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ABSTRACT

Red and near-Infrared light is often used as a useful diagnostic and imaging probe for highly scattering media such as biological tissues, fruits and vegetables. Part of
diffusively reflected light gives interesting information related to the tissue subsurface, whereas light recorded at further distances may probe deeper into the
interrogated turbid tissues. However, modelling diffusive events occurring at short source-detector distances requires to consider both the distribution of the light
sources and the scattering phase functions. In this report, a modified Monte Carlo model is used to compute light transport in curved and multi-layered tissue
samples which are covered with a thin and highly diffusing tissue layer. Different light source distributions (ballistic, diffuse or Lambertian) are tested with specific
scattering phase functions (modified or not modified Henyey-Greenstein, Gegenbauer and Mie) to compute the amount of backscattered and transmitted light in
apple and human skin structures. Comparisons between simulation results and experiments carried out with a multi-spectral imaging setup confirm the soundness of
the theoretical strategy and may explain the role of the skin on light transport in whole and half-cut apples. Other computational results show that a Lambertian
source distribution combined with a Henyey-Greenstein phase function provides a higher photon density in the stratum corneum than in the upper dermis layer.
Furthermore, it is also shown that the scattering phase function may affect the shape and the magnitude of the Bidirectional Reflectance Distribution (BRDF)

exhibited at the skin surface.

1. Introduction

Investigations on light-tissue interaction processes have been
performed owing to multiple applications related to therapy and
diagnosis in the medical field [1-4]. The rendering of object with
computer graphics has been also improved with a better knowledge on
the mechanisms of light propagation in turbid media [5]. Furthermore,
the interest has been focused on the quality prospect of fruits and
vegetables using diffusion models and non-invasive optical spectro-
scopy systems [6]. The use of red and near-infrared (NIR) light
especially allows to probe deeply into interrogated turbid tissues [7],
showing the possibility to extract spectral information on tissue
constituents. In this wavelength range, several key optical parameters
characterize the light propagation in turbid media [1]: the average
refractive index (n,.), the absorption coefficient (u,), the scattering
coefficient (us), and the scattering phase function (p(8)). The absorp-
tion coefficient u, and scattering coefficient ug are respectively the
number of absorption and scattering events per unit length, while the
phase function p(6) represents the angular distribution of a scattering
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event. When the diffusion is predominant [8], the so-called reduced
scattering coefficient defined as u's=us(1-g) is useful, where g (aniso-
tropy factor) is the average cosine of the angular deviation. This leads
to the fact that the transport length 1/u’s describes the distance which
light travels before the propagation direction be completely rando-
mized due to scattering events. However, a rigorous treatment of the
light propagation in turbid tissues requires to use the radiative transfer
equation (RTE) still considering g, is and p(6) [9]. Note that an exact
solution of the RTE is difficult to find [10], notably due to the integro-
differential form of this equation and regarding all the constraints
related to the tissues (heterogeneities, structure, complex boundaries,
and source-detector arrangements).

A usual way to solve the RTE is to use Monte Carlo (MC) method
[11], which has the advantage to follow the photon paths according to
probability functions. These probabilities estimate length of free paths,
direction changes, absorption and Fresnel reflection for the different
boundaries [11,12], and depend on the optical coefficients us, 4, g, and
Nn/Next (relative index of refraction). Monte Carlo methods have been
widely used for several transport problems [13,14] and for numerical
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Nomenclature

O]
S

Jri scattering coefficient of the layer (i)

,u’s(i) reduced scattering coefficient of the layer (i)
1D transport coefficient of the layer (i)

y’t(i) reduced transport coefficient of the layer (i)
,ua(i) absorption coefficient of the layer (i)

g anisotropy coefficient

y factor characterizing a phase function

PHG Henyey-Greenstein phase function

Pk Gegenbauer phase function

a shape parameter of pgx

Jdor coefficient related to pgx
Pnie phase function based on the Mie Theory
Pmric  modified Henyey-Greenstein phase function

Pmcr  modified Gegenbauer phase function
Urso proportion of symmetric component in the modified
phase functions pasrrg and pareor

PsEe,1so delta-Eddington phase function
po(6p)  exponentiated cosine distribution function
po(2) distribution of ballistic light source along depth z

Prsororw(z) distribution of diffuse light source along depth z
o source radius

Is spherical radius

0 angular deviation

p radial distance

z axial distance (depth)

6o angle defined only at the surface

(X, Yer Ze) coordinates related to the half-sphere geometry

simulations of photon propagation in multilayered biological tissues
[15-19] or within tissue-like diffusing phantoms [20,21]. The knowl-
edge of laser light transport through the human skin allows to improve
therapy applications [17], cosmetic analysis [22], or to reproduce the
human face with more accuracy [5]. In this last case, the specular and
diffuse light coming from the location of the light source which
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illuminates the skin surface are studied with respect to different
observation angles. The effects of the light source shape [23-25],
surface roughness [26], optical-clearing [27] and hair density [28] on
the photon dose absorbed in the human skin have been well investi-
gated. However, to our knowledge, the influence of the angular
distribution of the light source (ballistic, diffuse or Lambertian) on
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Fig. 1. Schematic pictures of multilayered tissue structures (a) Curved two-layer turbid medium with a top layer (skin), and illuminated by a laser source under normal incidence. (b)
Example of top and bottom layers in biological tissues: apple with skin and flesh. (¢) Simplified scheme of the human skin illuminated under oblique incident light source. (d) Ballistic

and (e) diffusive light sources.



the light transport in the human skin structure has not yet been
reported.

Monte Carlo simulations have been also designed to study the
photon propagation in multi-layered fruits and vegetables [12,29-31].
The reflectance provided by a multispectral lighting of fruits can be
related to quality attributes, such as bruise defects [32], firmness [33],
ripeness [34], anti-oxidants concentration [35]. Often these studies
need the non-invasive retrieval of the tissue optical parameters. To
assess the optical coefficients of each tissue type (skin and flesh), the
integrating sphere method [29,36] is well adapted. A non-invasive
technique based on the light reflectance such as the meta-modelling
[37] (which uses different optical properties of homogeneous intralipid
solutions as reference data) does not take into account that the fruits
have a multilayered tissue structure. Moreover, the inverse method
applied to a two-layer diffusion model [38] is not available at proximity
of the source, because the diffusion approximation fails for small
source-detector distances. To better understand how reflectance mea-
surement close to the light source are affected by the apple structure, a
light propagation model requires to take into account the light source
distributions but also adequate scattering phase functions [39-43].

