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ABSTRACT   

Recent breakthroughs in Breault Research Organization’s ASAP® optical software have resulted 
in a highly accurate method for skin and tissue modeling via the Henyey-Greenstein 
approximation for the angular distribution of scattered light and the radiative-transport equation.  
Four parameters are key to the model: the anisotropy factor (g), the scattering coefficient (µs), 
the absorption coefficient (µa), and the fractional obscuration per unit area (f) – the former three 

of which are wavelength () dependent.  The wavelength dependence of light-absorbing and 
scattering molecules, including eumelanin, pheomelanin, deoxy- and oxy-hemoglobin, bilirubin, 
beta carotene, and water is known over the wavelength range from 250 nanometers to 1 micron.  
The ASAP Realistic Skin Model™ and Tissue Generator have enabled virtual modeling for a 
wide range of tissue-optics problems.  Researchers may now simulate light interactions in the 
stratum corneum, epidermis, dermis, and hypodermis of human skin – with provisions for hair, 
blood vessel, dermal papillae, and fluorescence characterization – as well as single and 
multilayer tissue models based on bulk-scattering approximations.  Commercial applications for 
these models include medical-device design and treatment-efficacy studies involving light 
delivery and detection.  Future applications may include real-time monitoring of bio-optical 
phenomena, and patient-specific pre-treatment studies for cancer and other diseases for which 
light-based therapies are emerging.  
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INTRODUCTION 

Try to sleep in a brightly lit room and you’ll encounter light scattering and absorption.  Even 
with your eyes closed, light is transmitted through your eyelids to your retinas.  The light 
scattering that occurs as photons interact with inhomogeneities in your eyelids is enough that you 
can’t make out images through them but the light absorption occurring isn’t enough to allow for 
a restful sleep.   

For decades, scientists have lost sleep themselves trying to figure out how to more accurately 
model light scattering and absorption in bio-optical systems.  Put a light source such as a 
flashlight or laser pointer directly against your skin and you’ll observe light scattering and 
absorption in one of the most complicated organs of the body – human skin.  Characterizing the 
optical phenomena that occur in such a complex system is no easy task. 

Human skin contains light-absorbing and scattering molecules – otherwise known as 
chromophores – including eumelanin, pheomelanin, hemoglobin, bilirubin, beta carotene, and 
water.  To further confound things, the optical properties of these chromophores change with the 
wavelength of light incident upon them.  In other words, white light from a flashlight results in a 
red glow when held to your skin, because wavelengths near red are scattered and transmitted 
more efficiently than those near blue or green.  Red light escapes and other wavelengths are 
largely absorbed by your skin.   

Despite the complexity of skin and other types of tissue, scientists have steadily increased their 
understanding of tissue-optics phenomena, thereby enabling a number of commercially 
important medical devices to exploit bio-scattering phenomena – pulse oximetry sensors, blood 
glucose meters, and diagnostic devices, to name a few.  As our knowledge of tissue optics 
expands, new diagnostic and therapeutic applications for light are becoming known, and the need 
for more sophisticated research and development tools is growing.  Enter optical software. 

Utilizing optical design software as a virtual prototyping and characterization tool, scientists are 
now able to model not only optical phenomena in tissue, but also optical devices manipulating or 
observing the biological targets.  This is important because the bio-optical phenomena occurring 
in a sample must be considered in the context of the optical components and illumination system 
designed to act on or observe it.  With the ability to simulate complete optical systems and the 
biological samples they observe, optical software programs are now positioned as essential 
research and development tools for the next wave of medical advances made possible by optics.   

In the near-term, commercial applications for optical software programs capable of skin and 
tissue modeling include medical-device design and treatment-efficacy studies in which light 
energy is being delivered or detected.  With many enhancements in computing power and 
processing algorithms to come, future applications for optical-modeling programs and devices 
may include real-time monitoring of bio-optical phenomena, and even patient-specific studies 
made possible by device-embedded algorithms and streaming medical-imaging data.   
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MATERIALS 

Introduction to optical software 
Scientific software programs capable of modeling the physics of a system – electrical properties, 
fluidics, thermal effects, optical properties, stress, and other effects – are well known to 
engineers of all types for their virtual-prototyping capabilities.  Virtual prototyping, the process 
of building a model or simulation to mirror real-world performance characteristics, is often more 
practical than designing, fabricating, and testing a physical system without the aid of software.   

