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Indirect methods obtain the solution of the inverse scatter-
ing problem using a theoretical model of light propagation in 
a medium. They are in turn divided into iterative and nonit-
erative models. The former use equations in which the optical 
properties are defined through parameters directly related to 
the quantities being evaluated. The latter are based on the two-
flux Kubelka–Munk model and multi-flux models (Kubelka and 
Munk 1931, Yoon et al. 1987, Cheong et al. 1990, LaMuraglia 
et al. 1990, Ishimaru 1997, Ebert et al. 1998, Farrar et al. 1999, 
Phylips-Invernizzi et al. 2001, Ragain and Johntson 2001, Yang 
et al. 2002, 2004b, 2007, Wei et al. 2003, Yang and Kruse 2004a, 
Yang and Miklavcic 2005, Donner and Jensen 2006, Tuchin 2007, 
Hebert and Becker 2008, Kokhanovsky and Hopkinson 2008). In 
indirect iterative methods, the optical properties are implicitly 
defined through measured parameters. Quantities determin-
ing the optical properties of a scattering medium are enumer-
ated until the estimated and measured values for reflectance 
and transmittance coincide with the desired accuracy. These 
methods are cumbersome, but the optical models currently in 
use may be even more complicated than those underlying nonit-
erative methods (examples include the diffusion theory (Farrell 
et al. 1992, Hayakawa et al. 2004, Bargo et al. 2005, Dimofte et al. 
2005, Zhang et al. 2005, Comsa et al. 2006), inverse adding-dou-
bling (IAD) (Pickering et al. 1993a,b, Prahl et al. 1993, Qu et al. 
1994, de Vries et al. 1999, Sardar et al. 2001, 2004, 2005, 2007, 
Bashkatov et al. 2004, 2005a,b, 2006b, 2009, 2010, Chen et al. 
2005, Wei et al. 2005, Chandra et al. 2006, Gebhart et al. 2006, 
Zhu et al. 2007), and inverse Monte Carlo (IMC) (Marchesini 
et al. 1992, Graaff et al. 1993b, van der Zee 1993a, Hammer et al. 
1995, Hourdakis and Perris 1995, Wang et al. 1995, Yaroslavsky 
et al. 1996a, 2002b, Simpson et al. 1998, Ripley et al. 1999, 
Roggan et al. 1999a,b, Dam et al. 2000, Hayakawa et al. 2001, 
Bashkatov et al. 2006a, 2007, Friebel et al. 2006, 2009, Palmer 
and Ramanujam 2006a,b, Salomatina et al. 2006, Meinke et al. 
2007a,b) methods).

The optical parameters of tissue samples (μa, μs, and g) could 
be measured by different methods. Here μa is the absorption 
coefficient, μs is the scattering coefficient, and g is the anisotropy 
factor of scattering. The single- or double-integrating sphere 
method combined with collimated transmittance measurements 
is most often used for in vitro studies of tissues (see Figures 5.1 
and 5.2). This approach implies either sequential or simultane-
ous determination of three parameters: collimated transmit-
tance Tc = Id/I0 (Id is the intensity of transmitted light measured 
using a distant photodetector with a small aperture, W/cm2, and 
I0 is the intensity of incident radiation, W/cm2), total transmit-
tance Tt = Tc + Td (Td being diffuse transmittance), and diffuse 
reflectance Rd. The optical parameters of the tissue are deduced 
from these measurements using different theoretical expressions 
or numerical methods (two-flux and multi-flux models, the IMC 
or IAD methods) relating μa, μs, and g to the parameters being 
investigated.

Any three measurements from the following five are sufficient 
for the evaluation of all three optical parameters (Cheong et al. 
1990):

	 1.	 Total (or diffuse) transmittance for collimated or diffuse 
radiation

	 2.	 Total (or diffuse) reflectance for collimated or diffuse 
radiation

	 3.	 Absorption by a sample placed inside an integrating 
sphere

	 4.	 Collimated transmittance (of unscattered light)
	 5.	 Angular distribution of radiation scattered by the sample

Iterative methods normally take into account discrepancies 
between refractive indices at sample boundaries as well as 
the multilayer nature of the sample. The following factors are 
responsible for the errors in the estimated values of optical coef-
ficients and need to be borne in mind in a comparative analysis 
of optical parameters obtained in different experiments (Cheong 
et al. 1990):

•	 The physiological conditions of tissues (the degree of 
hydration, homogeneity, species-specific variability, 
frozen/thawed or fixed/unfixed state, in vitro/in vivo 
measurements, smooth/rough surface)

•	 The geometry of irradiation

5

2
4

6

5

3

1

1

2

4

3

2

1
4

3 6

5

2

IdIo

(A)

(C)

(B)

(D)

Figure 5.1  Measurement of tissue optical properties using an inte-
grating sphere. The surface of the integrating sphere is coated with 
BaSO4, MgO, or Spectralon which have nearly 100% diffuse remittance 
over the entire optical spectrum. (A) Total transmittance mode, (B) dif-
fuse transmittance mode, (C) diffuse reflectance mode, (D) collimated 
transmittance mode. 1, the incident beam; 2, the tissue sample; 3, the 
entrance port; 4, the transmitted (or diffuse reflected) radiation; 5, the 
integrating sphere; 6, the exit port.

1

2
3

4

5

6

7

8

Figure 5.2  The double-integrating sphere setup. 1, the incident 
beam; 2,7, the entrance port; 3, the exit port; 4, the diffuse reflected 
radiation; 5, the tissue sample; 6, the transmitted radiation; 8, the inte-
grating sphere.
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•	 The matching/mismatching interface refractive indices
•	 The angular resolution of photodetectors
•	 The separation of radiation experiencing forward scatter-

ing from unscattered radiation
•	 The theory used to solve the inverse problem

To analyze light propagation under multiple scattering condi-
tions, it is assumed that absorbing and scattering centers are 
uniformly distributed across the tissue. UV-A, visible, or near-
infrared (NIR) radiation is normally subject to anisotropic scat-
tering characterized by a clearly apparent direction of photons 
undergoing single scattering, which may be due to the presence 
of large cellular organelles (mitochondria, lysosomes, Golgi 
apparatus, etc.) (Mueller and Sliney 1989, Cheong et al. 1990, 
Duck 1990, Welch and van Gemert 1992, Niemz 1996, Tuchin 
1997, 2002, 2007, Vo-Dinh 2003).

When the scattering medium is illuminated by unpolarized 
light and/or only the intensity of multiply scattered light needs 
to be computed, a sufficiently strict mathematical description of 
continuous wave (CW) light propagation in a medium is pos-
sible in the framework of the scalar stationary radiation transfer 
theory (RTT) (Mueller and Sliney 1989, Cheong et al. 1990, Duck 
1990, Welch and van Gemert 1992, Niemz 1996, Tuchin 1997, 
2002, 2007, Vo-Dinh 2003). This theory is valid for an ensemble 
of scatterers located far from one another and has been success-
fully used to work out some practical aspects of tissue optics. 
The main stationary equation of RTT for monochromatic light 
has the form
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where
I (r→, s→) is the radiance (or specific intensity) – average power 

flux density at point r→ in the given direction s→, W/cm2 sr
p (s→, s→′) is the scattering phase function, 1/sr
dΩ′ is the unit solid angle about the direction s→′, sr
μt = μa + μs is the total attenuation coefficient

It is assumed that there are no radiation sources inside the 
medium.

The scalar approximation of the radiative transfer equation 
(RTE) gives poor accuracy when the size of the scattering par-
ticles is much smaller than the wavelength, but provides accept-
able results for particles comparable to and larger than the 
wavelength (Chandrasekhar 1960, Mishchenko et al. 2002).

The phase function p(s→, s→′) describes the scattering proper-
ties of the medium and is in fact the probability density func-
tion for scattering in the direction s→′ of a photon traveling in 
the direction s→; in other words, it characterizes an elementary 
scattering act. If scattering is symmetric relative to the direction 
of the incident wave, then the phase function depends only on 
the scattering angle θ (angle between directions s→ and s→′), that 
is, p(s→, s→′) = p(θ). The assumption of random distribution of scat-
terers in a medium (i.e., the absence of spatial correlation in the 

tissue structure) leads to normalization: p dθ π θ θ
π

( ) =∫ 2 1
0

sin . 
In practice, the phase function is usually well approximated 
with the aid of the following postulated Henyey–Greenstein 
function (Henyey and Greenstein 1941, Yoon et al. 1987, Mueller 
and Sliney 1989, Cheong et al. 1990, Duck 1990, Welch and 
van Gemert 1992, Marchesini et al. 1992, Graaff et al. 1993b, 
Pickering et al. 1993a,b, Prahl et al. 1993, Qu et al. 1994, Hammer 
et al. 1995, Hourdakis and Perris 1995, Wang et al. 1995, Chan 
et al. 1996a,b, Nemati et al. 1996, Niemz 1996, Yaroslavsky et al. 
1996a, 2002b, Tuchin 1997, 2002, 2007, Simpson et al. 1998, de 
Vries et al. 1999, Ripley et al. 1999, Roggan et al. 1999a,b, Dam 
et al. 2000, Hayakawa et al. 2001, Sardar et al. 2001, 2004, 2005, 
2007, Vo-Dinh 2003, Bashkatov et al. 2004, 2005a,b, 2006a,b, 
2007, 2009, Chen et al. 2005, Wei et al. 2005, Chandra et al. 
2006, Gebhart et al. 2006, Palmer and Ramanujam 2006a,b, 
Salomatina et al. 2006, Zhu et al. 2007):
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where g is the scattering anisotropy parameter (mean cosine of 
the scattering angle θ)

	

g p d≡ = ( ) ⋅∫cos cos sinθ θ θ π θ θ
π

2
0

The value of g varies in the range from −1 to 1; g = 0 corresponds 
to isotropic (Rayleigh) scattering, g = 1 to total forward scattering 
(Mie scattering at large particles), and g = −1 to total backward scat-
tering (Mueller and Sliney 1989, Cheong et al. 1990, Duck 1990, 
Welch and van Gemert 1992, Niemz 1996, Tuchin 1997, 2002, 
2007, Ishimaru 1997, Mishchenko et al. 2002, Vo-Dinh 2003).

5.3  Integrating Sphere Technique

One of the indirect methods to determine optical properties of 
tissues in vitro is the integrating sphere technique (Spitzer and 
Ten Bosch 1975, Cheong et al. 1990, Marchesini et al. 1992, Graaff 
et al. 1993b, Pickering et al. 1993a,b, Prahl et al. 1993, van der Zee 
et al. 1993b, Qu et al. 1994, Hammer et al. 1995, Hourdakis and 
Perris 1995, Chan et al. 1996a,b, Nemati et al. 1996, Yaroslavsky 
et al. 1996b, 2002b, Ebert et al. 1998, Simpson et al. 1998, de 
Vries et al. 1999, Farrar et al. 1999, Ripley et al. 1999, Roggan 
et al. 1999a,b, Dam et al. 2000, Hayakawa et al. 2001, Sardar et al. 
2001, 2004, 2005, 2007, Bashkatov et al. 2004, 2005a,b, 2006b, 
2007, 2009, Dimofte et al. 2005, Wei et al. 2005, Friebel et al. 
2006, 2009, Gebhart et al. 2006, Palmer and Ramanujam 2006b, 
Salomatina et al. 2006, Meinke et al. 2007a,b, Tuchin 2007, Zhu et 
al. 2007). Diffuse reflectance Rd, total Tt and/or diffuse transmit-
tance Td, and collimated transmittance Tc are measured. In gen-
eral, the absorption and scattering coefficients and anisotropy 
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factor? can be obtained from these data using an inverse method 
based on the radiative transfer theory. When the scattering 
phase function p(θ) is available from goniophotometry, g can 
be readily calculated. In this case, for the determination of μa 
and μs it is sufficient to measure Rd and Tt only. Sometimes in 
experiments with tissue and blood samples, a double-integrating 
sphere configuration is preferable, since in this case both reflec-
tance and transmittance can be measured simultaneously and 
less degradation of the sample is expected during measurements 
(see Figure 5.2). Nevertheless, in the case of a double-integrating 
sphere arrangement of the experiment in addition to the single-
integrating sphere corrections of measured signals, multiple 
exchange of light between the spheres should be accounted for 
(Pickering et al. 1993b, Yaroslavsky et al. 2002a).

Some tissues (e.g., melanin containing) and blood have high 
total attenuation coefficients in the visible and NIR spectral range. 
Therefore, the collimated transmittance measurement for such 
samples (e.g., the undiluted blood layer with a moderate thickness 
≈0.1 mm) (Roggan et al. 1999a) is a technically difficult task. To 
solve this problem, a powerful light source combined with a sensi-
tive detector must be used (Nilsson et al. 1997). Alternatively, it is 
possible to collect the collimated light together with some forward-
scattered light using the third integrating sphere (Yaroslavsky 
et al. 1999a). In this case, the collimated transmittance is sepa-
rated from the scattered flux on the stage of the data processing 
using, for example, a Monte Carlo (MC) technique (Yaroslavsky 
et al. 1996a) or a small angle approximation (Yaroslavsky et al. 
1998). Another approach was used in papers by Bashkatov et al. 
(2007), Friebel et al. (2006), Hayakawa et al. (2001), and Meinke et 
al. (2007a,b). In these studies the diffuse reflectance, total and dif-
fuse transmittance have been measured (see Figure 5.1), and IMC 
algorithm, taking into account geometry of the measurement, has 
been used for treatment of the experimental data.

5.4  �Kubelka–Munk and Multi-
Flux Approach

To separate the light beam attenuation due to absorption 
from the loss due to scattering, the one-dimensional, two-
flux Kubelka–Munk (KM) model can be used as the simplest 
approach to solve the problem. This approach has been widely 
used to determine the absorption and scattering coefficients of 
biological tissues, provided the scattering is significantly domi-
nant over the absorption (Kubelka and Munk 1931, Spitzer and 
Ten Bosch 1975, Anderson and Parrish 1981, Yoon et al. 1987, 
van Gemert et al. 1989, Cheong et al. 1990, LaMuraglia et al. 
1990, Ishimaru 1997, Ebert et al. 1998, Farrar et al. 1999, Phylips-
Invernizzi et al. 2001, Ragain and Johntson 2001, Yang et al. 
2002, 2004b, 2007, Wei et al. 2003, Yang and Kruse 2004a, Yang 
and Miklavcic 2005, Donner and Jensen 2006, Tuchin 2007, 
Hebert and Becker 2008, Kokhanovsky and Hopkinson 2008). 
The KM model assumes that light incident on a slab of tissue 
because of interaction with the scattering media can be modeled 
by two fluxes, counterpropagating in the tissue slab. The opti-
cal flux, which propagates in the same direction as the incident 

flux, is decreased by absorption and scattering processes and is 
also increased by backscattering of the counterpropagating flux 
in the same direction. Changes in counterpropagating flux are 
determined in an analogous manner. The fraction of each flux 
lost by absorption per unit path length is denoted as K, while 
the fraction lost due to scattering is called S. The main assump-
tions of the KM model: K and S parameters are assumed to be 
uniform throughout the tissue slab; all light fluxes are diffuse; 
and the amount of light lost from the edges of the sample dur-
ing reflectance measurements is negligible. Basic KM model 
does not account for reflections at boundaries at which index of 
refraction mismatches exist.