In this paper, a modified Monte Carlo model is used in order to
compute the light transport in multi-layered tissue samples. Different
light sources including ballistic, diffuse, and Lambertian distributions
are used with specific scattering phase functions to study the amount of
backscattered and transmitted light in curved and multilayer tissue
structures (apples and human skin). Comparisons between simulation
results and experiments carried out with a multispectral imaging setup
enable to choose light sources and phase functions that are best suited
to describe the light transport in apple tissues (skin and/or flesh). The
influences of the light source distributions and scattering phase
functions on light transport in epidermis, stratum corneum, and
dermis of a human skin model are also studied, with a special emphasis
on the Bi-Directional Reflectance Distribution Function (BRDF).

2. Tissue models

The three investigated tissue models referring to the Monte Carlo
are displayed in Fig. 1(a-b-c). Fig. 1(a) displays basic two-layer and
curved tissue model (r;=35 mm). This geometry introduces the diffi-
culty to generate diffuse reflectance profiles (photons re-emitted at
close and far radial distances p from the incident point) when the top
layer is very thin and more diffusing compared to the bottom tissue.
Monte Carlo simulations were performed with this model using
different input data, for conditions that especially span the non-diffuse
and intermediate regimes (see Section 4.1).

Fig. 1(b) shows the cross-sectional view of an apple, which
constitutes the second investigation tissue structure. The whole fruit
was modeled as a homogeneous sphere (radius rg=35 mm) including
the flesh and a surrounding thin top layer that mimics the skin (or
epidermis). The half-cut apple, considered in the experiments and
simulations described in Section 4.2.1, was modeled as the half of the

Table 1
Optical properties of studied apple cultivars (mm™).

previous sphere. Both models were also considered as “peeled” or
“unpeeled”, in order to tentatively separate the combined optical effects
due to the skin and the flesh on the lumped diffuse reflectance profile.
The “peeled” tissue was simply simulated by assigning the same optical
properties to the flesh and skin layers. Typically, the peel is made of flat
cells whose sizes evolve rapidly from the surface to deep depths. The
subsurface structure is mainly composed of cuticle, epidermis and
several layers of hypodermis. Skin thickness values, reported by the
literature, range from 50 to 100 um [31,44,45], when the hypodermis
is ignored. An average thickness of about 80 um was chosen as a
reference for the skin layer, in a great part of this study.

Different values of reduced scattering coefficient u's and absorption
coefficient u, related to the flesh and the skin of three apple cultivars
"Royal Gala, Golden Delicious and Granny Smith" are listed in Table 1.
The data concerning the flesh have been reported by authors who
worked with the steady-state hyper spectral method or with the time-
resolved reflectance method, for wavelengths ranging from 633 nm to
852 nm (~near infrared domain). The optical properties of skin (see
Table 1) were adapted from one of the few investigations [36] that
show results related to the separation of skin and flesh samples.

According to the data about the components of the human skin
[49], a simple two-layer model may not be accurate enough to describe
all the influence of the skin on the propagation of the light. The human
skin is a multilayer tissue structure [49], whose components are mainly
cell membranes, fibers and organelles. These components give strong
scattering and absorbing properties for wavelengths ranging in the
visible (Vis) domain. At the micro scale, the dry dead cells constitute
the stratum corneum layer (~20 um), which is above the first living
tissues, the epidermis layer (~100 um) followed by the dermis layer
(~1-4 mm, with blood components). Some values of their optical
properties are shown in Table 2. At the mesoscale, the roughness of
the skin surface can provide a diffuse specular reflection, which is only
negligible in the normal incidence case (~4—7% of the source intensity
in the Vis domain). The model shown in Fig. 1(c) refers to these three
tissue layers, but is drawn according to the curvature radius of 70 mm.

The biological tissues have an anisotropy factor g often close to the
values g=0.8-0.9, but fruits and vegetables may have lower values
[29,36] (between 0.5 and 0.8 for apple). The anisotropy factor of the
three above described tissue models was chosen in this range of values.
Finally, the refractive indexes n =1.4 and ng,; =1 were used for all
turbid media and the outside, respectively, in agreement with those
concerning the human skin (~1.4 [49]), and the apple tissues (1.37
[36D).

3. Monte Carlo model
3.1. Flowchart
The main code was adapted from the methods previously described

by Wang et al. [11], and was implemented on MATLAB software.
However, the code was modified to account for the spherical shape and

Apples Wavelengths Flesh u, @ (mm™) Flesh u's @ (mm™) Skin pu, 2 (mm™) Skin u's ™ (mm™1) g (flesh)
Gala 750-850 nm ~0.1+0.1[36] ~ 1.2 [36] ~0.15+£0.1 [36] 3.75 [36] ~0.65 [36]
~ 0.0125 [47] 1.15+0.3 [47]
633 nm ~0.1+0.1[36] ~ 1.2 [36] ~0.5+0.1[36] ~4[36] ~0.75 [36]
~ 0.0125 [47] 1.2+0.3 [47]
Granny 750-850 nm ~ 0.04+£0.03 [36] ~ 1.2 [36] ~0.075+0.03 [36] 4.25 [36] ~0.6 [36]
~0.1+0,1[36] ~ 1.2 [36] ~0.5+0.1[36] ~4[36] ~0.7 [36]
633 nm 0.005 £ 0.0025 [46] 1.1+£0.1 [46]
Golden 750-850 nm ~ 0.01 [48] 0.8+0.1 [48]
~ 0.04 [48] 0.85+0.15 [48]
633 nm 0.004 £ 0.0025 [46] 1.4 +£0.15 [46]




Table 2
Optical properties of the human skin model (mm™).

