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This course1 will present the basics of TISSUE OPTICS, which is the story of how
the structure and composition of a biological tissue yields its optical properties, which in
turn specifies how light propagates through the tissue, which allows experimental optical
measurements of scattering and absorption to be interpreted in terms of structure and
composition. The course covers:
1. The origins of tissue optical properties
2. Using optical properties to calculate light transport through tissues
3. How to measure optical properties experimentally

1
c 2013 Steven L. Jacques. Commercial release assigned to SPIE. Sharing as freeware for educational
purposes is allowed.
Citation: S.L. Jacques, ”Tissue Optics”, Short Course 29, SPIE Photonics West Conference, San Francisco,
Feb. 2, 2020.
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Tissue Optical Properties
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Figure 1:
Tissue Optics fall into two categories:
1. (1) How tissue affects photons
which includes various forms of sensing, imaging and spectroscopy. Photons must
penetrate into a tissue to reach some location of interest, interact with the tissue at
that location (absorption, scattering, fluorescence, second-harmonic generation,...),
then the result of that interaction must propagate out of the tissue.
2. (2) How photons affect tissue
which includes surgical and therapeutic cutting, dissecting, machining, coagulating,
welding and oxidizing. These action involve photochemical, photothermal, and/or
photomechanical mechanisms.
Note: To detect an absorption event that occurs at some depth within a tissue, some
photons that reached that depth but were not absorbed must be collected. Otherwise, one
cannot discern that an absorption event occurred. A loss in expected collection implies
absorption.
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Figure 2:
Absorption is detected by the loss of photons due to absorption by chromophores.
Scattering is detected by the deflection of photons from their initial trajectory.
Interferometry detects the interference of two photon waves.
Fluorescence detects the wavelength-shifted emission from a fluorophore molecule that
has absorbed the delivered excitation light.
Raman and CARS detects wavelength-shifted emission caused by loss of energy to
vibrational modes of molecules in the tissue.
Second-harmonic generation (SHG) and third-harmonic generation (THG) are based
on non-linear mixing of low-energy photons to yield a single high-energy photon.
This course emphasizes the transport of photon energy for diagnostic and
therapeutic applications.
It will not cover interferometry, the mechanisms of signal generation (fluorescence,
Raman/CARS, or SHG/THG), or the mechanisms of laser/light interaction with tissues
(photochemical, photothermal, photomechanical).
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Figure 3:
The mechanisms of laser/light interaction with tissue fall into 3 categories:
1. Photochemical: photons act like a reagent in chemical reactions.
Examples are light-activated chemotherapy (photodynamic therapy), light-activated
dental fillings, light-activated adhesives.
2. Photothermal: native molecular species are denatured, and aggregation causes the
transition to become irreversible.
Examples are coagulation of blood vessels, hyperthermia of cancer, cooking food.
3. Photomechanical: (1) Stress waves are generated by thermoelastic expansion of
tissue heated by pulsed laser, yielding both compressive and tensile waves. (2) Explosive vaporization occurs when water is heated to about 110-180 ◦ C (depends on
mechanical strength of tissue).
Examples are tissue removal by vaporization, cavitation in liquids, spallation in solids,
permeabilizing cells.
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Figure 4:
Optical measurements utilize light transport theory for analysis to yield the tissue
optical properties. Once the optical properties are known, the light transport theory can
predict the dosimetry for laser/light interactions with the tissue. The optical properties
also provide diagnostic information, specifying biological parameters (eg., blood content,
hemoglobin oxygen saturation, water content, scattering) which in turn can inform clinical
decisions and provide data of biological significance.
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Figure 5:
The observation of a tissue is governed by both its optical properties and the
geometry of the tissue. Measurements are observations, not properties. One

must correct observation for the geometry before deducing optical properties from
observation.
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Figure 6:

Examples of tissue structures.
(Left) Image of the blood vessels of a mouse brain acquired by doppler optical coherence tomography (dOCT) through the intact skull.2 In this image, the
movement of the red blood cells (rbc’s) provides the contrast. Scattered light from
moving rbc’s causes fluctuating phase of reflected light, and the dOCT locks in on
this movement.
(Right) Electron micrograph of a mitochondrion (center), overlaying a background EM image of collagen fibrils within a collagen fiber bundle.
• The ∼1 µm mitochondrion is about the size of a wavelength (λ) of near-infrared
light (NIR) and scatters light approximately according to Mie theory (discussed
later), scattering photons in a forward direction. However, the small-scale lipid
membranes (cristae) within the mitochodrion are much smaller than λ, so they
scatter light broadly according to Rayleigh scattering (discussed later).
• The ∼ 50 nm collagen fibrils are much smaller than λ, so they cause Rayleigh
scattering. However, a collagen fiber bundle composed of many fibrils packed
together is about 3 µm in diameter, and causes Mie scattering.

2

Ruikang ”Ricky” Wang, Univ. of Washington
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Figure 7:

Here are some electron micrographs of cells, which are about 10-µm in diameter. The interior of the cells presents a broad size range of structures on the submicron scale, comparable to or smaller than the wavelengths of UV, visible, and NIR
light.
One of these images is actually not a cell. It is a satellite image of a city
(Portland, Oregon)3 .

3

I lived in Portland for 20+ years
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Figure 8:
Table 1: Size of cellular objects using scale of satellite image.
carbon-carbon bond
1 cm
0.39 in
glucose
2.5 cm
1 in
cell wall
67 cm
2.2 ft
127 cm
4.2 ft
enzyme
green light λ
2.5 cm
1 in
mitochondrion
36 m
116 ft
cell
1000 m 0.62 miles

The satellite image of a city presents a broad size range of structures (buildings,
alley ways, cars, people), and this range of sizes mimics the size distribution of
cellular and tissue structures, just on an expanded scale. The red circle indicates the
size of a cell.
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Figure 9:

This satellite image shows a larger area. The small red circle denotes the size
of a cell (central downtown Portland). The Columbia river separates Oregon and
Washington State. The red circles along the river indicate the thickness of the
epidermis of skin (∼ 60 µm).
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Figure 10:

If one focuses a 488-nm blue laser from Oregon into Washington, one could
deliver to a point and collect scattered or emitted from that point, and scan the
point to create a microscope image. However, if one attempts to focus beyond a
1
depth of one transport mean free path, 1 mfp’ = µs (1−g)
, about 214 µm for blue
light, most of the photons will have scattered multiple times and lost their sense of
direction.4 The photons will begin to randomly walk. Light propagation will occur
by diffusion down photon concentration gradients. Such diffuse light can reach the
tissue surface and escape for detection.