Following the KM model and diffusion approximation of the 
radiative transfer equation, the KM parameters were expressed 
in terms of light transport theory: the absorption and scatter-
ing coefficients and scattering anisotropy factor (van Gemert et 
al. 1989, Cheong et al. 1990). Thus, when scattering significantly 
prevails on absorption, a simple experimental method using 
modified KM model expressions can be successfully employed as
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(5.3)

where μt is determined basing on Bouguer–Beer–Lambert law 
(Tc = exp (−μtl)) from measured values of collimated transmit-
tance Tc, where l is tissue sample thickness. Thus, all three 
parameters (μa, μs, g) can be found from the experimental data 
for total transmittance Tt, diffuse reflectance Rd, and collimated 
transmittance Tc of the sample.

Often, such simple methods as the KM model (Prahl et al. 
1993, Qu et al. 1994, Hammer et al. 1995, Chan et al. 1996a,b, 
Nemati et al. 1996, Roggan et al. 1999a,b, Sardar et al. 2001, 
2004, 2005, 2007, Bashkatov et al. 2004, 2005a,b, 2006a,b, 2007, 
2009, Wei et al. 2005, Friebel et al. 2006, 2009, Gebhart et al. 
2006, Meinke et al. 2007a,b, Zhu et al. 2007) or diffusion approx-
imation (Yaroslavsky et al. 1996a, 2002b, Hayakawa et al. 2004, 
Bargo et al. 2005, Salomatina et al. 2006) are used as the first step 
of the inverse algorithm for estimation of the optical properties of 
tissues and blood. The estimated values of the optical properties 
are then used to calculate the reflected and transmitted signals, 
employing one of the more sophisticated models of light propa-
gation in tissue or blood. At the next step, the calculated values 
are compared with the measured ones. If the required accuracy 
is not achieved, the current optical properties are altered using 
one of the optimization algorithms. The procedures of altering 
the optical properties and calculating the reflected and trans-
mitted signals are repeated until the calculated values match the 
measured values with the required accuracy.
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5.5  Inverse Adding-Doubling Method

The IAD method provides a tool for the rapid and accurate solu-
tion of inverse scattering problem (Pickering et al. 1993a,b, Prahl 
et al. 1993, Qu et al. 1994, Chan et al. 1996a,b, Nemati et al. 1996, 
de Vries et al. 1999, Sardar et al. 2001, 2004, 2005, 2007, Troy 
and Thennadil 2001, Bashkatov et al. 2004, 2005a,b, 2006b, 2009, 
Chen et al. 2005, Wei et al. 2005, Chandra et al. 2006, Gebhart 
et al. 2006, Zhu et al. 2007). It is based on the general method for 
the solution of the transport equation for plane-parallel layers 
suggested by van de Hulst (van de Hulst 1980) and introduced 
to tissue optics by Prahl (1988, 2007). An important advantage 
of the IAD method when applied to tissue optics is the possibil-
ity of rapidly obtaining iterative solutions with the aid of up-to-
date microcomputers; moreover, it is flexible enough to take into 
account anisotropy of scattering and the internal reflection from 
the sample boundaries. The method includes the following steps:

	 1.	 The choice of optical parameters to be measured
	 2.	 Counting reflections and transmissions
	 3.	 Comparison of calculated and measured reflectance and 

transmittance
	 4.	 Repetition of the procedure until the estimated and mea-

sured values coincide with the desired accuracy

In principle, the method allows for any intended accuracy to be 
achieved for all the parameters being measured, provided the 
necessary computer time is available. An error of 3% or less is 
considered acceptable (Prahl et al. 1993). Also, the method may 
be used to directly correct experimental findings obtained with 
the aid of integrating spheres. The term “doubling” in the name 
of the method means that the reflection and transmission esti-
mates for a layer at certain ingoing and outgoing light angles may 
be used to calculate both the transmittance and reflectance for 
a layer twice as thick by means of superimposing one upon the 
other and summing the contributions of each layer to the total 
reflectance and transmittance. Reflection and transmission in a 
layer having an arbitrary thickness are calculated in consecutive 
order, first for the thin layer with the same optical characteristics 
(single scattering), then by consecutive doubling of the thick-
ness, for any selected layer. The term “adding” indicates that the 
doubling procedure may be extended to heterogeneous layers 
for modeling multilayer tissues or taking into account internal 
reflections related to abrupt change in refractive index (Prahl et 
al. 1993).

The adding-doubling technique is a numerical method for 
solving the one-dimensional transport equation in slab geom-
etry (Prahl 1988, 2007, Prahl et al. 1993). It can be used for media 
with an arbitrary phase function and arbitrary angular distribu-
tion of the spatially uniform incident radiation. Thus, finite beam 
size and side losses of light cannot be taken into account. The 
method is based on the observation that for an arbitrary incident 
radiance angular distribution Iin(ηc), where ηc is the cosine of the 
polar angle, the angular distribution of the reflected radiance 
(normalized to an incident diffuse flux) is given by Prahl 1988, 
2007, Prahl et al. 1993, and Yaroslavsky et al. 2002a:

	

I I R dref c in c c c c c( ) ( ) ( , ) ,η η η η η η= ′ ′ ′ ′∫
0
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2 	 (5.4)

where R(η′c, ηc) is the reflection redistribution function deter-
mined by the optical properties of the slab.

The distribution of the transmitted radiance can be expressed 
in a similar manner, with obvious substitution of the transmis-
sion redistribution function T(η′c, ηc). If M quadrature points are 
selected to span over the interval (0, 1), the respective matrices 
can approximate the reflection and transmission redistribution 
functions:

	
R R T Tcj ij ci cj ij′( ) → ′( ) →η η η ηc i , ; , . 	 (5.5)

These matrices are referred to as the reflection and transmission 
operators, respectively. If a slab with boundaries indexed as 0 
and 2 is comprised of two layers, (01) and (12), with an internal 
interface 1 between the layers, the reflection and transmission 
operators for the whole slab (02) can be expressed as
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where E is the identity matrix defined in this case as
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where
wi is the weight assigned to the ith quadrature point
δij is a Kroneker delta symbol, δij = 1 if i = j, and δij = 0 if i ≠ j

The definition of the matrix multiplication also slightly differs 
from the standard. Specifically,

	

( ) .AB ik ij cj j jk

j

M

A w B≡
=

∑ 2
1

η 	 (5.8)

Equations 5.6 allow one to calculate the reflection and transmis-
sion operators of a slab when those of the comprising layers are 
known. The idea of method is to start with a thin layer for which 
the RTE can be simplified and solved with relative ease, produc-
ing the reflection and transmission operators for the thin layer, 
then to proceed by doubling the thickness of the layer until the 
thickness of the whole slab is reached. Several techniques exist 
for layer initialization. The single-scattering equations for reflec-
tion and transmission for the Henyey–Greenstein function are 
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function of tissue and blood, Henyey–Greenstein phase func-
tion (HGPF) (see Equation 5.2), the Gegenbauer kernel phase 
function (GKPF) (Reynolds and McCormick 1980), and theoret-
ical Mie phase function (Bohren and Huffman 1983). The HGPF 
has one parameter g that may be represented as the infinite series 
of Legendre polynomials Pn1(cos )θ

	
p n f Pn

n

n��� � � � ���� ��θ
π

θ= +
=

∞

∑�
�

� �
�

� 	 (5.9)

where fn = gn is the nth order moment of the phase function.
The GKPF has two variable parameters, α and g,

	 p K g gGK 1 2( ) [ cos( )] ,( )θ θ α= + − − +2 1 	 (5.10)
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The GKPF is a generalization of the HGPF and can be reduced 
to HGPF by setting α = 0.5. The GKPF may be represented as the 
infinite series of Gegenbauer polynomials, Cn

α (Reynolds and 
McCormick 1980, Barber and Hill 1990):
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The HGPF and GKPF are widely employed in radiative trans-
port calculations for the description of the single-scattering 
process in whole blood (Nilsson et al. 1997, Sardar and Levy 
1998, Roggan et al. 1999a, Yaroslavsky et al. 2002a, Friebel et al. 
2006, 2009, Meinke et al. 2007a,b) and tissues (Farrell et al. 
1992, Graaff et al. 1993b, Pickering et al. 1993b, van der Zee 
1993a, Qu et al. 1994, Bevilacqua et al. 1995, Hammer et al. 1995, 
Hourdakis and Perris 1995, Chan et al. 1996a,b, Nemati et al. 
1996, Laufer et al. 1998, Simpson et al. 1998, Ripley et al. 1999, 
Roggan et al. 1999b, Dam et al. 2000, Du et al. 2001, Sardar et al. 
2001, 2004, 2005, 2007, Troy and Thennadil 2001, Preece and 
Claridge 2002, Yaroslavsky et al. 2002a, Nishidate et al. 2003, 
2004, Pfefer et al. 2003, Thueler et al. 2003, Bashkatov et al. 2004, 
2005a,b, 2006a,b, 2007, 2009, Kumar et al. 2004, Ugryumova 
et al. 2004, Wei et al. 2005, Chandra et al. 2006, Gebhart et al. 
2006, Salomatina et al. 2006, Seo et al. 2007) because of their 
mathematical simplicity. However, it is clear that the HGPF and 
GKPF cannot be used for accurate calculations of the angular 
light distribution scattered by a single erythrocyte. For some 
calculations, theoretical Mie phase function may be useful 
(Bohren and Huffman 1983):
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where S1 and S2 are functions of the polar scattering angle and 
can be obtained from the Mie theory as
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The parameters πn and τn represent
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where Pn
1(cos )θ  is the associated Legendre polynomial. The 

following recursive relationships are used to calculate πn and τn:
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and the initial values are
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The coefficients an and bn are defined as
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where
a is the radius of spherical particles
λ0 is the light wavelength in vacuum
ψn, ζn, ′ ′ψ ζn n,   are the Riccati–Bessel functions of the first and 

second kind
n0 is the refractive index of the ground material
np is the refractive index of scattering particles

For the HGPF, the random scattering angle θrnd
HG  is given by
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For the GKPF, the random scattering angle θrnd
GK  is determined as 

(Yaroslavsky et al. 1999b)

	
θ ζα

rnd
GK

rnd/ /= + −



arccos ( ) ,1 1 22g g 	 (5.19)

where ζrnd = 2αgξ/K + (1 + g)−2α, and α and K are defined in 
Equation 5.10.

If experimental scattering phase function is known for the 
discrete set of scattering angles θI, f(θ) = f(θi), it can be deter-
mined in the total angular range using the spline-interpolation 

technique. Then, the value of the function F f dn

n

= ∫ ( )θ θ
θ

0
 can be 

calculated numerically for any value of θn. It is easy to see that 
Fn is a nondecreasing function that is mapping the interval (0, 1). 
Therefore, when random value γ is sampled, θrnd

exp  is determined 
by setting Fn = ξ.

The Mie phase function can be tabulated and treated in the 
same way as the experimental phase function (Yaroslavsky et 
al. 1999b). In most cases azimuthal symmetry is assumed. This 
leads to p(ϕ) = 1/2π and, consequently, ϕrnd = 2πξ. At each step, the 
photon loses part of its weight due to absorption: W = W(1 − Λ), 
where Λ = μs/μt is the albedo of the medium.

When the photon reaches the boundary, part of its weight 
is transmitted according to the Fresnel equations. The amount 
transmitted through the boundary is added to the reflectance or 
transmittance. Since the refraction angle is determined by the 
Snell’s law, the angular distribution of the outgoing light can be 
calculated. The photon with the remaining part of the weight is 
specularly reflected and continues its random walk.

When the photon’s weight becomes lower than a prede-
termined minimal value, the photon can be terminated using 
“Russian roulette” procedure (Keijzer et al. 1989, Yaroslavsky 
and Tuchin 1992, Jacques and Wang 1995, Wang et al. 1995, 
Yaroslavsky et al. 1996a, 2002a). This procedure saves time, since 
it does not make sense to continue the random walk of the pho-
ton, which will not essentially contribute to the measured signal. 
On the other hand, it ensures that the energy balance is main-
tained throughout the simulation process.

The MC method has several advantages over the other meth-
ods because it may take into account mismatched medium–
glass and glass–air interfaces, losses of light at the edges of the 
sample, any phase function of the medium, and the finite size 
and arbitrary angular distribution of the incident beam. If the 
collimated transmittance is measured, then the contribution 
of scattered light into the measured collimated signal can be 
accounted for (Wang et al. 1995, Yaroslavsky et al. 1996a, Tuchin 
2007). The only disadvantage of this method is the long time 
needed to ensure good statistical convergence, since it is a sta-
tistical approach. The standard deviation of a quantity (diffuse 
reflectance, transmittance, etc.) approximated by MC technique 
decreases proportionally to 1/ N , where N is the total number 
of launched photons.

It is worth noticing that stable operation of the algorithm 
was maintained by generation of from 105 to 5 × 105 photons 

per iteration. Two to five iterations were usually necessary to 
estimate the optical parameters with approximately 2% accu-
racy. The computer time required can be reduced not only by 
the condensed IMC method (Graaff et al. 1993b) but also by 
means of graphical solution of the inverse problem (Khalil et al. 
2003, Pfefer et al. 2003, Thueler et al. 2003) or by means of pro-
ducing a lookup table (van der Zee 1993a,b, Firbank et al. 1993, 
Hourdakis and Perris 1995, Kienle and Patterson 1996, Ripley 
et al. 1999, Ugryumova et al. 2004, Kotova et al. 2007) following 
a preliminary MC simulation. In the last case, a linear or spline 
interpolation (Press et al. 1992) between the data points can be 
used to improve the accuracy of the selection process.

In general, in vivo μa and ′µs values for human skin proved 
to be significantly smaller than those obtained in vitro (about 
10 and 2 times, respectively) (Graaff et al. 1993b, Laufer et al. 
1998, Simpson et al. 1998, Doornbos et al. 1999, Ripley et al. 
1999, Tuchin 2007, Salomatina and Yaroslavsky 2008). For μa, 
the discrepancy may be attributed to the low sensitivity of the 
double-integrating sphere, and goniometric techniques have 
been applied for in vitro measurements at weak absorption 
combined with strong scattering (μa ≪ μs) and the sample prepa-
ration methods. For ′µs, the discrepancy may be related to the 
strong dependence of the method on variations in the relative 
refractive index of scatterers and the ground medium of the tis-
sue m, ′ −µ� ∼ � �m � �, which can be quite different for living and 
sampled tissue (Graaff et al. 1992, Khalil et al. 2003). The ex vivo 
measurements using the integrating sphere technique with cor-
responding IMC models, and very carefully prepared human tis-
sue samples allow for accurate evaluation of μa and ′µs which are 
very close to in vivo measurements (Graaff et al. 1993a, Laufer et 
al. 1998, Simpson et al. 1998, Doornbos et al. 1999, Ripley et al. 
1999, Roggan et al. 1999b, Salomatina and Yaroslavsky 2008).