Skin layers Wavelengths u, Hs g Thickness
(mm” (mm~
D) D)
Stratum 400 nm [49] 23 200 0.9 ~20 um
corneum 633 nm [17] ~0.7 100 0.86
650 nm [50] 0.8 50 0.936
Epidermis 633 nm [49] 3.5 45 0.8 ~100 pm
633 nm [17] ~0.8 45 0.8
650 nm [50] 0.1-15 55 0.79
Dermis 633 nm [49] 0.27 19 0.8 ~1-3 mm
633 nm [17] ~0.15 25-30 0.8-0.9
650 nm [50] 0.6 5.6 0.715

boundaries of the different investigated tissue models (Fig. 1(a-b-c)).
Moreover, the code was also modified to provide a choice in four
specific scattering phase functions (see Section 3.2.3) and different
axial, radial and angular light source distributions (see Sections 3.2.1
and 3.2.2). This allows the user to select a specific phase function and a
light source distribution at the surface (step 0) with a given axial source
distribution (step 1). The number of launched photons used in the
different simulations reported below, depends on the configuration and
can be varied from 0.5 to 2.10°. The boundaries, over which the
photons are recorded, were only spherical (radius 35 or 70 mm) or
spherical-planar (for instance adapted to sliced fruit). Each model
(Fig. 1(a)) was also considered with and without a thin top layer.

As long as the incident light direction is not deflected inside the
tissue, the propagation is assumed as ballistic (Fig. 1(d)). Owing to the
surface roughness and the in homogeneities inside the subsurface, all
the incident photons have not the same direction. Therefore, the
surface or the subsurface diffuse the incident light, in such a way that
the source appears as an isotropic source (Fig. 1(e)). In the stochastic
Monte Carlo scheme, the photons which have experienced a first step of
propagation can be seen as ballistic or diffuse. The source was
introduced with a statistical distribution along the normal axis Oz
(vertical incident direction) with an exponential law of probability (¢,
or udexpl-(u'r or wnzl, where w=ps+p, and p'r=us'+p, are the
transport and the reduced transport coefficients, respectively. The
value of 1, or 1, %", depends on the photon's location in the traveled
tissue layer (i=1, 2 or 3), i.e. computed from the sets (,us(i), ua(i)).

The fundamental steps of the Monte Carlo model are summarized
in the flowchart depicted in Fig. 2. That implies the use of the test
named as “Russian roulette” when the threshold of the life weight is
reached. This threshold has been put at 80% with respect to the initial
life weight, which enables to use the test even at small source-detector
distances. Note that with an albedo always larger than 0.97 in this
work, the photon weight variance will only play its effect when a great
number of scattering events occurs. In contrast, the influence of the
scattering phase function and the source distribution should be
maximal for the cases where a little number of scattering events
prevails (ballistic, intermediate or subdiffusive regimes [21,43]),
particularly at very small source-detector distances.

3.2. Light source models and Scattering phase functions

3.2.1. Source distributions inside the tissues

The first solution to the problem of the forward peak in the
scattering studies was the introduction of the delta function [51,52].
For a system with an anisotropy g, the delta-Eddington function [52]
combines an isotropic diffusion with a forward collimation as described
by the following equation:

1
Psg 150(0) = E[l—g+2g6(1 — cosf)] o

Indeed, the input event in the turbid medium can take into account

this function. It may be interpreted as the fact that a diffuse source is
related to an anisotropic propagation in a turbid medium if the
similarity relation u's=us(1-g) occurs. So, the diffuse source (Fig. 1le)
may decrease following an exponential law as is the case of the ballistic
source, when s is changed to u's. The ballistic source and diffuse
source (called now IsoForw) are defined at the initial steps of the
Monte Carlo code (Fig. 2): {step 1: ballistic probability ps(z)=p1; exp(-u,
z) with phase function p(6)} or {step 1: prsororw(zZ)=t's exp(-u's z)
with random polar angle}, respectively. For this second probability
scheme, the incident photons coming from the source propagate on
deeper distances and then isotropically diffuse. This source distribution
PrsoForws Which is only used for the first scattering event of the
incident photons, will give a different reflectance at proximity of the
source than the one related to a ballistic distribution (pp). In order to
adapt these probabilities to the two-layered tissues, the axial distribu-
tions of the incident photons will be defined as the probability densities

_u, _u, _u@—
p, (@) = W e™ * (e P —DH(z — DIHL — 2)+pPe ™ “PH(E - L)
2
/gl) /;l)
Proorors@ = W™ “h(e™ "—DH(z — LHL - 2)

2)
+ @t @D ) (3)

where H is the Heaviside distribution, and L the thickness of the skin
layer.

3.2.2. Source distributions at the tissue surface
Concerning the step 0 (Fig. 2), the source may be characterized by a
Gaussian [53] or a uniform radial shape. Both profiles are simulated
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Fig. 2. Flowchart of the Monte-Carlo model including two components of the light
source distribution: surface (step 0) and volume (step 1), (¢ is a random number).



thanks to a random number 0 < v < 1, from which the radial coordinate
p is defined as follows:

Inv i
= ylA] — | +(1-A)w]
r ( 2 ) @
where wg/2 is the standard deviation of the Gaussian (A=1) or the half-
radius of the uniform (A=0) radial distributions. In both cases the
beam size of the incident radiation used here was set at wp=0.5 mm.
Note that the modelling of a realistic Gaussian laser source is an
important task for imaging problems using a Monte Carlo code [20].
Another effect can be easily simulated at this step 0: the random
angular variation of an angle 6, around the normal direction of the
optical axis that occurs at the surface due to the irregular surface or due
to a diffuse illumination. The exponentiated cosine distribution func-
tion defined by
T cos(dy)"
Py(6) = H(E - 00)(n+1)—ﬂ°

2 (5)

allows random angular variations of 6 [54]. Its influence increases as
the parameter n (entire) decreases.

