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Spectral reflectance from layered skin tissue as a function of wavelength can provide valuable information
about the skin's optical properties for diagnosing skin conditions. Monte Carlo and Henyey-Greenstein (HG)
are two methods to model scattering in skin layers. However, the HG method is a simpler and widely used
technique that assumes a single parameter to characterize the scattering phase function. In this study, we
conducted simulations of scattering in six-layered skin tissue using Zemax software based on the HG method.
Our observations revealed increased penetration depth and back-scattered reflectance as the wavelength
increased. We investigated reflectance patterns in different skin conditions by simulating mild solar damage,
mild chronic dermatitis, and Mild solar damage with chronic inflammation. We recorded differences in the
maximum intensity of reflected light in each condition. Additionally, we compared the backscattered
reflections produced by incoherent and coherent light sources. The results of our HD simulation-based studies
suggest that incoherent sources at infrared wavelengths could be advantageous for the analysis of skin
disorders.

Back-scattering, Henyey-Greenstein, Skin conditions, Spectral reflectance, Zemax software.

layers have a complex structure with unevenly
|.INTRODUCTION distributed components like blood vessels and
pigments. This makes it difficult to accurately
measure the amount of these components using
light, as the reflected light signal is a mixture
of contributions from different components.
Despite  this challenge, reflectance
spectroscopy is the most common method for
analyzing the skin with light [2].

Spectral reflectance analysis holds significant
potential for diagnosing skin disorders,
including melanoma detection, skin cancer
diagnosis, and monitoring treatment response.
When light interacts with skin tissue, it is both
absorbed by chromophores like melanin and
hemoglobin and scattered by cells and tissue
[1]. This complex interplay between
absorption and scattering is key to
understanding skin properties. The skin's upper

Two methods are used for the optical modeling
of spectral reflectance from biological tissues:
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the Monte Carlo method and the Henyey—
Greenstein (HG) phase function. The Monte
Carlo method simulates the individual paths of
photons as they travel through the tissue. It
tracks each photon's interactions with the
tissue, including absorption, scattering, and
reflection [3, 4]. This method is highly
accurate but computationally expensive,
especially for complex tissue structures.
However, the Henyey—Greenstein (HG) Phase
Function method treats the tissue as a whole
scattering body, simplifying the modeling
process. It uses an analytical formula (the HG
phase function) to describe the overall
scattering properties of the tissue, instead of
tracking each photon individually [5, 6]. This
approach is much faster but sacrifices some
accuracy.

C. Ash and colleagues employed Monte Carlo
modeling and found that penetration depth
increases with wavelength, but larger spot
sizes do not significantly increase penetration
beyond a certain point, highlighting the
importance of understanding light-tissue
interactions  for optimizing therapeutic
techniques [7]. O. Kim and team utilized a
stochastic photon transport model and
reflectance spectroscopy to study normal and
bruised skin. By simulating and comparing
reflectance spectra, the model accurately
predicts skin changes during bruise
development, including peak concentrations of
bilirubin and blood volume fraction [8]. H.
Funamizu and collaborators used ray-tracing
software and a GPU-based Monte Carlo
method to simulate light propagation in human
skin, capturing its complex structure [9].
Another study demonstrated that utilizing the
stable HG phase function can significantly
accelerate the calculation speed of light
propagation  through  highly  scattering
materials by leveraging existing a priori
knowledge on interaction processes [10].
Melnikova and colleagues applied the HG
phase function to estimate the reflection
function of a semi-infinite and conservative
scattered layer, suitable for both direct and
inverse problems in atmospheric optics
assuming a plane atmosphere [11]. Also, error
analysis using the HG phase function through
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multiple scattering was carried out by Zhao
and colleagues [12].

This paper presents a novel approach to
modeling spectral reflectance in skin tissue,
leveraging the Henyey-Greenstein (HG) phase
function. This function provides a robust
approximation of light scattering in biological
tissues, describing the probability of light
deflection after each scattering event [5]. By
focusing on the HG phase function, we aim to
accurately quantify the wavelength-dependent
scattering of spectral reflectance. To achieve
this, we have developed a comprehensive
simulation using Zemax software's Non-
Sequential (NSC) data editor. Our model
incorporated six distinct layers representative
of skin tissue. By varying the wavelength of
incident light, we have simulated its
penetration depth and calculated the resulting
reflectance using a rectangular detector.

