of 9µm and measuring head 
with detection angle of 60. 
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The experimental OCT images of the studied paper samples are given in Fig. 
42. The scales are in μm; along the ordinate axis the optical length is shown. 
From these figures one can see that speckle suppression improves the quality of 
the images of the paper samples obtained by means of our OCT setup in all the 
considered cases.  

The simulated OCT images with and without RIMAs to be compared with the 
experimental ones (Fig. 42) are shown in Fig. 43. The presented images 
demonstrate the qualitative likeness of the experimental and simulated OCT 
images. However, for more exact coincidence more complicated paper models 
which are much more time-consuming compared to the presented multilayer 
model should be utilized.  

(a)                                                            (b) 

(c)                                                             (d) 

Fig. 43. Simulated OCT images of the paper samples (a – without RIMA, b – with 
benzyl alcohol, c – with 1-pentanol, d – with isopropanol). 

It is worth mentioning that the scattering events occur both inside the fibers and at 
their boundaries. Multiple scattering in paper samples causes elongation of optical 
pathlengths of photons propagating in the samples resulting in the presence of 
non-zero OCT signal in the region corresponding to the depths exceeding optical 
thickness of the sample. Application of RIMA significantly decreases changes in 
photon propagation direction after refraction at the boundaries of the fibers, thus 
causing a decrease in multiple scattering contribution. This fact can be observed 
from the OCT images of the samples with RIMA applied. All the presented 
images are shown in the same colour scale allowing one to compare the levels of 
the signal for the different cases. When applying benzyl alcohol the intensity is 
the lowest of all the considered cases because the refractive index of benzyl 
alcohol is closer to that of the cellulose fibers and the deflections in photon 
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propagation direction at the fiber boundaries are minimal. However, both the 
experimental and simulated images demonstrate that the application of RIMAs 
allows visualizing the sample’s internal structure. The fact that the structure of the 
sample in simulations is more regular compared to that of the real samples allows 
analyzing the formation of the internal structure image. Thus, when applying 
benzyl alcohol the signal is formed mostly by photons scattered inside the fibers, 
while when applying 1-pentanol and isopropanol, more contrast fiber boundary 
images are formed by the photons reflected from these boundaries. 

6.3.5 The influence of OCT parameters on the paper OCT images 

The influence of the OCT setup parameters such as coherence length and 
numerical aperture (NA) of the detector on the simulated OCT images of paper 
samples was also studied. Bearing in mind that NA depends of the refractive 
index of the medium and, hence, it differs for various RIMA’s we also introduced 
the detection angle η parameter as a maximal exit angle at which the photon 
contributes to the OCT signal. We considered the coherence length lcoh of 5 and 
10 μm and the detection angle η of 5, 10, 15, 20,30 and 400. 

The effect of the coherence length is obvious and manifests itself by a 
decrease of the system resolution with a simultaneous increase in signal level due 
to widening of the coherence function. The simulated OCT images of the 
considered sample with benzyl alcohol applied for three values of coherence 
length with η = 150 are shown in Fig. 44. 
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Fig. 44. Simulated OCT images of the paper sample with benzyl alcohol applied for two 
coherence lengths ((left) – 5 μm, (right) – 10 μm, ) for η = 150. 

The simulated OCT images for lcoh = 5 μm and various values of the detection 
angle without applying RIMA and with benzyl alcohol applied are shown in Fig. 
45. From this figure one can see that the signal level increases with an increase in 
the detection angle due to a decrease of the detector selectivity. 



 74 

 

100 200 300 400 500 600 700 800 900 1000

100

200

300 50

100

150

100 200 300 400 500 600 700 800 900 1000

100

200

300

20

40

60

80

100

120

140

 

(a)                                                            (b) 

100 200 300 400 500 600 700 800 900 1000

100

200

300 50

100

150

100 200 300 400 500 600 700 800 900 1000

100

200

300

20

40

60

80

100

120

140

 

(c)                                                            (d) 

100 200 300 400 500 600 700 800 900 1000

100

200

300 50

100

150

100 200 300 400 500 600 700 800 900 1000

100

200

300

20

40

60

80

100

120

140

 

(e)                                                            (f) 

100 200 300 400 500 600 700 800 900 1000

100

200

300 50

100

150

100 200 300 400 500 600 700 800 900 1000

100

200

300

20

40

60

80

100

120

140

 

(g)                                                             (h) 

Fig. 45. Simulated OCT images of paper samples without a RIMA (a – η=50, c – η=100, e 
– η=200, g – η=400,) and samples with benzyl alcohol applied (b – η=50, d – η=100, f – 
η=200, h – η=400,)at various detection angle values for  lcoh = 5 μm. 