Scientists and engineers rely on virtual-prototyping software to understand everything from 
airbags before new cars go into production to weather patterns before evening forecasts are aired.  
Like a model for a storm that hasn’t occurred yet, there are some system types that cannot be 
accessed, analyzed, or understood without computer models.  For instance, computer modeling 
techniques can tell us how a space-based telescope will perform prior to being put into orbit, and 
how light energy will behave in vivo in a biological system.   

In industry, optical software programs provide engineers and designers a fast, accurate toolkit for 
designing, testing, and analyzing optical systems.  The right software package can improve 
engineer productivity and reduce product-development costs – leading to better innovations on 
tighter budgets and timelines.   

Optical engineers, physicists, and opto-mechanical engineers are the traditional users of optical 
software.  However, new simulation capabilities in the bio-optics arena are resulting in 
biomedical engineers, medical researchers, and molecular biologists who consider optical 
software programs a part of their toolset for research and development.  To understand how these 
important scientific research tools work, some background on ray-tracing is necessary.  

Ray-tracing workflow 
There are four key steps in the workflow of most ray-tracing software packages: 1) Model the 
geometrical components of an optical system; 2) Define the optical properties of the objects 
modeled; 3) Approximate one or more light sources with directional rays possessing wavelength, 
flux, polarization, and other optical characteristics; and 4) Perform quantitative and qualitative 
analysis by propagating rays through the components modeled and observing ray interactions 
with the optical interfaces defined.   

For instance, to simulate white light being dispersed as it traverses through a prism, one would: 
1) Model the shape of the prism, 2) Specify the index of refraction for the glass inside of the 
prism, 3) Define raysets for the visible wavelengths of interest, and 4) Instruct the optical 
modeling program to trace those rays through the prism.  In the resulting “ray trace,” you would 
observe how wavelengths near the color red are refracted less than those near blue, thereby 
reproducing the dispersion effect seen when looking through prismatic glass or at a rainbow.   
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To explain how more complex systems can be modeled, an overview of three types of ray-
tracing engines follows: sequential, non-sequential, and finite-difference time domain (FDTD). 

Sequential ray-tracing  
Sequential ray-tracing engines trace rays from a source in an order of object intersection known 
a priori – encountering optical elements one at a time and in a pre-defined order.(1)  Optical 
properties defining the media present on both sides of an optical surface tell the ray-tracing 
engine how to absorb, diffract, reflect, and refract rays on either side of that surface.   

Sequential ray-tracing software is most often used to design, optimize and tolerance systems of 
lenses – providing insight into the number of lens elements required in an optical system, their 
curvatures, and ideal glass types to be used.  Cameras, endoscopes, microscopes and telescopes 
are examples of lens systems designed in sequential ray-tracing programs.  

Non-sequential ray-tracing 
As the name suggests, non-sequential raytracing engines permit rays to encounter surfaces in any 
order and any number of times with automatic ray splitting.(1)  This splitting allows rays to 
scatter and interact with system components as they do in reality, and enables non-sequential 
ray-tracing programs to accurately predict the real-world behavior of optical systems.  

Non-sequential ray-tracing software is often used to model complex optical systems in which 
scattering and stray light characteristics must be known and controlled.  Examples include 
imaging systems, display backlights, light pipes, luminaires, and now bio-optical systems such as 
optical devices observing skin and other tissue models. 

Non-sequential ray-tracing engines can also be used to model optical coherence via a method 
known as Gaussian-beam summation.(1)  Coherence is important when light interacts with very 
small objects causing diffraction or interference effects to result.  In this mode, light is modeled 
more as a wave than a ray.  Non-sequential ray-tracing engines capable of Gaussian beam 
propagation can be used to model interferometry, diffraction, partial coherence, and other wave-
optics phenomena. 