Also, the skin properties of mild solar damage,
mild chronic dermatitis, and mild solar damage
with chronic inflammation were simulated,
and maximum scattering intensity was
obtained. Furthermore, the simulations were
compared using incoherent and coherent light
sources. This detailed analysis provides a
thorough understanding of how light interacts
with skin at different light wavelengths, and
different skin tissue conditions, ultimately
informing the development of more precise
and effective diagnostic tools.

Il. MATERIALS AND METHODS

The HG model offers a powerful tool for
understanding light scattering in turbid media
like biological tissues. This model utilizes a
function that can predict various scattering
patterns, ranging from backscattering to
forward scattering, by adjusting one parameter,
the anisotropy factor g, within the range -1 <g
< 1. The angular distribution of scattered light
is mathematically described as [5, 13]:

1 1—g2
(0) =— 2 3/2
4t [1+4 g% — 2g cos(0)]

1)

Where p(0) represents a probability density
function and 6 ranges from 0 to m radians,
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indicating the angle between the photon's pre-
and post-scattering directions. A value of 6 =0

TABLE 1. LENS DATA EDITOR OF SIMULATION

rad denotes that the photon continues in its

Vol. 4, No. 1, Spring-Summer, 2024

original direction post-collision.

Material
Ref X Half
Object Type Comment Z Position Z Length | (refractive
Object Width
index)
1 Source File AVAG-QSM-01- 0 -1.000 0.100 1.34 100
2 Rectangular Volume Epidermis 1 0.000 0.100 14 10.000
3 Rectangular Volume Papillary dermis 2 0.100 | p 0.150 1.39 10.000
4 Rectangular Volume | Upper blood net dermis 3 0.150 | P 0.100 1.4 10.000
5 Rectangular Volume Reticular dermis 4 0.100 | P 1.500 1.39 10.000
6 Rectangular Volume | Deep blood net dermis 5 1500 | P 0.100 1.44 10.000
7 Rectangular VVolume Subcutaneous fat 6 0.100 | p 6.000 1.34 10.000
8 Detector Small sensor 0 -0.200 100 ABSORB | 5.000
TABLE 2. OPTICAL PROPERTIES OF HUMAN SKIN [4].

Wavelength(nm) Skin layer Thickness(mm) g n B (em™) | py(em™)

Epidermis 0.1 0.85 1.34 0.015 40

Papillary dermis 0.1 0.8 14 0.07 30

600 Upper blood net dermis 0.15 0.9 1.39 0.1 35

Reticular dermis 0.1 0.76 14 0.07 20

Deep blood net dermis 0.1 0.95 1.39 0.1 35

Subcutaneous fat 0.8 1.44 0.03 15

An isotropic medium is characterized by g =0,
S indicating an equal likelihood for the photon to
Epidermis L1

Papillary dermis ——— £, i

Upper blood net dermis

Reticular dermis —— 14

Subcutaneous fat ——— |5

Fig. 1. The model of six-layered skin tissue.
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travel in any direction. Therefore, the outcome
is influenced by the anisotropy factor g, which
is denoted as g=(cos(0)) [14].

In the context of human skin, the HG model
represents the skin as six distinct layers: the
epidermis, papillary dermis, upper blood net
dermis, reticular dermis, deep blood net
dermis, and subcutaneous fat. These layers are
modeled as rectangular volumes with no
distance between them, effectively treating
each layer as a continuation of the previous one
(as shown in Fig. 1).
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To simulate light scattering within the skin, the
refractive index, thickness, and position of
each skin layer as listed in Table 1, were
inputted into the Lens data editor of Zemax
software. Initial parameters within the "bulk
scatter” module were then adjusted to model
wavelength-dependent  scattering.  These
parameters include: g, Mean path, and
Transmission fraction. The mean path and
transmission coefficients were calculated
using the following equations [3]:

Mean path = (2)
Ha T Us
Transmission = Ks (3)
Ugq t+ Us

Where the absorption coefficient (pa) and
scattering coefficient (us) are fundamental
parameters in light propagation through
biological tissues. pa quantifies the absorption
of light energy by the tissue, representing the
conversion of photons into other forms of
energy within the cells. Conversely, s
describes the scattering of light, characterized
by the change in the direction of photons as
they interact with tissue components. Table 2
presents the specific values of these
coefficients used in a 6-layer skin model for a
wavelength of 600 nm [15].

