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Abstract: Light-tissue interaction is common in clinical treatments and medical research, therefore investigation of light 
path in irradiated tissues is of high importance. In this research, reflected light intensity measurements from different 
homogeneous phantoms, combined with numerical simulations, have been used for the investigation of phantoms 
absorption properties. Our results suggest a good fitting between the theoretical model and the random walk simulations, 
enabling the extraction of the lattice absorption parameter. Yet, as long as low scattering phantom experiments are 
concerned, the photon migration model does not provide an adequate description for the phantom absorption coefficient 
extraction.  
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1. INTRODUCTION 

 Most optical-physiological diagnoses are based on the 
insertion of light, with known parameters, to a tested tissue, 
followed by the measurement of the reemitted light. Changes 
in the spectrum and intensity of the reemitted light, com-
pared to the injected light, result from interactions of the 
irradiated light with the tissue components [1, 2]. 
 Tissues can be physically characterized by their optical 
parameters. The optical properties of human tissues, such as 
the absorption coefficient µα, the scattering coefficient µs, 
and the anisotropy factor g, which represents the direc-
tionality dependence of light propagating inside the tissue, 
reflect the composition and the physiological dynamics of 
the tissue. Whereas µα is mainly related to tissue chromo-
phores [3-5], µs and g reflect the form and concentration of 
the scattering components in the irradiated tissue [6, 7].  
 Each tissue contains many components in which scatter-
ing and absorption processes can occur. Multiple scattering 
results in more light absorption due to prolongation of the 
optical path-length. The extent of light absorption depends 
on the wavelength of light, tissue optical characteristics, such 
as the absorption coefficient, and the distribution of absor-
bers in the tissue through which it propagates. 
 Despite the complexity of light path through tissues, 
many applications were and are being developed based on 
tissue irradiation for clinical or diagnostic purposes [8-10]. 
Therefore, many researches present the influence of tissues' 
optical parameters on the light path inside. These include, 
e.g., the effect of anisotropic optical properties on the photon 
migration [11], the time of flight and photon path length [12] 
 

 

*Address correspondence to this author at the School of Engineering and the 
Institute of Nanotechnology and Advanced Materials, Bar-Ilan University, 
Ramat Gan, 52900, Israel; Tel: +972-3-5317598; Fax: +972-3-7384050;  
E-mail: Dror.Fixler@biu.ac.il 

and the penetration depth in irradiated tissue [13-15]. A com-
prehensive study of different tissues, representing different 
spatial distribution of the tissues’ optical components and 
their response to irradiated light, is still under investigation 
[16-19]. 
 One of the most simple tools which has been theoreti-
cally proved useful for tissue's optical parameters investi-
gation is the photon migration model by Bonner R.F. et al., 
[20]. This model enables one to study reflected light inten-
sity measurements in several distances on the tissue surface, 
from which one can deduce tissue optical properties such as 
the absorption parameter µ. 
 The model simplest version is the homogeneous tissue 
[20] (see Fig. 1), in which a single set of absorption and 
scattering parameters describes the lattice. The transverse 
coordinate is ρ=(x,y), and the positive z axis is pointing into 
the tissue. The tissue interface, z=0, is assumed to be a 
totally trapping surface. Radiation is injected into the tissue 
through the origin (0,0,0) and photons then randomly diffuse 
within the tissue. Photons eventually either reach the upper 
surface z=0, where they can be detected and disappear from 
the system [20, 21], or they go through an internal absorp-
tion. The intensity profile of the reflected radiation, Γ(ρ), 
was shown by Bonner R.F. et al. [20] to be given by: 
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  (1) 
from which one can infer the value of the lattice absorption 
parameter, µ. This equation can be rewritten as: 

  
ln(!2"(!)) = c # ! 6µ   (2) 

where c is a constant, depending on the lattice absorption 
parameter µ. Hence, the slope of  ln(!2"(!)) should yield µ of 
the irradiated sample. 



On Phantom Experiments of the Photon Migration Model in Tissues The Open Optics Journal, 2011, Volume 5     29 

 
Fig. (1). A discrete lattice representing a homogeneous biological 
tissue in the photon migration model. The full line presents the 
trajectory of a reflected photon that arrived to the detector while the 
dashed line presents a trajectory of a photon that was absorbed 
within the lattice. 