3.2.3. Scattering phase functions

Regarding a homogeneous medium with a smooth surface, a
ballistic light source gives a model more proper than an isotropic point
source in order to study the reflectance at proximity of the source.
Along the axis Oz, the probability density u,exp(-u,z) describes well
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Fig. 3. Reflectance profiles generated with a skin thickness of 80 um (red, purple dashed lines) and without skin (blue, dashed green lines), with u,=0.0095 mm™
, and for different light source distributions. (a) Gaussian light source with ballistic depth distribution (Eq. (2)). (b) Gaussian light source with diffuse

Ue™M=0.05 mm~!, p's =4 mm!

this source. But whatever initial positions of incident photons, the
isotropic diffusion is established far from the source in turbid tissue.
The transfer from a ballistic input to an isotropic light diffusion
depends on the choice of the scattering phase function p(6), i.e. the
probability density to change the direction. The phase function density
can be represented by the following series:

1
p@) = ™ ; (2n+1)g P,(cosd) ©

with
-2 f " p(O)P,(cosB)sind db
8, 4 A p(0)B,(cosf)sin %)

where P,, is the polynomial Legendre function of order n. The first
order g; is the mean cosine of the scattering angle 6, i.e. the anisotropy
coefficient g. The following functions, prrG, Pers Pasies Prmrra and
PnrGk, are considered in this study according to their specificities.

The phase functions found with symmetrical scattering (as Rayleigh
scattering) or with forward enhancement (as Mie scattering) have often
small or extended orders g,,, respectively. The Mie phase function [55],
DParie(0), is obtained from the Mie diffusion theory, and it can be
numerically estimated from one sphere of radius a or from a radii
distribution. The Henyey-Greenstein function pr;c(8) [56], (where
gn=9g"), is often used for highly scattering media:
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depth distribution (Eq. (3)). (c): Uniform light source with ballistic depth distribution (Eq. (2)) (black dashed lines linked to (a)). (d) Gaussian light source with angular surface
distributions (Eq. (5)) for n=2, n=20 (dashed lines) and n=infinite (black dash-dotted lines), and with ballistic depth distribution (Eq. (2)). (For interpretation of the references to color

in this figure legend, the reader is referred to the web version of this article).



The Gegenbauer kernel function [57] pcx(6), run by a and gex
coefficients, is defined by

A8k a _géK)za

p (0): a a (24
T al(14+g )™ = (1=84) ™1 (1482, =28 c0s0)™ ! )

The modified Henyey-Greenstein (or Gegenbauer) phase functions
are built on the idea that the Henyey-Greenstein (or Gegenbauer)
function, pzrc(0) (or pcx(B)), which represents essentially the forward
part, should be added to another phase function which characterizes
the backscattering part. This last can be a constant value [58], a
function linked to the Rayleigh diffusion [40], or another Henyey-
Greenstein function with a negative coefficient of anisotropy [41]. The
Modified Henyey-Greenstein pasrra(6) [40,42], used here and depend-
ing on az, coefficient, is:

3 2
pMHG(0)=(1—a,m)-pHG(9)+a,l\.”Ecos 0 (10)

The Modified Gegenbauer ppsGx(6) is defined as pasrrc(6) when
the Gegenbauer Kernel function pgx(6) replaces prra(0).

4. Simulation results and discussion
4.1. Two-layer curved tissue

In this subsection the two-layer diffusing medium depicted in Fig. 1(a)
is considered. The thicknesses of the top and bottom layers were kept to
80 um and 35 mm, respectively (in accordance to the curvature radius
rs=35 mm). Unless otherwise specified, Monte-Carlo simulations were
performed using the following optical parameter sets:- top layer
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,ua(D:O.OS mm™}, ,u's(l)=4 mm™- bottom layer ,ua(Z):O.OO95 mm},
1's@=1.12 mm™! and ¢g=0.8. In all simulations the reflectance profile was
computed as the number of photons exiting a surface element of
0.1x0.1 mm?. This simple tissue model offers the opportunity for under-
standing how the computed reflectance profile may be affected by the light
input parameters, by the scattering phase functions, and also by the
presence of the thin top layer. To this end, for all the results shown in
Fig. 3(a-b-c-d) and Fig. 4(b-c-d) the reflectance profiles were computed by
considering the tissue with and without top layer. In this last case, the
optical properties of the top layer were simply the same as those assigned to
the bottom layer.

4.1.1. Effects of light source distributions

Monte Carlo simulations were run assuming the Henyey-
Greenstein phase function, pr;(0) (see Eq. (8)). Fig. 3(a-b) shows
the influence of the axial light distribution (Egs. 2—3) on the radial
reflectance profile, for a Gaussian source shape acting at the tissue
surface. Fig. 3(c-d) shows the effect of different light source distribu-
tions at the tissue surface (Eqs. 4-5) on the reflectance profile, using
axial ballistic light propagation.

It can be observed that the peak intensity computed for the two-layer
tissue is almost twice the one related to the simple bottom layer. This
ratio remains unchanged when the top layer absorption is fixed at
0.05 mm™! or even at 0.5 mm™. This may be explained by the too low
propagation length experienced by the photons propagating close to the
source axis. In order to refine these observations, other optical para-
meter sets of the bottom layer were tested: ,uamin(z):0.00ZS mm™ -
:uvs(2)=1'45 mmil’ [ﬂamin(m’ S,uamin(m: 9,uamin(2)] - [1'5(2)=1.25 mmil’
and 3ugmin® - 1s®=0.75 mm™, while keeping the top layer optical
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reflectance profiles (b-c). All the results were generated with g=0.8 and the same optical properties that those used in Fig. 3.



parameters to u'\’=4 mm™ and y1,”=0.05 mm™'. The resulting ratios
were approximately reduced by 20%, 10%, 5%, and 0.5%, respectively
but were increased of 40% in case of u,®=0.0075mm™ and
wsP=0.75mm™. As it is shown, a weak scattering and a relative
absorption of the bottom layer contribute to enhance the influence of
the high scattering top layer.

Fig. 3(c) shows the effect due to the change of a Gaussian light
source shape into a flat distribution on the reflectance profiles. It can be
observed that the previous ratio decreases from ~1.8 to ~1.5, compar-
able to the ones computed for a high scattering and weak absorption
bottom layer. Fig. 3(d) displays the influence of the angular variation of
the light source at the surface of the two-layer tissue. Notice that this
light source type does not modify the reflectance in case of single
bottom layer, but increases the peak intensity when the two-layer tissue
is considered. Photons which strike the tissue with an important angle,
have an increased likelihood to stay longer in the high scattering top
layer. As a result, an increased photons density in the top layer leads to
an increased peak reflectance that is only observed for a tissue covered
by a thin high scattering layer.

