30th Annual International IEEE EMBS Conference
Vancouver, British Columbia, Canada, August 20-24, 2008

Simulation of skin reflectance images using 3D tissue modeling and
multispectral Monte Carlo light propagation

Vincent C. Paquit, Fabrice Mériaudeau, Member, IEEE,
Jeffery R. Price, Member, IEEE and Kenneth W. Tobin., Senior Member, IEEE

Abstract—In this work we propose a method to simulate
the expected, i.e. seen by a camera, multispectral reflectance
images of a large skin surface area by combining Monte Carlo
light propagation model and realistic tissue modeling based on
three dimensional data acquisition of human body areas. In
particular, we aim to simulate more accurately light transport
in biological tissue by taking into account the geometrical
topography of the skin surface, the structure and optical
properties of the skin layers, and the subcutaneous veins in
presence. We describe our computation method in detail and
present simulated reflectance images results.

Index Terms— Monte Carlo simulation, 3D modeling, struc-
tured light ranging, Near-Infrared venous imaging

I. INTRODUCTION

Previous studies have investigated statistical models to
simulate light propagation phenomena in the skin by con-
sidering the molecular and structural nature of the tissues
and their optical properties. With theses methods, one can
simulate the energy distribution in the tissues including the
diffuse reflectance characteristics that will match experimen-
tal measurements for small skin surface areas. However,
current methods do not consider the three dimensional nature
of the scene, i.e. curvature of the surface and shape of the
blood vessels, and then cannot be applied to simulate diffuse
reflectance images of large skin surface areas including
subcutaneous structures. In this paper, we propose a method
to simulate realistic reflectance imagery of the skin, including
veins, by combining 3D modeling, ray tracing and Monte
Carlo light propagation modeling. The paper is organized as
follows. Section II presents an overview of the current state
of the art, we detail our methodology in Section III, and then
we present some preliminary results in Section I'V. Section V
concludes the paper.

II. STATE OF THE ART

Biomedical imaging techniques based on wave propaga-
tion phenomena in biological tissues are commonly used
to detect and treat diseases but are also used to image
non-invasively organs and biological structures inside the
body. Amongst them, optical tomography is a growing imag-
ing technique offering the advantages to be non-invasive,
experimentally simple, repeatable and inexpensive. Optical
tomography uses light which offers at specific wavelengths
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a large variety of interaction phenomena, functions of physi-
ological changes at cellular and subcellular levels, and allows
retrieving information on biological systems. Over the last
decade, publications in the field have reported promising
results [1] as well as really surprising images [2] of human
or animal organs, letting us envision the capabilities of
biomedical imaging using light. However, in this field only
few researches investigate subcutaneous veins visualization
and measurement.

Using light propagation properties of tissues in the near in-
frared range of light, Zeman et al. [3] developed and commer-
cialized, via Luminetx, a device to locate subcutaneous veins
and back project their position on the imaged skin surface for
catheter insertion assistance. The device named VeinViewer
works well on the average person, but performance can be
decreased significantly based on poorly understood relations
to various physiological parameters. This technology also
provides no estimation of the relative depth or diameter of
vessels, which are key factors in selecting the optimal vein.
Nishidate et al. [4] introduced a method aiming to locate and
measure subcutaneous veins by analyzing diffuse reflectance
images of a large skin area at different wavelengths. Their
experimental results on tissue phantom are in accordance
with the theory computed with Monte Carlo models. How-
ever, their results on real tissues imaging present significant
errors that we believe are due to non-consideration of the 3D
topography of the surface and subsurface structures.

In computer graphics, skin rendering is probably one of
the current most challenging researches. In general, most
methods compute reflectance images by combining 3D mod-
eling of the scene and different light propagation models.
Donner et al. [5] present probably the best results so far. In
this field, the objective is to give the illusion of a realistic
rendering of the skin color excluding, for computation time
minimization, all nearly invisible subcutaneous structures.
Then, these models cannot be applied directly to our research
and have to be modified to include subcutaneous veins.

III. METHODOLOGY

A. Light propagation methods

Light propagation in biological tissues is well described
in classic mechanics and quantum mechanics, respectively
defining the dynamic of the oscillating electromagnetic field
and the energy transfers with the medium. Both approaches
being difficult to implement in the case of highly scat-
tering turbid medium, one usually chose to simulate light
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propagation using Monte Carlo modeling [6] or Kubelka-
Munk theory [7], where light propagation is characterized
by five basic optical events: reflection, refraction, diffusion,
absorption and transmission. These phenomena depend on
several interaction parameters (anisotropy factor, refractive
index, absorption coefficient and scattering coefficient) and
are described by mathematical equations reported in [8]. In
this work we use a Monte Carlo based method [9] to compute
the diffuse reflectance values since it has been proven to give
more accurate simulation results than Kubelka-Munk models,
when compared with experimental measurements on living
tissues.