FDTD simulation 
As the geometrical feature sizes in optical systems shrink to approach wavelength-scale 
structures – imagine the data burned into a CD or DVD – the Gaussian-beam summation model 
breaks down and conventional ray-tracing engines become unable to accurately predict the kind 
of behavior seen in micro-optical systems.(1,2) 

Finite-difference time domain (FDTD) engines approximate the behavior of electromagnetic 
fields propagating through micro- and nanoscale structures.(1,2)  This enables the consideration 
of wave-optics phenomena in arbitrary materials having micro-scale system geometry.   
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FDTD codes are used to design and analyze integrated optical devices, plasmonic devices, 
optical microcavities, and model scattering from wavelength-scale objects and structured 
surfaces.  

Emerging optical software applications 
Optical software programs have applications everywhere light is made to do useful work, and 
optical technologies are all around us, from the headlights and dashboard illumination in our cars 
to the charging lights in our electric toothbrushes.  There are also those optical technologies 
which carry out their work at wavelengths we can’t even see; remote controls, motion sensors, 
and fiber-optic telecommunication links – think the Internet – to name a few.(3) 

Each year, increasingly broader applications for optical technology are being discovered by way 
of a collaborative, multi-disciplinary research approach involving scientists, engineers, and 
researchers from many disparate fields.(3)  This approach fosters innovation and the result is 
rapid technology advancement at the intersections of related scientific fields, with many 
advances conceptualized, fabricated, and proven out using software as a virtual-prototyping tool. 

One of today’s most exiting collaborations is between “optikers” and biologists, where optical 
engineers and molecular biologists are teaming up to produce clinical-diagnostic devices, drug-
discovery techniques, surgical instruments, and treatment methods, which are making medical 
diagnoses and treatments easier, faster, cheaper, less painful, and altogether more effective.(3) 

But less-invasive, more-effective patient care is just the tip of the iceberg.  Optics is the enabling 
technology behind the DNA sequencers, gel imagers, polymerase chain-reaction machines, 
microarray imagers, and microfluidics systems producing the data for the next generation of 
biotechnology breakthroughs.(3)  Optical components are also used in bioterrorism agent 
detectors, bacterial growth-monitoring systems, and air- and water-quality assessment 
instruments.(3)  Without these technologies, the landscapes of entire fields such as genomics, 
drug discovery, and environmental science would not exist as we know them. 

Despite the upswing in collaboration between scientists, obstacles to the ongoing advancement 
of bio-optical technology include differences in the lexicons used by physicians, molecular 
biologists, and optical engineers, as well as different methods and materials used to carry out 
their research.  When they do get together, it’s not often that they understand one another or 
know how best to proceed.  This is where optical software is stepping in to bridge the gap.   

The burgeoning field of bio-optics has challenged optical software companies to produce 
software for myriad biomedical applications.  One company in particular, Breault Research 
Organization (BRO), a Tucson-based optical-engineering firm, has made commercially 
important bio-optical simulations a priority in its software-development queue.  

BRO’s BIO Toolkit™ module for the company’s ASAP® Optical Software is currently the only 
commercially available scientific software to model light interactions in human skin and tissue at 
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user-defined wavelengths.  The availability of these skin and tissue models has enabled a new era 
of device design and analysis, in which biological targets may be inserted into complete bio-
optical systems and studied in concert – making the design and analysis of bio-optical devices 
and even medical-treatment studies amenable to virtual prototyping. 

METHODS 

Light scattering and absorption in bio-optical systems 
Even as engineers and researchers in disparate fields begin working together, bio-optical systems 
are some of the most challenging to design because the biological component usually cannot be 
“engineered” to a specification.(4)  Since biological systems are intrinsically unique, simulations 
of them must take into account sample variation and must thoroughly characterize the optical 
behavior in a “typical” sample.  In medical applications, this is to design and analyze systems 
around the characterizations of fluids or layers of tissue which diffract, scatter and absorb light, 
and may be damaged by high-energy densities.(4) 

To model light scattering in biological tissue, engineers follow the workflow of simple optical 
modeling tasks.  First, the geometry of the system is modeled, e.g. layers of skin and the 
boundaries between them.  Next, optical properties are applied to the geometrical sample 
characterized.  This is where modeling skin becomes more complex.  Unlike lenses or other 
homogenous optical media, which refract and channel light very efficiently and without 
significant scattering events, the layers of skin are highly inhomogeneous.  This quality of skin 
causes absorption, scattering, and refraction at every skin-layer boundary, as well as inside the 
volume occupied by each layer. 