4

µs = scattering coefficient [cm−1 ], g = anisotropy of scatter. Will be discussed later.
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Figure 11:

So there are two regimes to consider:
(1) depth < 1 mfp’ for microscopy and other measurements that depend on
waves, and
(2) depth > 1 mfp’ where measurements of escaping diffuse light can be made,
such as a photograph or an optical fiber touching the tissue surface.
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Figure 12:
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Figure 13:

Absorption occurs when photons couple to electronic transitions or vibrational
state transitions, so the photon dies and the molecule changes its energy state.
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Figure 14:

The absorption cross-section, σa [cm2 ], describes the ability of a molecule to
absorb light. It is helpful to think of it as the area of a shadow cast by the molecule
when irradiated by a collimated beam. This is just an analogy.
The absorption coefficient, µa [cm−1 ], is the product σa × ρa , where ρa [#/cm3 ]
is the number density of molecules in a medium. [cm−1 ] = [cm2 ][cm−3 ].
A transmission measurement through a pathlength L [cm] of the medium is
T = e−µa L .
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Figure 15:

The absorption spectrum for a typical tissue is dominated by the absorption of
DNA, proteins, and other small molecules in the ultraviolet (short wavelengths), and
by the absorption of water in the infrared (long wavelengths).
There is a “Diagnostic and Therapeutic Window” in the 600-1300 nm wavelength
range where absorption is low and photons can survive long enough to reach deeply
into tissue.
In this window, two naturally occurring absorbers are dominate: (1) hemoglobin
in blood, and (2) melanin, and water still has an effect. A key distinction should
be made between the local absorption of structures like a red blood cell (rbc),
a blood vessel or a melanosome and the average absorption of a tissue containing these structures. Local absorption specifies the energy deposition in the rbc or
melanosome, and is often very high. Average absorption determines the propagation of light through a tissue, since photons can move around the rbc’s, vessels and
melanosomes, and is usually rather low.
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Figure 16:

The absorption coefficient µa is calculated based on (1) the concentration of
each type of absorber in the tissue (C [M] or [moles/liter]), and (2) the extinction
coefficient,  [M cm−1 ] for a particular wavelength. Historically, the definition of 
was based on spectrometers that reported transmission T = 10−CL , where L is the
pathlength of the cuvette used in the spectrometer. Hence, they used base 10. The
absorption coefficient is defined T = e−µa L , i.e., base e. Therefore, µa = Cln(10) =
2.303C.
Alternatively, one can describe the absorption due to blood as the volume fraction of whole blood (B),5 and BSµa.oxy is the absorption due to oxyhemoglobin and
B(1-S)µa.oxy is the absorption due to deoxyhemoglobin. Wµa.water is the absorption
due to the water content of a tissue (W, volume fraction). This description can be
applied to any generic absorber with volume fraction X and absorption coefficient
µa.x for the pure absorber. For example, bilirubin, betacarotene, lipid, or an added
absorber like indocyanine green can be described this way.
5

B=1 corresponds to whole blood containing 150 g hemoglobin/liter.
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Figure 17:

A photon will survive in an absorbing medium on average over a pathlength
Lmf p = µ1a , the mean free path of survival. Think of this as a string of length
Lmf p .
Scattering causes the photon to continually change its trajectory, but as it travels
its pathlength of survival is still Lmf p . The photons path becomes bunched up, as if
the string had been rolled up into a ball.
A voxel in a non-scattering absorbing medium will see photons passing by just
once. A voxel in a light-scattering absorbing medium (like a tissue) will see the photons localized by the scattering so the effective concentration of light is higher.
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Figure 18:

The scattering coefficient, similar to the absorption coefficient, depends on a
scattering cross-section, σs [cm2 ], and a number density of scatterers, ρs [#/cm3 ].
A collimated beam passing through a pathlength L of light-scattering medium
will deflect photons, and the attenuation of the collimated beam will be Tcollimated =
e−µs L .
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Figure 19:

When a scattering event deflects a photon from its trajectory, the angle of
deflection is called θ [radians]. In flow cytometry, cells pass through a collimated
laser beam and the angular pattern of scatter is collected. The strength of scattered
light and its angular distribution are measured. Typically, flow cytometry collects
“Forward scatter” and “Side scatter”.
Some cells and tissues scatter in a more forward direction, and others scatter in
a more broad pattern.
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Figure 20:

(LEFT) When a photon interacts with a molecule it imposes an electric field on
molecule. There is a separation of charge in the molecule, called a dipole. When the
dipole collapses, it re-radiates the electromagnetic field, i.e., the photon. The pattern
of re-emission is donut shaped, scattering equitorially but not along the north/south
pole. This pattern gives rise to polarization effects.
(RIGHT) When a wave of photons interacts with a large particle, many dipoles
are generated in the particle. When these dipoles collapse, their re-emission is “inphase” along the original trajectory. The waves emanating from all the dipoles
constructively interfere. This is similar to an antenna array that radiates in one
direction (perpendicular to the array).
However, along off-axis trajectories, the dipoles appear staggered, so their phases
are out of step with each other. They are “out-of-phase”, and consequently they
destructively interfere. Hence, large particles scatter in a forward direction, along
the original trajectory.
When a wave of photons interacts with a small particle, a local cluster of dipoles
is generated. They are so closely spaced that their re-emission is “in-phase” with
each other regardless of the angle of re-emission. They do not destructively interfere,
so they scatter in all equally in all equatorial directions. Hence small particles scatter
broadly.
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Figure 21:

The distinction between forward and broad scattering is especially apparent
when looking at a cell using confocal reflectance microscopy, in which light is delivered to the cell by the microscope and light must backscatter into the microscope
to be seen. Large particles like the nucleus look dark because they scatter in a forward direction. No light comes back into the microscope. Small structures like the
cytoskeleton and mitochondrial membranes look bright because they scatter forward
and backward, so some light is backscattered into the microscope.
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Figure 22:

There is a hierarchy of tissue structure, extending from cell membranes (10 nm)
to cells (>10 µm). The size of wavelengths (λ) in the visible range is shown as the
small orange circle between 400-800 nm. Structures that are comparable to or larger
than the visible λ scatter in a more forward direction and their light scattering is
commonly referred to as Mie scattering, which falls with increasing wavelength,
typically as λ−bmie , where bmie is in the ∼0.3-1 range. The many structures that are
smaller than visible λ scatter broadly and their light scattering is commonly referred
to as Rayleigh scattering6 , which falls rapidly versus wavelength as λ−4 .
Note that mitochondria present both large structure (∼ 1 µm) and small structure (10-nm membranes of cristae) at the same time. So they cause both Mie scattering and Rayleigh scattering.
Similarly, collagen fiber bundles present both large structure (∼ 3 µm) and small
structure (∼50-nm fibrils) at the same time. So they cause both Mie scattering and
Rayleigh scattering.
6

