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ABSTRACT 
 
 
 To estimate the propagation of light in tissue-like optical phantoms (fat emulsions), this 

thesis utilized the diffuse reflectance spectroscopy in combination with Monte Carlo simulations. 

A method for determining the two-parametric Gegenbauer-kernal phase function was utilized in 

order to accurately describe the diffuse reflectance from poly-dispersive scattering optical 

phantoms with small source-detector separations. The method includes the spectral collimated 

transmission, spatially resolved diffuse reflectance spectra (SRDR) and the inverse technique of 

matching spectra from Monte Carlo simulations to those measured. An absolute calibration 

method using polystyrene micro-spheres was utilized to estimate the relation between simulated 

and measured SRDR intensities. The phase function parameters were comparable with previous 

studies and were able to model measured spectra with good accuracy. Significant differences 

between the phase functions for homogenized milk and the nutritive fat emulsions were found.   
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1. INTRODUCTION 

Since last few years, researchers have been involved in the progress to understand 

propagation of light in opaque media. These media may be used as optical phantom in order to 

develop models and simulations of light propagation or for calibration of optical measurement 

equipment. Fat emulsions are liquids with optical properties that are of greater interest to be 

known in detail for research that is related to health care studies. These fat emulsions are used 

clinically as source of energy provided to patients as well used as the administrative nutrients in 

order to monitor the process of metabolism of a living tissue or specific organ. They are also used 

as calibration standards in the field of diffuse imaging and spectroscopy [2]. Thus the optical 

properties of these fat emulsions are required to be precisely known to model the light 

propagation into them. In this study, we focused on fat emulsions that are Vasolipid, Intralipid, 

Clinoleic and milk. These emulsions are actually consists of small fat droplets dissolved in water 

and have low absorption of light that enables to have an easy adjustable scattering coefficients.              

   

In order to make precise modeling of light propagation in poly-dispersive optical 

phantoms (diluted solutions of fat emulsions, where the scatterers of various sizes), the optical 

properties such as refractive index, absorption coefficients, scattering coefficients and the 

scattering phase function must be taken into account. [1]. 

 

According to Farrel et al, at longer distances from the light source (beyond several 

reduced mean free paths mfp’ = 1/(µa + µs’), where ua is the absorption coefficient and us’ is the 

reduced scattering coefficient), only the reduced scattering coefficient µs' is required to explain 

the overall light scattering in diffusion theory models [6]. The scattering phase function strongly 

influences light transport near the point of illumination. At small source-detector distances, the 

Monte Carlo simulations can be used to calculate light transport.  

 

 The scattering properties of fat emulsion depend on the size distribution of fat globules 

and casein micelles. For milk it varies significantly between homogenous and inhomogeneous 

milk. Also the refractive index varies between different fat globules. [3]. Light scattering can be 

calculated for single size scatterers using Mie theory. This can be applied to single size micro-

spheres or to fat emulsions if the size distribution is known [4]. If light transport in polydispersive 

fat emulsions is to be modeled, the Gegenbauer-kernel (Gk) phase function can be used. The two 
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parametric Gk phase function is a generalization of the often used Henyeye-Greenstein phase 

function.       

  

 The groundwork of planned method for this study is quite similar with those presented by 

Lindbergh et al [3] and Michaels et al [2], as the phase function estimation is advanced through 

measuring the scattering coefficient µs with Spectral Collimated Transmission (SCT) arrangement 

and measured simulated Spatially Resolved Dissolve Reflectance (SRDR) with small source-

detector separation are coordinated using non-linear fitting. Although the SCT arrangements are 

exactly the same used in the proposed method of Lindbergh et al [3] but the SRDR source-

detector distances are slightly changed, that will be discussed later. 
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2. THE AIM OF THE THESIS 

 

The aim of this study was to determine the two parameters in the Gegenbauer-Kernel 

phase function for various liquid optical phantoms with negligible absorption. For this purpose, 

spatially resolved Diffuse Reflectance Spectroscopy in combination with Monte Carlo 

simulations was used. The scattering coefficient of the fat emulsions was determined using SCT. 

The inverse problem compares measured spectra at increasing source-detectors distances with 

those from Monte Carlo simulations utilizing the parameters of phase functions as fitting 

parameters. The MC simulations were performed for a set of phase function parameters covering 

those in the phantoms. 
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3. FAT EMULSIONS 

 Fat emulsions are frequently used in research of light propagation in turbid media. They 

have similarities with milk and contain the fat particles in the forms of droplets suspended in 

water. In fact, they are initially formed for providing the parenteral nutrition to patients, which is 

feeding a patient intravenously through bypassing the usual process of eating and digestion [15]. 

During this process, the recipient person receives nutritional formulas containing glucose, amino 

acids, lipids etc which varies in numerous kinds of fat emulsions designated according to 

requirement of patient’s condition.       

 

Because of the fact that fat emulsions offer prominent advantages over other standards, 

they are also being used as calibration standards for systems in clinical use or modeling the 

tissues for developing methods as reported by F Martelli et al [20] and A Dimofte et al [23]. In 

general fat emulsions have low absorption, allow setting adjustable scattering coefficients, are 

homogeneous, non-toxic, they are cheap and greatly accessible. Although various types of fat 

emulsion are vastly available and their individual composition varies according to the 

requirements 

  

Contents of Fat Emulsions 

 

Clinoleic: is usually used as intravenous infusion. Its active ingredients are a mixture of purified 

olive oil (approximately 80%) and Soybean oil (approx. 20%). The other contents include 

glycerol, purified egg phosphate, sodium oleate, sodium hydroxide and water. Its pH value varies 

from 6 to 8. [26] 

 

Intralipid: typically made up of 20 % Soybean oil, 1.2% egg phospholipids, 2.25% glycerin and 

water. Its pH value is approximately about 8.  

 

Vasolipid: is also used as intravenous infusion. Its active ingredients are refined soybean oil and 

medium chain triglycerides, which are mixed together in an equal quantity. Its pH value varies 

from 6 to 8. [27] 
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UHT milk: (Ultra-High Temperature treated milk) normally undergoes the treatment that 

eliminates all types of bacteria. This process also breaks down the fat globules of milk into tiny 

particles. Such milk is composed of a few percent of fat particles (1.5% or 3%), protein and 

lactose. [24]      

 

 Normally, fat emulsions have a larger range of particle size distribution. The micelles 

(mixture of surfactant molecule) of egg lipid containing particles of few nanometers in diameter 

are considered to be the smallest, while the biggest particles are fat droplets which are around 700 

nm in diameter, as investigated by Staveren et al [4] for Intralipid. However, manufacturers 

usually control the maximum size of fat droplets into fat emulsions, since a bigger size may cause 

thrombosis (formation of blood clot) in small vessels [2]. Also the maximum size of fat particles 

may differ in the same product due to several manufacturing processes.   
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4. PRINCIPLES OF LIGHT-MATTER INTERACTION 

 

The foundation and true nature of light involves the development of various 

representations of light in physics in the early 20th century. The many phenomenon of light are 

made on the two well known assumptions of either light being moving particles or propagating as 

electromagnetic waves. In conventional studies, the most inherent description of light would 

regard it as electromagnetic radiation with the hypothesis that it has oscillating electric and 

magnetic fields. The precise description of Electromagnetic (EM) radiation may build by utilizing 

Maxwell equations [1]. 

 

 The mathematical explanation of Maxwell equations for the EM nature of light can be 

found in the literature [1][7][12]. It is the complete but complex description of EM representation 

and is able to describe the light phenomena such as polarization, interference, diffraction and 

Doppler effects etc. Multiple interactions come into being when EM radiation propagates through 

tissue-like (fat emulsions) optical phantoms, which make the application of Maxwell equation 

more complicated. Thus the most accessible representations of light that are useful with the 

enduring application are as rays and photons. The rays are the straight lines and rule information 

only on the direction of light propagation. Jointly in combination of ray representation, light 

particle representation, known as photon would be the most suitable representation of light. This 

representation is a comparatively simple but precise way of describing light propagation 

properties in various media and specifically in the field of Biomedical optics [1][9].                  

  

 Photons propagate with a specific wavelength λ, thus containing particular frequency υ. 

They have a certain amount of energy E, .E hυ= , where h is the Planck’s constant (having value 

6.626x10-34 J.s). Whereas υ is express as /cυ λ=  and c is speed of light in vacuum (3.0 108 m/ 

s). The interaction of matter with light is explained as alteration of discrete packages called 

quanta when utilizing the photon representation of light [12][9]. In this study, the ray and photon 

representation of light is utilized via Monte Carlo simulations to investigate the optical properties 

of phantoms.  