However, the decrease in the selectivity of the detector leads to an increase in the 
number of multiply scattered photons contributing to the signal and distorting the 
image. In particular, one can see that this fact causes visual increase of the fiber 
layer thicknesses and the corresponding decrease of air layer thicknesses. Besides, 
the contrast of deep layer visualization becomes lower than that of the superficial 
layer with increase in detection angle, which can be clearly seen from the images 
corresponding to η = 400, whereas for smaller detection angles the contrast of the 
layers is almost the same. 
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For quantitative characterization of the obtained simulated images we choose 
the contrast of the rear border image as a criterion. The contrast is defined by the 
following expression: 

 K = b a

b a

I I
I I

−
+

, (34) 

where Ib is the average brightness of pixels corresponding to the rear boundary, Ia 
is the average brightness of pixels corresponding to the air layer. In the case of 
application of benzyl alcohol, extraction of the brightness of the pixels 
corresponding to the rear boundary is not defined and, hence, the average 
brightness of the pixel corresponding to the last fiber layer is used in the 
calculation of K. 

The dependence of K on the coherence length and the detection angle for the 
cases of various RIMA applications is plotted in Fig. 46. No results are given for 
the case of the sample without RIMA because the position of the rear boundary is 
not defined well in this case and K can be assumed to be zero. The value of NA 
corresponding to the applied RIMA is shown on the top axis of each graph. From 
this figure one can see that the contrast of the rear boundary significantly 
increases when applying RIMA. Non-monotonous character of the dependence of 
the contrast K on the detection angle can be explained by the fact that for each 
calculation a model multilayer sample with random shape of layer boundaries was 
generated. This shape is determinant for the characteristics of the OCT image of 
the sample. 

From the figures for isopropanol and 1-pentanol (Fig. 46a and 46b) one can 
conclude that with an increase in detection angle and coherence length the 
contrast K decreases insignificantly. For an increase in detection angle η this fact 
can be explained by an increase in multiply scattering photons contribution 
bringing distortions and noise to the image and, consequently, decreasing the 
contrast K. The influence of the increase of coherence length on contrast K is 
explained by broadening of the signal from an individual scatterer, which leads to 
overlapping of the signals from two neighboring scatterers when the distance 
between them is less than the coherence length. Thus, the signals of the 
neighboring fiber layer boundaries overlap and the level of the signal 
corresponding to the air layer between the fiber layers increases. For the case of 
benzyl alcohol (Fig. 46c), the dependence is not monotonous due to the described 
above effect of random boundary shape on the OCT image and accounting for the 
rear fiber layer signal level because the rear boundary cannot be distinguished. 
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(a)                                                             (b) 

(c) 

Fig. 46. Dependence of contrast of the sample rear boundary visualization K on 
detection angle η along with the application of various RIMA (а – isopropanol, b – 1-
pentanol, c – benzyl alcohol) for two values of coherence length (5 and 10 μm ). 

However, we should mention that for all the considered values of coherence 
length and NA the contrast K is larger than 0.8 while for other considered RIMA 
its value is less than 0.8 for the case of lcoh = 10 μm. For other values of lcoh, the 
effect of all the considered RIMA is similar. This fact confirms the conclusion 
made in reference [35] on the basis of experimental study that benzyl alcohol 
appears to be the best RIMA for paper samples. 

6.3.6 Contribution of various scattering orders to OCT image of 
paper 

For better understanding of the formation of OCT images of paper samples, the 
contributions of various fractions of photons were analyzed similarly to skin OCT 
images. The simulations were performed for paper samples of 100 and 135 μm 
thickness without RIMA applied. The coherence length was assumed to be 10 μm 
and the detection angle η was chosen to be 120. The simulated images are 
presented in Fig. 47. When distinguishing diffusive and non-diffusive components 
only the scattering acts inside the fiber layers were taken into account; as a result 
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the contribution of the DC component is negligibly small and the image is formed 
primarily from NDC.  