Actually, Mie scattering refers to scattering by both large and small structure for the idealized case of
spheres. Rayleigh scattering is called the small-scale limit of Mie scattering.
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Figure 23:

(LEFT) The factor cos(θ) is the projection of the scattered beam onto the original trajectory. The average value < cos(θ) > is called the anisotropy of scattering,
g1 .7
(RIGHT) The angular pattern of photon deflection by a single scattering event,
p(θ) [sr−1 ], can vary for particles of different size and shape. Henyey and Greenstein
(HG) used a simple expression to approximate the scattering of light by intergalactic
dust, and this HG function has proven to approximate the light scattering of bio1
logical tissues as well. When g = 0, the scattering is isotropic (p(θ) = 4π
). As g
approaches 1.0, the scattering becomes very forward directed. Tissues are typically
in the 0.7-0.95 range. (Note: cos(46◦ ) = 0.70, cos(18◦ ) = 0.95.)
The HG function, and other p(θ) functions, only describe the deflection angle θ.
There is also an azimuthal angle φ such that p(θ, φ) is the more complete description,
and would be pertinent to measurements where scatter from single scattering events
from oriented scatterers is collected. But in most cases, the scatterers are randomly
oriented, so the azimuthal dependence is often ignored.

7

More recently, the value < cos(θ) > is called g1 rather than just g, because there is another anisotropy
term g2 that is now also used (discussed on next page).

25

Figure 24:

(Upper figures) In recent years, the anisotropy of scatter has been described in
terms of two parameters:
1. g1 =< cos(θ) >, which describes the balance between forward and backward
scatter.
2. g2 =<
scatter.

3cos(θ)2 −1
2

>, which describes the balance between narrow and broad

(Lower figure left) It is possible to have the same g1 , but a different g2 , as in the
two scattering patterns in the lower-left figure. The red p(θ) is more narrow than
the blue p(θ), but both are balanced equally between forward and backward.
(Lower figure right) The cross-plot of g2 versus g1 in the lower-right compares
the HG function and the Mie scattering by small spheres. In general, the more
narrow the scatter (high g2 ), the more forward the scatter (high g1 ).
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Figure 25:

One example where the details of g2 may be important is when two optical
fibers are placed close to each other, one both delivering and collecting light and the
second only collecting light. The first fiber collects both (1) the initial backscatter
from superficial tissue near the fiber and (2) a portion of the diffuse multiscattered
light from photons that had penetrated deeper into the tissue. The second fiber
collects only (2) a portion of the diffuse light.
Rf iber 1 = Rdif f use + Rsuperf icial
Rf iber 2 = Rdif f use
Taking the difference isolates the superficially scattered photons
Rf iber 1 − Rf iber 2 = Rsuperf icial
which are sensitive to the details of the scattering function p(θ), unlike the diffuse
multiply scattered photons which tend to average out the details of p(θ).
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Figure 26:

(LEFT) A photon taking many small steps of mfp = µ1s , is equivalent to the
1
photon taking one big randomly oriented step mfp’ = µs (1−g
.
1)
(RIGHT) The mfp’ governs the diffusion of light that involve multiple scattering
events. A population of photons diffuses down photon concentration gradients.
The anisotropy parameter g1 is dominant in determining diffuse light propagation that involves multiple scattering events. The scattering coefficient µs [cm−1 ]
determines the frequency of scattering, i.e., the mean free path between scattering
events is mf p = µ1s . The anisotropy g1 determines how much of the light is scattered
forward versus backward, i.e., how efficiently does the photon keep propagating in
the forward direction despite scatter. Combining the two parameters yields a term
called the “reduced scattering coefficient”:
µ0s = µs (1 − g1 )

(1)

The transport mean free path (mfp’) equals µ10 , which equals the step size of
s
the photon’s apparent random walk. If g1 = 0.90, then (1-g1 ) = 0.10, and mfp’ =
1
is 10× mfp.
µs (1−g1 )
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Figure 27:

The reduced scattering coefficient spectrum, µ0s (λ), for skin falls as the wavelength λ increases. Blue light scatters more strongly than red light. The left figure
shows the results for several measurements made on humans, newborn humans, and
rats ex vivo. All the spectra are very similar. The fit to the data (red line) is a combination of Rayleigh scattering (black line) and Mie scattering (magenta line):


−4

−bM ie 
λ
λ
0
0
µs (λ) = µs (500nm) fRayleigh
+ fM ie
(2)
500nm
500nm
where µ0s (500nm) = 44 cm−1 , fRayleigh = 0.64, fM ie = 1 − fRayleigh = 0.36, bM ie =
0.91. The literature usually cites an approximation (green line in figure),
−b

λ
0
µs (λ) = a +
(3)
λref erence
based on data within the blue box extending from 300-1200 nm where experimental
measurements are usually conducted because absorption is low. a = 43 cm−1 , b =
2.4.
The right figure shows recent in vivo results8 , which are recommended.
= 28 cm−1 , fRayleigh = 0.277, fM ie = 1 − fRayleigh = 0.723, bM ie = 0.94,
or a = 27 cm−1 , b = 1.42.

µ0s (500nm)
8

Jonasson et al, “In vivo characterization of light scattering properties of human skin in the 475- to
850-nm wavelength range in a Swedish cohort,” J. Biomed. Opt. 23(12), 121608 (2018). My recent in vivo
work agrees with Jonansson et al.
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Figure 28:

Is the scattering power b really useful?
This figure shows the results of a confocal reflectance spectrometer that measured reflectance versus wavelength from a focal volume, as the focus was scanned
over the surface of a tissue. In this case, the tissue was a colon polyp pressed up
against glass.
The upper figure shows the polyp, and there is little contrast in the image.
The bottom figure shows the image using the scattering power, b as the
contrast parameter.9 The heterogeneity of the polyp is clearly seen.

This report used b based on R = aλ−b , which yields a parameter b that is not exactly the b in Eq. 3.
Nevertheless, the image illustrates how b is a useful contrast parameter.
9
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Figure 29:

Consider how the wavelength dependence of scattering is related to the size
distribution of structure within a tissue or cell. The relations can be illustrated by
using Mie theory for small spheres of various sizes to predict optical scattering versus
wavelength.
(TOP figure) The size distribution η(D) = ( 1 Dnm )−B , where D is the diameter
of a particle. A range of B values (B = 0-8) are shown. High B yields a rapid fall in
the number of particles with a given size D as D increases.
(BOTTOM figure) Scale η(D) by a factor A, such that the volume fraction of
particles in the medium equals 30%, i.e., water content is 70%.
The red curves correspond to values of 3 ≤ B ≤ 6, typical for biological tissues.
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Figure 30:
n

sphere
into a
Mie theory converts a sphere size d and a refractive index ratio nmedium
scattering coefficient µs and an anisotropy g1 , for a particular wavelength. Then
µ0s = µs (1 − g1 ) is calculated.