 
 
 
 

 7



4.1. Scattering of Light 

 Scattering is a process in which a photon changes its direction after interacting with a 

particle. When light interacts with any matter and propagates through that medium, its energy is 

transferred to the elements of medium, creating oscillating dipoles. The resulting dipole moments 

impede both constructive and destructive patterns in various directions. The ordered pattern of 

particles distributed, which causes the local change of refractive index and the re-radiated induce 

other interference patterns. Such refractive index inhomogeneities cause the light to propagate in 

other directions instead of forward direction, hence scattering occurs. The scattering angle is 

dependant on the size and shape of interacting object (scattering particle) and the wavelength of 

light. Usually assumptions are made into three theoretical multiplicities. 1) The geometrical 

regime; involves where particle size are much larger than wavelength of light. The direction of 

scattered light is calculated by the mismatch of refractive indexes (e.g. Snell’s law). 2) Mie 

regime; that corresponds to where object sizes are approximately of the same size as of 

wavelength of incident light. Thus Mie-scattering is dependant on light wavelength and provides 

highly forward direction scattering. 3) Rayleigh regime; is usually utilized when the particles are 

much smaller than the light wavelength. Rayleigh scattering is almost isotropic and scattered light 

intensity is inversely proportional to fourth power of the wavelength [13][14].     

      

 
Figure 4.1: Hierarchy of scattering in microstructure objects on visible light range [12].  
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4.1.1. The Scattering Coefficient 

 The scattering coefficient of any medium describes how long on average the path a 

photon has to travel before being scattered. Hence in other words it describes the number of 

scattering events per unit distance, since its unit is mm-1 (or cm-1). For a specific particle, the 

scattering shadow is dependant on the effective scattering cross section would be smaller (or 

larger) than the actual geometrical size of particle through which the light particle interact before 

being scattered as shown in the figure 4.2. The relation between the effective scattering cross 

section σs [mm2] with actual geometrical size A can be expressed as, 

.s sQ Aσ =  

 Here, Qs defines the scattering efficiency of the scattering particle which is the 

dimensionless proportionality constant.  Where as the scattering coefficient μs is expressed as,  

.s s sμ ρ σ=  

Where ρs [mm-3] is volume density function represent the volume containing the multiple 

scattering particles.  

 
Figure 4.2: Geometrical cross-section of scattering particle versus effective cross section [12] 

 
 

Thus it is clear that high scattering efficiency gives larger scattering coefficient and the 

denser scattering volume would also cause the higher μs. In view of the fact that the unit of μs is 

reciprocal of length, which means reciprocal of scattering coefficient 1/μs can be represented as 

the averaged path in a volume that light travels without being scattered, which is also known as 

mean free path length represented as mfp. [12]. 
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4.1.2. Scattering Phase Function 

 Defining scattering as the number of scattering event is not enough, yet the direction of 

photon after being scattered would also be important to take into account. For example, if we 

consider a single scattering event, the angle of deflection θ supposes rotating symmetry around 

the original incident direction, as shown in figure 4.3. The explicit distribution of all possible 

angles is described by the probability function, which is also known as scattering phase function 

p(θ). As well the overall average of the cosine for scattering angles (<cosθ>) is denoted the 

anisotropy factor. 

 

 
Figure 4.3: A single scattering event, The deflection angle θ affects the forward direction cos(θ). [12] 

 
 

The anisotropy factor (denoted as g) is generally used to explain the overall scattering of 

light of the optical medium. Where g values close to zero indicates isotropic scattering (that is the 

equal probability of getting all directions after being scattered). While g value close to 1 indicates 

to getting the forward direction probability and value of -1 indicates to getting backward direction 

of photon after being scattered. The anisotropy factor can be expressed as, 

 

0
( )cos( ).2 sin( ) cos( ) .g p d

π
θ θ π θ θ θ= =∫ , where  

0
( ).2 sin( ) 1.p d

π
θ π θ θ =∫

 
 
 
Mie Theory: 
 
 The scattering can be precisely explained by Mie theory, if the scattering particle size has 

approximately in the same size region as the wavelength of interacting light. Mie theory assumes 

homogeneous spherical scattering particles in the optical medium. It actually utilizes two 
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properties. First one is the magnitude of refractive index mismatch between scattering particle 

and medium expressed as ratio (nr = np /nmed). The np and nmed are the refractive indexes of 

particle and medium respectively. The second property that Mie theory utilizes is the size 

parameter x = 2πr/(λ/nmed), where r is the radius of scattering particle and λ is the wavelength of 

interacting light, hence this parameter describes the particle size with respect to the wavelength of 

light. Thus by utilizing these two factors, Mie theory describes the probability of scattered light 

intensity and its direction. 

  

Mie theory can also be utilized to estimate the scattering cross-section of particle. Large 

particles compared with the wavelength and having small difference in refractive index compared 

with surrounding medium results in a greater extent of forward scattering and vice versa.    

 
 
Henyey-Greenstein phase function: 
 
 The Henyey-Greenstein phase function [denoted as pHG(θ)] is commonly utilized for 

description of light propagation in a medium specially for estimating the light propagation in 

biological medium. Overall it is considered simple and yet useful, especially for biological 

tissues. The HG phase function is expressed as, 

 
2

2 3

1 1( ) . .
4 [1 2 .cos( )]HG

gp
g g

θ
π θ

−
=

+ − /2  

 

 However due to the requirement of higher order moments of phase function, numbers of 

various modifications of HG phase function have been suggested. Still it is considered as a 

precise explanation of light propagation within the light source-detector distances of less than 1 

mfp. A series of HG phase function are shown in figure 4.4 that is the assessment of HG phase 

function as a function of deflection angle θ is shown. The curves are given as values from g = 0 to 

0.95. The curve for g equals to 0 have the constant value of 1/4π.  
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Figure 4.4: Curves of Henyey-Greenstein phase function with respect to deflection angle θ [12] 

 
 
 
Gegenbauer-kernel phase function 
 

  The two-parametric Gegenbauer-kernel phase function is also known as Reynold and 

McCormick phase function, since it was suggested by them in 1980 for wide region of scattering 

particles in the atmosphere [8]. This proposed phase function was developed both in close format 

as well can being generated by the Gegenbauer polynomials. It is determined by the two 

parameters as denoted by αGK and gGK. Due to the Gegenbauer polynomial association in the 

phase function, the script Gk utilized in both two parameters. The Gk phase function is expressed 

by the equation as, 

 
22

2 2 2

(1 )( ) .
[(1 .) (1 ) ][1 2 cos( )]

GK

GK GK GK

GK GK GK
GK

GK GK GK GK

g gp
g g g g

α

α α

αθ
π θ +

−
=

+ − − + − 1α  

 

 It would be clear that gGK is not coupled with the anisotropy factor g as mentioned earlier, 

where as the parameter αGK is associated with the size of scattering particles, the detailed 

expressions is given by Reynold and McCormick in their study. [8]. However, by setting αGK=0.5 

in above equation, the HG phase function is attained (i.e. gGK=g). For αGK ≠ 0.5, the anisotropy 

factor can be estimated according to the following expressions, 
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22 . . (1

2 .( 1)
GK GK GK

GK GK

g L gg
g
α

α
− +

=
−

)   

  Where,  

    
2 2

2 2

(1 ) (1 ) .
(1 ) (1 )

GK GK

GK GK

GK

GK

g gL
g g

α α

α α

+ + −
=

+ − −
 

  
 Assuming the spherical scattering particles in the medium with known size diameter in 

the range of 3 to 240µm and relative refractive index nr in the range from 1.015 to 1.25, the 

suggested Gegenbauer-kernel phase function is supposed to give more accurate scattering 

estimation as compare with Henyey-Greenstein phase function. [3][8].  

 

 
4.1.3. Reduced Scattering Coefficient 

 The light scattering in a medium can be estimated by using the reduced scattering 

coefficient µs’ provided that scattering takes place a number of times in that medium. The 

reduced scattering coefficient is expressed as,  
' .(1 ).s s gμ μ= −  

  

The figure 4.5 is an illustration to explain the reduced scattering coefficient µs’ with 

respect to µs and anisotropy factor g.  

 

 
Figure 4.5: Schematic representation showing the relation of µs’ w.r.t µs. [9] 

  
 
 The vertical thick arrow is the representation of incident light. The intermediate two 

arrows represent two single and isotropic scattering events, which have the optical paths denoted 

as 1/µs’. While the small thin arrows represent averaged scattering event at each point, which 
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have the path lengths equals to 1/µs in between the two executive points. Hence similar to that 

mfp=1/µs as mentioned earlier, the reduced mean free path length is expressed as mfp’=1/µs’. It is 

usually very useful in the medium where single scattering or scattering coefficient is difficult to 

estimate due to physical conditions and utilized when light propagates through a path greater than 

few numbers of mfp. [9].     