B. Skin structure and optical properties

Anatomically, the skin is divided into three principal lay-
ers: epidermis, dermis and hypodermis; subdivision based on
the physiological functions they assume and their molecular
structure. In [10], Meglinski et al. present a seven layer
model in order to improve existing Monte Carlo methods.
The optical parameters difference amongst layers being not
always significant, we have opted for a three layer model
listed thereafter (from top to bottom):

- the Epidermis contains a large fraction of the chro-
mophores of the skin defining the overall skin tone;

- the Dermis contains blood vessels or nerves, and structural
molecules;

- the Hypodermis is the lowest layer of the skin, also called
subcutaneous tissue. Composed of fat and connective tissues,
it contains large blood vessels.

We have listed Table I the skin layers optical parameters used
in the simulation presented in this paper for two separate
wavelengths, data compiled from literature [11]:

TABLE I
SKIN OPTICAL PARAMETERS USED IN THE MONTE CARLO SIMULATIONS

500nm 700nm
n 8 BA)  pa(A)  p(A)  pa(A) d
Epidermis 1.34 0.765 21929 11.87 108.07 3.88 0.01
Dermis 1.40 0.765 219.29 1.94 108.07 0.21 0.20
Hypodermis  1.44 0.750 1535 1.06 1221  1.36 0.05
Blood vein 0.98 0.980 474.75 121.11 308.23 1.55 0.52
Hypodermis  1.44 0.750 1535 1.06 1221 1.36 1.00

The absorption p,(A) and scattering i;(1) coefficients are given in cm™ !, refractive

index n and anisotropy factor g are dimensionless. The thickness d is given in cm.

C. Skin surface modeling

The majority of the Monte Carlo models simplify the
propagation medium to a system with infinitely parallel
layers [6], [10]. In this configuration, photons enter in the
medium orthogonally to the surface, leading to a uniform
specular reflection on the entire surface, and the passage
from one layer to another is just based on depth verification
and not on structural particularities. In order to correct this
problem, we integrate three dimensional capabilities to our
model using parametric surfaces as layer transitions. We
compute the 3D shape of the skin model based on real skin
tissue images, captured using active optical triangulation for
range data acquisition. With this method we aim to compute

the directional cosines of the photon entering the skin and
accurately simulate the interaction propagation of the photon
in the medium with curved transition interfaces such as blood
vessel walls.

D. Experimental setup

Our acquisition system is composed of a visible to NIR
sensitive CMOS video camera, a NIR line-generating laser
module and a broadband illumination source (Hg arc lamp)
associated with a monochromator for illumination wave-
length selection. The equipment is controlled by a computer
to synchronize illumination selection and image capture. In
order to avoid UV radiation injuries to the skin, a high-
pass filter at 495nm is inserted between the lamp and the
monochromator. The spectral range of study is comprised
between 495nm and 945nm, and can be incremented by step
of Inm, the upper limit being determined by the spectral
sensitivity of the camera in the near infrared. A liquid gel
light guide is connected on one hand to the output of the
illumination source and on the other hand to a two inches
wide collimating probe to obtain uniform illumination on the
surface of the skin. The line generating laser module is used
to retrieve the shape of the skin surface using active optical
triangulation. Figure 1 is a schematic of the acquisition
system. The calibration of the system consists in three
separate steps: (1) image distortion correction by retrieving
the optical parameters of the camera [12], (2) reflectance
image computation using black and white spectralons as
references [13], (3) parameterization of the triangulation
geometry [14].
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Fig. 1. Schematic of the acquisition system

1) 3D reconstruction: Our 3D reconstruction process of
the skin surface combines active optical triangulation for
range data acquisition, and parametric surface modeling to
store the 3D shape of the object. Active optical triangulation
[14] combines a camera and a laser stripe line generator
to create a basic geometric system as shown Figure 2. The
camera is aligned along the Z axis and the laser line generator
is positioned at a distance b from the camera with the angle
0 relative to the X axis. Assuming that the considered laser
point coordinates (x,y,z) in the 3D baseline has a projection
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(u,v) on the image plane, the similar triangles equations give
the mathematical relation between the measured quantities
(u,v,0) and the coordinates (x,y,z):

[x,y,2] [u,v, f]. (1)

- f.cot@ —u
Parameters b,f and O are calculated during the system
calibration and remain constant during the acquisition phase.
In a NIR image of the laser lines on the surface of the
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Fig. 2. Optical triangulation principle

skin, Figure 3, the centerline of each line is detected using
a curvilinear structures detector and then triangulated using
Equation 1, see Figure 3.