In contrast to the axial light source distributions (step 1), the light
source distributions at the tissue surface (step 0) has an impact on the
relative peak magnitudes. The axial probability densities will act on the
peak reflectance (with and without top layer), whereas the radial
probability densities modify the magnitudes ratio. Except for the
angular variations of the light source which acts at the surface of a
simple tissue layer (without top layer), the absolute reflectance values
are dependent on the source light types.

4.1.2. Effect of the scattering phase functions on reflectance

For a given anisotropy factor g=¢;= < cos0 > (first moment), dif-
ferent scattering phase functions p(6) can be described through the
factor y=(1-g2)/(1-g), where g» is the second order moment computed
thanks to the second Legendre polynomial go= < 1/2(3cos8?~1) > . The
factor y helps to more accurately describe the scattering properties of a
tissue especially for small source-detector distances [40]. For instance,
the Henyey-Greenstein (Eq. 8) and the delta-Eddington (Eq. 1) phase
functions use go=g> (y=1+g) and g»=g (y=1), respectively. Below, the
role of y in reflectance models is examined when g is fixed in the case of
a ballistic light source distribution.

For the purpose of exploration, four scattering phase functions
corresponding to prrG, Parrrc, Pex and pagrie were built for g=0.8
with y=1.8, 1.24, 1.57, and 1.75, respectively. As expected, the plots in
Fig. 4(a) show differences in high-angle scattering (beyond 6=90°)
between pasrra(0) and pasie(0) with respect to prra(0) and pox(6).
The averaged reflectance profiles computed with the phase functions
PmrrG, Pex and pagie are displayed in Fig. 4(b-d). First, only the value
of y=1.24 related to pasrrc leads to a noticeable change of the peak
magnitude (Fig. 4(b)). The increase of the absolute values is also
similar to the ones computed with the incident probability prsorore

Table 3

(Eq. 3). The use of the scattering phase function pasz7c or the isotropic
light source distribution has the effect to increase the backscattering for
angles 0 greater than 90 degrees.

The influence of the scattering phase function on backscattered
light in semi-infinite turbid media has been also quantified through the
simple y parameter [42]. More recently, another parameter o=y+X;_3_,
m(—0.5)i'2(1—gi)/ (1-g) was also defined [43] to improve the quantifica-
tion. Table 3 depicts comparison between our results and those
reported in Refs. [42] and [43]. It is shown that the magnitude of the
computed reflectance increases as y (or o) decreases for a fixed .
Moreover, the reflectance decreases as u’s is increased for a fixed y (or
0). These trends are in good agreement with those reported in [42,43].

Many turbid tissues such as human skin are adapted to the use of
the ballistic probability py(z) [59], but other biological media, such as
blood or vegetal tissues, exhibit different mechanisms of scattering. For
instance, scattering from hemoglobin cells in blood implies sieve and
detour effects [60]. In the same manner, the pores space inside bio-
vegetal tissues give other behaviour of light propagation [61]. That
gives the opportunity to consider different source distributions, as the
one defined by the Eq. (3) (prso(2)). In the next sections, the cases of
apple and human skin tissues are considered.

4.2. Experiments and simulation results on apple tissues

4.2.1. Transmittance-Reflectance mode

The choice of the best input light source (pp(z) or prsororw(z)) was
operated by considering the fruit with and without skin. A measure-
ment based on the transmittance mode was then used in order to take
into account the photon propagations through the whole part of the
thin skin layer. Next, a comparison between experiments and simula-
tion results were made.

The light sources included a He-Ne Laser emitting at 633 nm, and
three C.W Laser diodes emitting at 763, 784 and 852 nm. The light
produced by each laser source was transported through an optical fiber
(Edmund Optics) coupled with a focusing lens (f =80 mm) in such a
way that the spot diameter reaches less than 1 mm, with approximately
a flat shape. The light scattered by the apple sample in transmittance
and reflectance modes (Fig. 5(b) and (c)) was captured with a CCD
(Charge-Coupled-Device) camera. The setup [62] is presented in
Fig. 5(a). Three apple cultivars, " Royal Gala, Golden Delicious and
Granny Smith " were used in transmittance and reflectance modes
shown in Fig. 5(b) and (c).

Fig. 6(a) depicts the light profiles captured on the cut surface in
transmittance mode, when a Golden Delicious apple (with and without
skin) is illuminated by a He-Ne laser source located at z.=3 mm. It
appears that the peak of the light profile coming from the unpeeled
apple is larger than the one linked to the peeled apple. This trend is
observed for all varieties. Fig. 6(b) depicts the ratio of the peak
magnitudes measured on the three apple cultivars with and without

Influence on the reflectance close to the source according to characteristic parameters (y , o) related to different phase functions p;. Comparison between results in this work with others

ones coming from the literature.

Optical properties u, - u’s detector location p

Relative reflectance R (p)/Res

y ~1.25 (p;) or 0=0.67

y ~1.5 (p;) or 0=0.95 Rept Y ~1.75 (py) or o=1

(i) Ref. [42] p=0.25 mm 1,=0 u's=1 mm™’
Ha=0 p's=1 mm™*

(ii) Ref. [43] p=0
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(iii) This work p=0
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y =1.57 (pGx)
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and the phase function pz(0)). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article).

skin. The case of Royal Gala provides a lower ratio than the other
species. This may be explained by the fact that the Granny and Golden
cultivars have a more important chlorophyll density inside their
epidermis and a greater skin thickness (~90 and 80 um, respectively)
than the ones of the Gala apple (~60 um). For all species the ratios
increase with respect to the wavelength above 633 nm, and the gaps
(defined in Fig. 6(b)) between the data of Golden or Granny are greater
than 20%.

The observed trend may be simulated using the Monte Carlo model.
A series of simulation was carried out for a fixed input light source (Eq.
3) in transmittance mode (Fig. 5(b)), when the skin layer has different
optical properties and different thicknesses (described in Fig. 6(c)). The
goal was to explain the gap of 0-100% displayed in the Fig. 6(b). At the
source location z.=3 mm and for a fixed skin thickness of 80 um, the
gap between the simulated profiles (with and without skin) tends to
decreases when the absorption coefficient is varied from 0.05 to
0.5 mm™!. But it remains unchanged when the reduced scattering
coefficient was varied from 4 to 5 mm™". Moreover, increasing the skin
thickness from 65 to 130 pum with similar optical parameters yields a
slight decrease of the gap. However, in all the cases considered, the gap
does not exceed 8%. Inspection of the results obtained by varying the
scattering coefficient of about 75% or the absorption coefficient of
about 40% of the flesh, while keeping the skin optical parameters fixed,
reveals changes of gap of about 7% and 5%, respectively. All these
results show that the large gap values found between the experiments
(see Fig. 6(b)) are hardly obtained theoretically (see Fig. 6(c)).