Apply Mie theory to each size d for each wavelength, scale by η(d), calculate
µ0s (λ), and sum the results for all d. The result is a µ0s (λ) spectrum, which can be fit
with the expression aλ−b . Do this for each choice of B in the expression for η:
η = Ad−B → µ0s = aλ−b
Now one has a set of b values associated with chosen B values.
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(4)

Figure 31:

The figure plots the set of b values associated with the B values (red line, from
Mie theory). Superimposed on the red line are the values of b (blue circles) from
the literature for a variety of tissues. The y-axis values are from the literature and
are projected onto the red line to specify its x-axis value of B. Each blue circle has
a particular value B, but this is only a characterization and not a measurement.
Nevertheless, the specified B values likely characterize the size distribution η(λ) for
each tissue. Soft tissues tend to cluster around 0.5-1 and collagenous tissues tend to
cluster around 2-3.
Note that the red line is linear in the range of B = 3 to 6.5, and the relation is
b = B-3, i.e., the slope is 1.0. Therefore, an optical measurement of µ0s (λ)0 directly
yields an estimate of η(d). Diffuse light measurements that yield µ0s (λ) are sensitive
to the nano- and sub-µm scale of structure in cells and tissue. Subtle shifts in the
size distribution of a tissue can be seen by diffuse light spectroscopy.
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Figure 32:

Figure 33:
d
(Figure 32) The value of g1 increases as λ/nmedium
increases. In other words, as
λ increases, the small-scale structure of tissue should look increasingly small relative
to λ, therefore g1 should decrease.

(Ftigure 33) But experimentally, g1 increases as λ increases. Why?
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Figure 34:

Why does g1 increase as λ increases?
The answer is attributed by Min XU (2017) to the nuclei in cells, a so-called
“plum-in-pudding” model. As λ increases, it approaches the size of the nuclei (or its
clumpy chromosomal structures), the g1 value becomes more strongly influenced by
the nuclei, which are larger structures that scatter in a forward direction. Note in
d
Fig. 32 that as λ/n
approaches 1.0, the g1 value is increasing sharply toward ∼0.95.
d
Also, the efficiency of scattering increases as λ/n
approaches 1.0. Together, these two
trends cause g1 to become increasingly sensitive to the nuclear structure, yielding
high values of g1 .
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Figure 35:

The absorption spectrum of oxygenated blood10 , deoxygenated blood and water
are shown.
Data for hemoglobin beyond λ equal to 1000 nm were not available, so dashed
red lines show approximate estimates of the behavior. Eventually, the hemoglobin
absorption drops below the water absorption (dashed black lines).

10

whole blood = 150 g hemoglobin/liter
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Figure 36:

(LEFT) The absorption spectrum of water is shown.
(RIGHT) A closeup of the water spectrum between 900-1050 nm is shown. Data
on pure water is shown. The data of Chung et al. (2008) for bound water are also
shown, indicating that bound water, which has a more ordered structure, has a more
narrow absorption peak at ∼ 970 nm than pure water.
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Figure 37:

The absorption spectrum for melanin at the concentration within a typical cutaneous melanosome is shown. The approximate expression for the absorption coefficient of the melanosome interior is cited. There is significant variation in the
reported spectra, and more importantly there is little data at longer wavelengths
(λ > 900 nm).
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Figure 38:

The refractive index of tissues is proportional to the water content of the tissue.
The real refractive index of biological tissues was measured with an Abbe refractometer, versus the density (g/cm3 ).11 . Magnetic resonance imaging (MRI) was
used to determine the water content (W), which suggested the dry mass density
was ρdry = 1.53 g/cm3 . Using this value, the relationship n versus W is specified:
n” = 1.514 - (1.514-1.33)W. The absorption coefficient is related to the imaginary
refractive index, n”, by
4πn00
(5)
µa =
λ
11

Data from table in Biswas T K and Luu T M 2011 In vivo MR measurement of refractive index, relative
water content and T2 relaxation time of various brain lesions with clinical application to discriminate brain
lesions Internet. J. Radiol. 13 No 1
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Figure 39:

The optical properties of a tissue are summarized.
The scattering function p(θ) specifies the anisotropy g1 .
The scattering coefficient and the anisotropy combine to yield the reduced scattering coefficient.
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Figure 40:

(TOP) The calculation of the optical absorption coefficient.
(BOTTOM) The absorption coefficient spectrum as water, blood, fat, yellow
pigment (bilirubin), and melanin are added to a tissue.12

12

Water is added (volume fraction water = 0.1 by 0.1 to 0.9), blood at 75 oxygen saturation is added
(average blood = 10−4 by 10−4 to 2×10−3 ), bilirubin is added (1 by 1 to 20 mg dL−1 , where 20 mg dL−1 =
342 ?M is a bilirubin concentration in the blood of a jaundiced neonate), fat is added (volume fraction f = 0.3
by 0.3 to 0.9), and melanin is added (volume fraction melanosomes = 0.01 by 0.01 to 0.10). From Jacques,
Phys.Med.Biol. 2013, Optical properties of biological tissues: a review, http://iopscience.iop.org/00319155/58/11/R37

41

Figure 41:

(TOP) In summary, the calculation of the reduced scattering coefficient.
(BOTTOM) The reduced scattering coefficient as Mie scattering (blue lines)
increases, then adding more Rayleigh (red lines) scattering.
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A MATLAB function is listed (below) that will set up the optical properties
of a tissue at a particular wavelength (nm). The spectral library spectralLIB.mat
holds the optical absorption coefficient for oxy- and deoxy-hemoglobin in whole blood
(muaoxy, muadeoxy), water (muawater), and the interior of a cutaneous melanocome
(muamel).
In this example, the section starting at j=4 is for dermis, which is the 4th tissue
being specified. Similar sections for other tissues (using other j’s as pointers) can
specify other tissue types.
Results are returned as a structure: tissue(j).mua, tissue(j).mus, tissue(j).g.