To determine the spectral reflectance, a
rectangular detector with a 180° field of view,
5 mm in length, and 10* pixels was positioned
0.1 mm along the skin surface.

The modeling was performed in the non-
sequential data editor of the Zemax simulation
software. In the bulk scatter section of each
layer's properties, based on Henyey-
Greenstein-bulk.DLL, mean path and
transmission values can be calculated based on
substituting pa and s in equations 2 and 3. By
applying the coefficients g and n for each layer,
representing the anisotropy factor and
refractive index respectively, scattering within
the skin layers for each wavelength can be
observed by referring to ray tracing in the
analysis section.
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The coefficients g and n are dependent on the
input wavelength. Simulations were conducted
for wavelengths of 337, 442, 575, 600, 633,
and 940 nm [15, 16]. The resulting spectral
diagram illustrates the scattering intensity at
each wavelength.

In every skin condition, changes in the
thickness of skin layers lead to alterations in
the structure of skin tissues, which are
manifested in the scattering coefficients. To
simulate the skin conditions, the thickness of
each skin layer is altered in response to
conditions like mild solar damage, mild
chronic dermatitis, and mild solar damage with
chronic inflammation [17]. Then the maximum
back-scattering intensity was compared with
normal skin.

111.RESULTS AND DISCUSSIONS

The angular distribution of HG-based scattered
rays in the multilayered skin tissue is presented
in Fig. 2. The NSC 3D layout shows the
layered skin tissue including living epidermis,
papillary dermis, upper blood net dermis,
reticular dermis, deep blood net dermis, and
subcutaneous fat.

The irradiation may undergo repeated
scattering events within the skin tissue, with
the scattered rays potentially traversing
multiple times through the medium before
being absorbed or emerging on the other side.
As can be seen, the reflectance is obviously
dependent on the wavelength of the irradiation
source. The 337 nm irradiation reaches the
epidermis skin layer, while the 633 nm
irradiation penetrates the deeper layers, skin
subcutaneous tissue [18].

To detect the back-scattered reflection, we
incorporated a rectangular detector into the
simulation. The detector was positioned at a
small distance, 0.1 mm, from the skin's surface.
The profile and intensity of back-scattered rays
for incoherent irradiance at 337 nm, and 940
nm can be seen in Fig. 3. The concentrated
light with higher intensity was detected at
higher wavelength.
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Fig. 2. 3D layout of multilayered skin tissue at
wavelength of a) 337 nm, b) 575 nm, and c) 633 nm.
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Fig. 3. Detector view at wavelengths of a) 337 nm,
and b) 940 nm.

To obtain the spectral reflectance from
multilayered skin tissue, the incoherent
irradiation sources at various wavelengths, A,
337, 442, 575, 600, 633, and 940 nm were
considered. We input the specific optical
properties of each skin layer, p,(1), ps(1),
g(A), and n(A), corresponding to each
wavelength, into the Zemax software for
simulation. The cross-section row of the
detector viewer at each wavelength is depicted
in Fig.4. It is obvious that the reflectance
increased with increasing wavelength.

1.4 1 —=a— 337 nm
—e— 442 nm
1.2 —a— 575nm
10 —w— 600 nm
{E“ - —¢— 940 nm
£ 0.8
=
3 064
o
&
23 044
=
13}
o Q.2
0.04
-0.2 T T T T T
6 -4 -2 0 2 4 5]

X position (mm)
Fig. 4. The back-scattered light profile at different
wavelengths.