To further confound the situation, eumelanin, pheomelanin, hemoglobin, bilirubin, beta carotene, 
water, and other light-absorbing and scattering chromophores are responsible for complex 
“elastic” and “inelastic” scatter events that can be wavelength dependent.(5)  Elastic scattering 
events occur when the direction of light traveling through the medium is simply perturbed 
without changes to other optical characteristics such as wavelength.  Inelastic scattering events, 
including fluorescence, result when a ray is absorbed at one wavelength and some portion of its 
energy is reemitted at another wavelength. 

Furthermore, chromophore concentrations vary from person-to-person and depend on the 
pigmentation of the skin, as do effects associated with dehydration, anemia, jaundice, and other 
physiological conditions.(6)  This means that not only can the stratum corneum, epidermis, 
dermis, and hypodermis of each person’s skin vary in thickness, but the light-scattering 
components within them can vary in concentration as well.  Finally, every person has different 
hair, blood-vessel, and dermal-papillae densities in their skin, which also affect the behavior of 
light propagating through it.(6)   

Despite the geometrical complexity of human skin and the optically significant components 
found in it, biomedical engineers and optical engineers working together at BRO have devised 
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modeling methods that rely on a combination of geometrical modeling and wavelength-
dependent bulk-scatter approximations for each of the chromophores found in skin.  This 
breakthrough approach to skin and tissue modeling utilizes the Henyey-Greenstein 
approximation for the angular distribution of scattered light.(7)   

Henyey-Greenstein approximation 
Application of the Henyey-Greenstein approximation to volumetric light-scattering simulations 
in ASAP has led to optically reliable human skin models and tissue phantoms with far-reaching 
applications in engineering design and medical science.   

Four parameters are necessary to create a volumetric-scattering model in ASAP: the anisotropy 
factor (g), the scattering coefficient (µs), the absorption coefficient (µa), and the fractional 

obscuration per unit area (f) – the former three of which are considered wavelength () 
dependent.(7)   

Anisotropy factor (g) 
The anisotropy factor is the average directional cosine of the scattered light in a medium, and 
varies from -1 (complete backscatter) to 1 (complete forward scatter).  Most biological tissues 
have g values in the range of 0.7 to 0.9.(7) 

Scattering coefficient (µs) 
The scatter coefficient for tissue is a measure of the probability that a scatter event occurs.  This 
value has units of inverse length.(7)  The ASAP skin model uses bulk-scatter coefficients to 
describe the scattering properties of skin tissues.  Wavelength-dependent scatter coefficients 
have been extracted from published data.(8) 

Absorption coefficient (µa) 
Similar to the scatter coefficient, the absorption coefficient defines the probability of a photon 
absorption event, and also has units of inverse length.(7) 

Fractional obscuration per unit area (f) 
If we consider the scattering medium as an aggregate of particles, the fractional obscuration per 
unit area (f) is defined as the product of the particle number density (number of particles per unit 
volume) and the average particle cross-sectional area.(7)  Since we are concerned with the bulk 
optical properties of the medium, the f value is normalized to unity. 