 
 
4.2. Absorption of Light 

 Absorption of light is caused by a process in which the energy of photon is transferred to 

a molecule or to a particular unbounded atom. During this process, the molecule or atom 

increases its internal energy due to energy transmission from photon to the interacting object 

known as transition as explained by quantum theory of light. The energy level of transition is 

purely dependent on the structure and composition of molecule and thus each molecule as its own 

unique absorption spectrum. [13]   

 

4.2.1. Absorption coefficient 

 The absorption coefficient (μa) of any medium describes the averaged path a photon has 

to travel before being absorbed. The absorption coefficient has unit inverse to the length (mm-1 or 

cm-1). Similarly as in the case of scattering, the absorption shadow is dependant on the effective 

absorption cross-section, whose size would be different from the actual geometrical size of 

molecule (particle) through which the light interact before being absorbed. The relation between 

the effective absorption cross section σa [mm2] with actual geometrical size A can be expressed 

as, 

.a aQ Aσ =  

 Here, Qa defines the absorption efficiency of the particle which is the dimensionless 

proportionality constant.  Where as the absorption coefficient μa is expressed as,  

.a a aμ ρ σ=  

Where ρa [mm-3] is volume density function represent the volume containing the multiple 

absorbing particles.  
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5. SPECTROSCOPY 

According to a general definition of Spectroscopy, it is the study of chemical composition 

and dynamics of an object by using the properties of absorption, emission and scattering of 

electromagnetic radiation. A spectrometer is a device, which has the capability to measure and 

record the intensity per wavelength or frequency of radiation used in spectroscopy. While 

spectrum is a term used as output of spectrometer that is the registration of electromagnetic 

distribution with respect to selected photon characteristics (wavelength or frequency). 

 

 The typical utilization of spectroscopy is the ability to differentiate and study chemical 

structures by their characteristic absorption or scattering that varies with wavelength. In other 

words, the objects to be examine have different characteristics on different wavelength i.e. 

different molecules have different optical properties varies on varying wavelength of 

electromagnetic radiations, also known as ‘chemical fingerprints’. Hence compositions of a 

specific molecule have unique ‘chemical fingerprint’ that can be diagnosed by using 

spectroscopy. Or with the known fingerprints, optical properties of any sample can be determined 

by using different applications of spectroscopy. 

 

 This thesis focuses on the utilization of spectroscopy which is restricted on a small region 

of electromagnetic radiation that is illustrated as optical radiation (the region of wavelength 

around 450 to 850 nm). This kind of restricted spectrometer used in study is also known as 

Spectrophotometer.      

 
 
5.1. Diffuse Reflectance Spectroscopy  

 Diffuse Reflectance Spectroscopy (DRS) is the branch of Spectroscopy that is based on 

the analysis of backscattered light, which has propagated through scattering and/or absorption in a 

medium. The typical configuration of DRS is based on Light source, optical fibers for emitting 

and collecting light intensities from sample, an optical medium (sample) to be examine and 

detectors as shown in figure 5.1. The light source of known emission characteristics is used to 

illuminate the sample to be examined. The incident light is affected and its spectrum (intensity 

w.r.t. wavelength) is changed due to the sample’s optical characteristics, which is purely 

dependant upon the component composition and inherent structure of that sample. The affected 

light can be captured by optical detectors where it splits into separate wavelength components and 
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intensity of each wavelength component records individually. Thus by comparing and analyzing 

the detected light intensities with the incident light, it is likely to make estimations about the 

chemical and/or physical properties of the samples to be examined.                  

  
 5.1.1 Spatially Resolved Diffuse Reflectance 

 A Spatially Resolved Diffuse Reflectance (SRDR) is an application of DRS usually 

utilized for measurement of light intensity at different distances between the point of light 

emission and detection. This setup is typically used to measure the reduced scattering coefficient 

of diluted samples. The spatially resolved reflectance of semi-infinite and homogenous samples 

can be calculated using e.g. diffusion equations or with Monte Carlo methods [6][7].  

 

 SRDR can be used where the reduced scattering property of a sample is to be examined. 

The decay in the backscattered light intensities is determined as a function of increasing radial 

distance parallel to light source. Hence, a number of optical detectors have to be used in SRDR 

measurements, which mean each detector records the intensities of light at a certain distance 

away from the source as shown in figure 5.1. Therefore by analyzing the recorded decline in the 

intensities of backscattered light with respect to the increasing distance, the scattering property of 

the investigated sample can be estimated.          

 
 

Figure 5.1: SRDR setup (left) and schematic of diffuse reflectance in an optical medium (right). [14][19] 
    
 

By using a sample with known scattering coefficient µs, the anisotropy g of that sample 

can be estimated using SRDR recorded spectra.  The diffusion equation can be used as simple 

transport theory which provides a fine correlation for measurements with the some restrictions. 
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Such as the distance to the source should has to be large enough that is r >> 1/µs´ and medium 

should be high scattering, µs >> µa. [6][16]. Also by using the inverse calculation µs, the 

estimated values of µs’ or g would be investigated with Monte Carlo simulations. The analysis of 

SRDR measurement in this thesis are made by using Monte Carlo simulations since small source 

detector distances are being used [6][11].     

 
5.1.2 Processing of SRDR Spectra  

 In an ideal case of SRDR, the detection of diffused backscattered light would mean that 

the device (spectrometer) does not change the light intensity and color emerging from the sample 

under examination. Obviously, it is not possible in practice, since all optical system that are 

designed for light detection have artifacts, which varies with the wavelength of detected light. 

This could be caused by creating nonlinear response of CCD detectors on varying wavelengths, 

by lens, optical fibers, grating or prism used in Spectrometers.      

 

 Therefore, controlled calibration measurements are needed to perform in order to 

compensate artifacts of optical instruments. To properly monitor the illumination of light and 

recording of detected spectra, a reference recording of incident light should also be performed, as 

shown in figure 5.1 (left side), the light source is also records by an individual channel of 

spectrometer. For stray of light, a background spectrum should also be recorded in absence of 

light source (recorded during switched off the power of lamp), known as dark spectrum (Idark). 

This dark spectrum should be subtracted from the intensities of each channel of spectrometer that 

used for detection.   

 

 It should be also noted that the amplitude response of spectrometer’s channels may not be 

same on all wavelength of detected light, since some detectors may be more sensitive on specific 

wavelength, as mentioned earlier. Furthermore the amplitude factor of each channel may not be 

equal to the amplitude factor of other channel on specific wavelength. To eliminate this problem, 

a reference measurement would also be taken on reference sample with known scattering and 

absorption properties. For this purpose, a white reference should also be recorded for all 

spectrometer’s channels used in measurements. And the recorded intensities of each channel are 

normalized with the corresponding intensities of white reference recorded. Usually barium 

sulphate (BaSO4) is taken as white sample reference due to the fact that it has 97-98% reflection 

on optical wavelength region. [3][5]. Furthermore each channel should also be normalized with 

the spectrum intensities of light source recorded on a specific channel.              
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 Häggblad et al [5] suggested a method for normalization and calibrating the recorded 

intensities. They performed these calibrations to standardized the DRS data acquired to 

investigate the myocardial tissue oxygenation. The equation of calibration is expressed as, 

 

,
,

,,

, ,

( ) 1( ) . ( )( )
( )

master OP
madter corrected

master whiterefslave LS

slave LS whiteref

M
M MM

M

λ
λ λλ

λ

= , 

 

where, Mmaster,OP and Mmaster,whiteref are the measured intensities of detected spectra of optical 

phantoms (sample to be examine) and spectra recoded with white reference respectively and 

Mslave,LS is the detected intensity of the light source that is detected on an specific channel of  the 

spectrophotometer at the same time as the phantom or white reference measurement.  

 
 
5.2. Spectral Collimated Transmission (SCT) 

 Spectral Collimated Transmission is an application of Spectroscopy study, which is 

normally utilized to investigate the scattering coefficient of non-absorbing optical medium. This 

method is used to determine the optical properties of phantoms that specifically operate as 

calibration standards. Thus utilizing SCT measurements, the scattering coefficient of optical 

phantoms (fat emulsions in our study) can be estimated precisely within wide spectra of 

wavelength. In fact through this setup, the total attenuation coefficient is estimated, which is the 

combination of scattering and absorption coefficients at specific wavelength (i.e. µt(λ) = µa(λ) + 

µs(λ) estimation). In our study, the sample is exposed with a collimated white light source. The 

measured intensity can be described by the Beer- Lambert law, 

  

I(λ) = Io(λ). exp(- µt(λ).d)

  

Where, d is the path length of light passing through the sample, and Io is the incident light 

intensity. In the samples where absorption coefficient is too small and absorption is almost 

negligible as compare to scattering (i.e. condition “µs >> µa” exist), the computed attenuation 

coefficient for such sample is equals the scattering coefficient that is µt = µs, this condition is 

matched with our case of diluted samples of fat emulsions and diluted milk [2]. The schematic 

drawing of SCT arrangement is shown in figure 5.2. 
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Figure 5.2: SCT setup. 