Fig.5 shows the peak intensity of the reflected
light in the wavelength range of 337 to 940 nm.
This figure shows an increase of around 600
nm due to more scattering by skin structures [3,
18]. While, at shorter wavelengths, light is
more likely to be absorbed by melanin,
Hemoglobin, and other chromophores in the
skin, leading to reduced reflectance [20, 21].
This trend is significant because the interaction
of light with these chromophores can provide
insights into the skin's physiological
conditions and overall health.
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TABLE. 3. VARIATION OF SKIN LAYERS THICKNESS IN DIFFERENT SKIN CONDITIONS AND ASSOCIATED BACK-SCATTERING INTENSITY.
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Thickness(mm) Max
Skin conditions back-
Epidermis Papillary | blood net | Reticular | Deep blood scattering
P ' dermis dermis dermis net dermis Intensity
Normal skin 0.1 0.15 0.1 1.5 0.1 1.56
Mild solar damage 0.03 0.016 0.01 0.162 0.01 1.35
Mild chronic 0.09 0.024 0.016 0.240 0.016 1.47
dermatitis
Mild solar damage, | g 0.016 0.01 0.162 0.01 1.40
chronic inflammation
peak intensity of reflected light. In Fig. 6, a
14 comparison was made between the back-
o scattered reflections produced by incoherent
=Y o . . . .
_ 127 S irradiance (e.g., LED) and coherent irradiance
510 /’ (e.g., laser) at 940 nm. It is evident that while
208 4 the peak intensity of back-scattered light is
8 f lower when using incoherent irradiance, it
8064 [ tends to be more isotropic, meaning the light is
% 0.4 / scattered uniformly in various directions.
& e
0.24 0/’,.4-’9_" ° 1.3887
0.0 T T T T T T a) 1:1110
300 400 500 600 700 800 900 1000

Wavelength (nm)

Fig. 5. Reflectance peak as a function of
wavelength.

As the penetration depth and the reflectance in
the near IR regime (940 nm) were more, it was
selected for more analysis. To analyze the
reflectance in different skin conditions, in
accordance with Table 3, the mild solar
damage, mild chronic dermatitis, and mild
solar damage with chronic inflammation were
simulated and the maximum intensity of
reflection was recorded. As can be seen, the
thinner the layers become, the less reflection
occurs [22]. Understanding these variations is
crucial for developing non-invasive diagnostic
tools that employ optical methods for skin
analysis. Additionally, external factors such as
illumination conditions, can also influence the
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Fig. 6. Detector view at wavelengths of 940 nm
using a) incoherent irradiance, and b) coherent
irradiance.

The backscattered laser light exhibited speckle
patterns (fluctuations in intensity) due to the
coherent nature of laser light. Variations in
path length, resulting from multiple scattering
and differing refractive indices within tissue
layers, introduced phase shifts to the light
waves. This phenomenon caused constructive
and destructive interference between multiple
scattered light waves, creating bright and dark
spots [23, 24]. Furthermore, minor cellular
movements or refractive index changes alter
the interference pattern, causing observable
speckle pattern fluctuations [25]. The speckles
pattern could be utilized in the Laser speckle
contrast imaging technique to monitor the
dynamics of skin tissue [26].

Also, Fig. 7 illustrates a comparison of the
cross-sectional  row  of  backscattered
reflections obtained using both incoherent
(LED) and coherent (laser diode) illumination.
This comparison reveals that employing a laser
diode as the light source resulted in higher
sensitivity compared to using an LED [27].
However, the laser diode illumination resulted
in a non-uniform cross-sectional profile.
Therefore, LEDs could be advantageous in the
diagnosis and treatment of skin conditions
[28].
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Fig. 7. Cross section row of back-scattered
reflection using incoherent irradiance, and coherent
irradiance.
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IV.CONCLUSION

Simulation allows researchers to study the
optical properties of skin tissue in different
conditions. Monte Carlo and Henyey-
Greenstein  methods are two alternative
approaches to model scattering in skin layers.
However, HG is a good alternative when
complexity is not necessary. In this paper,
based on the simulation of the skin layer's
parameters in the HG method, the back-
scattered reflectance was obtained at different
wavelengths. Our results highlight the
potential for using longer wavelengths to
enhance light delivery and detection in the
skin.

Also, different skin conditions such as mild
solar damage, mild chronic dermatitis, and
mild solar damage with chronic inflammation
were simulated and the back-scattered
reflectance intensity was recorded at the
detector. The findings demonstrated that
decreasing layer thickness led to a reduction in
reflected light. Furthermore, when comparing
coherent and incoherent light sources, we
observed that coherent light resulted in a more
intense reflection, but this reflection was
distributed non-uniformly. Our results suggest
that the HG method can be a valuable tool for
optimizing light-based applications such as
dermatological imaging, skin diagnostics, and
phototherapy.
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