function tissueProps = makeTissueList(nm)
load spectralLIB.mat % --> nmLIB, muaoxy, muadeoxy, muawater, muamel
MU(:,1) = interp1(nmLIB,muaoxy,nm);
MU(:,2) = interp1(nmLIB,muadeoxy,nm);
MU(:,3) = interp1(nmLIB,muawater,nm);
MU(:,4) = interp1(nmLIB,muamel,nm);
j = 4;
tissue(j).name = ’dermis’;
B = 0.002;
% blood volume fraction
S = 0.67;
% oxygen saturation of hemoglobin
W = 0.65;
% water content
M = 0;
% melanosome volume fraction
musp500 = 48;
% musp at 500 nm [cm^-1]
fray
= 0.42;
% fraction of scatter at 500 nm due to Rayleigh scatter
bmie
= 1.0;
% scatter power
gg
= 0.70;
% g1 anisotropy
musp = musp500*(fray*(nm/500).^-4 + (1-fray)*(nm/500).^-bmie);
X = [B*S B*(1-S) W M]’;
tissue(j).mua = MU*X;
tissue(j).mus = musp/(1-gg);
tissue(j).g
= gg;
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Light transport

Figure 42:
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Figure 43:

The fluence rate, φ [W/cm2 ], is a parameter that describes the concentration
of photon energy in a volume.
Consider a uniform beam of irradiance (E, [W/cm2 ]) passing through a cube of
water. If you take a snapshot that freezes time, you could count the photons in the
cube. The number density [#/cm3 ] times the energy per photon ( hc0λ/n ) would give
an energy concentration [C = J/cm3 ].
The ratio between φ [W/cm2 ] and C [J/cm3 ] is the speed of light in the medium,
[cm/s]:
c0
φ= C
(6)
n
since [W/cm2 ] = [J/s/cm] = [cm/s][J/cm3 ]. (c0 is the vacuum speed of light,
3.0 × 105 cm/s.)
c0
n

A blue light (488 nm wavelength) at 1 W/cm2 irradiance in water is equivalent
to a photon number density of 1.9 × 10−13 moles/liter, or 0.19 picomolar [pM]. The
energy concentration is 4.4 × 10−11 J/cm3 .
45

Figure 44:

When irradiance E is delivered to a non-scattering medium, an absorbing object
within the medium will receive E W/cm2 directly from the irradiating beam.
If you add two mirrors to reflect light back onto the object (as in the figure),
additional fluence rate from the mirrors,
φ = 3E

(7)

In tissue, the scattering properties of a tissue act like many partial mirrors that
reflect some light back onto an absorbing object within the tissue. Typically, the
fluence rate near a tissue surface is about 3× higher than the delivered irradiance:
φ = 3E, just like the mirrors. (The value 3 is typical for tissues, but can vary roughly
from 1.5 to 5 in tissues.)
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Figure 45:

An isotropic probe can be built by inserting an optical fiber into a small ball
of scattering material, like TeflonT M . When the probe is placed within a turbid
(light-scattering) tissue, the light from any direction propagates to the center where
it enters the optical fiber, then is carried to a detector. Hence, the light striking the
probe from any direction is equally detected.
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Figure 46:

An isotropic probe was placed in a water bath filled with water. A broad collimated laser beam hit the front face of the water bath. The probe was translated
back and forth as a function of distance from the front face of the water bath. A
uniform φ was measured (φ = 1). The density of transmitted light was equal to the
irradiance.
Then milk and ink were added to the water. The probe was again translated,
and the φ within the milky water had now risen to ∼3 near the surface. The scattering caused the photons to pile up near the surface, and the φ attenuated as the
probe was moved to the rear of the water bath.
There is a peak below the surface, and a gradient of φ falling toward the surface. The flux of light down this gradient contributes to the escape of photons out
the front surface, observable as reflectance.
When water was added to the empty space in front of the water bath, the φ
slightly dropped because total internal reflection due to the water/glass/air interface
was replaced with water/glass/water. Photons striking the air surface at oblique
angles are internally reflected into the medium. Replacing air with water greatly
reduces such internal reflection, and more photons escape.
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Figure 47:

Monte Carlo simulations calculate the movement of photons through a medium,
one by one. The movement of these photons are governed by probability density
functions for the stepsize of a photon between scattering events, the angles of
deflection and asimuthal scatter at a single scattering event, and the absorption
that occurs during steps between scattering events.
Each photon is launched with a “weight” W = 1. After each step, a fraction of
the photon weight is deposited in the voxel(s) that it transits, Q = Q + W(1 − e−µa s )
where s is the stepsize. The photon weight is decreased, W = W e−µa s . Eventually,
W becomes very low, and the photon is terminated (in a manner that conserves
energy, called the roulette method), and a new photon is launched.
After many many photons have been run, the total amount of deposited photon
W that has accumulated in each voxel is saved as W(x,y,z). The absorption coefficient of each voxel is known, µa [cm−1 ]. The relative fluence rate φ [W/cm2 per W
delivered] in each voxel is recorded:
φ=

W
1
V µa Nphotons

where V is the voxel volume [cm3 ], and Nphotons is # of photons delivered.
49

(8)

Figure 48:

Here is an example of a Monte Carlo model that simulated the reflectance spectrum of skin. The skin model had five layers, and each layer had a thickness and
its own optical properties for a particular wavelength. A Monte Carlo simulation
was run for each wavelength. The figure shows the reflectance spectrum from adding
water, then epidermal melanin, and then dermal blood.13

13

The reflectance from scattering alone would be 1.0, since the thickness of the skin was infinitely thick.
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Figure 49:

Diffusion theory is another calculation that is very often used to simulate light
transport in tissues. The figure shows a Monte Carlo simulation that illustrates how
light from a narrow collimated beam (or optical fiber) is thrown forward into the
tissue, causing an apparent “center of mass” for launched photons. The photons
appear to diffuse outward from this center. The depth of this center is one transport
mean free path, mfp’.
This approximation does not hold close the center, i.e., within 1 mfp’ of this
center. At further distances, however, the light begins to to be governed by diffusion,
and the iso-fluence contours become circles centered around this “center of mass”.
If there is an air/tissue surface boundary, the circular iso-fluence contours are
slightly distorted, as seen in the Monte Carlo simulation at the left.
So diffusion theory can be used beyond 1/µ0s from the source, which is typically
>1 mm. So the next few slide introduce diffusion theory.
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Figure 50:

Optical diffusion follows Fick’s Laws, just like diffusion of any other quantity,
such as heat in a material, and sugar in a gel.
(LEFT) Fick’s 1st Law: The flux that diffuses across a surface (vertical line) is
).
proportional to the gradient of concentration ( ∂C
∂x
(MIDDLE) Fick’s 2nd Law: If the 2nd derivative of gradient of concentration
2
( ∂∂xC2 ) is positive (curving upward), then flux enters an incremental layer at the front
surface faster then it exits the layer at its rear surface. So the concentration increases
over time.
(RIGHT) Fick’s 2nd Law: If the 2nd derivative of gradient of concentration
is negative (curving downward), then flux enters an incremental layer at the front
surface slower then it exits the layer at its rear surface. So the concentration decreases
over time.
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Figure 51:

