
Backscattering of linearly polarized
light from turbid tissue-like scattering
medium with rough surface

Alexander Doronin
Lioudmila Tchvialeva
Igor Markhvida
Tim K. Lee
Igor Meglinski

Alexander Doronin, Lioudmila Tchvialeva, Igor Markhvida, Tim K. Lee, Igor Meglinski, “Backscattering of
linearly polarized light from turbid tissue-like scattering medium with rough surface,” J. Biomed.
Opt. 21(7), 071117 (2016), doi: 10.1117/1.JBO.21.7.071117.

Downloaded From: https://www.spiedigitallibrary.org/journals/Journal-of-Biomedical-Optics on 16 Jul 2019
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



Backscattering of linearly polarized light from turbid
tissue-like scattering medium with rough surface

Alexander Doronin,a Lioudmila Tchvialeva,b Igor Markhvida,b Tim K. Lee,b,c,d and Igor Meglinskie,*
aYale University, Department of Computer Science, Computer Graphics Group, New Haven 06511, United States
bUniversity of British Columbia and Vancouver Coastal Health Research Institute, Department of Dermatology and Skin Science,
Photomedicine Institute, Vancouver V5Z 4E8, Canada
cBC Cancer Agency, Departments of Cancer Control Research and Integrative Oncology, Vancouver V5Z 1L3, Canada
dSimon Fraser University, School of Computing Science, Burnaby V5A 1S6, Canada
eUniversity of Oulu, Opto-Electronics and Measurement Techniques Laboratory, Oulu FI-9014, Finland

Abstract. In the framework of further development of a unified computational tool for the needs of biomedical
optics, we introduce an electric field Monte Carlo (MC) model for simulation of backscattering of coherent linearly
polarized light from a turbid tissue-like scattering medium with a rough surface. We consider the laser speckle
patterns formation and the role of surface roughness in the depolarization of linearly polarized light backscat-
tered from the medium. The mutual phase shifts due to the photons’ pathlength difference within the medium and
due to reflection/refraction on the rough surface of the medium are taken into account. The validation of the
model includes the creation of the phantoms of various roughness and optical properties, measurements of
co- and cross-polarized components of the backscattered/reflected light, its analysis and extensive computer
modeling accelerated by parallel computing on the NVIDIA graphics processing units using compute unified
device architecture (CUDA). The analysis of the spatial intensity distribution is based on second-order statistics
that shows a strong correlation with the surface roughness, both with the results of modeling and experiment.
The results of modeling show a good agreement with the results of experimental measurements on phantoms
mimicking human skin. The developed MC approach can be used for the direct simulation of light scattered by
the turbid scattering medium with various roughness of the surface. © 2016 Society of Photo-Optical Instrumentation Engineers

(SPIE) [DOI: 10.1117/1.JBO.21.7.071117]

Keywords: polarized light; rough surface; backscattering; Monte Carlo modeling; turbid media; depolarization.

Paper 140856SSRRR received Dec. 23, 2014; accepted for publication Jun. 14, 2016; published online Jul. 11, 2016.

1 Introduction
The last decade has seen growing interest to the propagation of
coherent polarized light in turbid tissue-like scattering media.1,2

The majority of recent studies associated with the polarized light
are focused on the development of new diagnostic modalities for
noninvasive characterization of biological tissues with the spe-
cial attention to cancer screening.3,4 The incident polarized light
is multiply scattered along its propagation within the biological
tissue and becomes depolarized. The depolarization ratio (DR)
depends strongly on the size and shape of scattering particles,5,6

as well as on the number of scattering events,7,8 and is inde-
pendent of the state of polarization of incident light.9 Thus,
scattering properties of a turbid medium can be evaluated quan-
titatively by monitoring the evolution of the polarization state of
scattered light in comparison with the polarization of incident
light. The Mueller matrix approach is typically utilized to assess
the properties of the medium based on polarization measure-
ments.2 Potentially, this approach can be used for noninvasive
cancer diagnosis, e.g., for colon cancer detection.10 In fact, typ-
ically utilized in diagnostic practice, the backscattered polarized
light contains not only the light scattered within the medium but
also the light reflected by the surface of the medium. Presently,
there is an escalating interest in the surface roughness that poten-
tially can be used in cancer diagnosis, e.g., for an assessment
of grade of skin neoplasia.11 To introduce a roughness score,