 
  

As shown in the figure, the transparent cylinder moves upwards after each measurement 

step, thus the reduction of intensity of light is detected which is inversely proportional to the 

distance in between the bottoms of cylinder and the cuvette. Although as mentioned earlier that 

this reduction of light intensity is caused due the unknown scattered light which depends on the 

scattering property of the sample. Measuring the samples that have higher scattering coefficient, 

the light intensity is greatly reduced with a small increase in the distance between the cylinder 

and cuvette. Hence linear regression method can be successfully implemented to estimate the 

scattering coefficient which has a linear relation with the decreasing intensity as a function of 

increasing optical path length (distance in between the bottom of movable cylinder and cuvette) 

in non-absorbing optical phantom that we have.   

 

 In this study, the SCT measurements are utilize to obtain the optical (scattering) 

properties, which were used in the method of Monte Carlo simulations in order to provide the 

appropriate models for MC simulations.  
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6. MONTE CARLO SIMULATIONS 

As discussed earlier the particle representation of light in an optical medium can be 

extensively estimated by the transport equations and diffusion approximation of transport 

equation can be used analytical approximate solutions. But its applications are strongly limited to 

simple geometries and conditions such which were already discussed in studies. [6][11][16][17]. 

While on the other hand, Monte Carlo simulations provides a numerical solutions to the transport 

equation in spontaneous way without limitations of geometries and optical conditions.  

 

 Monte Carlo method offers numerical solutions by simulating random walks for 

extensively great number of individual photons. The random walks of simulated photons are 

based the optical properties of medium, which are the absorption coefficient, scattering 

coefficient, scattering phase function and refractive index of the medium.  

 

However the requirement of computational speed is the only limitation of Monte Carlo 

method. Since a large number of photons are required for accurate estimation and hence 

sometime take a huge time in order to complete the computational results. While with use of post 

processing and variance reduction techniques along with the speedy growth in hardware 

advancements makes the reduction in speed problem of this method. [17].  

 
 
6.1. Working Principle of Monte Carlo Simulations 

 The most important principles of Monte Carlo simulations method are described in 

detailed by various researchers, as presented by Prahl [17] and Wang et al [18]. However, an 

extension of their study is also presented by Ingemar Fredriksson [19] in his work, which also 

taken into account the Doppler shift of photon after interacting with moving particles. He 

presented various steps involved in Monte Carlo simulation in a flowchart, which is cited here as 

shown in figure 6.1. Some important steps in flowchart are afterward explained here separately.       

      
6.1.1. Photon Launching 

 As shown in flowchart (figure 6.1), the Monte Carlo simulations initiates with the 

launching the number of photons into optical medium. Considering a homogeneous, geometrical 

infinite medium with specific optical properties, the choice of any launching position is possible 

and the step length of first and all other steps can be expressed by, 
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 Where, rnd is random number, which is uniformly distributed in interval (0,1) and 

sampled at every step for each individual photon. And an individual weight number wo is 

assigned to each photon before further movement, this weight represents the virtual intensity of 

that photon. Hence the first photon position in 3D space (x1,y1,z1) immediately after launching 

can be estimated as, 
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Figure 6.1: Flowchart of Monte Carlo method. [19] 
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6.1.2 Photon Absorption 

 For MC simulated photon, the weight number introduced in the description of photon 

launching, is a convenient way of expressing the absorption effects, which is made by reducing 

the weight number and can be expressed as, 

 

1 1 , 1,2,3,.....a
i i

t

w w iμ
μ−

⎛ ⎞
= − =⎜ ⎟

⎝ ⎠
 

 Where, i denotes the index of interaction foe each photon. However, in order to follow 

each photon until it detects or it crosses the borderline in optical model (set by the user), the 

calculation time to estimate its propagation is not realistic. In order to overcome this kind of 

problem, a technique known as Russian roulette is usually utilized. This can be implemented by 

pre-defined value of weight threshold (can usually be set between wo/10 and wo/1000) and hence 

if photon weight falls below this value, rnd is generated and compared to pre-defined value p that 

would be chosen in the interval (0,1) representing the probability of termination. If randomly 

generated photon is smaller then predefined value (i.e. rnd<p), the photon is terminated and if 

rnd>p, the photon weight is increased by 1/p and then continue its propagation until next 

generated step. [17][9][19]. 

 
 
6.1.3 Photon scattering and propagation 

    If propagating photon reduces its weight in a step and still alive after considering the 

conditions as mentioned above, the photon may be scattered into a new propagating direction that 

is depending upon the phase function of that medium. MC method allows the implementation of 

different phase functions as well as the condition of isotropic scattering depending on the 

behavior of sample model to be examined. The deflection angle θ be estimated based on the phase 

function of phantom, whereas the azimuthal angle ψ would be randomly chosen from the uniform 

distribution within the interval (0, 2π). Thus the photon position is updated to new trajectory 

transformed coordinates.  

 

 In case of using two-parametric GK phase function in MC simulations, the deflection 

angle can be expressed as,  
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 Furthermore, it would be possible to estimate the new position (x,y,z)i+1 after each step 

within the medium with known θ and ψ, expressed as,    
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 Where, (ux,uy,uz) is the component of the current direction (indec ‘i’) of propagating 

photon.  

 

 

6.1.4 Photon detection or continue propagation 

 In order to get the appropriate outputs from MC simulations, a detector or number of 

detectors should be inserted in a position that suitable for a specific optical model conditions. In 

principle, the detectors detection should be implemented as geometrical objects with known 

position, size and refractive index, which should match the physical conditions of optical sample 

to be examined. Since if propagating photon in the specified geometry experienced detection, all 

parameters of interest including the number of emitted and detected photons, position of 

detection, total path length, weight and propagating direction at the detection would recorded. 

While in other case, as long as the photon remains within the pre-defined geometry is not 

detected or neither experienced a sufficient reduction of weight, the photons follows the same 

steps as described in previous sections. [9][19]. 
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6.2. Post processing of Simulations  

 In order to reduce the computational complexity and simulation time of MC, some post 

processing techniques are applicable to estimate the results after simulations. For example the 

utilization of Russian roulette reduces the uncertainty time in MC method as discussed earlier. 

These techniques can be divided into two groups, first can be utilized by taking advantage of 

model symmetry and second recalculates the results and make the estimations by changing the 

values of optical properties. 

  
6.2.1 Simulating of probe geometry 

 In simulated MC data that acquired on specific optical phantom and emitter detectors 

geometry, it is also possible to get the estimated results on change in model geometry by taking 

the advantage of model symmetries. It is applicable in many situations where simulated geometry 

has some sort of symmetry. For example consider a photon path that begins in the center of 

emitting fiber and ends just outside the detecting fiber. By moving the photon’s path from several 

positions inside the emitting fiber, some of these paths will end within the receiving fiber. By 

doing this, a large number of simulated photon paths are taken into account for estimating result 

and alternatively less number of photons has to be simulated computationally.  

 
Figure 6.2: Principles of source convolution (left) and detector rotation (right). [19] 

 
 

However, the axial symmetry around the light source would be utilized if detector is like 

a circular fiber tip as shown in figure 6.2, in which the detection position of a photon is detected 

at distance r from the center of emitting fiber is rotated, as a result it is detected within a detector 

fiber. Furthermore, the detected photon in this case would also be estimated with change in 

weight in order to energy conservation due to change in position. The recalculated weight of 

detected photon can be expressed as  
2 2 21 ( )' arccos .

2 ( )
r L r Rw w

rL rπ
⎛ ⎞+ −

= ⎜ ⎟
⎝ ⎠
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6.2.2. Rescaling of photon positions  

    With the assumption that the simulations are done on homogeneous optical medium, it 

is also applicable to recalculate the estimation of simulated results in a post process for other 

operating properties then those were used in original simulation recordings. This is also known as 

‘white Monte Carlo’, because of the fact that the color of spectra in original simulations would be 

change after adjusting the optical properties in post processing. [11].  