(TOP) The standard equation for time-resolved diffusion from a point source of
quantity (U0 ) at r=0, t=0, to a distance r at time t. The diffusivity is χ [cm2 /s].
(BOTTOM) Optical diffusion is the same, except χ is replaced by cD, where
c is the speed of light in the medium (c = cn0 ), and D is the diffusion constant (D
= 3(µa1+µs ) [cm]). An additional term e−µa ct accounts for attenuation of light versus
time.
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Figure 52:

(TOP) The fluence rate φ(r,t) is specified by simply multiplying by c,
φ(r, t) =

c0
C(r, t)
n

(9)

(BOTTOM) Integrating φ(r,t) over time t = 0 to ∞ yields the radiant exposure,
H(r) [J/cm2 ], which is the final deposited energy distribution after all photons are
absorbed. In other words, H(r) is the impulse response.
p
The term δ = D/µa is called the 1/e optical penetration depth.
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Figure 53:

(LEFT) The figure shows φ(t)@r=1 mm, following an impulse U0 = 1 J.
(RIGHT) The figure shows φ(t)@r=5 mm, following an impulse U0 = 1 J. There
is a time delay as the photons diffuse to the observation point at r = 5 mm. The
peak φ at 5 mm is about 100-fold lower than the peak φ at 1 mm. (Note that the
y-axis scales of the two figures are different.)
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Figure 54:

To specify the steady-state power from a continuous source of power P0 [W],
consider that a continuous irradiance can be modeled as a series of N impulses
delivered at a frequency f [Hz], each inpulse having energy Pf0 . In the limit of f
→ ∞, the series of impulses approaches the continuous source with average power
P0 .
The equation for steady-state fluence rate, φss [W/cm2 ], within a tissue in response to a source of power, P0 [W], becomes
φss (r) = P0

e−r/δ
4πDr

(10)

This is a very useful equation. It is the point spread function for steady-state fluence
rate, which can be convolved against any distribution of sources.
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Figure 55:

The convolution of the point spread function φss (r) against a set of 58 point
sources (1 mW each) that write the name “Ven”14 The colored figure shows the
log10 (φ).

14

A bi-annual Biophotonics Summer School is held on the island Ven in Sweden. About 60 students
from around the world come to spend a week learning Biophotonics from 10 international lecturers. Go to
http://www.biop.dk.
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Figure 56:

The figure shows the behavior of φss (r) in response to a 1-W point source at
r=0, as absorption is added to the medium.15 With no absorption (µa = 0, black
1
line), there is spreading of light by diffusion, which behaves as 4πDr
since delta = ∞
and e−r/δ = 1.
As absorption is added (µa > 0, red lines), the curves show no change near the
source, but the attenuation versus r at larger r is significant. Near r = 0, there is
too little pathlength L for the absorption to exert a strong effect when compared to
the high fluence rate in that region. But at larger r, there is plenty of pathlength L
to allow attenuation to occur.
15

This is diffusion theory, so the result close to r=0 is not accurate.
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Figure 57:

The figure shows the behavior of φss (r) in response to a 1-W point source at
r=0, as scattering is added to the medium. As scattering increases from 10 to 20 to
50 cm−1 , the φss (r) curves increase, even near the source. In this example, there is
no absorption (µa = 0) so only the effects scattering are shown.
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Figure 58:

The total diffuse reflectance from a semi-infinite medium at one wavelength is a
single number, Rd . Therefore, Rd depends on just one number, the ratio of reduced
1)
.
scattering to absorption, N’ = µs (1−g
µa
The approximate expression for Rd is
√
0
Rd ≈ e−7δµa = e−7/ 3(1+N )

(11)

The value 7 is only approximate, and this expression is approximately correct for the
range of optical properties usually found in tissues. Its value is its simplicity, to get
a quick idea of how optical properties affect observable reflectance.
Note that for N’ = 100 (100 scattering events before an absorption event occurs),
the reflectance equals 0.67.
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Figure 59:

A QUIZ
Consider a mug of coffee with added milk, so the coffee look brown. You shine a laser
pointer on the coffee and measure the reflectance.
Now add some water to the coffee.
QUESTION: Does the reflectance increase, decrease, or remain the same?
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Figure 60:
(TOP) Before adding water, the path of a photon is shown, taking n steps of size s =
−nµa /µ0s

The total pathlength is L = ns. The reflectance equals Rd = e−µa nL = e

1
µ0s .

.

(BOTTOM) After adding water, the path of the same photon is shown, taking steps of
size µ01/f , where f is the dilution factor (f > 1). Both the scatterers (milk droplets) and
s
the absorbers (coffee particulates) have been diluted by the factor 1/f.
Since both have been diluted, the ratio

µa /f
µ0s /f

=

µa
µ0s .

The dilution factor f cancels.

ANSWER = there is no change in the reflectance.
This is a very useful result. When I buy coffee and it looks black, I don’t know if it is
good coffee or bad watery coffee. So I add one aliquot of cream and observe the color. If
it becomes white, it is bad coffee; the ratio µµa0 is too low, so there is little attenuation of
s
the reflectance. If the coffee remains dark, it is good coffee; µa is high relative to the
added µ0s .
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Figure 61:
The “Perturbation Method” is a quick way to determine the effect of a nearby absorbing
object, such as a blood vessel or a vascularized tumor.
(TOP) A semi-infinite tissue has an absorbing object at r=1mm, z=2 mm. The source of
light is at r=0, z=0. The detector is at r=4mm, z=0. The fluence measured if there were
no object is φ0 . In the presence of the object, what is the value of φ at the detector?
(BOTTOM) The perturbation by the absorbing object equals φp = −P0 Tin ∆µa V Tout ,
where Tin [cm−2 ] is the transport of light from the source to the object, ∆µa [cm−1 ] is
the extra absorption above the background due to the object, V is the volume of the
object [cm3 ], and Tout is the transport from the object to the detector. The observed
fluence at the detector is
φdetector = φ0 + φp = φ0 − P0 Tin ∆µa V Tout
It is as if negative light has propagated from the object to the detector.
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(12)