the malignant features have been observed with the reflectance
confocal microscopy.12 Relief patterns of the skin surface of
benign and malignant lesions of the skin have been studied by
microtopography.13 The polarization imaging with high angles
of incidence has been extensively used in routine clinical studies
of skin roughness.14 Tchvialeva et al.15 suggested a methodol-
ogy of quantifying skin surface roughness by analyzing the laser
speckle contrast of the backscattered linearly polarized light. In
spite of numerous studies in the field, a clear understanding of
influence of surface roughness on the formation of polarized
laser speckles is still required.

In this paper, in the framework of further development of a
unified computational model for the needs of biomedical
optics,16,17 we present the electric field Monte Carlo (MC)
approach specially developed for simulation of backscattering
of coherent polarized light from turbid tissue-like scattering
media with rough surfaces. The developed computational model
is based on the Jones formalism and takes into account the wave
properties of light, including temporal coherence, polarization,
phase change on the reflection and/or refraction at the rough
medium boundary, and interference. Using the developed elec-
tric field MC approach, we explore the influence of the surface
roughness on the resulted depolarization of coherent linearly
polarized light backscattered from various turbid media of
known optical properties, which are in order of human skin
lesions. In particular, we examine the laser speckle patterns
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formation and dependence of DR on the surface roughness of a
phantom medium.

2 Theory

2.1 Basic Elements of Light Wave Propagation in
Turbid Medium

The concept of light as a wave is fundamental for the phenom-
ena of coherence and polarization.18 Coherence is a quantitative
measure of the degree of phase correlation of the light wave,
whereas the polarization is defined by the electric field vector
~E lying in the plane perpendicular to the direction of the light

wave propagation. The light wave with the electric field ~E is
incident normally to the surface of the medium and is propagat-
ing along the z-direction in frame of the standard Cartesian coor-
dinate system. The complex field components with amplitudes
E0x

, E0y
and phases φx, φy at time t are presented in terms of the

two-element matrix, known as a “Jones vector”19

EQ-TARGET;temp:intralink-;e001;63;544

~E ¼
�
Ex

Ey

�
¼

�
E0x

eiðkz−ωtþφxÞ

E0y
eiðkz−ωtþφyÞ

�
; (1)

where i is the imaginary unit, k is the wave number (k ¼ 2π∕λ, λ
is the wavelength of incident light), ω is the angular frequency,
and Δφ ¼ φx − φy ¼ 0 (i.e., linearly polarized light is consid-
ered). Absorption of light in the medium changes the amplitude
of the components of the field presented in Eq. (1). The complex
refractive index ñ ¼ nR þ inI is used to define the complex
phase shift induced by the medium

EQ-TARGET;temp:intralink-;e002;63;423

~Eout ¼ ~Einei
2π
λ nRSe−

2π
λ nIS; (2)

where S is the trajectory of a light wave in the medium, defined
as a sum of pathlengths li between successive scattering events,
counted from the point of entrance into the medium to the point
of output (S ¼ P

li), ReðñÞ ¼ nR is defined by the ordinary
refractive index, and the term eið2π∕λÞnRS describes the wave
retarded by ð2π∕λÞnRS; ImðñÞ ¼ nI is known as the extinction
coefficient and determines the rate of absorption of light in the
medium. The term e−ð2π∕λÞnIS defines the amplitude attenuation
of the Jones vector components [see Eq. (1)] and is related to the
well-known Beer–Lambert–Bouguer law

EQ-TARGET;temp:intralink-;e003;63;281I ¼ I0e−μtS; (3)

where μt is the attenuation coefficient, μt ¼ μs þ μa, μa is the
absorption coefficient ðμa ¼ 4πnIS∕λÞ, and μs is the scattering
coefficient.