 

 In order to rescale the simulation with changed absorption of medium, the effect of µa can 

be added by recording the path length d of each photon and then recalculated weight of photon 

can be estimated by using Beer-Lambert law . While for changed scattering, the 

effect of µ

/
0( . a sdw w eμ μ= )

s can be added by scaling the path of photon, since each step of photon is linearly 

proportional to 1/µs. In this case the scattering angle is dependent on phase function and would 

not change with change in µs; however the path length d would also changes with the change in 

µs.  The figure 6.3 would explain the underlying concept properly. [19] 

 

 
Figure 6.3: Rescaling of detecting photon weight and position while adding new values of µa and µs.  [10]. 
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7. MATERIALS AND METHODS 

7.1. Preparation and characterization of fat emulsions and milk dilutions 

  The optical phantoms with several dilutions were made, including the fat emulsions 

Vasolipid (B. Braun Melsungen AG, Germany), along with ClinOleic (Baxter AB, Sweden) and 

Intralipid (Fresenius Kabi AB, Sweden) as the scattering basis. All of them are liquid solutions of 

200mg/ml (i.e. containing fat contents of 20%). By assuming the density of 1gm/cm3 for these 

phantom components, the dilutions were made with water using the precise scaling. The dilutions 

fractions were set to 1/4, 1/20, 1/40, 1/60 and 1/80 for all fat emulsions. These dilutions were 

labeled as OP1 through OP5 respectively. For milk, the homogenized ultra-high temperature 

(UHT) treated milk (Arla foods, Sweden) was used with the fat content of 1.5% and protein 

content of about 3.4% as a scattering basis. For milk, the fractional dilutions were set to 1, 1/2, 

1/4, 1/6 and 1/8, named OP1 through OP5 respectively. With the assumption of zero or negligible 

absorption, the spectral scattering coefficient was determined by SCT measurements. As the 

water absorption in the diluted medium is below than 0.003 mm-1 in the  wavelength region of 

measurements (450-900nm), thus there is no or negligible effect of absorption on detected 

intensities for such diluted optical phantoms as already been discussed in previous studies [2][3]. 

 
 
7.2. SCT measurements 

 The schematic outlook of SCT setup can be viewed in figure 5.2. The halogen lamp (HL-

2000, Ocean optics Inc, USA) was used as light source and a spectrophotometer (400- 900nm, 

AvaSpec 2048-5-RM, Avantes BV, grating VB 600 lines/mm, The Netherlands) is been used for 

taking measurements. Both of them are connected with the ends of two fiber collimators, using 

glass fibers with core of 200µm and cladding size of 230µm, having a numerical aperture of 0.37. 

In order to get a uniform and collimated illumination and ensuring detection of light properly 

passing through the sample and glass cylinder, the two collimators are lined up and placed 

250mm apart from each other. The divergence of each collimator was 0.37º.  

   

To get the scattering coefficients (of unit mm-1), twelve observations (or 10 observations 

for some of the samples) were taken at different sample thicknesses (optical path-length) for each 

optical phantom. The sample thickness was adjusted by vertically placing the glass cylinder at 

different heights from the bottom of cuvette, since the glass cylinder was attached with a high 
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resolution translational micro stage. Also, the step size was adjusted to make sure that no 

measurement was taken on optical thicknesses that is greater than 3 mfp (mfp = 1/(µs+µa)), which 

is also dependant on the dilution factor of the samples, that means the step size were reduced on 

thick or concentrated (in higher scattering) samples.   

 

The output of Spectrophotometer is connected with a computer and data is stored after 

averaging the spectra recorded during 10 seconds for each observation, using the platform 

LabView6.5. Thus after processing these files (belonging to the particular optical phantom), the 

desired detected intensities detected by spectrometer can be obtained with respect to wide range 

spectra of wavelengths. For each optical phantom, the whole measurements (i.e. obtaining the 

detected intensities at different optical thickness) were repeated and the average of detected light 

spectra was saved as final detected spectrum, in order to minimize the unknown variations during 

the measurements. 

 

To further validate the accuracy of SCT measurements, extra measurements were also 

recorded. These measurements were taken on OP3 of milk (4 times diluted milk), OP2 of 

Vasolipid (20 times diluted), OP4 of Intralipid and OP3 of ClinOleic, similarly with the same 

procedure after de-assembled and re-assembled the whole SCT arrangement.       

 
 
7.3. SRDR measurements 

 Using the SRDR setup, the radial decay in backscattered light intensities was measured 

using an optical fiber probe with several collected fibers. These optical fibers are placed at several 

distances away from the light emitting fiber. So the detected light magnitude and spatial shape 

depends on the optical properties (scattering in our case) of samples.  

  
Figure 7.1: SRDR probe’s arrangement 
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 The right hand side of figure 7.1 shows the SRDR probe arrangement that was used in 

this study, which consisted of 5 linearly aligned fibers, with one of the rightmost fiber as 

illuminating source (S), and the other 4 fibers as  light detectors (D1 to D4). The source detector 

separations were 230µm, 460µm, 920µm and 1150µm from center-to-center for D1, D2, D3 and 

D4 respectively. The left part of figure shows in detailed the core cladding differences within the 

diameter of each detector and source. The outermost cladding of each fiber is about 10 µm thick. 

The photons would only be detected within inner circular diameter also limited with the angle of 

incidence.     

 

The same specification of light source, spectrometer and optical fibers are used as in SCT 

setup. The only difference for spectrometer is the utilization of all 5 channels that is channel 1 is 

for detecting the intensity of raw white light source, channel 2 for detector D1, and channel 3 for 

D2 and so on. The sensitivity of each channel for backscattered light that is collected by optical 

fibers attached with spectrometer was characterized and taken into account in the data processing, 

discussed later in the data processing section. At the time of performing measurements, the SRDR 

probe was manually handled vertically and submerged around 1 cm in an about 120mL beaker. 

No movement artifacts were inspected during the measurements, which means the illumination 

was homogenous throughout the whole measurements.   

 

Similar to SCT measurements, the output of the Spectrophotometer is connected with a 

computer and data is acquired by using the platform of LabView6.5 and each measurement is 

obtained in separate data file in the computer storage media. The detected intensities were 

observed for duration of 10 seconds and the binary files were recorded after getting the average 

intensity for each wavelength of that duration. For each optical phantom, the SRDR 

measurements were taken twice and the average of detected light spectra were saved as final 

detected spectrum, in order to minimize the unknown variations during the measurements. 

 
 
7.4. Calibration of SRDR spectra 

 The five channels of the spectrometer have different amplification factors. To calibrate 

the detection of SRDR intensities, the measurements of diffuse reflectance spectra for an aqueous 

mono-dispersive polystyrene micro-sphere suspension were compared. The calibration factors 

between the detecting fibers were determined using an extra measurement such that all fibers 

were illuminated equally and uniformly. For this measurement, the SRDR probe war vertically 
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submerged in a 120mL beaker containing a high scattering polystyrene sphere suspension that 

was illuminating from below by a white halogen lamp.  Thus detected intensities gave peak on 

specific wavelength and the output of each channel is then normalized with maximum detected 

amplitude among all of the channels when measured with that polystyrene suspension, so that 

obtained intensity for each detector is considered to be equal if they illuminate with equal amount 

of light. 

 
 
7.5. Spectral Data Processing 

 For both the SCT and SRDR measurements, dark spectra (Idark) for every channel were 

recorded after each measurement and than subtracted from that measurement. Also the low pass 

Butterworth filter was applied to each spectrum to eliminate the high frequency noise before 

further processing. During SRDR measurement, to compensate the variations in lamp intensity or 

color, all spectral data were normalized with simultaneously recorded lamp spectra that are 

recorded on separate channel of spectrometer. Furthermore, all measurements were normalized 

with white reference spectra (already normalized with lamp intensities illuminating from below in 

polystyrene suspension). The white reference spectra was recorded on a smooth surface covered 

with BaSO4 having the reflectivity higher than 98% in the wavelength region of 500-800nm as 

discussed in previous studies. [3][5]. 

 

 Normalization was performed by making simultaneous measurements of the two 

channels, Mmaster and Mslave, performed by using a white reference standard and correcting the 

average spectra of the measurements with source channel with the same expression discussed in 

section 5.1.2 as,   
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where, Mmaster,OP and Mmaster,whiteref are the measured intensities of detected spectra of optical 

phantoms and spectra of white reference respectively and Mslave,LS is the detected intensity of light 

source that is detected on separate channel of spectrophotometer. Thus the detected spectra on 

every channel (D1-D4) are thus normalized with same source intensity and white reference for 

each measurement. [5]. 
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7.6. Monte Carlo simulations and setting up probe geometry 

 For Monte Carlo simulations the software, “Java Monte Carlo Simulation” (Developed at 

Department of Biomedical Engineering, Linkoping University 2004-2009) was used. The 

Simulation is done on the created model of semi-infinite slab representation of optical phantom. 