5.7  �Direct Measurement of the 
Scattering Phase Function

Direct measurement of the scattering phase function p(θ) 
is important for the choice of an adequate model for the tis-
sue being examined (van der Zee 1993a, Tuchin 1997, 2007, 
Yaroslavsky et al. 1999b, 2002a, Binzoni et al. 2006). The scatter-
ing phase function is usually determined from goniophotomet-
ric measurements in relatively thin tissue samples (Hardy et al. 
1956, Bruls and van der Leun 1984, Fine et al. 1985, Jacques et al. 
1987, Yoon et al. 1987, Steinke and Shepherd 1988, Marchesini 
et al. 1989, Duck 1990, Firbank et al. 1993, van der Zee 1993a, 
van der Zee et al. 1993b, Yaroslavskaya et al. 1994, Fried et al. 
1995, Treweek and Barbenel 1996, Sardar and Levy 1998, Zijp 
and Ten Bosch 1998, Choukeife and L’Huillier 1999, Drezek et 
al. 1999, Yaroslavsky et al. 1999b, Hammer et al. 2001, Sardar 
et al. 2001, 2004, 2005, Darling et al. 2006, Forster et al. 2006, 
Turcu et al. 2006, Tuchin 2007, Pop and Neamtu 2008). The 
measured scattering indicatrix can be approximated either by 
the HGPF (Jacques et al. 1987, Yoon et al. 1987, Marchesini et al. 
1989, Yaroslavskaya et al. 1994, Drezek et al. 1999, Yaroslavsky AQ2
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et al. 1999a, Hammer et al. 2001, Sardar et al. 2001, 2004, 2005) 
(see Equation 5.2) or by a set of HGPFs, with each function char-
acterizing the type of scatterers and specific contribution to the 
indicatrix (see Equation 5.9) (Forster et al. 2006, Tuchin 2007). 
In the limiting case of a two-component model of a medium 
containing large and small (compared with the wavelength) 
scatterers, the indicatrix is represented in the form of anisotro-
pic and isotropic components (Jacques et al. 1987, Yoon et al. 
1987, Marchesini et al. 1989, Firbank et al. 1993, Graaff et al. 
1993a, Fried et al. 1995, Zijp and Ten Bosch 1998, Bashkatov et 
al. 2005a, 2007, Darling et al. 2006). Other approximating func-
tions are equally useful, e.g., those obtained from the Rayleigh–
Gans approximation (Graaff et al. 1993a), ensuing from the 
Mie theory (Steinke and Shepherd 1988, Bevilacqua et al. 1995, 
1999, Drezek et al. 1999), or a two-parameter GKPF (HGPF is a 
special simpler case of this phase function, see Equation 5.10) 
(Yaroslavsky et al. 1996b, 1999b, Hammer et al. 2001). Some of 
these types of approximations were used to find the dependence 
of the scattering anisotropy factor g for dermis and epidermis 
on the wavelengths in the range 300–1300 nm, which proved to 
coincide fairly well with the empirical formula (van Gemert et 
al. 1989),

	 g ge d∼ ∼ λ0 62 0 29 10 3. . ,+ × × − 	 (5.20)

on the assumption of a 10% contribution of isotropic scattering 
(at wavelength 633 nm) (Jacques et al. 1987). The wavelength λ is 
given in nanometers. Another form of the spectral dependence 
of anisotropy factor can be presented as

	
g A B C D( ) (λ λ= + − − −( )( )1 exp ) . 	 (5.21)

The experimental values of anisotropy factor g for many types of 
human and animal tissues are presented in Tables 5.1 through 
5.11 and approximated using Equation 5.21.

It should be noted that the correct prediction of light transport 
in tissues depends on the exact form of the phase function used 
for calculations (van der Zee 1993a, Yaroslavsky et al. 1999b, 
2002a, Thueler et al. 2003, Friebel et al. 2006, Tuchin 2007). 
Simulations performed with different forms of p(θ) (HGPF, Mie, 
and GKPF) with the same value of <cos(θ)> result in the collec-
tion of significantly different fractions of the incident photons, 
particularly when small numerical-aperture delivery and col-
lection fibers (small source-detection separation) are employed 
(Yaroslavsky et al. 1996b, 1999b, 2002a, Bevilacqua et al. 1999).

Moreover, for media with high anisotropy factors, precise 
measurements of the scattering phase function in the total angle 
range from 0° to 180° is a difficult technical task, demanding 
an extremely large dynamic range of measuring equipment. 
Most of the scattered radiation lies in the range from 0° to 30°, 
counting from the direction of the incident beam. In addition, 
measurements at angles close to 90° are strongly affected by scat-
tering of higher orders, even for the samples of moderate optical 
thickness (Khlebtsov et al. 2002).

5.8  Optical Properties of Tissues

Above-discussed methods and techniques were successfully 
applied for the estimation of optical properties of a wide num-
ber of tissues. Measurements done in vitro and ex vivo by differ-
ent research groups are summarized in Tables 5.1 through 5.11. 
Evidently, many types of animal and human tissues may have 
very close optical properties, but some specificity is expected. 
Early published data on optical properties of both human and 
animal tissues are presented in the following papers: Ebert 
et al. (1998), Farrar et al. (1999), Wei et al. (2003, 2005), Bargo 
et al. (2005), Zhang et al. (2005), Gebhart et al. (2006), Qu et al. 
(1994), Sardar and Levy (1998), Sardar et al. (2001, 2004, 
2005, 2007), Bashkatov (2002), Bashkatov et al. (2004, 2005a,b, 
2006b, 2007, 2010), Friebel et al. (2006, 2009), Hammer et al. 
(1995), Marchesini et al. (1992), Meinke et al. (2007a,b), Ripley 
et al. (1999), Roggan et al. (1999a,b), Salomatina et al. (2006), 
Salomatina and Yaroslavsky (2008), Simpson et al. (1998), van 
der Zee et al. (1993b), Yaroslavsky et al. (1996b, 2002b), Chan 
et al. (1996a,b), Nemati et al. (1996), Spitzer and Ten Bosch 
(1975), Troy and Thennadil (2001), Prahl (1988), Laufer et al. 
(1998), Du et al. (2001), Firbank et al. (1993), Ugryumova 
et  al.  (2004), Graaff et al. (1993a), Peters et  al. (1990), Ghosh 
et al. (2001), Schmitt and Kumar (1998), Wang (2000), Cilesiz 
and Welch (1993), Lin et al. (1996), Genina et al. (2005), Vargas 
et al. (1999), Jacques (1996), Beek et al. (1997), Germer et al. 
(1998), Ma et al. (2005), Maitland et al. (1993), Nilsson et  al. 
(1995), Parsa et al. (1989), Patwardhan et al. (2005), Ritz 
et  al.  (2001), Schwarzmaier et al. (1998), Youn et al. (2000), 
and partially summarized in review papers, book chapters and 
books Cheong et al. (1990), Duck (1990), Tuchin (2002, 2007), 
Vo-Dinh (2003), Mobley and Vo-Dinh (2003), Roggan et  al. 
(1995), Cheong (1995).

Data presented in Tables 5.1 through 5.11 well reflect the sit-
uation in the field of tissue optical parameters measurements. 
It is clearly seen that the major attention was paid to skin and 
underlying tissues and head/brain optical properties investiga-
tions because of great importance and perspectives of optical 
tomography of subcutaneous tumors and optical monitoring 
and treatment of mental diseases. Female breast are also well 
studied due perspectives to mammography. Nevertheless, in 
general, not many data for optical transport parameters are 
available in the literature. Moreover, these data are dependent 
on the tissue preparation technique, sample storage proce-
dure, applied measuring method and inverse problem-solving 
algorithm, measuring instrumentation noise, and systematic 
errors.

5.8.1  �Skin and Subcutaneous Tissue 
Optical Properties

Skin presents a complex heterogeneous medium where blood 
and pigment content are spatially distributed variably in depth. 
Skin consists of three main visible layers from surface: epidermis 
(100–150 μm thick, the blood-free layer), dermis (1–4 mm thick, 

AQ3
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Table 5.1  Optical Properties of Human and Animal Skin and Subcutaneous Tissues Measured In Vitro and Ex Vivo

Tissue λ, nm μa, cm−1 μs, cm−1 g ′µs, cm−1 Remarks

Caucasian skin 
(n = 21)

400 3.76(0.35) — — 71.8(9.4) IS, IAD; whole skin, 1–6 mm; postmortem; <24 hr after 
death; stored at 20°C in saline; measurements at room 
temperature; in the spectral range 400–2000 nm: 

′µs = 1.1 × 1012 λ−4 + 73.7 λ−0.22, [λ] in nm; Bashkatov et al. 
(2005a)

500 1.19(0.16) — — 32.5(4.2)
600 0.69(0.13) — — 21.8(3.0)
700 0.48(0.11) — — 16.7(2.3)
800 0.43(0.11) — — 14.0(1.9)
900 0.33(0.02) — — 15.7(2.1)

1000 0.27(0.03) — — 16.8(2.8)
1100 0.16(0.04) — — 17.1(2.7)
1200 0.54(0.04) — — 16.7(2.9)
1300 0.41(0.07) — — 14.7(2.6)
1400 1.64(0.31) — — 14.3(3.7)
1500 1.69(0.35) — — 14.4(3.8)
1600 1.19(0.22) — — 14.2(3.4)
1700 1.55(0.28) — — 14.7(3.5)
1800 1.44(0.22) — — 13.4(2.9)
1900 2.14(0.28) — — 12.2(3.1)
2000 1.74(0.29) — — 12.0(2.9)

Caucasian skin (n = 3) 400 13.48 — — 34.28 IS, IAD; whole skin, female skin; in the spectral range 
400–1800 nm: ′µs = 2.85 × 107 λ−2.311 + 209.311 λ−0.518, [λ] in 
nm; data from graphs (Chan et al. 1996b)

500 6.19 — — 25.05
600 3.77 — — 18.67
700 2.41 — — 14.82
800 1.94 — — 12.42
900 1.76 — — 10.57

1000 1.55 — — 9.23
1100 1.33 — — 7.91
1200 1.76 — — 7.11
1300 1.76 — — 6.60
1400 10.29 — — 6.21
1500 16.21 — — 5.47
1600 5.44 — — 5.87
1700 4.11 — — 5.59
1800 6.05 — — 5.68

Caucasian skin 
(n = 22)

1000 0.98 — — 12.58 DIS, IAD; whole skin, 22 samples taken from 14 subjects; 
measured within 24 h of excision; data from graphs (Troy 
and Thennadil 2001); in the spectral range 1000–
1250 nm: ′µs = 7.59 × 107 λ−2.503 + 165.86 λ−0.402, [λ] in nm

1100 0.98 — — 11.77
1200 1.87 — — 11.08
1300 1.77 — — 10.69
1400 7.94 — — 11.39
1500 13.1 — — 11.38
1600 5.20 — — 10.10
1700 4.85 — — 9.96
1800 6.50 — — 9.96
1900 13.0 — — 10.63

Rabbit skin 
(epidermis + dermis)

630 0.94(0.13) 213(21) 0.812(0.017) 40(2.2) DIS, IAD, Beek et al. (1997)
632.8 0.33(0.02) 306(12) 0.898(0.007) 31.6(2.2)
790 0.70(0.07) 321(8) 0.94(0.003) 18.4(0.5)

Piglet skin 
(epidermis + dermis)

632.8 1.0(0.1) 492(17) 0.953(0.001) 22.7(0.8) DIS, IAD, Beek et al. (1997)
790 2.4(0.2) 409(14) 0.952(0.001) 19.3(0.6)
850 1.6(0.1) 403(20) 0.962(0.005) 14.3(1.5)

Stratum corneum 350 25.92 500 0.902 48.99 Data from graphs (Patwardhan et al. 2005) (with 
references to papers by Bruls and van der Leun 1984, 
Jacques et al. 1987, van Gemert et al. 1989); in the 
spectral range 400–700 nm: 
g = 0.918 + 0.304(1 − exp(−(λ − 507.4)/2404))

400 17.28 500 0.903 48.44
450 11.63 500 0.910 45.24
500 10.47 500 0.916 41.93
550 9.83 500 0.923 38.69
600 8.67 500 0.930 35.02
650 8.21 500 0.936 32.21
700 8.15 500 0.942 28.93
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Table 5.1 (continued)  Optical Properties of Human and Animal Skin and Subcutaneous Tissues Measured In Vitro and Ex Vivo

Tissue λ, nm μa, cm−1 μs, cm−1 g ′µs, cm−1 Remarks

Epidermis (lightly 
pigmented/medium 
pigmented/highly 
pigmented)

350 9.99/30.16/69.8 210.4 0.702 — Data from graphs (Patwardhan et al. 2005) (with 
references to papers by Bruls and van der Leun 1984, 
Jacques et al. 1987, van Gemert et al. 1989); in 
the spectral range 350–700 nm: 
g = 0.745 + 0.546(1 − exp(−(λ − 500)/1806)); 
μs = 1.752 × 108 λ−2.33 + 134.67 λ−0.494, [λ] in nm

400 6.77/20.2/46.67 156.3 0.712 —
450 4.41/13.5/31.52 121.6 0.728 —
500 2.58/9.77/21.82 93.01 0.745 —
550 1.63/6.85/16.13 74.70 0.759 —
600 1.47/5.22/12.35 63.76 0.774 —
650 1.2/3.68/9.15 55.48 0.787 —
700 1.06/3.07/7.11 54.66 0.804 —

Human epidermis 
(n = 10)

400 26.36 — — 31.73 IS, 1D diffusion approximation, 10 samples from 
Caucasian skin; ′µs = 1.175 × 103 λ−0.6, [λ] in nm; data 
from graphs (Marchesini et al. 1992)

450 13.84 — — 30.11
500 7.79 — — 28.27
550 5.73 — — 26.82
600 3.01 — — 25.29
650 1.58 — — 24.14
700 0.89 — — 22.97
750 0.49 — — 22.09
800 0.35 — — 21.27

Human epidermis 
(n = 7)

400 12.96(1.44) — — 106.2(11) IS, IMC, in the spectral range 370–1400 nm: 
′µs = 1.08 × 108 λ−2.364 + 135.71 λ−0.267, [λ] in nm; 