The superposition of Nph light waves at the detecting area for
the absorption-free (μa ¼ 0) medium is defined as
EQ-TARGET;temp:intralink-;e004;63;198

E2
x ¼

XNph

m¼1

E2
0xm

þ 2
XNph

m>v

XNph

v¼1

E0xm
E0xv

cosðαv − αmÞ

× exp

�
−
�
ΔLm;v

lc∕
ffiffiffi
2

p
�

2
�
;

E2
y ¼

XNph

m¼1

E2
0ym

þ 2
XNph

m>v

XNph

v¼1

E0ym
E0yv

cosðαv − αmÞ

× exp

�
−
�
ΔLm;v

lc∕
ffiffiffi
2

p
�

2
�
; (4)

where αm;v ¼ kSm;v þ ϕm;v shows the phases for x and y com-
ponents, respectively, ΔLm;v is the pathlength difference
(ΔLm;v ¼ Sm − Sv), lc is the temporal coherence length of
the incident light, and ϕ is the phase shift of individual
waves indicated by indices m and v.

Reflection and refraction of light waves at the medium boun-
dary are described by the Fresnel’s reflection coefficients and
defined for the transverse magnetic (TM) and transverse electric
(TE) components (or, respectively, for x and y components) as19

EQ-TARGET;temp:intralink-;e005;326;653

RTM ¼
���� n1 cos θt − n2 cos θi
n1 cos θt þ n2 cos θi

����
2

;

RTE ¼
���� n1 cos θi − n2 cos θt
n1 cos θi þ n2 cos θt

����
2

; (5)

where n1 and n2 are the refractive indices of the external and
internal media, respectively, θi is the angles of light incidence,
and θt is the angle refraction on the medium boundary. Figure 1
shows the Fresnel’s reflection coefficients counted by Eq. (5) for
external ðn1 < n2Þ and internal ðn1 > n2Þ reflection.

In the case of external reflection (n1 < n2), a π-phase shift
occurs at any angle of incidence for the TE field component
and for the TM field component when θi < θp. Here, θp is the
polarizing angle at which RTM ¼ 0, also known as Brewster’s
angle. For the internal reflection (n1 > n2) the phase shift is
defined as19

EQ-TARGET;temp:intralink-;e006;326;459ϕTM ¼

8>><
>>:

0; θi < θp;
π; θp < θi < θc;

−2 arctan

� ffiffiffiffiffiffiffiffiffi
sin2 θi

p
−n2

n2 cos θi

�
þ π; θi > θc;

(6)

EQ-TARGET;temp:intralink-;e007;326;391ϕTE ¼
8<
:

0; θi < θc;

−2 arctan

� ffiffiffiffiffiffiffiffiffi
sin2 θi

p
−n2

cos θi

�
; θi > θc;

(7)

where θc is the critical angle ½θc ¼ arcsinðn2∕n1Þ� when total
internal reflection occurs. The phase shifts ϕ on the reflection
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Fig. 1 Fresnel’s reflection coefficients RTM and RTE for the external
reflection, when n1 ¼ 1.0, n2 ¼ 1.5 (solid line), and for the internal
reflection, when n1 ¼ 1.5, n2 ¼ 1.0 (dashed line), plotted as the func-
tions of incidence angle θi.
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for TE and TM modes depending on the angle of incidence are
shown in Fig. 2.

Thus, considering superposition of light waves at the detec-
tor, the relative phase shift between m and v light waves due to
their pathlength difference within the medium ðkSm;vÞ, the phase
shift due to reflection/refraction on the medium boundary
ðϕTE;ϕTMÞm;v, as well as the mutual phase shift due to variations
of roughness heights from point to point

EQ-TARGET;temp:intralink-;e008;63;664Δϕðx; yÞm;v ¼
�
4π

λ

�
Δhrmsðx; yÞm;v sin θi; (8)

should be taken into account. Here, Δhrms ¼ hm − hv is the dif-
ference between m and ν root–mean-square heights, as shown
in Fig. 3.