Figure 62:
An object with increased absorption (∆µa = 1 cm−1 , ∆µ0s = 0), in a background medium
(µa0 = 0.1 cm−1 , µ0s0 = 10 cm−1 ). The object is at x,z = 0,0. The source is at x,z =
-1cm,0. (A) The background fluence distribution φ0 (x,z) at y = 0 [W/cm2 ] diffusing from
the source. (B) The perturbing fluence φp due to the object. (C) The perturbation
φp /φ0 . The object asserts a spherical zone of negative perturbation, which casts a
perturbing shadow downstream but has little effect upstream toward the source of light.16

16

Jacques and Pogue, “Tutorial on diffuse light transport”, J Biomed. Optics 13(4):041302, 2008.
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3

Measurement of optical properties

Figure 63:
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Figure 64:
Let us calibrate a probe consisting of three optical fibers. One fiber is a source of light.
The other fibers are collectors of light, which bring the light to detectors. Assume the
probe is calibrated so that if the source fiber delivers 1 mW, the detectors will report
mW/cm2 . In other words, the detector reports mW/cm2 per W delivered, or transport T
[cm−2 ].
The 1st and 2nd collection fibers are adjacent to the source fiber, but they are retracted
from the tip of the source fiber by r1 =10 cm and r2 =3 mm, respectively. So the 2nd fiber
is closer to the source, and will have a stronger signal than the 1st fiber.
The equations for the measurement of the first collection fiber (T1 ) and the 2nd
collection fiber (T2 ) are shown at the right, based on diffusion theory.
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Figure 65:
The analysis grid is shown, which plots T2 versus T1 for the measurements predicted
for an array of µa and µ0s values. Connecting the iso-µa contours (red) and iso-µ0s
contours (blue) yields the grid, which acts as a look-up table for interpolation of a pair of
measurements (T1 , T2 ) into a pair of optical properties (µa , µ0s ).

67

Figure 66:
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Figure 67:
The behavior of the analysis grid may seem puzzling. Why does the T1 measurement go
up then down as scattering increases, while the T2 measurements always grows with
increasing scattering. The above figure illustrates the answer.
When the scattering is low, the field of light is widely distributed and both collection
fibers see low light. As the scattering increases, the light becomes more localized near the
source, and both collection fibers see more light. But if the scattering increases further,
the more distant fiber #1 gets left out in the dark as the light is even more tightly
localized around the source. Fiber #2 continues to enjoy more light.
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Figure 68:
Measurement of the optical properties of a liquid phantom, such as milk with added ink,
is accomplished by the following steps.
Step 1: Measure a reflectance standard, where the light source irradiates a small spot
and a distant detector observes the diffuse reflectance. The detectior should view from an
off-axis position so that specular reflectance from that air/liquid interface is not collected.
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Figure 69:
Step 2: Measure the liquid phantom. Be sure that the height of the detector above the
liquid surface matches the detector height during the previous measurement of the
reflectance standard. Keeping the geometry the same is very important.
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Figure 70:
Step 3: Add a known amount (volume, ∆V ) of absorbed solution (known µa.absorber )
which has a known absorption coefficient. Know the volume (Vtotal ) of the liquid
phantom before adding this added absorber. The added absorption is
∆µa = µa.absorber
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∆V
Vtotal + ∆V

(13)

Figure 71:
The analysis grid is prepared by calculating the diffuse reflectance (Rd ) for an array of
absorption (µa ) and reduced scattering (µ0s ) coefficients.17 The x-axis is the original
reflectance of the liquid phantom prior to adding absorber, Rd.0 = getRd(µa , µ0s ). The
y-axis is the reflectance after adding the absorber, Rd.+abs = getRd(µa + ∆µa , µ0s ), which
is lower that the original Rd.0 . The two measurements Rd.0 , Rd.+abs map to the pair of
properties, µa , µ0s .

Here we use diffusion theory to calculate: getRd(µa , µ0s , nr ), where nr is the refractive index mismatch
at the tissue surface, eg., ntissue /nair = 1.4/1.0.
17
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Figure 72:
Another approach is to use an integrating sphere, which is a hollow sphere whose interior
surface is painted with a diffusely reflective material (eg., BaO2 ). The sphere has three
open ports. A sample is placed on one port. A beam of light is focused through the
opposite port, delivering light to the sample. Reflected light from the sample backscatters
into the sphere and is scattered back and forth by the reflective interior surface. A
detector views through a 3rd port to collect light from a neutral wall (not directly
viewing the light source or the sample).
This figure shows using an integrating sphere to measure the optical properties of leaves.
The leaf is placed on the topmost open port. A white light source is focused through a
lens at the bottom port to deliver a small spot to the leaf. An optical fiber spectrometer
views from a side port to collect light from the opposite wall.
One spectrum is taken with the sample exposed to air (Rair ). A second spectrum is taken
with a 99% reflectance standard placed on top of the leaf (R99% ). If the leaf is sufficiently
thin, then the two measurements will be different. The measurement with the 99%
standard will be higher (R99% > Rair ). The figure shows that the difference between the
two measurements is quite large above 700 nm wavelength, which is beyond the range of
strong pigment absorption.
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Figure 73:
Integrating sphere measurements of a leaf:
(LEFT) The analysis grid of Rair versus R99% , showing iso-µa and iso-µ0s contours. The
data for the leaf over the spectrum from 500-100 nm are shown in red.
(RIGHT TOP) The absorption spectrum µa (λ). The absorption spectrum for chlorophill
A is shown in green. The absorption spectrum of water (blue line) is shown. The leaf
presented absorption from a variety of pigments.
(RIGHT BOTTOM) The reduced scattering coefficient spectrum µ0s (λ). The black
dashed line is a fit to the data using the standard expression µ0s (λ).
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Figure 74:
Another approach toward measurement is scanning confocal reflectance microscopy,
which allows non-invasive measurement of the optical properties of a superficial tissue
layer. In vivo measurements on the face are an example of where a tissue sample cannot
be excised for a benchtop experiment, yet a measurement is of interest.
The confocal microscope is focused into the tissue, and the focus is moved down into the
tissue (zf ocus is increased) while the confocal reflectance is recorded, yielding
Rconf ocal (zf ocus ).
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Figure 75:
As the focus is scanned down into the tissue, the observed reflectance drops
exponentially. It becomes more difficult for photons to get down to the focus then
backscatter and escape to the surface with negligible scattering so that the photons can
be collected at the confocal pinhole at the detector. The observed reflectance behaves as
Rconf ocal (zf ocus ) = ρe−µzf ocus