To use these four parameters to create a tissue model in ASAP, the anisotropy factor is first 
substituted into the Henyey-Greenstein approximation to determine the distribution of scattered 
light as a function of angle (9): 
 
 
 
LaTeX code: p(\theta)=\frac{1}{4\pi}\frac{1-g^2}{\sqrt(1+g^2-2g cos \theta)^3} 
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The resulting angular distribution and the remaining three parameters are used as inputs for the 
ASAP volumetric-scatter model, which is based on the radiative-transport equation (10): 

 

 
LaTeX code: \frac{dI(r,\omega)}{ds}=-(\mu_s + \mu_a)I(r,\omega)+\frac{\mu_s}{4\pi} 
\int_{4\pi}^{}p(\omega,\omega')I(r,\omega')d\omega 

In this equation, I is the radiance or specific intensity at position r directed toward the solid angle 
w, and dI/ds is its directional derivative; µa is the absorption coefficient, µs is the scattering 
coefficient, and p(w,w’) is the phase function which determines the angular distribution of the 
scattered light.(5)  Refer to the literature for a comprehensive overview.(10) 

Chromophore characterization 
Numerous light-absorbing and scattering molecules are present in skin and are responsible for 
the elastic and inelastic scatter events we must model.  However, the chromophores in Table 1 
have been determined to be the most optically significant, and therefore form the basis of our 
model. 

Table 1: Optically relevant chromophores and tissue layers. (Credit:BRO) 

Chromophore Sub-category 
Stratum 
Corneum Epidermis Dermis 

Water  X X X 

Melanin     

 Eumelanin  X  

 Pheomelanin  X  

Hemoglobin     

 Deoxy-hemoglobin   X 

 Oxy-hemoglobin   X 

Beta Carotene  X X X 

Bilirubin   X X 

Protein  X X X 
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Since the scatter characteristics of these chromophores depend on the wavelength of light 
propagating in a given tissue sample, the scatter model derived from the Henyey-Greenstein 
approximation and radiative-transport equation does as well.   

The wavelength dependence of light-absorbing and scattering molecules, including eumelanin, 
pheomelanin, deoxy- and oxy-hemoglobin, bilirubin, beta carotene, and water is known over the 
wavelength range from 250 nanometers to 1 micron (Figure 1) and is accessible in table form in 
the literature.(8)  The ASAP skin model calculates the scatter and absorption characteristics for 
each skin layer based on these wavelength-dependent chromophore properties. 

 

 

 

 

Figure 1: Default absorption curves as a function of wavelength for chromophores in the ASAP skin model.  
(Credit: BRO) 
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Skin layer characterization 
Tissue layers in the ASAP skin model include the stratum corneum, epidermis, dermis, and 
hypodermis.  These layers are separated in the model so their thicknesses and bulk-scatter 
properties may be prescribed individually.  Unwanted layers may be omitted from a model.   

Figure 2 illustrates ray-trace visualization in an ASAP skin model.  Excerpts of detailed layer 
descriptions follow and are covered comprehensively in the ASAP skin-model 
documentation.(7)  

 

Figure 2: Demonstration of three-layer tissue structure in ASAP.  The layers of the skin – stratum corneum, 
epidermis, and dermis – are shown, as well as a set of rays traced through the scattering medium.  A “voxel” set 
(shown as the blue slices) depicts fluence as a function of position in all three dimensions.  Each voxel "slice" can be 
visualized separately, allowing analysis of specific regions of interest.  
(Credit: BRO) 

The stratum corneum is the outermost layer of the skin.  It varies in thickness from 10 to 20 µm, 
and comprises layers of dead cells called corneocytes.  The major chromophore in this layer is 
water, although small amounts of beta carotene are also present and contribute to the tan or 
yellowish appearance of the skin.  Beta carotene levels in the outer layers of the skin are 
generally low except in certain medical conditions, such as hypervitaminosis A.  The average 
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stratum-corneum refractivity is 1.55 but can vary with hydration and oiliness of the skin.  This 
refractivity value is of special importance, since light entering the stratum corneum is generally 
leaving air with a refractivity of unity and considerable refraction results at this interface.(7)   

The epidermis ranges in thickness from 0.05 mm (eyelids) to 1.5 mm (palms of hands) and is 
made up of melanocytes, which contain the pigment melanin responsible for skin color and 
protection against solar radiation; Langerhans’ cells, which provide an immune defense against 
organisms attempting to invade the body through the skin; and Merkel cells involved in touch 
sensation.  Since the epidermis lacks a vascular system, oxygen and nutrients are supplied 
through the dermo-epidermal junction from capillaries in the dermis.  Melanin pigments are the 
major chromophore in the epidermis, although water does contribute to absorption at longer 
wavelengths.(7) 