A similar observation was found with the use of a ballistic light
source (Eq. (2)). So, a model that uses the same input light source is
less accurate. Another way to compare the experimental data with the
simulation results may be based on the use of different input light
sources according to the states peeled and unpeeled apple. The
Fig. 6(d) shows the simulated case where the gap was increased to
12%: Eq. (2) and Eq. (3), respectively, for the unpeeled and peeled
media. All this suggests that the mechanism of propagation of light may
be considered differently with respect to the structures. For the peeled

apple, there are the pores (large spaces between cells), and for the
unpeeled apple, there are small cells close together and the wax layer
(~2 or 3 um). Unlike to the peeled apple, the surface of the unpeeled
apple is enough smooth to use the ballistic light source distribution.

4.2.2. Reflectance mode

Part of reflectance curves obtained from the three apple varieties
(peeled and unpeeled apples) at the wavelength of 633 nm are shown in
Fig. 5(d-f). Each curve is obtained from unsaturated part of several
images, after removal of the specular reflection. In the case of unpeeled
apples, the Granny and Golden species give reflectance profiles with a
higher slope than the cases of peeled apples. This effect is more
noticeable for the Granny Smith apple. We note that the previous
simulations qualitatively agree with the experimental behaviour dis-
played in the Fig. 5(d-f), i.e. a greater slope of the reflectance at
proximity of the source when the skin is present. To precise the
comparison, simulations were run with typical values that are listed
Table 1 (,us’(z):l mm™?, ,ua(z):0.02 mm™?, ,us’a):4 mm™?,
1a™@=0.6 mm™, g=0.7 and pr;(0)) for a Golden Delicious apple
(skin thickness 0.08 mm) illuminated at 633 nm. The trend about the
greater slope of the profile due to the skin (insert in Fig. 5(¢)) is similar
to experiment. Nevertheless, the experimental mean profiles seem
more spread out than the simulation ones of the case unpeeled,
meaning that properties of the photon transport differs strongly
between peeled and unpeeled apples.

The reflectance profiles related to Golden species have been
obtained at the wavelengths of 784 and 852 nm. The optical para-
meters of the Golden peeled were retrieved (~10% of relative error) by
using an optimal source-detector distance range [3—10 mm] for the
curves fit: 1,=0.0085 mm™- y's=1.13mm™" and p,=0.0138 mm™'-
1's=1.06 mm™! at the wavelengths of 784 and 852 nm, respectively. We
note that the profiles derived from the model are not quite similar to
those obtained experimentally at distance close to the source. This may
be explained by the defects of the imaging system after signal
processing. Then only the relative magnitude of the peaks can be used
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the scattering angular deviations up to 160° from the skin (thick-
ness~150 um) and flesh samples (~290 um and taken at 3 mm beneath
the surface) extracted from a Golden apple at wavelengths 784 nm (see
Fig. 7(a-b)) and 852 nm. A modified Henyey-Greenstein phase function
parrrc(0) (Eq. 8) was used to fit these experimental data and provides
the characteristics of an effective scattering phase function correspond-
ing to a specific tissue [64]. For the skin sample (see Fig. 7(b)), the

between experimental images that have been identically processed.
Afterwards, the comparison between the computed peak magnitudes
for unpeeled apple and peeled apple can be made according to the
estimates of phase function or the type of input light source.

4.2.3. Experimental and simulated scattering phase functions
A goniometer setup previously tested [63,64] was used to measure
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Fig. 7. Experimental effective phase functions (red diamond) obtained with a goniometer set-up. (a) and (c) flesh sample (~290 pm), (b) skin sample (~150 pm). Data fitted with
analytical functions pasrra(6) (black line) or pzra(6) (blue line). Data fitted with Monte Carlo simulations of slab (green squares): case skin sample (b) with two-layer parameters (skin-
flesh) (thickness™=80 um—us(1)=15.5 mm'l—ua(“:O.l mm™), (thickness®=60 um—us(2)=4 mm’l—ya(2)=0.01 mm™), Parrrc(0) (9r6=0.867-075,=0.147); case flesh sample (c) with
parameters (flesh) (thickness=0.3 mm—ys(z) =4 mm’l—ya(z) =0.01 mm™), prz(6).(g=0.74). (For interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article).



parameters [64] (g zc~0.81, azs0~0.20) were found for both cases 784
and 852 nm, yielding an anisotropy g=(1-07s0)9 rrG~0.65. For the flesh
sample (see Fig. 7(a)), the parameters [64] (grzs~0.74 and 0.8,
a750~0.29 and 0.37 for 784 and 852 nm, respectively) lead to a low
value of anisotropy ~0.5.

For this last case, the modified Henyey-Greenstein function is more
sensitive to the data recorded at angles ranging from 20° to 140° (see
Fig. 7(a)), and does not take into account the high peak seen before 6°.
Furthermore, because the thickness of the flesh sample is close to 1/u,
(mean free path) and the sample is not smooth, the detection of light
far from the zero angle may be related to more than a single scattering
event. Then, the value of the effective anisotropy due to k scattering
events is equal to g;* [65], when ¢ is defined as the anisotropy of one
single scattering event. When only the Henyey-Greenstein function is
considered (Fig. 7(c)) on the range (10°<6<90°), the single scattering
event should dominate [64], which gives a better estimate of the
anisotropy coefficient g=g77G=0.74 or 0.8 (i.e. ~0.5Y/%% or ~0.5'/%).

To confirm this result, Monte Carlo simulations were run by
considering a thin slab with the following parameters (thickness:
300 um, ,us(z):4 mm™}, ,ua(z):0.0l mm~! and g=0.74) and using a
Henyey-Greenstein function pz;s. The scattering coefficient was cho-
sen in such a way that the optical thickness be equal to 1.2. The
simulated results (square symbols in Fig. 7(c)) are compared to the
experimental phase function found in the case of the flesh. Between 10°
and 140° the simulated data are close to those obtained by the
experiments.