=

Fig. 3. (left) NIR image of the laser lines, (right) approximation of the
3D Point cloud (green) with Bézier curves (blue)

2) Bézier surface: To simplify the three-dimensional sur-
face modeling of the skin, we approximate the triangulated
point cloud with a Bézier surface, concept introduced by
Pierre Bézier in 1972 to design automobile bodies with a
simplified modeling method [15]. We parameterize the 3D
surface of the skin with a (m x n) dimensional Bézier patch
defined by a set of (m+1)x (n+1) control points C; ;.
Each point P on the surface being approximated over the
unit square as a function of two parametric coordinates u
and v by the following equation:

Pluv) = Y B (w) [Z B G, @)
i=0 =0

with Bj"(u) and Bj(v) Bernstein polynomials.Equation 2 is
in fact a tensor product and can be written as a product of
invertible matrices as follow:

P(u,v) =Mpn(,) x M, ; x Mg;(w 3)

In this case, P(u,v) is the matrix of the triangulated points,
and Mpn(,) and Mpn(,) are Bernstein polynomial matrices.
i J

The matrix M, ; corresponding to the Bézier control points

is then calculated from (3):

M, = ME;} () X P(,v) x (Mg7 ) 4)
The dimensions m and n of the control point matrix are

evaluated by fitting error minimization with a precision

value € arbitrary defined.

3) Bézier clipping: Bézier clipping is a ray tracing method
used to computed the intersection between a Bézier patch and
a ray [16]. By identifying and cutting away regions of the
patch that are not intersecting the ray, the algorithm converge
by dichotomy to a list of all acceptable intersection points for
a given initial precision value &, including the 3D coordinates
of the points and the coordinates of the normal to the surface.
In our simulation we consider the illumination direction to
be collinear to the Z axis. As a result, the angle of incidence
for each point of the surface can be calculated as the scalar
product between the normal to the surface and the direction
vector of the light beam. Using this method, we can compute
for each pixel of the region of interest, the elevation map and
the incident angles map to the surface.

IV. RESULTS

Using our acquisition system, we capture three images of a
skin surface area where we can visually see a blood vessel: a
visible range image at 500nm, a NIR image at 700nm, and an
image with the structured light pattern. We then reconstruct
the 3D model of the skin according to the methods detailed in
Paragraph III-C and assuming each sublayer as a homothety
of the surface layer in order to maintain equal space between
them. In the NIR image, where the contrast vein/skin is
higher, we locate the central path of a blood vessel in the
(XY) plane using a curvilinear detector [17] and estimate
its average width. The center path is parameterized with a
Bézier curve. Assuming we are visualizing a near surface
vein, we consider that the blood vessel follow the curvature
of the skin, and modify the central path parameterization
accordingly. Figure 4 gives a representation of the skin model
used in our simulation.

Fig. 4. 3D model of the skin surface: layer transitions are represented with
large surfaces and a blood vessel is positioned in the hypodermis. Layers
and vessel are parameterized with Bézier patches

Using the Bézier clipping algorithm we compute the
elevation map and the normal to the surface for each pixel of
the final reflectance image. The normal coordinates are then
converted into incident angles. Figure 5 presents the compu-
tation results of the elevation map in order to appreciate the
2D topography of the skin and the incident angles map used
for the specular reflection evaluation.
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Fig. 5. Geometric parameters computed on the 3D model Figure 4 using
Bézier Clipping: (left) elevation map of the surface of the skin (unit: inch),
(right) angle variations between the normal to the surface and the incident
light direction (unit: rad)

Then we compute the diffuse reflectance values for each
pixel. Notice that in a cylindrical referential as used in [8],
the diffuse reflectance can be computed using our parameters
with approximately 5000 photons. However, there is no
central symmetry with our approach, so we have to simulate
the diffuse reflectance in two dimensions instead of one to
obtain stable reflectance values, requiring around 200,000
photons in total for the same simulation. This difference
increases significantly the processing time of our method
compare to [8]. Figures 6 and 7 present the simulation results
of the reflectance images of the scene at 500nm and 700nm.
One can see in the colormap images the expected reflectance
variations due to the skin surface topography and that the
subcutaneous vein is almost invisible at 500nm when the
contrast at 700nm is important, as noticed in the reflectance
images captured.
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Fig. 6. Reflectance image of the skin at 500nm: (left) reflectance image
simulated, (right) colormap image of the reflectance values to enhance
the intensity variations visualization. The colorbar indicates the reflectance
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Fig. 7. Reflectance image of the skin at 700nm: (left) reflectance image
simulated, (right) colormap image of the reflectance values to enhance the
intensity variations. The colorbar indicates the reflectance range.

V. CONCLUSION AND FUTURE WORK

In this paper we present a method to simulate theoretical
reflectance images of the human skin under a variety of
illuminants by combining realistic 3D Monte Carlo light
propagation, and 3D modeling of the skin surface and
the subcutaneous structures. We are currently investigating
performance evaluation between our method and a modified
MCML version [8] in order to quantify the computational
complexity versus the performance gained. In addition we
are currently evaluating the accuracy of our method by
comparing simulation results with captured reflectance im-
ages of tissue phantoms with known optical and structural
characteristics.
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