And the ejection of light is modeled as a point source of light instead of having a wide diameter 

of source; this was done in order to get rid of complex computations of Monte Carlo simulations.  

A thin layer of detector is placed on the top border of optical phantom, such that light is detected 

around the point source in parallel with the top layer of modeled semi-infinite slab (OP). The 

numerical aperture of 0.37 and refractive index of 1.57 were chosen both light source and 

detector. And the refractive index of 1.33 was chosen for diluted optical phantom (same as 

water).  

 

 For simulating the model of probe geometry similar to that with SRDR arrangement 

(figure 7.1), a Matlab script was used for post processing of Monte Carlo simulated data.  As in 

MC setup, the simulated photons were detected by three-dimensional circular detector, which 

detects the photons all around to point source emission. Thus to limit the detection of photon, the 

photons on required position and diameter (as similar to SRDR probe geometry) were weighted 

during post processing of data similarly as mentioned earlier in section 6.2. 

  

 Furthermore, the photons are further weighted after taken into account the mismatch of 

refractive indexes of optical phantom, the light fiber and the photo-detector of spectrophotometer. 

For this reasons, a lookup table of detected/emitted angle and intensities of spectrophotometer 

(which was used in SRDR measurements) were also utilized to accurately model the emission and 

detection of light within the numerical aperture of spectrophotometer and thus compensate the 

actual weight of light. 

      

7.7. Determination of two-parametric phase function      

 The two-parametric phase function was determined to solve the problem by comparing 

measured SRDR spectra with simulated Monte Carlo spectra. The MC used the two parametric 

Gegenbauer-kernal phase function pGK(θ), also known as Reynolds and McCormick phase 

function [8] as discussed in section 4.1.2 and expressed as.  
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 Thus the anisotropy factor g depends on two factors, αGK and gGK. And as mentioned 

earlier, the gGK is equally to g only when αGK =0.5 (equals to Henyeh-Greenstein phase function) 

[8]. In this study, the Monte Carlo simulations were executed by injecting photons in a single 

point of created model. Initially, only 77 simulations were executed, as selected 7 values of αGK 

(that are 0.025, 0.05, 0.1, 0.2, 0.3, 0.4 and 0.5) and 11 values of g (0.7, 0.72, 0.74, 0.76, 0.78, 0.8, 

0.82, 0.84, 0.86, 0.88, 0.9) thus obtaining 7 x 11 = 77 simulations. The photon direction in the 

simulation was selected randomly based on uniformly illuminated solid angle assumption that is 

also limited by numerical aperture (NA=0.37). 

 

 The chosen grid for 77 combinations of αGK and g are however sufficient for milk, as also 

chosen by Lindbergh et al [3]. But later on after analyzing simulations for fat emulsions, it was 

realized that simulation grid is quite small for analyzing the phase function of fat emulsions. 

Hence the simulation grid is extended with added values for g (i.e. 0.5, 0.525, 0.55, ..… , 0.9) and 

added values for αGK (that are 0.01, 0.025, 0.05, 0.1, 0.2, 0.3, 0.4, 0.5, 0.7, 1.0 and 1.5).        

 

 For all the simulations, only one scattering coefficient µs,sim=12 mm-1 was used, which is 

one of the higher µs for almost all of the optical phantoms in the selected wavelength region. The 

supplementary µs stages were added in the post-processing of these simulations by scaling the 

original simulated data [3][11]. For this scaling, the optical path length and the photon detection 

point was obtained by multiplying from the original simulation by the factor µs,sim/µs. Hence for 

the all the combinations for each values of αGK and g, the simulations were recalculated with the 

SCT measured µs levels at wavelengths λ=500, 510, 520,...., 800nm for each of the five phantoms 

(OP1 – OP5). As explained earlier, the emission and detected angle dependency of SRDR was 

considered by adjusting the weight of each photon. At the end, the detected intensity at the 4 

source-detector separations (D1- D4) was computed based on at least 5.0 x 105 detected photons. 

In total, the detected intensities resulted in a MC generated multi-dimensional array with all 

dimensions of αGK and gGK along with 31λ wavelengths, 4 detectors D1-4 and 5 OP1-5 optical 

phantoms for each fat emulsion and milk. The final simulated intensity array for each sample (fat 

emulsions and milk) was denoted as IMC. Similarly the measured intensity array with dimensions 

λ, OP1-5 and D1-4 for each of the sample is denoted as Imeas. 

 

 31



In this thesis, the error functions between measured and Monte Carlo created intensities 

were minimized in the absolute calibration method by detecting the absolute calibration factor 

(Aabs) in between the simulated and measured spectra. The absolute calibration factors were 

determined using Mie theory on the detected SRDR spectra of same mono-dispersive micro-

sphere suspension as used earlier for SRDR channel calibration discussed in section 7.4. Thus the 

absolute calibration factor (Aabs) determined the final intensities at each wavelength after taken 

into account the size of micro-sphere and refractive index mismatch at each wavelength. The 

Levenberg-Marquardt algorithm was utilized in order to take αGK and g as fitting parameters, 

since multiple iterations involved to estimate the corrected values of αGK and g. The αGK and g are 

supposed to independent on OP and D and only dependant on wavelength λ.  
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 The computed minimizers are denoted as α*
GK,absl and g*

abs that gives the finest MC 

generated intensity I*
MC,abs for the absolute calibrated case. It has already mentioned that 

minimizers are wavelength dependent and thus the optimization based on relative error function 

is require to performed for all wavelength simultaneously. Furthermore for the phase function 

approximation, OP1 and OP2 were excluded from the analysis, because high concentrations of 

scattering coefficients tend to effects the value of phase function.  

    

 The validity of the above mentioned method was estimated by excluding data from 

optimization procedure, which was accomplished by reducing the measured data utilized for 

phase function approximation to either a single fiber separation or a single optical phantom of 

each fat emulsion. That results in seven different sets of α*
GK,abs and g*

abs for each fat emulsions. 

And for each of these six arrangements, I*
MC,abs was estimated for all twelve optical phantoms and 

detector combinations and then judged against to corresponding Imeas. The variation between 

simulated and measured spectra was computed as the root means square (rms) errors as,  
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8. RESULTS 

8.1. Scattering coefficients determined by SCT 

 During the SCT measurements, the maximum optical path lengths were set within the 

interval of 0.25mm (for OP1) and 2mm (for OP5) for each of the fat emulsion and milk, in order to 

ensure that mfp lied less than 3. For this setup, the probability of detection of scattered light is 

almost zero due to very small acceptance angle of collimated fiber (i.e. 0.37º). In figure 8.1, the 

scattering coefficients µs, measured by SCT is displayed as a function of wavelength for OP2-5 of 

each of the fat emulsions (ClinOleic, Vasolipid and Intralipid) and milk. The measured values of 

OP1 for all fat emulsions are excluded, due to have very large scattering values as compared to 

those of OP2-5.        

 

  
 

  
Figure 8.1: Scattering coefficient µs as a function of wavelength for OP1-5 of milk (upper left), OP2-5 for 

ClinOleic (upper right), OP2-5 for Vasolipid (lower left) and OP2-5 for Intralipid (lower right). 
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As mentioned earlier, to validate the precision of SCT measurement, few measurements 

were also taken after re-accumulate the SCT setup on some optical phantoms (that are OP3 of 

milk, OP3 of ClinOleic, OP2 of Vasolipid and OP4 of IntraLipid). Figure 8.2 shows the variation 

in between the measurements of both occasions.  

 

 
Figure 8.2: comparison of acquired measurement before and after realigned the SCT setup. Solid line: 1st 

measurement, dotted lines: 2nd measurement of corresponding optical phantoms. 
 

  
 It is clearly shown from the figure that there are not significant differences in between the 

measurements of both occasions. The average differences in between both the measured values 

were computed below 2%.  

 

 The weighted values of µs on few wavelengths are displayed as a function of dilution 

factors (optical phantoms) can be viewed in figure 8.3. The scattering coefficient of such dilutions 

showed a linear response to concentration except for OP1 (undiluted) for milk and for all fat 

emulsion at 4 times dilution (OP1). Furthermore OP2 of fat emulsions (with 20 times dilution) 

also showed slightly non-linear response on low wavelengths. 
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Figure 8.3:  Weighted values of µs as a function of dilution factor, milk (upper left), ClinOleic (upper 

right), Vasolipid (lower left) and Intralipid (lower right). 
 