For the case of the skin sample, another anisotropy coefficient was
also estimated thanks to simulations by Monte Carlo performed with a
multilayer thin slab using a modified phase function pnsr7c(0) and two
bulk tissues (thickness™¥=80 um, us??=15.5 mm™, 1,?’=0.1 mm™*
and thickness®=60 pm, us®=4 mm™, 1,?=0.01 mm™). After sev-
eral tries, the fit of the experimental phase function (see square symbol
of Fig. 7(b)) with values of gz;5=0.867, also~0.147 was considered as
sufficient (anisotropy ~0.74). So according to this numerical retrieval
method, flesh and skin have two different phase functions but the same
anisotropy coefficient. The simulated results obtained with the two-
layer model can now be used with the previous data [64] or these new
retrieval information.

4.2.4. Experimental reflectance profiles versus simulations

First, the experimental data of the Fig. 8 were built with different
parts, coming from saturated and unsaturated images corresponding to
the wavelength of 852 nm. For the two-layered configuration, three
cases were simulated using a ballistic source: Gaussian and uniform

(@)

radial source with the effective phase function pasr;c(0), Gaussian
radial source with only pz;c(6). The optical parameters of the skin
(g=0.64-0.65 [64], u=01mm™, p'@=4mm", thick-
ness=80 um) were chosen in this first approach. As seen in Fig. 8(a),
the simulations using the effective modified phase function have given
profiles too narrow compared to the experimental data. The uniform
source, who is more appropriated for the flat beam at the exit of the
fiber, enlarges slightly the profiles. When only the part pz;c(0) is taken
into account for the flesh, the model seems well adapted to simulate the
experiment features. Subsequently, the Henyey-Greenstein function
will be only considered for the flesh layer (g=g75=0.8 or 0.74 for 852
and 784 nm, respectively).

Second, the profiles extracted from 21 images, related to a
wavelength of 784 nm, are used to build an average profile [62]. The
uniform radial distribution for the incident photons was used and the
density pasrra(B) for the skin layer were defined with the previous [64]
or new retrieved parameters. The maximum value related to the two-
layer system is larger than the one related to the peeled system, as
shown in Fig. 9(a), whatever are the estimated modified phase
functions (effective [64] or single phase function of the skin layer).
But the discrepancy between the peak profiles differs rather with
respect to the light source types used for the peeled apple: wrong for
the case pp(z) (Eq. 2) contrary to the case prsororw(z) (Eq. 3). Other
comparisons, such as the one depicted in Fig. 8(b) where the peaks are
not averaged and where the effective phase function of the skin is used,
give similar trends.

In order to see the influence of the phase function type on the
simulations comparison, other functions were considered with the
same anisotropy 0.74. The factors y (defined in the Section 4.1.2) were
computed for all the cases studied. In Fig. 9(b), the functions pgx and
PG are chosen (with a=0.1) for the flesh and the skin, respectively.
A similar behaviour as the one obtained for pz;c and pasrrc (Fig. 9(a))
is observed. Both cases show a difference between the factors y of the
flesh and the skin almost equal to 0.6. In Fig. 9(c), phase functions
computed from the Mie diffusion are used with y particularly great but
close (skin: 1.94 and flesh: 1.97). This time, the gap between the peak
intensities differs of the experimental gap whatever the light input
sources. A phase function linked to the skin layer including a Rayleigh
component has the effect to give a smaller factor y than the phase
function linked to the flesh layer. As a result, a comparison can be made
properly between an unpeeled apple model that uses a ballistic source
and the peeled apple that uses a diffusive input source. Note that the
average radius of the spherical particles, which allows to find the same
values of anisotropy coefficient by the Mie diffusion, are 0.34 um for
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the skin, and a combination of 0.24 um (89%) and 0.4 pm (11%) for the
flesh, when the index ratio m=1.4/1 and the wavelength 784 nm is
chosen. These sizes are in agreement with the average size of biological
cell components [30].

Owing to the use of distinct light source input according the state
peeled or not peeled, the comparison between simulation and experi-
ment was carried out. In order to optimize the Monte Carlo model, the
phase function of the skin layer exhibited an increase of its back-
scattered part contrary to the phase function of the flesh. If the
simulation does not take into account this specify, an error can be
perceived on the peak of the reflectance profile. In our model, the
magnitude order of this error is estimated as equal to the error
obtained when the skin thickness is changed of 10 um (~10% of the
mean thickness).
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4.3. Human skin tissues

For a two-layer model where the ballistic source is sufficient, the
influence of the skin layer on the peak reflectance can be settled by an
appropriate choice of phase function, for which the asymmetry factors
g and y are close to the experimental values. The modified phase
function is an easy way to do it. This was shown here for simulation of
an apple irradiated with a laser source directed normally to its surface.
But the simulations on human skin illumination requires another
model with an appropriate phase function. In the next subsections, the
problem of the phase function and the influence of source distribution
are approached for a human skin model.

4.3.1. Bidirectional Reflectance Distribution Function (BRDF)
Light may exhibit scattering and/or directional properties at the
skin surface according to the incident angles. The reflectance coming
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Fig. 10. (a) BRDF (Bi-directional Reflectance distribution functions) computed with an incident angle of 80°, a Henyey-Greenstein or a modified Henyey-Greenstein phase function and
r;=70 mm. (b) The fittings of the data in (a) are compared with experimental data (empty symbols) estimated from Marschner et al. [66].



from the incident source location is characterized by the Bidirectional
Reflectance Distribution Function (BRDF) [49,61]. As expected this
function is sensitive to the incident photons and to the direction
deflection probabilities. Then, the angular distribution of the source
and the phase function may impact the shape and the amplitude of this
BRDF. In order to observe this, a simplified scheme of the human skin
is proposed, with different optical parameter sets y,=0.8, 0.4, and
0.3mm™, ug=100, 45, and 19 mm!, g=0.86, 0.8, and 0.8 for the
stratum corneum, epidermis and dermis layers, respectively.