The dermis ranges from 0.3 mm (eyelids) to 3 mm (back) and contains many of the structures 
necessary for skin function. It is divided into two sub-layers: the papillary dermis and reticular 
dermis.  The papillary dermis is the upper layer of the dermis and directly supplies the upper 
layers of skin with blood.  The reticular dermis contains dense, irregular connective tissue, and is 
mainly responsible for giving skin its elasticity and strength. Capillaries in the dermis supply the 
skin with oxygen and nutrients, and sebaceous glands create oils essential for water conservation. 
Hair follicles can also be found in this layer.  The ASAP skin model assumes all blood 
constituents are the same for both the papillary and reticular dermis, with only the blood volume 
fraction varying by layer.  The major chromophore in the dermal layer is hemoglobin, though 
water also contributes significantly to absorption at longer wavelengths (>1000 nanometers).(7) 

As the name suggests, the hypodermis sits beneath the dermis and does not have a typical 
thickness.  It is often omitted from tissue models, because it does not contain significant 
chromophore concentrations.  However, optical properties of the hypodermis can be customized 
for special-case models via direct entry of values.(7) 

Dermal papillae characterization  
As a special enhancement to standard dermis modeling, usually without dermal papillae, the 
finger-like dermal papillae may be specified using radius, height, and density.  In the current 
version of the ASAP skin model, the dermal papillae radius is set as the mean of the possible 
range 0.035mm-0.0925mm, which is based on published research.(8)   

Using this dermal papillae radius value, the ASAP skin model calculates the maximum dermal 
papillae density allowed for modeling.  The maximum dermal papillae height is calculated as 
two-thirds of the sum of the epidermis and papillary dermis thicknesses. 
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Hair characterization  
Most skin surfaces are covered with hair, whether it is the high density hair on the scalp or the 
thinner hair covering appendages.  Light interactions with skin can be affected by the presence 
(or absence) of hair in almost any location.  By accurately modeling hair and its follicular 
structure, the effect it has on light absorption in skin can be predicted and analyzed (Figure 3).  

 

 

 

 

Figure 3: The image shown depicts 6 mm hairs extending from the surface of a skin model.  The single blue slice is a 
voxel representation of the absorption of 550 nanometer illumination in the skin immediately below the surface.  
Blue lines within the absorption pattern are the result of shadowing from the hairs themselves. 
(Credit: BRO) 
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Blood vessel characterization  
In optical treatments such as port-wine stain removal, the presence of blood vessels greatly 
affects the light interactions with skin.  An ASAP skin model can be used to examine the 
absorptive properties of human skin and its underlying vasculature. Tracking the energy with 
voxels and using planar monitoring surfaces for visualization of fluence, the amount of energy 
deposited in blood vessels and surrounding tissue can be accurately predicted and analyzed 
(Figure 4).  

 

 

 

Figure 4: A three-layer skin model including blood vessels is illuminated by 550 nanometer light, with absorption 
tracked as a function of position in three dimensions using voxels (blue slices).  The brighter band of voxels in the 
image represents a high level of absorption in the epidermis due to the presence of melanin.  
(Credit: BRO) 
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Fluorescing body characterization  
Fluorescence is a useful tool in bio-imaging.  A specific region of tissue such as a tumor can be 
targeted with a fluorophore, illuminated, and imaged non-invasively.  Unfortunately, the 
surrounding tissue can be a limiting factor in the resolution of such images.  In order to better 
understand how fluorescence images are affected by this, a virtual model is useful (Figure 5).   