In the framework of this study, with the final aim to simulate
the speckle patterns formation and to understand the role of sur-
face roughness in the depolarization of linearly polarized light
backscattered from turbid tissue-like scattering media, both the
mutual phase shifts due to the pathlength difference within the
medium and reflection/refraction on the rough surface of the
medium were implemented into the electric field MC model.

2.2 Electric Field Monte Carlo Modeling

The principles of MC modeling of energy transfer through the
medium are widely described elsewhere, see, e.g., Sobol.21

Within the practical realization of this approach for modeling
light propagation in the tissue-like scattering medium, a number
of sophisticated techniques have been developed in the past22–26

and used extensively in various applications in biomedical
optics.27 These MC models are based on the so-called scalar
approach, i.e., when the incident light is assumed to be incoher-
ent and not polarized. In these models, a photon packet is
assigned with the initial weight and injected into a semi-infinite
modeling medium. The injected photon packet undergoes a
sequence of events representing light-tissue interaction, includ-
ing scattering, absorption, reflection, and refraction at the
medium boundary, until it is either fully absorbed or leaves
the medium. At each event, the position of a photon packet
is updated and its weight is reduced by a factor e−μtS, similar
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Fig. 2 Phase shifts on the reflection ϕTE, ϕTM depending on the angle of light incidence θi: (a) external
and (b) internal TE reflection modes; (c) and (d) are, respectively, external and internal TM reflection
modes, counted for the refractive indices: n1 ¼ 1.0, n2 ¼ 1.5.

Fig. 3 Schematic presentation of randomly generated rough surface
outlining and its key features, such as hrms and correlation length Lcorr,
the parameters used for quantitative characterization of rough
surfaces.20
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to that described in Eq. (3). A new direction of the photon packet
at a scattering event is defined by the Henyey–Greenstein phase
function28

EQ-TARGET;temp:intralink-;e009;63;719FHGðθÞ ¼
1

4π

1 − g2

ð1þ g2 − 2g cos θÞ3∕2 ; (9)

where θ is the scattering angle (θ ∈ ½0; π�) and g is the
anisotropy factor of scattering ðg ∈ ½−1;1�Þ, defined as

EQ-TARGET;temp:intralink-;sec2.2;63;658g ¼
Z

1

−1
cos θFHGðcos θÞd cos θ:

Within further developments, several MC models have been
developed to simulate the propagation of polarized light in scat-
tering media.29–35 Apart from the scalar MC mentioned above,
the Jones36,37 and Stokes–Mueller38,39 formalisms are used in
these so-called electric field MC models to describe and track
the changes of a polarization vector along its propagation in
the scattering medium.

In the electric field MC, utilized in this study, the Jones
formalism36,37 has been adopted to handle linear and/or circular
polarization.34,35 In the framework of this model, the photon
packets, injected into the medium, are assigned with the statis-
tical weight W0 ¼ 1.0 and with the initial polarization:
P0 ¼ ½E0x

; E0y
; 0� ¼ ½1;0; 0�. Thestate of polarization at each

scattering event is defined by a transform40

EQ-TARGET;temp:intralink-;e010;63;460

~Pi ¼ −~ei × ½~ei × ~Pi−1� ¼ ½Î − ~ei ⊗ ~ei�~Pi−1; (10)

where ~ei is the unit vector along the direction of propagation of
the photon packet after i − 1th scattering event, Î is the unit
forth-rank tensor, and ⊗ defines the vectors’ multiplication.

Thus, the chain of projection operators Ûi transforms the ini-

tial polarization ~P0 upon a sequence of N scattering events to

the final polarization ~PN

EQ-TARGET;temp:intralink-;e011;63;357

~PN ¼ ÛNÛN−1 · · · Û1
~P0; (11)

where Ûi ¼ ½Î − ~ei ⊗ ~ei� is the tensor determined as

EQ-TARGET;temp:intralink-;e012;63;310Ûi ¼

0
B@

1 − e2iX −eiXeiY −eiXeiZ
−eiXeiY 1 − e2iY −eiYeiZ
−eiXeiZ eiXeiZ 1 − e2iZ

1
CA: (12)

Thereby, propagation of co- and cross-polarized components
of the electric field within the scattering medium occurs along
the trajectories counted by the scalar MC approach. According
to the optical theorem,41,42 the Rayleigh factor is taken into
account at every scattering event to link the scalar and vector
natures of the light wave43,44