Salomatina et al. (2006)
500 7.07(0.66) — — 70.6(7)
600 3.08(0.76) — — 51.4(5.0)
700 2.58(0.77) — — 42.7(4.1)
800 1.71(0.59) — — 36.8(3.6)
900 0.80(0.45) — — 33.6(3.5)

1000 0.45(0.28) — — 30.6(3.4)
1100 0.17(0.14) — — 29.2(3.2)
1200 0.71(0.44) — — 26.5(3.1)
1300 0.71(0.42) — — 25.7(3.1)
1400 15.53(2.5) — — 27.5(3.6)
1500 23.69(3.5) — — 28.3(4.2)
1600 7.49(1.64) — — 23.0(3.3)

Human dermis 350 20.74 212.7 0.715 — Data from graphs (Patwardhan et al. 2005) (with 
references to papers by Bruls and van der Leun 1984, 
Jacques et al. 1987, van Gemert et al. 1989); in the 
spectral range 350–700 nm: g = 0.715 + 3.8 × 10−4 
(1 − exp(−(λ − 542)/1129)); 
μs = 1.752 × 108 λ−2.33 + 134.67 λ−0.494, [λ] in nm

400 13.82 159.9 0.715 —
450 9.31 124.1 0.715 —
500 8.37 92.24 0.715 —
550 7.86 77.22 0.715 —
600 6.94 63.09 0.715 —
650 6.57 55.98 0.715 —
700 6.52 53.62 0.715 —

Human dermis (n = 8) 400 9.13(1.18) — — 76.8(11) IS, IMC, in the spectral range 370–1400 nm: 
′µs = 1.19 × 108 λ−2.427 + 71.476 λ−0.258, [λ] in nm; 

Salomatina et al. (2006)
500 3.36(0.43) — — 46.2(4.6)
600 1.72(0.24) — — 32.2(2.9)
700 1.53(0.25) — — 26.4(2.5)
800 1.22(0.21) — — 22.5(2.3)
900 0.83(0.17) — — 20.1(2.3)

1000 0.79(0.18) — — 18.6(2.2)
1100 0.46(0.17) — — 17.6(2.1)
1200 1.33(0.22) — — 16.6(2.0)
1300 1.19(0.24) — — 16.2(2.0)
1400 11.7(1.14) — — 18.6(1.9)
1500 17.5(1.48) — — 19.9(2.0)
1600 6.63(0.57) — — 15.9(1.8)

(continued)
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Table 5.1 (continued)  Optical Properties of Human and Animal Skin and Subcutaneous Tissues Measured In Vitro and Ex Vivo

Tissue λ, nm μa, cm−1 μs, cm−1 g ′µs, cm−1 Remarks

Caucasian dermis 
(n = 12)

633 0.32 — — 26.99 IS, IMC; samples from abdominal and breast tissue 
obtained from plastic surgery or postmortem 
examinations; data from graphs (Simpson et al. 1998); 

′µs = 1.66 × 105 λ−1.356, [λ] in nm

700 0.12 — — 23.02
750 0.09 — — 20.62
800 0.02 — — 18.80
850 0.01 — — 17.41
900 0.03 — — 16.18
950 0.22 — — 15.10

1000 0.39 — — 14.68
Negroid dermis 

(n = 5)
633 2.45 — — 32.29 IS, IMC; samples from abdominal and breast tissue 

obtained from plastic surgery or postmortem 
examinations; data from graphs (Simpson et al. 1998); 

′µs = 3.33 × 105 λ−1.438, [λ] in nm

700 1.51 — — 27.24
750 1.12 — — 24.02
800 0.80 — — 21.26
850 0.61 — — 19.70
900 0.46 — — 18.55
950 0.49 — — 17.67

1000 0.49 — — 16.83
Caucasian dermis 450 5.13 134.9 0.054 — IS, IAD; data from graph of reference (Prahl 1988); in the 

spectral range 450–800 nm: μs = 2.97 × 105 λ−1.257, [λ] in 
nm; in the spectral range 500–800 nm: 
g = 0.334 + 0.217(1 − exp(−(λ − 567)/90.76)), [λ] in nm

500 3.45 119.9 0.120 —
550 2.28 108.1 0.288 —
600 1.81 97.38 0.410 —
650 1.44 87.89 0.461 —
700 1.16 78.48 0.500 —
750 1.03 72.29 0.519 —
800 0.88 65.89 0.531 —

Piglet skin dermis 632.8 0.89(0.1) 289(7) 0.926(0.002) 21.1(0.4) DIS, IAD, Beek et al. (1997)
790 1.8(0.2) 254(5) 0.945(0.001) 13.9(0.3)
850 0.33(0.03) 285(5) 0.968(0.001) 9(0.2)

Porcine skin dermis 
(n = 44)

900 0.06 282.6 0.904 — IS, IMC; postmortem time 2 ~ 10 h; data from graphs 
(Du et al. 2001); in the spectral range 1000–1300 nm: 
μs = 440.2 λ−0.072, [λ] in nm

1000 0.12 270.4 0.904 —
1100 0.17 267.2 0.904 —
1200 1.74 263.9 0.903 —
1300 1.04 262.8 0.903 —
1400 9.11 246.2 0.872 —
1500 7.32 259.6 0.873 —

Porcine skin dermis 
(n = 40)

325 5.6 220 0.38 — IS, IMC; data from graphs (Ma et al. 2005); in the spectral 
range: g = 0.653 + 0.219(1 − exp(−(λ − 530.2)/242.8)); 
μs = 3.286 × 108 λ−2.487 + 80.454 λ−0.215, [λ] in nm

442 1.9 89 0.36 —
532 1.4 69 0.64 —
633 0.7 58 0.72 —
850 1.6 90 0.88 —

1064 3.1 26 0.86 —
1310 6.2 40 0.87 —
1557 10.4 21 0.82 —

Subdermis (primarily 
globular fat cells) 
(n = 12)

633 0.12 — — 12.58 IS, IMC; samples from abdominal and breast tissue 
obtained from plastic surgery or postmortem 
examinations; data from graphs (Simpson et al. 1998); 

′µs = 139.24 λ−0.373, [λ] in nm

700 0.09 — — 12.10
750 0.09 — — 11.75
800 0.08 — — 11.40
850 0.09 — — 11.17
900 0.12 — — 10.95
950 0.15 — — 10.81

1000 0.12 — — 10.71

90364_C005.indd   78 1/13/2011   9:54:20 AM



Tissue Optical Properties	 79

Table 5.1 (continued)  Optical Properties of Human and Animal Skin and Subcutaneous Tissues Measured In Vitro and Ex Vivo

Tissue λ, nm μa, cm−1 μs, cm−1 g ′µs, cm−1 Remarks

Human subcutaneous 
adipose tissue (n = 6)

400 2.26(0.24) — — 13.4(2.8) IS, IAD; tissue slabs, 1–3 mm; <6 h after surgery; stored at 
20°C in saline; measurements at room temperature; in 
the spectral range 600–1500 nm: ′µs = 1.05 × 103 λ−0.68, [λ] 
in nm; Bashkatov et al. (2005a)

500 1.49(0.06) — — 13.8(4.0)
600 1.18(0.02) — — 13.4(4.7)
700 1.11(0.05) — — 12.2(4.4)
800 1.07(0.11) — — 11.6(4.6)
900 1.07(0.07) — — 10.0(3.4)

1000 1.06(0.06) — — 9.39(3.3)
1100 1.01(0.05) — — 8.74(3.3)
1200 1.06(0.07) — — 7.91(3.2)
1300 0.89(0.07) — — 7.81(3.2)
1400 1.08(0.03) — — 7.51(3.3)
1500 1.05(0.02) — — 7.36(3.4)
1600 0.89(0.04) — — 7.16(3.2)
1700 1.26(0.07) — — 7.53(3.3)
1800 1.21(0.01) — — 7.5(3.48)
1900 1.62(0.06) — — 8.72(4.2)
2000 1.43(0.09) — — 8.24(4.0)

Human subcutaneous 
adipose tissue 
(n = 10)

400 15.98(3.2) — — 49.5(6.5) IS, IMC, in the spectral range 370–1300 nm: 
′µs = 1.08 × 108 λ−2.525 + 157.494 λ−0.345, [λ] in nm; 

Salomatina et al. (2006)
500 5.50(0.69) — — 35.4(4.5)
600 1.89(0.40) — — 27.0(3.2)
700 1.27(0.24) — — 23.0(2.5)
800 1.08(0.23) — — 20.2(2.1)
900 0.95(0.22) — — 18.5(1.8)

1000 0.89(0.25) — — 17.4(1.7)
1100 0.74(0.22) — — 16.6(1.5)
1200 1.65(0.30) — — 16.1(1.5)
1300 1.05(0.27) — — 15.8(1.4)
1400 6.27(0.88) — — 16.8(1.6)
1500 8.52(1.46) — — 17.6(1.8)
1600 3.60(0.61) — — 15.7(1.6)

Rat subcutaneous 
adipose tissue 
(n = 10)

400 2.25(1.34) — — 19.8(6.3) IS, IAD; tissue slabs, 1–2 mm; <6 h after surgery; stored at 
20°C in saline; measurements at room temperature; in 
the spectral range 600–1400 nm: ′µs = 25.51 λ−0.12, [λ] in 
nm; Bashkatov et al. (2005b)

500 0.64(0.34) — — 14.3(4.1)
600 0.64(0.33) — — 12.2(3.5)
700 0.75(0.36) — — 11.4(3.2)
800 1.05(0.47) — — 11.0(3.1)
900 1.25(0.55) — — 10.8(3.0)

1000 1.43(0.61) — — 10.9(3.0)
1100 1.43(0.61) — — 10.6(2.8)
1200 2.07(0.99) — — 11.2(2.9)
1300 1.43(0.64) — — 10.5(2.8)
1400 2.29(1.20) — — 10.7(3.0)
1500 2.03(1.07) — — 10.3(3.0)
1600 1.40(0.72) — — 9.33(2.7)
1700 3.04(1.69) — — 11.6(3.4)
1800 2.67(1.43) — — 10.8(3.2)
1900 4.55(2.65) — — 13.8(4.5)
2000 3.99(2.28) — — 12.7(4.2)
2100 2.76(1.53) — — 11.3(3.6)
2200 2.65(1.48) — — 12.2(3.6)
2300 6.92(3.67) — — 22.7(6.0)
2400 6.54(3.52) — — 24.0(6.1)
2500 5.58(3.04) — — 23.9(6.4)

Note:	 rms values are given in parentheses. IS, single integrating sphere; DIS, double integrating sphere.
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Table 5.2  Optical Properties of Ocular Tissues Measured In Vitro and Ex Vivo

Tissue λ, nm μa, cm−1 μs, cm−1 g ′µs, cm−1 Remarks

Human sclera 
(n = 10)

400 4.25(0.25) — — 78.63(9.35) IS, IAD; stored at 20°C in saline; measurements at room temperature; in 
the spectral range 370–1800 nm: ′µs = 2.411 × 105 λ−1.325, [λ] in nm; 
Bashkatov et al. (2010)

500 1.84(0.21) — — 61.49(5.56)
600 0.85(0.21) — — 51.95(4.94)
700 0.59(0.21) — — 43.62(4.91)
800 0.48(0.21) — — 36.68(4.92)
900 0.52(0.21) — — 31.47(4.51)

1000 0.77(0.25) — — 26.30(3.78)
1100 0.57(0.22) — — 21.57(3.12)
1200 1.56(0.34) — — 19.09(2.89)
1300 1.58(0.33) — — 16.47(2.44)
1400 9.50(1.19) — — 21.23(3.39)
1500 14.1(1.91) — — 23.26(4.19)
1600 6.05(1.13) — — 15.23(2.32)
1700 5.33(1.02) — — 13.39(2.00)
1800 6.94(1.27) — — 13.84(2.07)
1900 28.8(3.98) — — 28.85(6.11)
2000 38.4(6.25) — — 36.07(8.54)
2100 20.1(2.56) — — 22.32(4.18)
2200 15.97(1.89) — — 18.50(2.97)
2300 19.4(2.23) — — 21.56(3.14)
2400 28.7(3.46) — — 28.57(5.07)
2500 49.16(5.72) — — 39.31(8.88)

Porcine sclera 413 7.28 — — 146.5 DIS, IMC, data from graphs (Hammer et al. 1995); in the spectral range: 
′µs = 5.5 × 105 λ−1.37, [λ] in nm430 6.73 — — 136.7

450 5.95 — — 125.9
488 5.40 — — 115.0
514 4.85 — — 108.5
540 4.63 — — 99.85
559 4.19 — — 91.16
586 3.86 — — 88.99
633 2.43 — — 81.40
700 1.76 — — 69.46
780 0.44 — — 60.78

1064 0.22 — — 42.33
Porcine sclera 

(n = 4)
650 4.25 — — 42 IS, IAD, data from graphs (Chan et al. 1996b); in the spectral range: 

′µs  = 51.65−0.023 λ + 1.45 × 106 λ−2, [λ] in nm700 3.75 — — 42
750 3 — — 41
800 2.5 — — 40.5
850 2 — — 40.5
900 1.75 — — 39.6
950 2 — — 38.7

1000 1.75 — — 37.8
1050 1.5 — — 35.1
1100 1.25 — — 32.4
1150 2.25 — — 30.6
1200 2.25 — — 28.8
1250 2 — — 26.1
1300 2.5 — — 23.4
1350 3.75 — — 21.6
1400 15 — — 20.7
1425 20 — — 19.8
1450 21.5 — — 18.9
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Table 5.2 (continued)  Optical Properties of Ocular Tissues Measured In Vitro and Ex Vivo

Tissue λ, nm μa, cm−1 μs, cm−1 g ′µs, cm−1 Remarks

1500 12.5 — — 18
1550 7.5 — — 18
1600 5.75 — — 15.3
1650 5 — — 14.4
1700 5.5 — — 13.5
1750 7.5 — — 12.6
1800 8 — — 10.8

Rabbit sclera 
(n = 8)

500 3.9(1.2) — — 85.96(29.08) IS, IAD; in the spectral range: ′µs = 1.001 × 108 λ−2.234, [λ] in nm; Nemati 
et al. (1996)550 3.7(1.1) — — 75.54(25.16)

700 2.2(0.6) — — 50.40(15.39)
850 1.6(0.5) — — 29.83(7.50)

1050 1.4(0.6) — — 16.28(3.20)
Rabbit 

conjunctiva 
(n = 3)

500 1.4(0.8) — — 19.4(9.78) IS, IAD; in the spectral range: ′µs = 5.28 × 107 λ−2.478 + 129.974 λ−0.437, [λ] 
in nm; Nemati et al. (1996)550 1.8(0.9) — — 17.07(7.25)

700 0.6(0.3) — — 11.55(4.74)
850 0.7(0.4) — — 9.54(3.32)

1050 0.5(0.4) — — 8.41(3.06)
Rabbit ciliary 

body (n = 8)
500 52.8(28.6) — — 65.75(38.84) IS, IAD; in the spectral range: ′µs  = 889.37 λ−0.417, [λ] in nm; Nemati et al. 