(14)

where the attenuaton coefficient (µ [cm−1 ]) and the reflectivity (ρ [dimensionless]) are
calculated:
ρ = µs a(g1 )∆zf ocus b(g1 )
µ = (2µs a(g1 ) + µa )C
and 0 < a(g1 ) < 1 mitigates the ability of µs to prevent photons from reaching the focus
and returning. ∆zf ocus is the axial extent of the focus18 and the product µs ∆zf ocus is the
fraction of photons reaching the focus that are scattered by the focus. The function b(g1 )
is the fraction of light scattered in the focus that is backscattered within the collection
angle of the confocal microscope.19 The factor C characterizes the collection efficiency of
the measurement, and increases with the numerical aperture of the objective lens, but
usually it is between 1-1.3.
18

In Optical Coherence Tomography (OCT), which is also a confocal reflectance measurement, the
∆zcoherence gate is used.
19
You can read more about this method in Samatham et al. (2008). Optical properties of mutant
versus wild-type mouse skin measured by reflectance-mode confocal scanning laser microscopy (rCSLM), J
Biomedical Optics 13(4):041309.
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Figure 76:
The figure shows the results of measurements20 using the scanning confocal reflectance
method to measure the optical properties (488 nm blue light) of various freshly excised
mouse tissues. The analysis grid plots the observed µ is plotted versus the observed ρ, on
a log-log plot.
The scattering coefficient µs is in the range of 100-1000 cm−1 . The anisotropy g1 is in the
range of 0.6-0.9.

20

by Daniel S. Gareau, PhD thesis

78

Figure 77:
The measurement of mouse skin samples, normal versus mutant (osteogenesis
imperfecta). The observed µ is plotted versus the observed ρ (on a semi-log plot). The
mutant skin (blue circle) shows a shift upward to the right, toward lower g1 and slightly
higher µs than the wildtype skin (red circle).21
The gene mutation causes collagen fibrils to fail to aggregate properly into collagen fiber
bundles. The smaller fibrils show more Rayleigh scattering than collagen fiber bundles, so
the g1 value is lower.

21

Samatham et al., “Optical properties of mutant versus wild-type mouse skin measured by reflectancemode confocal scanning laser microscopy”, J Biomed. Optics 134, 041309, 2008
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Figure 78:
When a collagen gel is seeded with smooth muscle cells, they partially degrade the
collagen fiber bundles by extruding proteases, which produces more free fibrils. Hence, the
g1 shifts toward lower values as the collagen shifts from large bundles to small fibrils.22

22

Levitz et al., Quantitative characterization of developing collagen gels using optical coherence tomography. J Biomed. Optics 15(2), 026019, 2010.
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Figure 79:
(TOP LEFT) Mouse dermis was collected from three mice and the epidermis and fat
removed. This dermal preparation is light-scattering. But after soaking in glycerol for ∼
30 min, the skin becomes clear. (Note the visibility of the black line under the skin after
soaking in glycerol.)
(RIGHT) The scanning confocal reflectance method yielded data showing that the
glycerol had a major effect on the anisotropy of scatter, increasing g1 to a value close to
1.0, but had very little effect on the scattering coefficient µs .23 (This result is for a
collagenous tissue, dermis, and likely does not apply to clearing of other soft tissues.)

23

Samatham et al. (2010). Assessment of optical clearing agents using reflectance-mode confocal scanning
laser microscopy, J of Innovative Optical Health Sciences, 3(3):183-188.
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Figure 80:
Optical fiber measurements can be made on tissue surfaces. One fiber delivers white light
and the 2nd fiber collects light at some position, with a source-collector separation of r,
and carries the light to a spectrometer for detection.
Calibration of such a measurement involves measuring a known reflectance standard from
a distance, so your measurement is related to the reflectance Rd.standard , which is usually
known. Do not measure in contact with the standard, or you will have know the µa and
the µ0s of the standard, i.e., two values that are usually not supplied by the manufacturer.
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Figure 81:
An optical fiber fiber probe consisting of two fiber separated by ∼2 mm were placed on
the skin. White light was delivered by the source fiber and the collector fiber returned
light to a spectrometer.24
(TOP) The upper figure shows the raw data of measurements Mstd and Mskin in [counts].
A 99$ reflectance standard was used.
The lower figure shows the ratio M = MMtissue
.
std
(BOTTOM) Least-squares fitting can fit the M(λ) to yield values of average blood
content (B), mixed arterio-venous oxygen saturation (S), epidermal melanin (M), and
scattering (µ0s (500nm) = a(43cm−1 )).
24

This experiment was set up in about 15 min during a trip to China, to show how easily such optical
fiber measurements can be made.
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Figure 82:
(TOP) The ratio M =

Mtissue
Mstd

can be expanded.

(BOTTOM) The cancellation of the source power (S) and the detector sensitivity (D)
simplifies the analysis to
M Rstd = Rtissue K
(15)
where K = GGstd is wavelength independent. The Rtissue can be predicted by theory,
adjusting the parameters µa and µ0s and K until Eq.15 is satisfied. Then the values of µa
and µ0s are the final answers.
Typically, the fitting adjusts the blood content (B), oxygen saturation (S), water content
(W), and scattering (µ0s (500nm)) to generate the choices of µa and µ0s used in the fitting.
So the B, S, W, and µ0s (500nm) are the final answers.
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Summary
This tutorial has discussed:
1. Tissue optical properties
2. Light transport
3. Measurement of optical properties
The tutorial has been a brief overview of the basics.
The following APPENDIX gives two MATLAB subroutines for diffuse light reflectance.
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Appendix
(1) getRd(µa , µ0s , nr ) (MATLAB code)
function Rd = getRd(mua, musp, n)
ri = 0.6681 + 0.0636*n + 0.7099./n - 1.4399./n.^2;
A = (1 + ri)./(1 - ri);
zo = 1./(mua + musp);
D = zo/3;
delta = sqrt(D./mua);
mueff = 1./delta;
ap = musp./(mua+ musp);
Rd = ap.*exp(-mueff.*zo)/2.*(1 + exp(-4/3*A.*sqrt(3*(1-ap))));
(2) getRr(µa , µ0s , r, nr ) (MATLAB code)
function Rr = getRr(mua, musp, r, n)
ri = 0.6681 + 0.0636*n + 0.7099/n - 1.4399/n^2;
A = (1 + ri)/(1 - ri);
zo = 1./(mua + musp);
D = zo/3;
delta = sqrt(D./mua);
r1 = sqrt(zo.^2 + r.^2);
r2 = sqrt((zo + 4*A*D).^2 + r.^2);
mueff = 1./delta;
c = zo.*(mueff + 1./r1).*exp(-r1./delta)./(r1.^2);
d = (zo + 4*A*D).*(mueff + 1./r2).*exp(-r2./delta)./(r2.^2);
Rr = ( c + d )/(4*pi);
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