EQ-TARGET;temp:intralink-;e013;63;186Γ ¼ 2

1þ cos2 θ
: (13)

The reflection and refraction at the surface of the medium are
taken into account by splitting the photon packet into transmit-
ted and reflected parts.45 Thus, the weights of a photon packet
for TM and TE components after M reflections at the surface of
the medium are defined as

Fig. 4 Schematic presentation of the laser speckle imaging system
used in the experimental studies.

Table 1 Optical properties of phantoms used in the experiment.

μa (mm−1) μ 0
s (mm−1) g

Phantom I 0.44� 0.04 0.51� 0.05 0.78� 0.01

Phantom II 0.26� 0.03 1.29� 0.13 0.67� 0.01

Fig. 5 The surface roughness profiles generated by the algorithm
adopted from Tsang et al.,48 from the top: hrms are 2.5, 34.4, and
65.8 μm, and Lcorr ¼ 100 μm for all profiles.
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EQ-TARGET;temp:intralink-;e014;63;752

Wðx; yÞTM ¼ W0½1 − R0ðx; y; θiÞTM�
�YM−1

j¼1

Rjðx; y; θiÞTM
�

× ½1 − RMðx; y; θiÞTM�P2
NxΓN expð−μaSÞ;

Wðx; yÞTE ¼ W0½1 − R0ðx; y; θiÞTE�
�YM−1

j¼1

Rjðx; y; θiÞTE
�

× ½1 − RMðx; y; θiÞTE�P2
NyΓN expð−μaSÞ; (14)

where Rðx; y; θiÞTM and Rðx; y; θiÞTE are the Fresnel coeffi-
cients [Eq. (5)].

Finally, the spatial distributions of co- and cross-polarized
intensities (Ik and I⊥) of the backscattered light in the far-field
zone are counted as

EQ-TARGET;temp:intralink-;e015;326;752

Ik;⊥ðx; yÞ ¼
1

Nph

XNph

m¼1

ðWm þRmÞTM;TE

þ2
XNph

m¼1

X
v

� ffiffiffiffiffiffiffiffiffiffiffiffi
RmRv

p
cosðΔϕm;vÞ þ

ffiffiffiffiffiffiffiffiffiffiffiffiffi
RmWv

p
cosðϕm þ αvÞ

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
WmWv

p
cosðΔαm;vÞ

�
TM;TE

exp

�
−
�
ΔLm;v

lc∕
ffiffiffi
2

p
�

2
�
;

(15)

and the DR is

EQ-TARGET;temp:intralink-;e016;326;623DRðx; yÞ ¼ Ikðx; yÞ − I⊥ðx; yÞ
Ikðx; yÞ þ I⊥ðx; yÞ

; (16)

Fig. 6 Spatial intensity distributions of co- and cross- polarized light Ik;⊥ðx; yÞ and depolarization ratio
DRðx; yÞ counted for the modeling media with optical properties corresponding to the phantom I (see
Table 1). The roughness from top row to bottom correspond, respectively, to hrms ¼ 0, 2.5, 34.4, and
65.8 μm, and Lcorr ¼ 100 μm.
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where Rm;v are the initial reflections at the surface of the
medium at the area of illumination,Wm;v are the weights of pho-
ton packets defined by Eq. (14). According to the experimental
setup described below, detection of photon packets is considered
in the far-zone with a narrow numerical aperture NA ∼ 0.12,
detection angle ≤7 deg.