(1996)550 51.2(27.7) — — 64.18(36.97)
700 40.8(20.7) — — 59.66(29.32)
850 23.9(11.0) — — 51.18(22.41)

1050 8.2(2.5) — — 49.40(19.62)
Bovine retina 413 11.63 — — 14.34 DIS, IMC, data from graphs (Hammer et al. 1995); in the spectral range: 

′µs = 6.99 × 107 λ−2.689 + 97.656 λ−0.426, [λ] in nm430 10.72 — — 13.64
450 6.97 — — 12.48
488 3.82 — — 11.06
514 3.90 — — 10.49
540 4.76 — — 9.91
559 4.66 — — 9.35
586 3.80 — — 8.64
633 1.58 — — 7.75
700 1.12 — — 7.29
780 0.82 — — 6.91

1064 0.65 — — 5.59
Porcine retinal 

pigment 
epithelium

413 1216.6 — — 192.4 DIS, IMC, data from graphs (Hammer et al. 1995)
430 1197.0 — — 192.1
450 1168.0 — — 198.5
488 1111.6 — — 197.8
514 1117.7 — — 180.3
540 1062.6 — — 186.5
559 1027.0 — — 184.5
586 970.97 — — 187.6
633 880.67 — — 185.8
700 678.86 — — 228.1
780 454.77 — — 258.3

1064 75.306 — — 258.2
Porcine 

blood-free 
choroid

413 239.7 — — 93.5 DIS, IMC, data from graphs (Hammer et al. 1995)
430 243.2 — — 90.0
450 236.4 — — 85.0
488 218.5 — — 80.2
514 215.8 — — 79.6
540 207.3 — — 78.8
559 205.4 — — 77.8

(continued)
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vascularized layer), and subcutaneous fat (from 1 to 6 mm thick, 
in dependence from the body site).

The randomly inhomogeneous distribution of blood and vari-
ous chromophores and pigments in skin produces variations of 
average optical properties of skin layers. Nonetheless, it is pos-
sible to define the regions in the skin where the gradient of skin 
cells’ structure, chromophores, or blood amounts changing with 
a depth equals roughly zero. This allows subdividing these lay-
ers into sublayers regarding the physiological nature, physical 
and optical properties of their cells, and pigments content. The 
epidermis can be subdivided into the two sublayers: nonliving 
and living epidermis. Nonliving epidermis or stratum corneum 
(~20 μm thick) consists of only dead squamous cells, which are 
highly keratinized with a high lipid and protein content, and has 
a relatively low water content. Living epidermis (~100 μm thick) 
contains most of the skin pigmentation, mainly melanin, which 
is produced in the melanocytes.

Dermis is a vascularized layer and the main absorbers in 
the visible spectral range are the blood hemoglobin, carotene, 
and bilirubin. In the IR spectral range, absorption properties 
of skin dermis are defined by absorption of water. The scatter-
ing properties of the dermis are mainly defined by the fibrous 
structure of the tissue, where collagen fibrils are packed in col-
lagen bundles and have lamellae structure. The light scatters on 
both single fibrils and scattering centers, which are formed by 
the interlacement of the collagen fibrils and bundles. To sum 
up, the average scattering properties of the skin are defined 
by the scattering properties of the reticular dermis because of 
relatively big thickness of the layer (up to 4 mm) and compa-
rable scattering coefficients of the epidermis and the reticular 
dermis. Absorption of hemoglobin and water of skin dermis 
and lipids of skin epidermis define absorption properties of 
whole skin.

The subcutaneous adipose tissue is formed by aggregation of 
fat cells (adipocytes) containing stored fat (lipids) in the form of 
a number of small droplets for lean or normal humans and a few 
or even single big drop in each cell for obesity humans; and the 

lipids of mostly presented by triglycerides. The diameters of the 
adipocytes are in the ranges from 15 to 250 μm and their mean 
diameter is varied from 50 to 120 μm. In the spaces between the 
cells there are blood capillaries (arterial and venous plexus), 
nerves, and reticular fibrils connecting each cell and providing 
metabolic activity of fat tissue. Absorption of the human adi-
pose tissue is defined by the absorption of hemoglobin, lipids, 
and water. The main scatterers of adipose tissue are spheri-
cal droplets of lipids, which are uniformly distributed within 
adipocytes.

The skin and subcutaneous tissue optical properties have 
been measured with integrating sphere technique in the vis-
ible and NIR spectral ranges (Prahl 1988, van Gemert et al. 
1989, Marchesini et al. 1992, Chan et al. 1996b, Beek et al. 1997, 
Simpson et al. 1998, Du et al. 2001, Troy and Thennadil 2001, 
Bashkatov et al. 2005a,b, Ma et al. 2005, Patwardhan et al. 2005, 
Salomatina et al. 2006) and the in vitro and ex vivo results are 
presented and summarized in Table 5.1.

5.8.2  Ocular Tissue Optical Properties

A large number of studies in past years have supported the use 
of transscleral cyclophotocoagulation (TSCPC) as a treatment 
for advanced glaucoma. The procedure involves the delivery of 
light, usually with a contact probe, through the superficial layers 
of conjunctiva and sclera to the ciliary body. In spite of the large 
number of studies that have been reported on the use of TSCPC, 
the choice of lasers has been based largely on a clinical compari-
son of results with various lasers. Knowledge of the ocular tis-
sue optical properties allows one to develop new and optimize 
already existing laser procedures of glaucoma treatment.

Besides the TSCPC procedures, laser trabeculoplasty as a 
method of surgical intervention, is successfully used in the 
treatment of primary open angle glaucoma for increasing the 
outflow of aqueous humor. For optimization of the procedure, 
the knowledge of human trabecular meshwork structure is very 
important. In addition to the procedures of glaucoma treatment, 

Table 5.2 (continued)  Optical Properties of Ocular Tissues Measured In Vitro and Ex Vivo

Tissue λ, nm μa, cm−1 μs, cm−1 g ′µs, cm−1 Remarks

586 195.6 — — 76.9
633 171.1 — — 77.0
700 131.3 — — 79.6
780 87.79 — — 79.9

1064 5.491 — — 69.2
Human 

trabecular 
meshwork 
(n = 10)

400 9.62 — — 21.61 IS, Kubelka–Munk model, the K–M coefficients were calculated and 
converted to linear transport coefficients; data from graph (Farrar et al. 
1999); in the spectral range: ′µs  = 7.8 × 107 λ−2.631 + 117.4 λ−0.417, [λ] in nm

450 7.57 — — 17.49
500 5.28 — — 14.61
550 3.61 — — 12.71
600 2.29 — — 11.47
650 1.32 — — 10.86
700 0.70 — — 10.34
750 0.32 — — 9.89
800 0.16 — — 9.56

Note:	 rms values are given in parentheses.
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Table 5.3  The Optical Properties of Head/Brain Tissues Measured In Vitro and Ex Vivo

Tissue λ, nm μa, cm−1 μs, cm−1 g ′µs, cm−1 Remarks

Human white 
matter (n = 19)

400 16.47 — — 85.29 IS, IAD; data from graphs (Gebhart et al. 2006); in the spectral 
range: ′µs = 2.67 × 107 λ−2.188 + 399.6 λ−0.396, [λ] in nm500 3.38 — — 67.58

600 2.12 — — 56.35
700 1.42 — — 47.70
800 1.35 — — 41.64
900 1.41 — — 37.42

1000 1.76 — — 32.56
1100 1.57 — — 29.33
1200 2.81 — — 26.63
1300 2.32 — — 24.35

Human gray 
matter (n = 25)

400 20.33 — — 27.33 IS, IAD; data from graphs (Gebhart et al. 2006); in the spectral 
range: ′µs = 9.21 × 107 λ−2.564 + 99.4 λ−0.473, [λ] in nm500 4.08 — — 15.30

600 2.61 — — 11.05
700 1.41 — — 9.18
800 1.07 — — 8.00
900 1.05 — — 7.23

1000 1.23 — — 5.21
1100 1.12 — — 5.28
1200 1.97 — — 4.69
1300 1.75 — — 4.33

Tumor (glioma) 
(n = 39)

400 21.5 — — 38.07 IS, IAD; data from graphs (Gebhart et al. 2006); in the spectral 
range: ′µs = 2.25 × 107 λ−2.279 + 266.6 λ−0.495, [λ] in nm500 4.09 — — 28.13

600 2.35 — — 22.74
700 1.42 — — 18.34
800 1.35 — — 15.58
900 1.40 — — 14.47

1000 1.89 — — 11.28
1100 1.70 — — 10.00
1200 2.86 — — 8.95
1300 2.62 — — 8.88

Pig cranial bone 
(n = 24)

650 0.37 350.1 0.923 27.25 IS, IMC; data from graphs (Firbank et al. 1993); in the spectral 
range: μs = 1.82 × 105 λ−0.965; ′µs = 1.357 × 106 λ−1.675; 
g = 0.724 + 0.216(1 − exp(−(λ − 398.1)/97.8)), [λ] in nm

700 0.24 325.6 0.930 23.13
750 0.25 307.1 0.934 20.45
800 0.25 287.1 0.936 18.53
850 0.26 271.7 0.938 17.04
900 0.35 257.1 0.941 15.57
950 0.47 242.1 0.945 13.36

Cortical bone 
(taken from the 
leg of horse)

550 11.2 — — 162.8 IS, IMC, in the spectral range: ′µs = 7.216 × 105 λ−1.424 + 38.86 λ−0.094, 
[λ] in nm; Ugryumova et al. (2004)600 8.11 — — 150.6

650 6.90 — — 142.5
700 5.71 — — 135.2
750 4.63 — — 128.7
800 4.10 — — 125.6
850 3.80 — — 122.3
900 3.90 — — 119.8
950 3.83 — — 107.9

Human cranial 
bone (n = 10)

800 0.11(0.02) — — 19.48(1.52) IS, IAD; in the spectral range: ′µs = 1533.02 λ−0.65, [λ] in nm; 
Bashkatov et al. (2006b)900 0.15(0.02) — — 18.03(1.19)

1000 0.22(0.03) — — 17.10(0.91)
1100 0.15(0.02) — — 16.20(0.80)
1200 0.65(0.06) — — 16.38(0.84)
1300 0.49(0.05) — — 14.92(0.78)
1400 1.37(0.13) — — 16.10(1.10)

(continued)
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Table 5.3 (continued)  The Optical Properties of Head/Brain Tissues Measured In Vitro and Ex Vivo

Tissue λ, nm μa, cm−1 μs, cm−1 g ′µs, cm−1 Remarks

1500 3.13(0.26) — — 15.96(1.37)
1600 2.47(0.40) — — 15.84(3.05)
1700 2.77(0.46) — — 16.12(3.72)
1800 2.97(0.62) — — 15.42(3.98)
1900 4.39(1.33) — — 11.37(2.76)
2000 4.47(1.18) — — 11.48(2.01)

Human white 
matter (native 
samples) (n = 7)

400 2.80 413.4 0.756 — IS, IMC; data from graphs (Yaroslavsky et al. 2002b); in the spectral 
range 700–1100: μs = 1.67 × 106 λ−1.375 + 702.8 λ−0.192, in the spectral 
range 360–1100: g = 0.8 + 0.099(1 − exp(−(λ − 484.7)/216.18)), [λ] 
in nm

500 0.97 422.8 0.807 —
600 0.80 408.3 0.838 —
700 0.75 395.2 0.862 —
800 0.87 369.3 0.875 —
900 1.01 335.7 0.883 —

1000 1.16 309.6 0.887 —
1100 1.01 297.0 0.893 —

Human white 
matter 
(coagulated) 
(n = 7)

400 9.08 532.8 0.827 — IS, IMC; data from graphs (Yaroslavsky et al. 2002b); in the spectral 
range 600–1100: μs = 1.92 × 106 λ−1.434 + 846.94 λ−0.168, in the spectral 
range 360–1100: g = 0.859 + 0.082(1 − exp(−(λ − 468.2)/200.3)), [λ] 
in nm

500 3.30 498.5 0.870 —
600 2.05 479.5 0.899 —
700 1.61 443.3 0.916 —
800 1.66 412.2 0.926 —
900 1.96 380.7 0.932 —

1000 2.17 357.8 0.937 —
1100 2.72 344.2 0.935 —

Human gray 
matter (native 
samples) (n = 7)

400 2.30 124.6 0.865 — IS, IMC; data from graphs (Yaroslavsky et al. 2002b); in the spectral 
range: μs = 2.08 × 104 λ−0.847; g = 0.883 + 0.019(1 − exp(−(λ − 482.8)/ 
105.6)), [λ] in nm

500 0.47 106.5 0.884 —
600 0.22 92.80 0.894 —
700 0.16 81.11 0.899 —
800 0.20 75.67 0.899 —
900 0.32 65.16 0.901 —

1000 0.49 58.89 0.905 —
1100 0.48 53.04 0.906 —

Human gray 
matter 
(coagulated) 
(n = 7)

400 8.12 297.7 0.785 — IS, IMC; data from graphs (Yaroslavsky et al. 2002b); in the spectral 
range: g = 0.833 + 0.046(1 − exp(−(λ − 459.4)/90.9)), [λ] in nm500 2.01 330.9 0.852 —

600 0.80 342.0 0.870 —
700 0.87 332.3 0.883 —
800 0.96 261.5 0.875 —
900 1.10 226.2 0.872 —

1000 1.55 201.6 0.879 —
1100 1.65 192.2 0.879 —

Human 
cerebellum 
(native samples) 
(n = 7)

400 4.60 279.1 0.802 — IS, IMC; data from graphs (Yaroslavsky et al. 2002b); in the spectral 
range: g = 0.836 + 0.067(1 − exp(−(λ − 459)/160.5)), [λ] in nm500 1.30 284.6 0.850 —

600 0.79 274.1 0.872 —
700 0.58 267.1 0.890 —
800 0.58 248.5 0.896 —
900 0.64 226.6 0.899 —

1000 0.73 210.9 0.901 —
1100 0.67 204.2 0.900 —

Human 
cerebellum 
(coagulated) 
(n = 7)

400 19.5 575.4 0.599 — IS, IMC; data from graphs (Yaroslavsky et al. 2002b); in the spectral 
range: g = 0.743 + 0.184(1 − exp(−(λ − 519.7)/217)), [λ] in nm500 4.75 474.7 0.744 —

600 2.79 466.3 0.789 —
700 1.50 488.6 0.851 —
800 1.01 459.9 0.877 —
900 0.99 455.6 0.894 —