Fig. 47. Simulated OCT image of paper of 100 (left) and 135 (right) μm thickness. 

Figures 48 and 49 demonstrate the LSP and MSP contributions to the paper 
samples OCT images. From these figures one can see that the LSP provides paper 
image allowing one to evaluate precisely the thickness of the sample under study 
and distinguish its internal structure. The MSP component of the image shows 
that the image of upper layers of the sample under study is formed primarily by 
LSP, while MSP contributes to the image of deeper layers and forms the image 
behind the rear boundary of the sample. 
 

Fig. 48. LSP (left) and MSP (right) components of the OCT image of 100 μm-thick paper 
sample. 

Fig. 49. LSP (left) and MSP (right) components of the OCT image of 135 μm-thick paper 
sample. 

6.4 Future Work 

Due to fast development of OCT techniques the analysis performed in the present 
work is important for interpretation of the experimentally obtained OCT images. 
As a continuation of the study it is planned to perform serial simultaneous 
experimental and numerical acquisition of OCT images of various objects and to 
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develop more sophisticated models of objects, allowing better coincidence 
between experimental and simulated images. 
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7 Summary 

In this thesis the formation of the OCT signals and images of various scattering 
media was studied in experiment and by means of numerical simulations. 
Numerical method based on the Monte Carlo algorithm allowing separation of 
various photon fraction contributions and individual scattering orders was created 
in the frames of this work. Complex multilayer models of the studied object were 
developed for comparison of experimental and simulated OCT signals. 

At the first stage of the study, one-dimensional OCT signals from plain layers 
of scattering media mimicking erythrocyte suspension and intralipid solution 
were analyzed. The photons contributing to the signals were examined from the 
point of view of two classifications dividing photons to least and multiply 
scattered and non-diffusive and diffusive. These classifications allow one to 
evaluate the useful information carried by the signal and determine maximal 
depth of non-distorted imaging. Such study was performed for both 2% intralipid 
solution and erythrocyte suspension at Hct = 35%. It was shown that the maximal 
depths of non-distorted imaging for these media at the wavelength of 820 nm are 
0.3 and 0.2 mm, correspondingly. The distribution of the contributing photons 
over the number of experienced scattering events was also studied. It was shown 
that this distribution has maximum for the number of scattering events 
corresponding to the ratio of doubled layer thickness to mean free pathlength. 

Further, the effect of aggregation and sedimentation on the OCT signal from 
the erythrocyte suspension was studied. A multilayer model of the aggregating 
and sedimenting medium was proposed. The obtained results of simulations are in 
good agreement with the experimental ones. The distribution of the contributing 
photons over the number of experienced scattering events was also investigated 
like it was done for the previous case. The conclusion made before was confirmed 
for this case too. 

At the second stage of the present study, multilayer models of skin were 
examined. A three-layer model consisting of two 2% intralipid solution layers and 
an erythrocyte solution layer between them was considered. It was shown that the 
maximal depth of non-distorted imaging is about 0.25 mm, which is close to the 
case of separate layers of 2% intralipid solution and erythrocyte solution. Further, 
a multilayer model of skin in which optical properties and geometry of various 
layers were associated with properties of various skin layers was developed based 
on the experimental image of human skin. Simulated OCT images that agree 
qualitatively with the experimental ones were obtained. The effect of light source 
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coherence length and numerical aperture on the obtained images was studied 
numerically. The contributions of various fractions of photons to the images were 
separated and analyzed. 

At the third stage of the present study, a multilayer model of paper was 
developed for simulations of OCT images of paper samples as the earlier models 
were either too complicated or inapplicable. The proposed model is based on 
experimental OCT images of paper with layered structure. At first, a model 
consisting of plain layers of fibers and air was developed; further it was updated 
by introducing non-planar layer boundaries. The model provides qualitative 
agreement with the experimental results and takes into account porosity of the 
sample and filler content. The optical clearing of paper samples was simulated by 
introducing refractive index matching agents instead of air in the model. 
Simulation results proved that benzyl alcohol provides best optical clearing effect 
among all the considered agents. This result is in good agreement with 
experimental data. The contributions of various photon fractions to the OCT 
images of paper were also studied. 
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