Simulation of a large number of photon packets (Nph ¼ 1011)
is an intensive task and computational time has always been a
significant concern in the MC models developed in the past. The
MC model presented here has been developed utilizing the
benefits and advantages of parallel programming offered by the
compute unified device architecture (CUDA) on the NVIDIA
graphics processing units (GPUs). The details of implementa-
tion of MC on CUDA NVIDIAGPUs for simulation of coherent
polarized light propagation in the turbid scattering medium are
given by Doronin et al.34 The model’s performance has been
tested on the most recent Windows 10/Ubuntu GNU Linux
15.10 operating systems utilizing Tesla K80 parallel processors.
For simulation of 1011 photon packets’ trajectories, the

modeling time takes ∼2 h for each surface roughness. The
developed MC is a part of the computational tool available
online16,17 that has been extended for modeling of propagation
and scattering of polarized light in turbid tissue-like scattering
media.

3 Materials and Methods
Figure 4 schematically presents the experimental setup used for
the MC model validation. A phantom with a rough surface is
illuminated normally by a laser diode (5 mW, λ ¼ 663 nm,
lc ¼ 30 μm, Flex, B&WTek Inc.) with a 200 μm-diameter of
the beam. The laser speckle patterns are observed by a CCD
camera (Matrix Vision GmbH, mvBlueFOX-M124G—8 bit and
mvBlueFOX-M224G—8 bit) utilizing a closed-circuit televi-
sion (CCTV) lens (50 mm, F∕1.4, Pentax Inc.). The polarizers
(Thorlabs Inc., WP25L-UB) are used to control the input–output
states of polarization. The Thorlabs pellicle beam splitter equally
splits the co- and cross-polarized components without retardation.
The processing of detected co- and cross-polarized images

Fig. 7 Spatial intensity distributions of the detecting sensitivity along the depth for Ik;⊥ðx; yÞ and their
difference counted as DR for the media of the same properties, as presented in Fig. 6.

Journal of Biomedical Optics 071117-6 July 2016 • Vol. 21(7)

Doronin et al.: Backscattering of linearly polarized light from turbid tissue-like scattering medium with rough surface

Downloaded From: https://www.spiedigitallibrary.org/journals/Journal-of-Biomedical-Optics on 16 Jul 2019
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



includes dark signal subtraction and accurate pixel-to-pixel
correspondence adjustment. Spatial distribution of the DR is
calculated by Eq. (16) utilizing spatial intensity distributions of
co- and cross-polarized [Ikðx; yÞ and I⊥ðx; yÞ] speckle patterns.

The phantoms used in the experimental studies have been
prepared by utilizing silicone resin (the refraction index
nR ≈ 1.41) with the embedded silicone pigments.46 Optical
properties of the phantoms were assessed by the standard inte-
grated sphere-based approach,47 utilizing a red diode laser
(B&WTek Flex Inc.) presented in Table 1, where μ 0

s is the
reduced scattering coefficient,40 defined as: μ 0

s ¼ μsð1 − gÞ.
The surface of phantoms used in the study has been replicated
using metal standard (Microshurf #334, Rubert Co. Ltd.) with
hrms in the range from 10 to 66 μm and Lcorr ¼ 100 μm. This
range of surface roughness parameters corresponds to the typ-
ical roughness of human skin.47 The actual parameters of surface
roughness of phantoms have been confirmed by measurements

with the WYKO NT1100 optical profilometer (Veeco) provid-
ing vertical resolution 0.05 μm.

The standard algorithm48 was adopted to generate profiles of
the surfaces of the modeling media with the known roughness.
In this algorithm, an uncorrelated Gaussian distribution of ran-
dom numbers is generated. When convolved with the Gaussian
filter, a series of points representing spatial distribution of points
along the surface corresponding to the randomly selected values
of hrms are produced. Then generated values of hrms are imple-
mented into the surface as a mesh (see Fig. 3). Thus, the surface
roughness profiles of modeling media presented in Fig. 5 were
generated in accordance with the surface profiles of phantoms
used in the experiment.

4 Results and Discussion
Spatial intensity distributions of co- and cross-polarized light
[Ikðx; yÞ and I⊥ðx; yÞ] and the DR counted with the electric

Fig. 8 Spatial intensity distributions of co- and cross-polarized light Ik;⊥ðx; yÞ and depolarization ratio
DRðx; yÞ counted for the modeling media with optical properties corresponding to the phantom II
(see Table 1). The roughness from top row to bottom correspond, respectively, to hrms ¼ 0, 2.5,
34.4, and 65.8 μm, and Lcorr ¼ 100 μm.