1000 1.04 427.8 0.906 —
1100 0.87 418.9 0.913 —

90364_C005.indd   84 1/13/2011   9:54:26 AM



Tissue Optical Properties	 85

Table 5.3 (continued)  The Optical Properties of Head/Brain Tissues Measured In Vitro and Ex Vivo

Tissue λ, nm μa, cm−1 μs, cm−1 g ′µs, cm−1 Remarks

Human pons 
(native samples) 
(n = 7)

400 3.29 162.3 0.897 — IS, IMC; data from graphs (Yaroslavsky et al. 2002b); in the spectral 
range: μs = 4.332 × 104 λ−0.934; g = 0.908 + 0.012(1 − exp(−(λ − 484.8)/ 
153.7)), [λ] in nm

500 0.83 129.0 0.911 —
600 0.57 108.2 0.914 —
700 0.48 94.01 0.916 —
800 0.67 83.57 0.917 —
900 0.77 75.61 0.919 —

1000 0.99 68.93 0.920 —
1100 0.96 64.29 0.921 —

Human pons 
(coagulated) 
(n = 7)

400 15.9 728.3 0.842 — IS, IMC; data from graphs (Yaroslavsky et al. 2002b); in the spectral 
range: μs = 9.779 × 105 λ−1.2; g = 0.86 + 0.027(1 − exp(−(λ − 425.1)/ 
56.4)), [λ] in nm

500 8.77 637.6 0.884 —
600 7.64 524.0 0.892 —
700 7.08 407.0 0.889 —
800 6.48 331.8 0.887 —
900 6.01 278.9 0.883 —

1000 5.90 237.1 0.881 —
1100 5.96 218.3 0.883 —

Human thalamus 
(native samples) 
(n = 7)

400 3.19 154.1 0.847 — IS, IMC; data from graphs (Yaroslavsky et al. 2002b); in the spectral 
range 500–1100 nm: μs = 1.793 × 103 λ−0.363; in the spectral range 
360–1100 nm: g = 0.865 + 0.04(1 − exp(−(λ − 486.9)/239.9)), [λ] in 
nm

500 1.01 187.0 0.867 —
600 0.66 175.4 0.882 —
700 0.50 165.5 0.888 —
800 0.58 158.7 0.893 —
900 0.68 153.1 0.897 —

1000 0.87 145.1 0.899 —
1100 0.80 143.7 0.906 —

Human thalamus 
(coagulated) 
(n = 7)

400 14.9 434.0 0.831 — IS, IMC; data from graphs (Yaroslavsky et al. 2002b); in the spectral 
range 500–1100 nm: μs = 5.578 × 104 λ−0.792; in the spectral range 
360–1100 nm: g = 0.864 + 0.068(1 − exp(−(λ − 431.3)/115.6)), [λ] 
in nm

500 3.90 403.1 0.903 —
600 1.59 354.2 0.916 —
700 1.23 316.1 0.921 —
800 1.08 279.8 0.928 —
900 1.06 253.5 0.932 —

1000 1.24 236.0 0.932 —
1100 1.32 222.4 0.935 —

Brain tumor 
(Meningioma) 
(n = 6)

400 3.75 196.2 0.872 — IS, IMC; data from graphs (Yaroslavsky et al. 2002b); in the spectral 
range 500–1100 nm: μs = 1.69 × 104 λ−0.718; in the spectral range 
360–1100 nm: g = 0.889 + 0.07(1 − exp(−(λ − 418.6)/78.6)), [λ] 
in nm

500 1.07 183.4 0.932 —
600 0.67 175.0 0.953 —
700 0.30 154.9 0.956 —
800 0.23 138.9 0.959 —
900 0.22 125.9 0.958 —

1000 0.37 116.8 0.956 —
1100 0.64 115.2 0.965 —

Brain tumor 
(Astrocytoma 
WHO grade II) 
(n = 4)

400 16.0 200.3 0.889 — IS, IMC; data from graphs (Yaroslavsky et al. 2002b); in the spectral 
range: μs = 9.254 × 104 λ−1.025; g = 0.903 + 0.06(1 − exp(−(λ − 410.5)/ 
33.7)), [λ] in nm

500 2.03 155.4 0.958 —
600 1.19 130.4 0.962 —
700 0.41 112.0 0.960 —
800 0.50 96.94 0.967 —
900 0.32 86.62 0.963 —

1000 0.44 78.81 0.961 —
1100 0.45 72.22 0.968 —

Human dura 
mater (n = 10)

400 3.08 — — 22.35 IS, IAD, in the spectral range: ′µs  = 2.887 × 104 λ−1.164, [λ] in nm; 
Genina et al. (2005)450 1.51 — — 22.89

500 1.09 — — 21.60
550 1.10 — — 18.48
600 0.80 — — 17.11
650 0.70 — — 15.51
700 0.74 — — 13.99

Note:	 rms values are given in parentheses.
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Table 5.4  The Optical Properties of Epithelial/Mucous Tissues Measured In Vitro and Ex Vivo

Tissue λ, nm μa, cm−1 μs, cm−1 g ′µs, cm−1 Remarks

Normal human 
colon mucosa/
submucosa (n = 13)

476.5 2.32(0.09) 214(5.35) 0.885(0.019) — IS, IAD; data from graphs (Wei et al. 2005)
488.0 3.27(0.13) 228(5.69) 0.891(0.021) —
496.5 2.58(0.10) 212(5.27) 0.897(0.024) —
514.5 3.12(0.12) 216(5.38) 0.902(0.026) —
532.0 3.33(0.14) 208(5.16) 0.908(0.029) —

Adenomatous 
human colon 
mucosa/submucosa 
(n = 13)

476.5 5.27(0.21) 233(5.72) 0.897(0.023) — IS, IAD; data from graphs (Wei et al. 2005)
488.0 5.34(0.22) 238(5.84) 0.903(0.027) —
496.5 4.87(0.19) 228(5.67) 0.907(0.028) —
514.5 4.37(0.17) 231(5.69) 0.917(0.033) —
532.0 5.16(0.20) 223(5.63) 0.913(0.031) —

Normal human 
colon muscle layer/
chorion (n = 13)

476.5 1.31(0.05) 221(5.61) 0.923(0.037) — IS, IAD; data from graphs (Wei et al. 2005)
488.0 1.73(0.07) 215(5.33) 0.932(0.044) —
496.5 1.27(0.05) 200(5.08) 0.927(0.041) —
514.5 1.14(0.04) 189(5.03) 0.933(0.045) —
532.0 1.53(0.06) 193(5.05) 0.941(0.048) —

Adenomatous 
human colon 
muscle layer/
chorion (n = 13)

476.5 3.17(0.12) 233(5.71) 0.927(0.042) — IS, IAD; data from graphs (Wei et al. 2005)
488.0 3.51(0.14) 223(5.62) 0.935(0.046) —
496.5 2.90(0.11) 216(5.36) 0.933(0.044) —
514.5 2.57(0.09) 198(5.07) 0.936(0.047) —
532.0 2.75(0.10) 208(5.14) 0.945(0.049) —

Human maxillary 
sinuses mucous 
membrane (n = 10)

400 4.89(0.92) — — 36.01(6.41) IS, IAD; stored at 20°C in saline; measurements 
at room temperature; in the spectral range 
400—2000 nm: ′µs = 443742.6 λ−1.62, [λ] in nm; 
Bashkatov et al. (2004)

500 1.13(0.18) — — 17.69(2.84)
600 0.45(0.23) — — 13.81(2.43)
700 0.16(0.24) — — 11.53(2.02)
800 0.13(0.16) — — 9.79(1.68)
900 0.12(0.09) — — 7.62(0.92)

1000 0.27(0.21) — — 6.14(0.74)
1100 0.16(0.14) — — 5.19(0.58)
1200 0.57(0.31) — — 4.43(0.43)
1300 0.67(0.35) — — 3.90(0.38)
1400 4.84(1.79) — — 5.07(0.71)
1500 6.06(2.38) — — 4.95(1.21)
1600 2.83(1.01) — — 3.13(0.55)
1700 2.26(0.79) — — 2.84(0.51)
1800 3.04(1.15) — — 3.04(0.57)
1900 9.23(2.69) — — 7.01(3.57)
2000 9.30(2.28) — — 6.26(3.56)

Human stomach wall 
mucosa (n = 15)

400 13.4(2.09) 53.0(3.23) 0.037(0.107) 51.06(6.85) IS, IMC; stored at 20°C in saline; measurements 
at room temperature; in the spectral range 
400–2000 nm: ′µs = 1.027 × 1012 λ−4 + 164.3 
λ−0.446; g = 0.498 + 0.319(1 − exp(−(λ – 533.7)/ 
138.7)), [λ] in nm; Bashkatov et al. (2007)

500 2.07(0.25) 44.1(2.47) 0.439(0.108) 24.77(2.24)
600 1.37(0.22) 46.72(1.69) 0.622(0.109) 17.65(1.54)
700 0.75(0.15) 48.02(1.19) 0.714(0.086) 13.72(1.09)
800 0.78(0.17) 46.99(0.89) 0.761(0.108) 11.22(0.81)
900 0.92(0.20) 44.65(0.83) 0.784(0.108) 9.64(0.76)

1000 1.18(0.23) 42.17(0.74) 0.793(0.108) 8.73(0.67)
1100 1.11(0.24) 42.66(0.66) 0.817(0.108) 7.80(0.60)
1200 1.76(0.28) 40.83(0.59) 0.819(0.109) 7.38(0.53)
1300 1.76(0.27) 39.99(0.51) 0.833(0.109) 6.67(0.47)
1400 8.70(1.02) 25.72(0.97) 0.637(0.109) 9.34(0.88)
1500 11.9(1.85) 23.45(1.56) 0.574(0.097) 10.0(1.42)
1600 5.0(0.57) 31.25(0.56) 0.790(0.105) 6.56(0.51)
1700 4.74(0.56) 34.11(0.47) 0.824(0.105) 5.99(0.43)
1800 6.05(0.68) 31.15(0.61) 0.794(0.105) 6.43(0.55)
1900 19.5(2.78) 17.34(2.62) 0.294(0.104) 12.25(2.38)
2000 20.9(3.53) 26.28(3.80) 0.563(0.105) 11.48(3.45)
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ophthalmologic inspection of the eye fundus is very important 
as a tool for diagnosis and therapy.

Thus, a more fundamental knowledge of the optical properties 
of the ocular tissues is necessary to obtain correct applications 
and interpretations. The optical properties of ocular tissues have 
been measured with integrating sphere technique in the visible 
and NIR spectral ranges (Hammer et al. 1995, Chan et al. 1996b, 
Nemati et al. 1996, Farrar et al. 1999, Bashkatov et al. 2010) and 
are presented and summarized in Table 5.2.

5.8.3  Head/Brain Optical Properties

The most detailed in vitro investigations of normal and coagu-
lated brain tissues (gray matter, white matter, cerebellum, pons, 
and thalamus), as well as of native tumor tissues (astrocytoma 

WHO grade II and meningioma), using single-integrating-
sphere spectral measurements in the spectral range from 360 to 
1100 nm and IMC algorithm for data processing are described 
by Yaroslavsky et al. (2002b) (see Table 5.3). As it follows from 
Table 5.3, all brain tissues under study shared qualitatively simi-
lar dependencies of the optical properties on the wavelength. 
The scattering coefficient decreased and the anisotropy factor 
increased with the wavelength, which can be explained by the 
lowering of the contribution of Rayleigh scattering and grow-
ing of the contribution of Mie scattering with the wavelength. 
The wavelength-dependent absorption coefficient behavior of all 
brain tissues resembled a mixture of oxy- and deoxy-hemoglobin 
absorption spectra. This means that in spite of careful prepara-
tion of the samples, it was not possible to remove all blood residu-
als from the tissue sections.

AQ4

Table 5.5  The Optical Properties of Breast Tissue Measured In Vitro and Ex Vivo

Tissue λ, nm μa, cm−1 μs, cm−1 g ′µs, cm−1 Remarks

Human breast 
(normal 
glandular tissue) 
(n = 3)

500 3.42 461.8 0.947 — IS, IMC; in the spectral range: 
g = 0.737 + 0.229(1 – exp(−(λ – 282.7)/93.5)), 
[λ] in nm; data from graphs (Peters et al. 1990)

600 0.92 431.5 0.959 —
700 0.48 409.1 0.965 —
800 0.55 332.7 0.965 —
900 0.67 275.1 0.965 —

1000 0.90 213.7 0.957 —
1100 0.82 200.2 0.961 —

Human breast 
(normal adipose 
tissue) (n = 7)

500 2.73 313.8 0.971 — IS, IMC; in the spectral range: 
g = 0.741 + 0.236(1 – exp(−(λ + 23.3)/148)), [λ] 
in nm; data from graphs (Peters et al. 1990)

600 0.99 294.1 0.972 —
700 0.81 306.3 0.9749 —
800 0.82 313.8 0.976 —
900 0.84 306.1 0.976 —

1000 0.90 306.2 0.976 —
1100 1.14 332.2 0.977 —

Human breast 
(fibrocystic 
tissue) (n = 8)

500 2.28 879.2 0.980 — IS, IMC; in the spectral range: 
g = 0.749 + 0.234(1 – exp(−(λ + 15.1)/177.8)), 
[λ] in nm; data from graphs (Peters et al. 1990)

600 0.47 623.5 0.977 —
700 0.24 568.0 0.978 —
800 0.28 548.8 0.981 —
900 0.39 536.5 0.981 —

1000 0.63 485.6 0.982 —
1100 0.84 465.9 0.983 —

Human breast 
(fibroadenoma) 
(n = 6)

500 4.02 447.7 0.970 — IS, IMC; in the spectral range: 
g = 0.749 + 0.235(1 – exp(−(λ – 255.9)/89.4)), 
[λ] in nm; data from graphs (Peters et al. 1990)

600 1.76 492.6 0.979 —
700 0.53 438.4 0.982 —
800 0.34 384.0 0.983 —
900 0.79 327.3 0.983 —

1000 1.57 269.1 0.982 —
1100 1.48 209.2 0.979 —

Human breast 
(ductal 
carcinoma) 
(n = 9)

500 2.60 426.4 0.954 — IS, IMC; in the spectral range: 
g = 0.727 + 0.236(1 – exp(−(λ)/156.5)), [λ] in nm; 
data from graphs (Peters et al. 1990)

600 1.61 337.5 0.958 —
700 0.44 277.4 0.961 —
800 0.34 233.0 0.962 —
900 0.45 181.2 0.957 —

1000 0.64 143.7 0.950 —
1100 0.52 123.0 0.946 —

Note:	 rms values are given in parentheses.
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Table 5.6  The Optical Properties of Cartilage Measured In Vitro and Ex Vivo