 
 It can also be observed from the figure that OP2 of milk and ClinOleic also show partial 

non-linear response on low wavelengths. The linearity of scattering coefficient with respect to the 

dilution factors can also be analyzed by displaying the fractions, µs,OP5/ µs,OPi, where i=1,2,3,4 

shown in figure 8.4, where the dotted lines showed the expected values with the 

assumption that scattering coefficients (µs) have linear with respect the concentration and 

solid lines denoted the fractions of measured values. The figure validates the previous 

observations i.e. the quotients having linear response between µs and OP3-5. However the 

OP1 from all samples displayed a non-linear response, and they appeared quite below 

than the expected values (dotted lines).         
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Figure 8.4: µs,OP5/ µs,OPi, where i=1,2,3,4. Dotted lines: Expected values assuming the linear response 

between µs and concentration. Solid lines: measured values of fractions. 
 
   
 
8.2. Calibration of SRDR spectra  

 As mentioned earlier, the calibration factors in between the detectors channels were 

determined by illuminating all the fiber equally in a beaker containing a high scattering 

polystyrene suspension, which was illuminating from below by a white lamp. The detected 

spectra from this measurement were already normalized with white reference BaSO4 and are 

shown in figure 8.5. It can be observed that detector D4 has the highest amplification factor. Thus 

calibration factor for each detector is determined by dividing the highest peak of D4 by the 

maximum values of D1-D3 to obtain their corresponding amplification factor.  
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Figure 8.5: Detected spectra of polystyrene micro-sphere suspension (illuminating with lamp below and 
already normalized with white reference BaSO4). 
 
 

After normalized with white reference and with their corresponding calibration factor for 

each detector channel, the measured intensities Imeas of milk, ClinOleic, Vasolipid and Intralipid 

are shown in figures 8.6, 8.7, 8.8 and in 8.9 respectively as a function of wavelength.   

 

 

 
Figure 8.6: Imeas of milk; OP1 (upper left), OP2 (upper right), OP4 (lower left), OP5 (lower right). 

 
 

 37



  

  
Figure 8.7:  Imeas of ClinOleic; OP1 (upper left), OP2 (upper right), OP3 (lower left), OP4 (lower right). 
 
 
 

  

  
Figure 8.8: Imeas of Vasolipid; OP1 (upper left), OP3 (upper right), OP4 (lower left), OP5 (lower right). 
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Figure 8.9: Imeas of Intralipid; OP1 (upper left), OP3 (upper right), OP4 (lower left), OP5 (lower right). 
 

It would be more explicit to observe the detected intensities Imeas at each detector D1-4 for 

all OP1-5, can be viewed in figure 8.10, 8.11, 8.12 and 8.13. The intensities of OP1 for all fat 

emulsion are excluded from the figures, since they have very large intensity values as compared 

to those of OP2-5.  

 

 
Figure 8.10: Imeas of Milk; D1 (upper left), D2 (upper right), D3 (lower left), D4 (lower right) 
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It can also be observed in figure 8.10 that due to high scattering in OP1 of milk, the 

detected intensities of OP1 are non-linear and have low values particularly in short wavelengths, 

when detected at D3 and D4 (away from source).     

 

  

  
Figure 8.11: Imeas of ClinOleic; D1 (upper left), D2 (upper right), D3 (lower left), D4 (lower right) 

 
 

  

  
Figure 8.12: Imeas of Vasolipid; D1 (upper left), D2 (upper right), D3 (lower left), D4 (lower right) 
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Figure 8.13: Imeas of Intralipid; D1 (upper left), D2 (upper right), D3 (lower left), D4 (lower right) 

 
 

 
8.3. Determination of two-parametric phase function 

 Due to high scattering and non-linear behavior of scattering (µs), OP1 and OP2 were 

omitted from the phase function determination. Only spectra from OP3-5 were used to determine 

the αGK and gGK.  The obtained values of αGK and gGK are shown in left side and right side of the 

figure 8.14 respectively. It would be clear from the figures, the anisotropy factor exhibited 

decreases with the increment of wavelengths 

 
Figure 8.14: αGK (left side) and gGK (right side) of milk (o), ClinOleic(x), Vasolipid (□) and Intralipid (◊) as 
a function of wavelength.  
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8.4. Error estimation between measured and simulated intensities 

  Since the phase function approximation utilizes the subsets of optical phantoms (OP3 to 

OP5) and Detector D1-4. The range of absolute error Eabs and the average rms-errors are given by 

the equations expressed in section 5.7. For each of the Gk phase function estimated from the 

subsets [OP3-5, Dj], where j=1,2,3,4 and [OPi, D1-4], where i=1,2,3 are computed as shown in table 

below.  

 

Optical 
Phantom 

Data sets 
OPi                      Dj

Error % 
rms
absE  

[Min, Max] %

 
 
 

Milk 

OP3-5
OP3-5
OP3-5
OP3-5
OP5
OP4
OP3

D1
D2
D3
D4

D1-4
D1-4
D1-4

1.45 
3.0 
2.3 
1.5 
2.37 
1.7 
3.23 

(0.4, 3.7) 
(0.35, 7.35) 
(0.11, 5.84) 
(0.01, 3.65) 
(0.3, 5.84) 
(0.11, 3.37) 
(0.01, 7.32) 

 
 
 

Clinoleic 

OP3-5
OP3-5
OP3-5
OP3-5
OP5
OP4
OP3

D1
D2
D3
D4

D1-4
D1-4
D1-4

3.43 
4.36 
3.37 
1.82 
3.86 
1.94 
5.17 

(0.26, 8,47) 
(0.04, 13.58) 
(0.18, 7,42) 
(0.35, 3.58) 
(0.04, 8.47) 
(0.26, 3.68) 
(0.7, 13.58) 

 
 
 

Vasolipid 
 
 

OP3-5
OP3-5
OP3-5
OP3-5
OP5
OP4
OP3

D1
D2
D3
D4

D1-4
D1-4
D1-4

2.69 
3.55 
2.61 
2.35 
2.71 
2.72 
4.18 

(0.38, 5.58) 
(0.25, 8.2) 
(0.08, 6.18) 
(0.14, 6.64) 
(0.02, 6.64) 
(0.16, 4.3) 
(0.08, 8.02) 

 
 
 

Intralipid 

OP3-5
OP3-5
OP3-5
OP3-5
OP5
OP4
OP3

D1
D2
D3
D4

D1-4
D1-4
D1-4

2.7 
3.74 
3.01 
2.2 
4.02 
2.5 
3.57 

(0.11, 5.27) 
(0.58, 7.59) 
(0.04, 6.13) 
(0.1, 4.53) 
(0.13, 6.63) 
(0.02, 5.17) 
(0.04, 7.59) 

Table A 
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After approximated the two parametric phase function for each of the mentioned fat 

emulsions, the simulated intensities were estimated on the calculated values of phase function 

(αGK and g values) and after multiplying with absolute calibration factor, they are compared with 

measured spectra as shown in figures 8.15 to 8.18.  

  
Figure 8.15: Measured (solid lines) Vs Simulated (dashed lines) intensities of milk for OP3-5. Left: 

intensities detected on detector D1, Right: intensities detected on D3. 
 

  
Figure 8.16: Measured (solid lines) Vs Simulated (dashed lines) intensities of Clinoleic 20% for OP3-5. 

Left: intensities detected on detector D1, Right: intensities detected on D3

 

  
Figure 8.17: Measured (solid lines) Vs Simulated (dashed lines) intensities of Vasolipid 20% for OP3-5. 

Left: intensities detected on detector D1, Right: intensities detected on D3
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Figure 8.18: Measured (solid lines) Vs Simulated (dashed lines) intensities of Intralipid 20% for OP3-5. 

Left: intensities detected on detector D1, Right: intensities detected on D3

 
 Furthermore for milk, we have number of simulations that acquired by using different 

software of Monte Carlo simulations. The first set of simulations was acquired by the software as 

mentioned in section 7.6. The second simulation was acquired by Tobias Lindbergh and the third 

acquired by Marcus Larsson. The first two simulations were acquired by using the initial grid of 

77 values of αGK and g (i.e. αGK=0.025,,,,, 0.5 and g=0.7,,,,, 0.9). After interpolating these 

simulations on determined values of αGK and g for milk and multiplying with absolute calibration 

(Aabs), the resulted intensities values are denoted MC1, MC2 and MC3 respectively and compared 

with the measured spectra as shown in figure 8.19. 