 

 

 

 

Figure 5: In this example, a sphere containing yellow fluorescent protein (YFP) is embedded in a slab tissue model, 
illuminated with a 514 nanometer light source (blue), and made to fluoresce at 527 nanometers (yellow).  In typical 
analyses, fluorescence is often imaged above the tissue-model surface to examine the effects of the tissue 
surrounding the YFP on spatial resolution.  
(Credit: BRO) 
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Tissue phantom characterization 
Many biological tissues can be approximated as layers of different homogenous tissue types with 
unique scattering and absorption properties.  The resulting “slab-” tissue phantoms, or models, 
are common in bio-optics modeling.  To simplify creation of these slab-tissue phantoms, a tissue 
generator has been developed for use in the ASAP modeling environment (Figure 6).   

 

 

 

 

Figure 6: Using the dialog window to input parameters (left), a multi-layered tissue model (right) with different 
optical properties and thicknesses for each layer can be created very quickly.  The resulting ASAP tissue model is 
saved to a file for use in any project within the ASAP modeling environment.  
(Credit: BRO) 
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RESULTS 

Numerous industrial, medical, and academic research groups around the world have collaborated 
with BRO to verify and confirm the accuracy of ASAP skin and tissue models.  Now that the 
BIO Toolkit module is commercially available to all ASAP users, these groups and others have 
produced results which illustrate how the ASAP models are being used to facilitate bio-optics 
advances.  A few select examples follow. 

Bladder cancer treatment characterization 
Biological tissues may consist of multiple cell types, or multiple layers of a single tissue.  In 
order to accurately model an organ such as the bladder, the tissue thickness as well as the organ 
geometry must be taken into account.  This allows for accurate tracking of absorption and scatter 
within the tissue in addition to modeling of light propagation within the organ (Figure 7).  

 

Figure 7: In this image, a two-layered bladder model is used to simulate a human bladder.  The space in-between 
the two layers is given the scatter and absorption properties of bladder tissue, rays (in red) are traced from a point 
source within the bladder, and the resulting energy distribution within the bladder wall is displayed.  This particular 
bladder model was created using MRI data taken from an actual bladder-cancer patient who received photodynamic 
therapy for the condition.  
(Credit: Dr. Claudio Sibata and Chris Bonnerup, Brody School of Medicine)  
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Brain characterization 
One of BRO’s first academic partners focused on approximating brain tissue using extrusions of 
boundaries visible in MRI tomograms.  This model, created from a rat brain MRI, is one of the 
earliest working tissue models based directly on the system under study (Figure 8).  

 

 

 

 

Figure 8: In this example, an MRI slice of a rat brain (inset) has been demarcated and converted into a CAD 
surface model for use within the ASAP environment.  Tissue optical properties have been applied to each 
demarcated region, creating a realistic model for light propagation and analysis within ASAP.   
(Credit: Dr. Ofer Levi, Stanford University)  
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Chest wall characterization 
A limiting factor in optimizing treatment outcomes in modalities such as photodynamic therapy 
is the measure of accuracy in the quantification of light reaching various depths of tissue in 
patients.  This is because the light energy delivered typically serves to activate a light-sensitive 
drug in the location irradiated, and must do so uniformly.  Accomplishing this task with the 
highest level of accuracy requires the construction of models that combine optical properties of 
the irradiated tissue with patient-specific geometry.  The tissue-modeling capabilities of ASAP 
optical software now make such a task feasible (Figure 9).  

 

 

Figure 9: In this example, images from computed tomography (CT) scans of a double-mastectomy patient are 
combined to create a virtual CAD model of the chest wall and imported into the ASAP environment (pink).  The rays 
(red) and energy deposition in the chest wall (light blue) illustrate light delivery during photodynamic therapy.  
(Credit: Gladys Nangami, Dr. Claudio Sibata, Dr. Ron Allison, and Chris Bonnerup, Brody School of Medicine)  
 
 
 

 - 18 - 



 

Tumor characterization 
One of the first bio-optical models illustrating how cancer treatments may be studied within 
optical software was created at BRO, and shows an artificial tissue sample modeled to behave as 
real biological tissue containing a tumor.  It is made up of a suspension of latex particles in water 
with a large, light-absorbing, ellipsoidal tumor immersed therein (Figure 10).  