Tissue λ, nm μa, cm−1 μs, cm−1 g ′µs , cm−1 Remarks

Cartilage (rabbit) 632.8 0.33(0.05) 214(0.2) 0.909(0.005) 19.4(1.1) DIS, IAD, Beek et al. (1997)
Equine articular 

cartilage (n = 18)
350 3.28 — — 53.90 IS, Kubelka–Munk model, the K–M coefficients 

were calculated and converted to linear 
transport coefficients; data from graph (Ebert 
et al. 1998); in the spectral range 400–850: 

′µs  = 5.448 × 107 λ−2.333, [λ] in nm

400 1.35 — — 47.09
450 0.79 — — 35.35
500 0.60 — — 27.70
550 0.53 — — 22.26
600 0.53 — — 17.94
650 0.55 — — 14.74
700 0.58 — — 12.39
750 0.64 — — 10.62
800 0.67 — — 9.22
850 0.71 — — 7.32

Nasal septal cartilage 
(porcine) (n = 25)

400 0.50 — — 18.14 IS, IAD, data from graphs (Youn et al. 2000); in 
the spectral range 400–1150: ′µs  = 1.29 × 108 
λ−2.638 + 6.72 λ−0.308, [λ] in nm

500 0.26 — — 10.79
600 0.22 — — 6.88
700 0.20 — — 4.71
800 0.18 — — 3.60
900 0.23 — — 2.88

1000 0.39 — — 2.51
1100 0.24 — — 2.21
1200 0.74 — — 2.32
1300 0.65 — — 2.27
1400 2.31 — — 5.51

Porcine aural 
cartilage (n = 2)

400 1.03 — — 60.6 IS, IAD, data from graphs (Youn et al. 2000); in 
the spectral range 400–1300: ′µs  = 1.624 × 107 
λ−2.249 + 16.04 λ−0.088, [λ] in nm

500 0.28 — — 39.5
600 0.20 — — 28.8
700 0.19 — — 23.0
800 0.27 — — 19.5
900 0.42 — — 17.2

1000 0.72 — — 15.5
1100 0.55 — — 13.9
1200 1.60 — — 13.5
1300 1.57 — — 12.6

Mouse ears (n = 8) 400 7.54(1.71) 64.72(6.80) 0.289(0.110) — IS, IMC; postmortem time 5 ~ 10 min; in the 
spectral range 400–1300 nm: ′µs  = 1.224 × 108 
λ−2.508 + 28.84 λ0.03; g = 0.405 + 0.232(1 – exp 
(−(λ – 554.7)/340)), [λ] in nm; Salomatina 
and Yaroslavsky (2008)

500 2.41(0.43) 54.37(0.86) 0.341(0.044) —
600 1.95(0.30) 49.88(1.13) 0.451(0.039) —
700 0.97(0.09) 45.90(1.66) 0.485(0.049) —
800 0.61(0.06) 40.99(1.42) 0.511(0.047) —
900 0.49(0.07) 39.92(1.56) 0.546(0.045) —

1000 0.45(0.10) 38.66(1.16) 0.573(0.051) —
1100 0.26(0.09) 37.64(1.21) 0.592(0.044) —
1200 0.85(0.17) 38.21(1.31) 0.607(0.038) —
1300 0.72(0.20) 37.56(1.22) 0.612(0.035) —
1400 5.68(1.28) 44.10(1.14) 0.582(0.047) —
1500 8.22(1.93) 46.28(1.65) 0.549(0.058) —
1600 3.45(0.81) 40.80(1.09) 0.625(0.032) —

Mouse ears (n = 10) 400 7.23(1.14) 83.93(9.55) 0.327(0.048) — IS, IMC; postmortem time 72 h; in the spectral 
range 400–1300 nm: ′µs  = 1.293 × 108 
λ−2.478 + 33.7 λ0.048; g = 0.454 + 0.186(1 – exp 
(−(λ – 523)/249.2)), [λ] in nm; Salomatina 
and Yaroslavsky (2008)

500 2.33(0.37) 70.37(3.83) 0.417(0.037) —
600 1.69(0.23) 64.58(3.13) 0.521(0.028) —
700 1.07(0.13) 60.61(2.78) 0.558(0.027) —
800 0.80(0.11) 54.14(2.48) 0.569(0.023) —
900 0.65(0.11) 52.67(2.56) 0.591(0.021) —

1000 0.67(0.14) 50.58(2.09) 0.591(0.023) —
(continued)
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At the same time, the differences in the spectral characteristics 
of the brain tissues have been observed. For example, the total 
attenuation coefficients (μt = μa + μs) of white matter are substan-
tially higher than those of gray matter. The two brain stem tissues 
(pons and thalamus) also have different optical properties. The 
tumors are generally macroscopically less homogeneous than 
any normal tissues; thus, their scattering coefficients and anisot-
ropy factors are slightly higher than those of normal gray matter.

After coagulation, the values of absorption and scattering 
coefficients increased for all tissues. The extent of this increase, 
however, is different for each tissue type, and is characterized by 
factor from 2 to 5. It was shown (Yaroslavsky et al. 2002b) that a 
significant increase of both interaction coefficients is a result of 
substantial structure changes, caused mostly by tissue shrinkage 
and condensation, as well as collagen swelling and homogeniza-
tion of the vessel walls. Tissue shrinkage caused by loosing water 
at coagulation makes tissue more dense, which leads to increase 
of both scattering and absorption coefficients in the spectral 
range where water absorption is weak (up to 1100–1300 nm). 
The refractive index microscopic redistribution of a tissue due 
to cellular and fiber proteins’ denaturation and homogenization 
at thermal action also may have a strong inclusion in alteration 
of scattering and absorption properties. The similar increase of 
both absorption (by a factor of 2–10) and scattering (by a factor 
of 2–4) coefficients in the wavelength range from 500 to 1100 nm 
was found for coagulated human blood.

The reduced scattering coefficient of skull bone is consider-
ably less than that of brain white matter and is comparable with 
that of gray matter, cerebellum, and brain stem tissues (pons 
and thalamus). It is also comparable with scalp tissue values. At 

coagulation of soft brain tissues, their reduced scattering coef-
ficient may considerably exceed that of skull bone for all tissues 
presented in Table 5.3. This would imply that in NIR spectros-
copy on the adult head, the effect of light scattering by the skull 
is of the same order of magnitude as that of surrounding scalp 
tissue and brain. A possible reason for this is the high values 
of scattering anisotropy factor g due to the specific structure 
of bone. For example, the cortical bone consists of an under-
lying matrix of collagen fibers, around which calcium-bearing 
hydroxyapatite crystals are deposited. These crystals are the 
major scatterers of bone (Ugryumova et al. 2004, Bashkatov et 
al. 2006b); they are big sized and have a high refraction power, 
and therefore may be responsible for the high values of g.

The head/brain tissues’ optical properties have been measured 
with integrating sphere technique in the visible and NIR spectral 
ranges (Firbank et al. 1993, Yaroslavsky et al. 2002b, Ugryumova 
et al. 2004, Genina et al. 2005, Bashkatov et al. 2006b, Gebhart et 
al. 2006) and summarized in Table 5.3.

5.8.4  Epithelial/Mucous Optical Properties

The investigation of the epithelial/mucous optical properties is 
necessary for light dosimetry at photodynamic therapy of blad-
der, colon, esophagus, stomach, etc. The treatment of purulent 
maxillary sinusitis is an important problem in modern rhinol-
ogy despite the wide application of surgical and pharmaceutical 
methods. One of the new methods of treatment of this disease is 
photodynamic therapy of the mucous membrane of the maxil-
lary sinus. The epithelial/mucous tissues’ optical properties have 
been measured with integrating sphere technique in the visible 
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Table 5.6 (continued)  The Optical Properties of Cartilage Measured In Vitro and Ex Vivo

Tissue λ, nm μa, cm−1 μs, cm−1 g ′µs , cm−1 Remarks

1100 0.52(0.14) 50.03(2.32) 0.620(0.020) —
1200 0.98(0.17) 50.03(2.35) 0.638(0.020) —
1300 0.90(0.17) 49.52(2.35) 0.651(0.020) —
1400 4.69(0.43) 55.74(2.91) 0.663(0.018) —
1500 7.26(0.74) 57.20(3.09) 0.645(0.018) —
1600 3.23(0.39) 52.45(2.26) 0.679(0.015) —

Mouse ears 
(frozen-thawed) 
(n = 10)

400 10.87(2.93) 90.93(10.6) 0.401(0.038) — IS, IMC; postmortem time 73 h; in the spectral 
range 400–1300 nm: ′µs  = 1.523 × 108 
λ−2.487 + 29.12 λ0.062; g = 0.466 + 0.189 
(1 – exp(−(λ – 486)/292.2)), [λ] in nm; 
Salomatina and Yaroslavsky (2008)

500 2.44(0.51) 69.17(3.72) 0.453(0.025) —
600 1.44(0.24) 63.24(3.10) 0.546(0.021) —
700 0.94(0.18) 59.19(2.84) 0.576(0.016) —
800 0.65(0.17) 52.90(2.80) 0.580(0.015) —
900 0.52(0.16) 51.50(2.58) 0.605(0.011) —

1000 0.52(0.16) 48.98(2.49) 0.600(0.009) —
1100 0.37(0.15) 48.64(2.50) 0.631(0.008) —
1200 0.81(0.19) 48.51(2.48) 0.649(0.008) —
1300 0.74(0.18) 47.92(2.46) 0.658(0.009) —
1400 4.51(0.45) 54.03(2.74) 0.672(0.010) —
1500 7.09(0.68) 55.20(2.91) 0.649(0.012) —
1600 3.05(0.36) 50.62(2.94) 0.680(0.012) —

Note:	 rms values are given in parentheses.
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Table 5.7  The Liver Optical Properties Measured In Vitro and Ex Vivo

Tissue λ, nm μa, cm−1 μs, cm−1 g ′µs, cm−1 Remarks

Rat liver (n = 9) 500 7.19 106.5 0.812 — IS, IMC, data from graphs (Nilsson et al. 
1995); in the spectral range 550–800: 
μs = 4.446 × 103 λ−0.588; g = 0.814 + 0.108 
(1 – exp(−(λ – 555.6)/50.3)), [λ] in nm

550 11.41 111.5 0.814 —
600 5.27 103.4 0.875 —
650 2.20 98.0 0.910 —
700 1.34 92.7 0.915 —
750 1.13 92.1 0.918 —
800 0.99 88.9 0.919 —

Rat liver (n = 11) 400 62.68 242.32 0.895 — IS, seven-flux model with δ-Eddington 
phase function, data from graphs 
(Parsa et al. 1989); in the spectral range 
400–1800: μs = 1.046 × 106 λ−1.4, [λ] 
in nm

500 12.70 167.34 0.933 —
600 10.56 150.12 0.946 —
700 5.45 120.25 0.950 —
800 5.55 95.16 0.945 —
900 5.74 64.45 0.916 —

1000 6.18 67.18 0.932 —
1100 5.67 58.98 0.925 —
1200 6.31 50.83 0.917 —
1300 5.90 46.75 0.911 —
1400 18.70 45.98 0.899 —
1500 20.56 38.36 0.907 —
1600 9.26 34.92 0.902 —
1700 8.86 31.02 0.891 —
1800 11.07 22.62 0.817 —
1900 52.51 86.16 0.826 —
2000 52.45 42.24 0.742 —
2100 27.46 26.02 0.813 —
2200 23.54 16.29 0.769 —

Porcine liver (native 
tissue) (n = 15)

400 44.26 123.2 0.767 — DIS, IMC, data from graphs (Ritz et al. 
2001); in the spectral range 400–2400: 
μs = 6.847 × 104 λ−1.059; in the spectral 
range 400–1300: g = 0.725 + 0.208 
(1 – exp(−(λ – 363.4)/111.9)), [λ] in nm

500 9.88 93.65 0.880 —
600 6.56 75.96 0.903 —
700 1.44 64.53 0.923 —
800 0.80 56.62 0.929 —
900 0.61 51.95 0.932 —

1000 0.48 47.52 0.934 —
1100 0.21 43.12 0.933 —
1200 0.99 37.66 0.930 —
1300 1.10 33.63 0.931 —
1400 10.02 32.21 0.915 —
1500 17.54 29.09 0.881 —
1600 7.78 25.86 0.928 —
1700 6.76 24.33 0.930 —
1800 8.40 23.84 0.911 —
1900 51.56 24.68 0.795 —
2000 68.84 20.96 0.735 —
2100 29.46 19.86 0.779 —
2200 21.44 19.90 0.815 —
2300 28.11 18.68 0.757 —
2400 41.48 21.00 0.703 —

Porcine liver 
(coagulated) 
(n = 15)

400 91.83 711.29 0.760 — DIS, IMC, data from graphs (Ritz et al. 
2001); in the spectral range 400–1800: 
μs = 1.442 × 105 λ−0.882; in the spectral 
range 400–1800: g = 0.699 + 0.226 
(1 – exp(−(λ – 316.5)/220)), [λ] in nm

500 15.04 640.29 0.838 —
600 7.52 503.6 0.861 —
700 2.38 441.8 0.885 —
800 1.01 393.6 0.899 —
900 0.54 355.3 0.908 —

(continued)
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Table 5.7 (continued)  The Liver Optical Properties Measured In Vitro and Ex Vivo

Tissue λ, nm μa, cm−1 μs, cm−1 g ′µs, cm−1 Remarks

1000 0.28 326.9 0.913 —
1100 0.14 300.4 0.919 —
1200 0.52 272.7 0.922 —
1300 0.50 252.5 0.923 —
1400 12.93 237.9 0.919 —
1500 17.88 223.3 0.919 —
1600 8.02 207.6 0.928 —
1700 7.89 198.6 0.930 —
1800 8.97 189.7 0.924 —
1900 60.58 192.5 0.879 —
2000 59.32 182.2 0.865 —
2100 29.82 167.1 0.897 —
2200 30.03 164.1 0.904 —
2300 34.41 162.3 0.899 —
2400 50.44 165.5 0.889 —

Liver (rabbit) 632.8 11.3(5.2) 190(41) 0.934(0.023) 8.9(3.9) DIS, IAD, Beek et al. (1997)
Liver (goat) 632.8 12.3(9.0) 491(72) 0.980(0.011) 8.7(4.6) DIS, IAD, Beek et al. (1997)
Liver (rat) 632.8 3.8(0.2) 289(10) 0.952(0.004) 13.0(1.0) DIS, IAD, Beek et al. (1997)
Liver (rat) 1064 2.0(0.3) 151(6) 0.948(0.005) 7.9(0.7) DIS, IAD, Beek et al. (1997)
Human liver tissue 

(normal) (n = 10)
850 1.0(0.2) 204(36) 0.955(0.01) — DIS, IMC, Germer et al. (1998)
980 0.8(0.1) 182(33) 0.955(0.01) —

1064 0.5(0.1) 169(33) 0.952(0.01) —
Human liver tissue 

(coagulated) 
(n = 10)

850 0.7(0.2) 236(47) 0.887(0.02) — DIS, IMC, Germer et al. (1998)
980 0.5(0.1) 210(27) 0.896(0.02) —

1064 0.2(0.1) 200(26.8) 0.904(0.01) —

Note:	 rms values are given in parentheses.