 

  
Figure 8.19: Measured (solid lines) Vs Simulated [MC1 (◊), MC2(□) and MC3(*)] intensities of Milk for 

OP3  and OP5. Left: intensities detected on detector D1, Right: intensities detected on D3

 
 It can be seen from the figures that all the simulations are matched with the measured 

spectra. However MC1 is somehow varies on detector D1, which is near to the source but overall 

it follows the slope of measured spectra. The small variations might appear due to less number of 

detected photons acquired on raw simulations; this response would further commented in 

discussion of this report. 
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 9. DISCUSSION 

  

This study utilized a method for determination of a two-parametric phase function with 

small source-detector separations applied to liquid samples of poly-dispersive fat emulsions. The 

method includes the determination of spectrally resolved scattering coefficients by SCT, SRDR 

measurements and Monte Carlo simulations. The parameters of the Gegenbauer-Kernel phase 

function (αGK and gGK) were estimated by non linear fitting reducing the difference between 

SRDR measured and simulated spectra. The inverse technique utilized the spectral scattering 

coefficients that were separately determined using SCT measurements on the same samples that 

were used for SRDR measurements. Moreover to accelerate the inverse Monte Carlo technique, a 

post-processing scaling for µs was utilized on pre-simulated spectra (multi-dimensional data sets), 

which was based on several values of two-parametric phase function. 

 

 Assessments were executed on five different concentrations of fat emulsions and UHT-

treated milk. An absolute intensity calibration technique was performed by using a mono-

dispersive polystyrene micro-sphere suspension. For optical phantoms of milk, the measured 

intensities of SRDR measurements were also compared with three different simulated intensities 

estimated on same phase functions (see figure 8.19). The three simulations were run on different 

software developed by the Department of Biomedical Engineering at Linköping University. The 

simulated intensities (MC1-3) are matched with measured spectra. The variability of MC1 was 

higher due to a smaller number of detected photons.          

 

 
9.1. The spectral scattering coefficients 

Assuming linear relations between the concentration and scattering coefficients µs, the 

measured values of µs for OP1 of all fat emulsions were smaller then expected. Even the values of 

µs for OP2 were smaller than expected, particularly for milk dilution (see figure 8.3 and 8.4). The 

measured values of µs for OP3-5 were found to scale almost linearly with the concentrations. 

Previous studies [2][3][22] have also reported that in highly concentrated optical phantoms, the 

scattering coefficient does not scale with the volume fraction. In their work, this nonlinear 

response was observed where volume fraction of scattering particles were larger than 0.01. This 

value is further confirmed in our work considering the volume fraction of scattering particles that 
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is 0.049 for OP1 and about 0.025 for OP2 of milk. For all other fat emulsions used in this study, it 

was 0.05 and 0.01 for OP1 and OP2 respectively. 

 

 To test repeatability, a second SCT measurement was performed on some of the 

consecutive optical phantoms after realigned the setup. For these measurements, the average 

differences in calculated µs between the first and second measurements were less than 2% for 

Milk, Clinoleic and Intralipid. The average difference between both measurements on Vasolipid 

was about 3%. This measurement was taken on OP2 that is more concentrated as compared to the 

other measurements and it is somehow expected due to induction of very small path length in 

each step of SCT measurements on concentrated phantoms. Hence, with the increment of small 

distance on each step there would be chance of induction of human error, since the translational 

micro-stage used in SCT measurements was manual. 

 
 
 
9.2. Calibration of the SRDR Spectra 

 

The absolute calibration method involves spectral recordings on a different liquid, i.e. a 

single-size polystyrene microsphere solution, and the use of Mie phase function in the inverse 

Monte Carlo technique. This makes it more complicated to perform. One advantage is that it is 

independent from the measurements on the optical phantoms. A relative calibration method may 

also be used for determination of such phase functions as other done [3]. But we didn’t use 

relative method in our study, since it was estimated that it gives almost the same results as an 

absolute method gives [3]. Furthermore, the absolute calibration method is overall supposed to 

provide most precise estimations as reported by others [2][25].       

 

Absolute errors between fitted and measured intensities were estimated (see tableA in 

section 8.4) on the subsets of optical phantoms (OP) and detectors (D), using the expression as 

given in section 7.7. For milk, the absolute errors between simulated and measured data were 

similar to those reported by Lindbergh et al [3]. Considering the subsets of OP3-5 and D1-4, the 

maximum absolute errors found from 3.7% to 7.4%, while Lindbergh reported errors less than 

6.5%.  
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9.3. Determination of phase function 

 The Gk phase function was determined by utilizing twelve different combinations of 

optical phantoms and source-detector separation through absolute calibration method that is on 

OP3-5 and D1-4, since OP1 and OP2 are omitted from the analysis due to non-linear scattering 

responses as discussed earlier. Hence, utilizing OP3-5 and D1-4, the Gk phase function was 

determined as a function of wavelengths for all fat emulsion. It is however reasonable to select 

the small source-detector separations at 0.23 mm and not larger than 1.15 mm, since a 

comparatively larger separation was used in a previous study [3], while data from the larger 

source-detector separation was omitted from the analysis due to very low intensities detected on 

it. Also, the effect of the phase function on the intensity at larger distances is small. 

 

Although, Mie theory is likely to utilized to describing the light scattering in liquid 

phantoms [4][23]. However, if Mie theory phase function would be employed in MC simulations 

used in the phase function approximation technique, every particle size would correspond to one 

dimension in IMC. This means that in liquids that contain various sizes of different scattering 

particles, such as in fat emulsions, the quantity of data in that array would be too big and overall 

time required for MC simulations would unrealistic. Even though a number of solutions to 

inverse implementation of MC algorithms have been suggested as the particle sizes increases, but 

the complexity of finding the scattered size distribution is still been reported by researchers 

[2][3].     

 

 The initial selected grid for Gk phase function of αGK (0.025 to 0.5) and g (0.7 to 0.9) 

suggested for MC simulations were sufficient for analyzing the milk as suggested by Lindbergh et 

al [3]. However, it was found that this grid did not cover the parameter values for the phase 

functions of other fat emulsions. This was also confirmed after taken into account the suggested 

values of phase functions by Michels et al [2]. Thus, the simulation grid was later on extended as 

αGK (from 0.001 to 1.5) and g (0.5 to 0.9) and phase functions for all fat emulsions were 

determined by utilizing this extended grid. 

  

 Apparently, the detected g values for milk (about 0.8 to 0.71) are to some extent smaller 

than those of Lindbergh et al [3] (about 0.85 to 0.81). Furthermore it is also notify that αGK values 

for milk in this study (0.01 to 0.15), are significantly smaller as compared with those of 

Lindbergh et al (0.15 to 0.35). The smaller values for g in this study are expected, since αGK 
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corresponds to the size of scattering particles as described by Reynold and McCormick [8]. 

Hence the smaller values of αGK corresponding to small particles sizes which in turn corresponds 

to smaller values of the anisotropy factor g [1][12]. We used the same brand of milk that 

Lindbergh et el [3] used in their study but the variation would be expected in the contents of milk 

of same brand due to production processes variation with time and/or due to storage condition of 

products [24][28].  

 

On the other side αGK for all other fat emulsions are quite larger as compared to milk. But 

the determined values of anisotropy factor g are comparatively smaller than what Michels et al 

[2] presented. The g values for Intralipid and Vasolipid are not significantly different, but the 

determined g values of Clinoleic are significantly smaller than those of Michels. However these 

differences are not beyond the expectations, since there is also lot of issues regarding the 

difference in brands of fat emulsions utilized in both studies. Furthermore, it should also be noted 

that the values may vary with temperature, different pasteurization and homogenization processes 

and dilution etc, within the allowed tolerances as suggested by the manufacturers. [3][24]. 
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10. CONCLUSION 

  

In conclusion, this thesis validates the reverse Monte Carlo method for estimating two 

parametric Gegenbauer-kernel phase functions on various solutions of fat emulsions. The 

estimated phase function accurately describes the propagation of light in polydispersive scattering 

liquids. Intensity calibration of measured SRDR spectra was done by separate measurement of 

mono-dispersive polystyrene sphere suspension i.e. for the compensation of measured-simulated 

amplification differences. The deviations between fitted and measured spectra were similar to 

those from previous studies utilizing the same technique.     

 

This method yielded the estimations of phase functions which were comparable with 

those that were presented in early studies. The observed differences in the phase functions could 

be expected even in the same brands due to various time varying production processes and 

difference in storage conditions. These varying processes and conditions are actually responsible 

for the change in size distributions of fat particles, which leads to a change in the estimated phase 

functions of fat emulsions from the same brand. Thus such variations in particles size 

distributions should also be considered in order to precisely estimate the light propagations inside 

these fat emulsions.             
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