First, with an incident angle of -80°, i.e. a transmitted angle of
44.7°, the BRDF are obtained with a Henyey-Greenstein function and a
modified Henyey-Greenstein phase function with az7,=10.1%
(Fig. 10(a)). Outside the area of the specular reflection, the scattering
occurs and it can be seen for angles < 60° that the phase function
changes the shape of the reflectance according to the emitting angle. A
comparison was made with experimental data reported by Marschner
et al. [66], who used an electronic flash illumination on several human
forehead at an incident angle of 75° (Fig. 10(b)). The comparison was
focused on the angular domain where the Fresnel reflection is not
predominant. That allows to prove that the Henyey-Greenstein phase
function, often used in simulation codes of human skin [16,17,67,68],
is well adapted to the optical study of the stratum corneum and
epidermis layers.

4.3.2. Light penetration in the human skin

Second, the amplitude variation of the BRDF with respect to the
source is considered. The needed quantity of absorbed light in the
dermis according to the phototherapy technics depends on an accurate
dose of light injected at the surface. The Eq. (5) and Eq. (2), together
with a Henyey-Greenstein phase function, are used with the parameter
n=infinite (normal injection 6y=0) or n=1 (angular density distribution
1/m.cos6y). That expression simulates a collimated (n=infinite) or a
Lambertian distribution of the source (n=1) inside the medium. As
shown in Fig. 11(a), the BRDF increases with the Lambertian
distribution, while the light penetration in the tissue decreases.
Simulation results about the light penetration have been also consid-
ered but with respect to two different stratum corneum layers: large
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thickness (20 um) and scattering coefficient (100 mm™), or small
thickness (10 um) and scattering coefficient (50 mm™). The
Fig. 11(b) shows the light transmission along the optical axis through
the stratum corneum, the epidermis and the upper dermis. Relatively
to the normal injection, the Lambertian source distribution produces a
higher photon density for the stratum corneum layer and a smaller
photon density for the upper dermis layer. We note that there is the
same photon density level inside the dermis for the two considered
stratum corneum layers. The light density occurring in the dermis
depends more on the angular distribution of the light input source than
the amount of dead cells covering the epidermis surface.

5. Conclusion and summary

The propagation of light in curved turbid media covered with a thin
tissue layer has been studied thanks to a multi-layered Monte Carlo
model. The reflectance profiles obtained with a two-layer system were
systematically compared to the ones related to the homogeneous
system without top layer. Owing to the fact that this first layer is
considered as having strong diffusing and absorbing properties, the
photons will concentrate largely in the vicinity of the light source. The
light close to the source depends on both the light source distribution,
on the surface (radially or angularly) and inside the volume (axially),
and on the scattering phase function. Thus, the scattering phase
functions were varied, and the -radial, -angular and -axial distributions
of the input light source were introduced as another constraints. All
these distributions have been inserted as variable functions in the first
steps of the Monte Carlo code.

The peak intensity of the reflectance profiles have been seen as very
sensitive to the variation of each light source distribution, and to the
characteristic parameter y linked to each considered scattering phase
function. The ratio of the peak intensities, with or without skin,
remains unchanged except for changing the radial distributions
(Gaussian source versus uniform source) and the angular distributions,
and is slightly affected by the modified Henyey-Greenstein phase
function.

A curved two-layer turbid model is well adapted to study the light

Ballistic - SC optical depth: 2
Lambertian - SC optical depth: 2
———Ballistic- SC optical depth: 0.5
—==Lambertian - SC optical depth: 0.5

0.1 02 03 0.4 0.5 0.6
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Fig. 11. (a) BRDF computed with an incident angle of 0°, a Henyey-Greenstein phase function, and with a ballistic or Lambertian source. (b) Depth light penetration in the turbid
medium with two input light sources (as in (a)), but with two optical lengths of Stratum Corneum layer: 2 (thickness 20 pm *p,=100 mm™) or 0.5 (thickness 10 pm *pg=50 mm™).



propagation in fruits such as apples. Experiments were performed on
three apple species by using multispectral imaging and several laser
sources emitting in the visible and near-infrared domain. Light
reflectance of the three apples have shown different behaviour from
each other, which seems related to the thickness and the pigments
density of their peel. The peak intensity of reflectance on the planar
surface of a half-sphere were also considered when the source is located
on the curved surface but close to the cut surface (a partial transmit-
tance mode). This transmittance mode allows to characterize the axial
distribution of the light source. Moreover, some experimental phase
functions were provided by a goniometer setup for skin and flesh
samples extracted from one cultivar. Monte Carlo models were
adjusted by the use of experimental phase functions, in order to
compare simulated reflectance profiles with those recorded by the
imaging setup.

Therefore, it was shown that a modified Henyey-Greenstein func-
tion is well appropriate to simulate the light propagation through the
peel layer, while the axial distribution of the incident photons
computed in the case of a peeled apple is distinct from the one related
to an unpeeled apple. This may be explained by the fact that the flesh
structure contains cells and pores whereas the skin structure comprises
small cells but without pore spaces. These computations contribute to
separate the different factors that shape the diffuse reflectance profiles
and could lead to improved models for fruit quality inspection.

The angular dependence of the reflection of a human skin has been
also simulated to illustrate the effects of distribution functions on a
biological tissue. It was shown that a Henyey-Greenstein function was
appropriate to simulate the light propagation in the visible wavelength
range. Moreover at the first attempt, the difference on the depth
propagation of light inside a human skin has been studied between a
light source having Lambertian angular distribution and a light under
normal incidence. The penetration of light, depending on the reflec-
tance magnitude, is perceived as being more affected by the input light
source distribution than for the state of the stratum corneum (i.e.
related to quantity and size of the dead cells).

The investigation on the scattering events inside the skin and flesh
tissues should be made in a future work for different fruit specimens
and for other wavelengths ranging from 400nm to 1000 nm.
Concerning the real human skin model, the roughness of the surface
and the blood vessel absorption in the dermis should be taking into
account in the Monte Carlo model. Furthermore, a well-conceived
Monte Carlo model can help in the improvement of the retrieval of
coefficients near the skin region. In particular, the knowledge on the
mechanism of scattering for the first injected photons can be useful to
the fast hybrid-Monte Carlo processes.
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