Table 5.8  The Optical Properties of Tissues Measured In Vitro and Ex Vivo

Tissue λ, nm μa, cm−1 μs, cm−1 g ′µs, cm−1 Remarks

Muscle (n = 1) 633 1.23 — — 8.94 IS, IMC; samples from abdominal and breast tissue 
obtained from plastic surgery or postmortem 
examinations; data from graphs (Simpson et al. 1998); 

′µs = 7.67 × 103 λ−1.045, [λ] in nm

700 0.48 — — 8.18
750 0.41 — — 7.71
800 0.28 — — 7.04
850 0.30 — — 6.67
900 0.32 — — 6.21
950 0.46 — — 5.90

1000 0.51 — — 5.73
Muscle 630 1.4(0.2) 110(5) 0.846(0.009) 16.5(0.7) Rabbit; DIS, IAD, Beek et al. (1997)

632.8 0.74(0.06) 140(6) 0.968(0.002) 4.4(0.3)
790 2.3(0.2) 157(11) 0.95(0.005) 6.8(0.7)

Muscle 630 1.2(0.1) 239(16) 0.732(0.013) 62.1(2) Piglet; DIS, IAD, Beek et al. (1997)
632.8 0.59(0.01) 179(12) 0.858(0.012) 24.7(0.7)

Muscle (n = 9) 500 1.17 89.2 0.903 — Rat; IS, IMC, data from graphs (Nilsson et al. 1995); in the 
spectral range: μs = 2.39 × 107 λ−2.215 + 376.94 λ−0.274; 
g = 0.883 + 0.051 (1 – exp(−(λ – 469.3)/84.11)), [λ] in nm

550 1.66 88.2 0.909 —
600 0.95 83.3 0.926 —
650 0.56 79.0 0.930 —
700 0.52 73.56 0.930 —
750 0.52 71.3 0.931 —
800 0.54 66.7 0.930 —

Note:	 rms values are given in parentheses.
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Table 5.9  The Optical Properties of Tissues Measured In Vitro and Ex Vivo

Tissue λ, nm μa, cm−1 μs, cm−1 g ′µs, cm−1 Remarks

Bovine aorta 
(n = 1)

400 2.93 — — 29.61 IS, IAD; in the spectral range 500–1350 nm: ′µs = 883.96 λ−0.527, 
[λ] in nm; data from graphs (Chan et al. 1996b)500 1.15 — — 34.37

600 0.61 — — 30.99
700 0.41 — — 27.73
800 0.41 — — 25.31
900 0.57 — — 23.53

1000 0.98 — — 23.36
1100 0.70 — — 22.50
1200 1.79 — — 21.30
1300 1.70 — — 20.40
1400 6.82 — — 15.82
1500 8.29 — — 12.78
1600 5.38 — — 17.01
1700 4.80 — — 17.93
1800 5.94 — — 16.62

Human aorta 
(n = 9)

300 53.65 — — 71.26 IS, diffusion approximation with δ-Eddington phase function; 
in the spectral range 300–1800 nm: ′µs = 2.78 × 105 λ−1.443, [λ] 
in nm; data from graphs (Cilesiz and Welch 1993)

400 10.72 — — 49.06
500 4.82 — — 33.41
600 2.95 — — 26.56
700 2.90 — — 21.95
800 2.99 — — 18.56
900 2.99 — — 16.27

1000 3.37 — — 13.89
1100 3.02 — — 12.03
1200 4.51 — — 10.56
1300 4.59 — — 9.47
1400 26.44 — — 7.49
1500 25.63 — — 6.04
1600 10.83 — — 7.10
1700 10.04 — — 6.65
1800 12.96 — — 6.24

Note:	 rms values are given in parentheses.

Table 5.10  The Optical Properties of Tissues Measured In Vitro and Ex Vivo

Tissue λ, nm μa, cm−1 μs, cm−1 g ′µs, cm−1 Remarks

Lung epithelium 
(n = 9)

400 3.41 355.8 0.938 — IS, IAD; data from graphs (Qu et al. 1994); in 
the spectral range: μs = 1.219 × 106 λ−1.347; 
g = 0.946 + 0.047(1 – exp(−(λ – 500.9)/556.3)), 
[λ] in nm

500 2.03 286.2 0.945 —
600 1.29 211.8 0.954 —
700 1.10 189.5 0.967 —

Lung submucosa 
(n = 15)

400 38.8 263.1 0.911 — IS, IAD; data from graphs (Qu et al. 1994); in 
the spectral range: μs = 6.036 × 103 λ−0.52; 
g = 0.922 + 0.084(1 – exp(−(λ – 488.2)/599.4)), 
[λ] in nm

500 4.03 241.0 0.923 —
600 2.21 212.4 0.935 —
700 1.49 205.0 0.946 —

Lung cartilage 
(n = 12)

400 15.1 300.9 0.902 — IS, IAD; data from graphs (Qu et al. 1994); in 
the spectral range: μs = 3.524 × 103 λ−0.409; 
g = 0.929 + 0.072(1 – exp(−(λ – 499.7)/309.1)), 
[λ] in nm

500 2.53 275.1 0.929 —
600 1.13 255.0 0.948 —
700 0.87 246.3 0.965 —

Lung (rabbit) 632.8 2.8(0.2) 330(21) 0.904(0.012) 30.8(3.2) DIS, IAD, Beek et al. (1997)
Lung (piglet) 632.8 2.0(0.1) 301(22) 0.933(0.003) 19.7(1.4) DIS, IAD, Beek et al. (1997)
Lung (dog) 632.8 3.2(0.7) 230(5) 0.935(0.017) 15.4(4.3) DIS, IAD, Beek et al. (1997)
Lung (piglet) 790 2.4(0.3) 263(18) 0.926(0.004) 20.0(1.7) DIS, IAD, Beek et al. (1997)
Lung (piglet) 850 0.76(0.07) 278(21) 0.957(0.002) 10.9(0.7) DIS, IAD, Beek et al. (1997)

Note:	 rms values are given in parentheses.
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and NIR spectral ranges (Maitland et al. 1993, Ripley et al. 1999, 
Bashkatov et al. 2004, 2007, Wei et al. 2005) and summarized in 
Table 5.4.

5.8.5  Breast Tissue Optical Properties

Studies of optical breast imaging have usually focused on 
the clinical evaluation of specific source-detector systems. 
Clinically, optical imaging has been shown to be useful in dis-
tinguishing cystic from solid lesions and is particularly valuable 
in the diagnosis of hematoma. It has been able to detect some 
cancers which were not demonstrated by mammography and 
may, therefore, be a useful complementary procedure. However, 
optical method is still an experimental technique. Although 
it has the advantage of being a risk-free method of evaluating 
breast disease, current procedures are limited in their ability to 
detect small, deep lesions. The optimization of optical imaging 
requires a better understanding of the basic optical properties 
of breast tissues and the imaging process. The breast tissue opti-
cal properties have been measured with integrating sphere tech-
nique in the visible and NIR spectral ranges (Peters et al. 1990) 
and summarized in Table 5.5.

5.8.6  Cartilage

Knowledge of the optical and thermal properties of cartilage 
may aid for diagnostics and laser dosimetry determination in 
laser-assisted cartilage reshaping studies. Notwithstanding the 

importance of the optical properties of cartilage, limited stud-
ies have been reported providing absorption and scattering coef-
ficient data. Ebert et al. (1998) investigated optical properties 
of equine articular cartilage in the 300–850 nm spectral range. 
Although most cartilage in the body is composed of similar chem-
ical structures such as water, collagen, and proteoglycans, these 
constituents are present in different proportions. Because of the 
varying composition, the optical properties of nasal septal carti-
lage are distinct from those of articular cartilage. Knowledge of 
optical properties of cartilage may be important for the develop-
ment of noninvasive optical diagnostics to minimize nonspecific 
thermal damage in laser-assisted cartilage reshaping procedures. 
The tissue optical properties have been measured with integrat-
ing sphere technique in the visible and NIR spectral ranges (Beek 
et al. 1997, Ebert et al. 1998, Youn et al. 2000, Salomatina and 
Yaroslavsky 2008) and summarized in Table 5.6.

5.8.7  Liver

The liver is the most common manifestation site of distant 
metastases from colorectal carcinomas. In ~25% of the patients, 
liver metastases are concomitantly detected already at the time 
of primary diagnosis. Another 50% develop metachronous 
hepatic metastases, the liver frequently being the only site of 
metastasis. However, only a maximum of 30% of patients can 
be considered for surgical resection, which is currently the 
only established standard procedure for the treatment of liver 
metastases. For this reason, it is necessary to standardize 

Table 5.11  The Optical Properties of Tissues Measured In Vitro and Ex Vivo

Tissue λ, nm μa, cm−1 μs, cm−1 g ′µs , cm−1 Remarks

Myocardium (dog) 630 2.0(0.2) 159(6) 0.854(0.015) 23.0(1.4) DIS, IAD, Beek et al. (1997)
Myocardium (dog) 632.8 2.1(0.1) 191(16) 0.940(0.004) 11.3(1.2) DIS, IAD, Beek et al. (1997)
Myocardium (dog) 790 0.98(0.2) 164(10) 0.943(0.004) 6.0(1.6) DIS, IAD, Beek et al. (1997)
Bovine myocardium 

(native tissue) (n = 7)
1000 2.40 86.65 0.937 — DIS, IMC; data from graphs (Schwarzmaier et al. 

1998); in the spectral range 1050–1450 nm: 
μs = 9.213 × 103 λ−0.673, [λ] in nm

1100 2.32 82.92 0.939 —
1200 3.23 77.93 0.942 —
1300 3.19 73.38 0.938 —
1400 7.25 69.70 0.915 —
1500 10.17 68.64 0.876 —

Bovine myocardium 
(laser coagulated 
tissue) (n = 7)

1000 4.64 349.9 0.910 — DIS, IMC; data from graphs (Schwarzmaier et al. 
1998); in the spectral range 1050–1450 nm: 
μs = 3.906 × 104 λ−0.676, [λ] in nm

1100 4.64 343.8 0.923 —
1200 5.84 324.0 0.922 —
1300 5.74 303.5 0.924 —
1400 11.04 294.5 0.915 —
1500 16.24 261.0 0.875 —

Bovine myocardium 
(thermocoagulated 
tissue) (n = 7)

1000 5.69 405.0 0.915 — DIS, IMC; data from graphs (Schwarzmaier et al. 
1998); in the spectral range 1050–1450 nm: 
μs = 5.827 × 103 λ−0.379, [λ] in nm

1100 6.12 411.0 0.931 —
1200 8.37 394.5 0.934 —
1300 8.42 383.7 0.938 —
1400 13.90 373.0 0.937 —
1500 19.94 351.5 0.904 —

Note:	 rms values are given in parentheses.
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other treatment concepts such as laser-induced thermotherapy 
(LITT). Precise knowledge about the spatial distribution of 
induced thermal tissue damage and the temperature distribu-
tion in the specific target organ as well as its dependency on 
the selected application parameters is of decisive importance 
for the safe application of LITT. Ideally, it should already be 
possible to plan the required application parameters in advance 
so that treatment can be precisely adjusted to the individual 
findings. The calculation of laser-induced thermal tissue reac-
tions is a complex task in which the computation of laser light 
distribution in scattering and absorbing media is of primary 
importance. This requires knowledge about the optical param-
eters (absorption, scattering, anisotropy) of the target tissue, 
which may considerably differ depending on the tissue struc-
ture. Especially in LITT of liver metastases, it is necessary to 
determine these parameters not only in the healthy liver but 
also in metastatic tissue.

The tissue optical properties have been measured with inte-
grating sphere technique in the visible and NIR spectral ranges 
(Parsa et al. 1989, Nilsson et al. 1995, Beek et al. 1997, Germer et 
al. 1998, Ritz et al. 2001) and summarized in Table 5.7.

5.8.8  Muscle

The optical properties of muscle have been measured with inte-
grating sphere technique in the visible and NIR spectral ranges 
(Nilsson et al. 1995, Beek et al. 1997, Simpson et al. 1998) and 
summarized in Table 5.8.

5.8.9  Aorta

Aorta is a turbid tissue composed of interwoven elastin and 
collagen fibers, arranged in a trilayer structure of intima, 
media, and adventitia. Its appearance ranges from opaque 
white (porcine) to a pinkish-white in cadaveric samples. The 
tissue optical properties have been measured with integrat-
ing sphere technique in the visible and NIR spectral ranges 
(Cilesiz and Welch 1993, Chan et al. 1996b) and summarized 
in Table 5.9.

5.8.10  Lung Tissue

The lung tissue optical properties have been measured with 
integrating sphere technique in the visible and NIR spectral 
ranges (Qu et al. 1994, Beek et al. 1997) and summarized in 
Table 5.10.

5.8.11  Myocardium

The myocardium tissue optical properties have been measured 
with integrating sphere technique in the visible and NIR spec-
tral ranges (Beek et al. 1997, Schwarzmaier et al. 1998) and 
summarized in Table 5.11.

5.9  Summary

We believe that this overview of tissue optical properties will 
give to users a possibility to predict optical properties of tis-
sues under their interest and evaluate light distribution in the 
organ under examination or treatment. Authors tried to collect 
as complete as possible data on tissue optical properties and pre-
sented some of these data in the form of approximation formulas 
as a function of the wavelength to be easy to use these data. In 
spite of this and availability of other reviews (Cheong et al. 1990, 
Duck 1990, Cheong 1995, Müller and Roggan 1995, Roggan et al. 
1995, Mobley and Vo-Dinh 2003, Tuchin 2007, 2009, Altshuler 
and Tuchin 2009), evidently, the data collection and measure-
ments should be continued in order to have more complete and 
precise information about different tissues in norm and pathol-
ogy, to recognize age-related, disease-related, and treatment-
related changes of optical properties.

Laser photodynamic therapy and laser-induced interstitial 
thermal therapy (LITT) of deep tumors are the most promising 
techniques among the least invasive therapies of cancer. In this 
case, besides the knowledge of the optical properties of tumor 
tissue and the surrounding substances, the knowledge of the 
blood content and its optical properties is essential for therapy 
planning and for exact dosimetry. Data on blood optical prop-
erties can be found in the following papers, book chapters, and 
books: Tuchin (2007, 2009), Friebel et al. (2006, 2009), Meinke et 
al. (2007a,b), Roggan et al. (1994, 1995, 1999a), Yaroslavsky et al. 
(1996b, 1999b, 2002a), Hammer et al. (2001), Turcu et al. (2006), 
Mobley and Vo-Dinh (2003).
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