Journal of Biomedical Optics 071117-7 July 2016 • Vol. 21(7)

Doronin et al.: Backscattering of linearly polarized light from turbid tissue-like scattering medium with rough surface

Downloaded From: https://www.spiedigitallibrary.org/journals/Journal-of-Biomedical-Optics on 16 Jul 2019
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



field MC approach described above are presented in Fig. 6. The
optical properties of the medium are summarized in Table 1. The
parameters of the rough surface are varied hrms ¼ 0, 2.5, 34.4,
65.8 μm, and Lcorr ¼ 100 μm.

The intensity of backreflected copolarized light [Ikðx; yÞ] in
the area of illumination is dropped with the increase of hrms,
whereas the contrast of DR is increased. The reduction of
Ikðx; yÞ is explained by the growing variability of incidence
angle θi with an increase of hrms. As a result in the far-zone within
the fixed narrow detection angle (<7 deg), the Fresnel’s reflec-
tion coefficients (see Fig. 1) and the phase shifts (due to reflec-
tion, see Fig. 2) become highly variable. Therefore, the intensities
of co- and cross-polarized light Ik;⊥ðx; yÞ are dropped as pre-
scribed by Eqs. (14) and (15). Reflection from the medium sur-
face is not contributing to the speckles’ formation outside the area
of illumination, therefore, the intensity distribution of Ik;⊥ðx; yÞ is
formed there only by the photon packets multiply scattered within
the medium and experiencing internal reflection and refraction.

To illustrate the influence of surface roughness on the
detected signal formation, Fig. 7 shows the spatial distributions
of the detector depth sensitivity49 for co- and cross-polarized
components (Ik and I⊥) and their difference, counted as an anal-
ogy of the DR [Eq. (16)]. The effective optical pathlengths S
within the scattering medium counted by MC defines the
paths that photon packets traveled within the medium from
the point of incidence to the point of exit. Thereby, spatial dis-
tribution of the effective optical pathlengths within the medium
can be considered in terms of the temporal point-spread function
and this defines the detection sensitivity along the depth,49

known also as a sampling volume.50

The results presented in Fig. 7 clearly show the influence of
surface roughness on the detector depth sensitivity profile for
co- and cross-polarized light (Ik and I⊥), as well as their differ-
ence, defined by Eq. (16). The detector depth sensitivity is sig-
nificantly reduced with the increase of hrms (see Fig. 7), whereas
the speckle patterns’ contrast for Ikðx; yÞ and I⊥ðx; yÞ with

Fig. 9 Spatial intensity distributions of the detecting sensitivity along the depth for Ik;⊥ðx; yÞ and their
difference counted as DR for the media with the same properties, as presented in Fig. 8.
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the higher values of hrms becomes less comparable with the
smoother surfaces (see Fig. 6).

In a similar manner, Figs. 8 and 9 show, respectively, the spa-
tial intensity distributions and the detecting depth sensitivities
for co-/cross-polarized light (Ik, I⊥) and DR counted for mod-
eling media that are similar to the phantom II, with the same
values of hrms and Lcorr (i.e., hrms ¼ 0, 2.5, 34.4, 65.8 μm
and Lcorr ¼ 100 μm), and the optical properties presented in
Table 1. As one can see with the same roughness spatial inten-
sity distributions and detector depth sensitivity for Ik;⊥ðx; yÞ and
DRs are mainly influenced by optical properties of the scattering
medium. Again, the bright circular spots seen at the copolarized
Ik intensity distribution (see Figs. 8 and/or 9) correspond to the
contribution of both specular reflection and diffuse reflection
from the medium, although, for the cross-polarized light (I⊥),
the speckle patterns are formed mainly by the diffuse photons
experienced internal reflection and refraction on the surface of
the medium.

Bearing in mind that the results presented in Figs. 7 and 9
cannot be measured experimentally, to quantitatively compare
the results of MC modeling and the results of experimental
measurements of the spatial intensity distribution, we treated
the speckle patterns utilizing second-order statistics.46 In this
approach, the spatial distributions of intensities Ik;⊥ðx; yÞ are
averaged along the selected radial distance d around the area
of illumination as shown in Fig. 10.