 

 

 

Figure 10: As a collimated beam of light at 633 nanometers passes through the tissue, scattering of rays is observed 
along with absorption inside the tumor (center).  This particular view shows a single irradiance slice through the 
center of a three-dimensional volume that has captured the scatter and absorption data.  The tumor is wire-framed 
to enable viewing of the absorption inside.  
(Credit: BRO)  
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ADDITIONAL APPLICATIONS 

Physiological conditions and disease states 
Skin models with specific physiological conditions can be used for the design of devices to 
detect, monitor, and treat such conditions.  For example, hypoxia resulting from a lack of 
oxygenated hemoglobin in the blood can be modeled by specifying an increased concentration of 
deoxy-hemoglobin and a decreased concentration of oxy-hemoglobin.  A similar condition, 
anemia, wherein both oxy- and deoxy-hemoglobin are lacking, may be modeled by decreasing 
both concentrations accordingly.  Jaundice, or yellowing of the skin, is associated with many 
diseases resulting in hepatic or renal failure, and may be modeled by increasing the concentration 
of bilirubin in the appropriate layers of a tissue model.  Dehydration may also be modeled by 
decreasing the concentration of water. 

Commercial applications 
Cutting-edge applications combine these new tissue-modeling capabilities with bio-geometry 
simulations such as the virtual bladder, brain, and chest wall (previously illustrated), which are 
reconstructed from medical-imaging tomograms, as well as surgical implants and entire optical 
devices designed to act on or observe biological samples.   

Additionally, some researchers are running trial simulations to study the treatment efficacies of 
light-based therapies, and may someday stream patient-specific medical-imaging data to a next-
generation optical simulation tool capable of predicting the results of treatments before they 
begin.  Such a product could even perform real-time monitoring of bio-optical surgeries.  

CONCLUSION 

The Realistic Skin Model and Tissue Generator for ASAP Optical Software is the first 
customizable skin- and tissue-modeling system giving optical-software users full control over a 
comprehensive list of settings and options. The model is based on the Henyey-Greenstein 
approximation for the angular distribution of scattered light, which is substituted into the 
radiative-transport equation along with the appropriate wavelength-dependent scatter and 
absorption values for key chromophores. 

By characterizing the wavelength dependence of light-absorbing molecules such as eumelanin, 
pheomelanin, hemoglobin (oxy and deoxy forms), bilirubin, beta carotene, and water, the 
Realistic Skin Model takes optical software into new application areas including modeling of 
physiological conditions such as hypoxia, anemia, dehydration, and jaundice, as well as 
modeling of bio-optical devices designed to act on or observe biological targets.  

The Realistic Skin Model allows tissue phantoms to be created from visual characteristics, 
chromophore concentrations, or direct entry of measured data.  Skin layers such as the stratum 
corneum, epidermis, dermis, and hypodermis are treated individually and may be included or 
omitted from models. 
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To simulate fluorescence, the optical properties of fluorophores may be modeled and fluorescing 
bodies may be embedded within tissue models.  The resulting system output from this type of 
simulation may help quantify the efficiency of devices such as fluorescence microscopes.   

Additional modeling capabilities include options for simulating hair and capillaries found in 
skin, and additional trace and analysis options allow users to perform end-to-end system setup 
and analysis.  Of special importance are the options for modeling blood vessels and energy 
deposition, which are central to current light-based cosmetic therapies and emerging cancer 
treatments such as photodynamic therapy.   

Furthermore, the Realistic Skin Model is extensible to any tissue type within the body.  A Tissue 
Generator allows tissue phantoms to be modeled from known optical properties available in the 
literature.  Together, the Realistic Skin Model and Tissue Generator for ASAP represent the most 
advanced commercially available toolkit for modeling human skin and tissue.     

Commercial applications combine these breakthroughs in tissue modeling with bio-geometries 
and optical devices designed to act on or observe biological samples.  In the future, advances in 
optical modeling and computing power may give way to next-generation devices capable of real-
time monitoring of bio-optical phenomena, and patient-specific pre-treatment studies for cancer 
and other diseases for which light-based therapies are emerging. 
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