Thus, by collecting the average intensities of co- and cross-
polarized light (hIkðdÞi and lang; I⊥ðdÞi) the DR is counted as

EQ-TARGET;temp:intralink-;e017;63;444DRðdÞ ¼ hIkðdÞi − hI⊥ðdÞi
hIkðdÞi þ hI⊥ðdÞi

; (17)

where h · · · i denotes averaging along the distance (radius) d.
Radial distribution of the averaged DR [Eq. (17)] in terms of

optical thickness d∕l� is presented in Fig. 11 in comparison with
the results of experimental measurements for the phantoms I and
II (presented in Table 1); l� is the transport length (l� ¼ 1∕μ 0

s)
defining the length over which the direction of photon packet’s
propagation is randomized. The parameters of roughness used in
the simulation for both phantoms are hrms ¼ 34.4 μm and
Lcorr ¼ 100 μm.

As one can see, the results of the developed computational
model agree well with the results of the experiment (see Fig. 11).
Similar agreements were found between the results of modeling
and the experiments for the phantoms with other roughness
parameters, these are not presented here for brevity.

Figure 12 shows relative slopes of DR [Eq. (17)], averaged
along radial distance in a similar manner as has been done in the
experiment (see Fig. 10) and plotted as the result of normalized
linear fit for the samples with different values of hrms. The rel-
ative DR is an alternative representation of the results presented
in Fig. 11 and apparently can be used as a quantitative measure
of the relative changes of surface roughnesses.

5 Summary and Conclusions
Finally, with the further development of the unified computa-
tional model for the needs of biomedical optics and biophoton-
ics,16,17 we present the extension of the electric field MC for
simulation of backreflectance and backscattering of coherent
polarized light from turbid tissue-like scattering media with
rough surfaces. The mutual phase shifts due to the pathlength
difference within the medium and due to the reflection/refraction
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Fig. 11 Radial distribution of DR measured experimentally for the
phantom I (□) and II (▿) in comparison with the results obtained
by the electric field MC (▪ and ▾). The solid and dashed lines re-
present the linear fits. The standard deviation for the results of exper-
imental studies is in a range of 5–7%.
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Fig. 12 Radial distribution of normalized DR plotted for the phantom I
with hrms ¼ 0 (▪), hrms ¼ 2.5 μm (▴), hrms ¼ 34.4 μm (•), and
hrms ¼ 65.8 μm (♦).

Fig. 10 The results of experimental measurements of Ikðx; yÞ, raw
data (left) and schematic presentation of the procedure of averaging
along distances d around the area of illumination (right). The dimen-
sions of the presented image are similar to those used in the
simulation.
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on the rough surface of the medium are taken into account. The
validation of the model includes the creation the phantoms of
various roughness and optical properties, measurements of
co- and cross-polarized components of the backscattered/
reflected light, and its analysis and extensive computer model-
ing accelerated by the parallel computing on the NVIDIA GPUs
using CUDA. To characterize the speckle patterns of the back-
scattered light, the spatial distribution of co- and cross-polarized
light were measured/simulated and DR was analyzed taking into
account radial symmetry. The DR was analyzed versus surface
roughness for the phantoms for which the optical properties are
of the same order as human skin lesions. The results of the com-
puter modeling agree reasonably well with the results of exper-
imental measurements. The developed computational approach
allows straight modeling of speckle patterns’ formation, their
texture analysis, and, arguably, a quantitative assessment of sur-
face roughness from the spatial distribution of the intensity of
co- and cross-polarized scattering light. The analysis of the spa-
tial intensity distribution is based on the second-order statistics
that shows a strong correlation with the surface roughness, both
with the results of modeling and experiment. The developed MC
tool can be used for the direct simulation of light scattered by the
tissue-like phantoms of various surface roughness. Further
development of the model might include the periodic, aniso-
tropic, and chiral surfaces as well as birefringent properties
of the medium.
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