 This model, and its later versions, were intensively dis-
cussed in the literature [13, 22-24]. Researchers have pro-
posed different methods to determine quantitatively absorp-
tion and reduced scattering coefficients, by using spatially 
[24, 25] and/or temporally resolved measurements [26-29]. 
Diffusion theory or Monte Carlo simulations have been 
commonly used to relate the measured light intensity to the 
optical parameters [16, 30-32]. Still, an adequate relation 
between experimental results and the theoretical approaches 
of the photon migration model is not well established yet. 
 Our aim, in this current study, is to use Eq. 2 and suggest 
an experimental method for the extraction of irradiated 
phantom optical properties. In the current study we present 
simulations of reflected light intensity from homogeneous 
lattices owning different absorption properties. In addition, a 
non invasive optical technique for reflected light intensity 
measurements is presented. As irradiated samples we used 
solid phantoms with different absorption properties. The 
reflected intensity was measured in several source-detector 
distances (ρ) and was analyzed using Eq. 2 in order to 
deduce the absorption parameter of the irradiated phantom.  

2. MATERIALS AND METHODOLOGY 

2a. Simulation of Reflected Light Intensity Profile from a 
Lattice  

 Simulations of photon migration within a lattice, repre-
senting a biological tissue, were performed in order to 
substantiate and extend the experimental results. The main 
assumptions of the simulations correspond to the photon 
migration model [20], as follows:  
(1)  Photons were represented as random walkers, migrat-

ing within a semi-infinite three-dimensional medium;  
(2)  Photons were injected, without reflection, into a single 

point on the lattice plane z=0, while the positive 
direction of z was into the surface. The first location 
of a photon was (0,0,1);  

(3)  The probability for a photon to survive at each lattice 
step was exp(-µ);  

(4)  The mean scattering length was taken to be one lattice 
unit;  

(5)  When photons return to the surface z=0 they were 
emitted from the system. 

 In each lattice surface point (x,y,0), the number of pho-
tons reaching the point was counted. The simulation dis-
played the radial distribution of reflected photons around the 
injection point to perform a simulated Γ(ρ) and  

ln(!2"(!))  
graphs. Different absorption parameters were simulated 
(µ=0.01, 0.04, 0.1, 0.2) and the absorption parameters were 
calculated from the graphs’ slopes, using Eq. 2. 

2b. The Irradiated Sample 

 Solid phantoms, with different absorption coefficients, 
were prepared in order to simulate skin tissues with different 
optical properties. The phantoms were prepared using Indian 
Ink 0.1%, as an absorbing component, Intralipid (IL) 20% 
(Lipofundin MCT/LCT 20%, B. Braun Melsungen AG, 
Germany), as a scattering component [33] and agar powder, 
in order to convert solution into gel. The phantom was 
prepared in cell culture plates (90 mm) and was cooled in 
vacuum conditions (to avoid bubbles). Three phantoms with 
different absorption coefficients were prepared. Each 
phantom was prepared using 2 ml of IL 20% and increasing 
volumes of Indian ink 0.1%: 1, 1.5 and 3 ml. The absorption 
coefficients were: µα= 0.0064, 0.0096 and 0.0192 mm-1 
respectively, which were chosen according to the skin optical 
properties presented by Dam J.S. et al. [34]. 

2c. The Experimental Set-Up  

 A non invasive optical technique was designed and built 
(NEGOH-OP TECHNOLOGIES, Israel) for reflected light 
intensity measurements. The set-up included a laser diode, as 
an excitation source, with a wavelength of 650 nm. As photo 
detectors, we used four portable photodiodes, where each 
photodiode was deposited in a different distance ρ on the 
sample surface in order to enable Γ(ρ) measurements (see 
Fig. 2). The irradiation was carried out using an optic fiber 
with a diameter of 125 µm. Each photodiode had a width of 
about 0.3mm (300µm). The distance between the light 
source and the first photodiode was ~1 mm. A continuum 
reflected light intensity measurement was enabled using a 
micrometer plate on which the phantom was deposited. The 
reflected light intensity was collected from ~200 source-
detector distances, with a distance of 20 µm in between. 
Thus, the initial ρ was 1mm (the distance between the light 
source and the first photodiode), the second ρ for the first 
photodiode was 1.02 mm, the third was 1.04 mm and so on. 
The maximal ρ that the fourth photodiode arrived was ~9 
mm since the entire array (of length ~5mm) moved 200 steps 
of 20 µm each. The maximal distance in which the signal to 
noise ratio was high enough to give an appropriate decaying 
character was 5 mm. The reflected intensity was collected 
using a digital scope (Agilent Technologies, Mso7034a, 
Santa Clara, CA) and the data was processed using the 
MATLAB program.  
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3. RESULTS 

3a. Simulations  

 Simulations of reflected light intensity from lattices with 
different optical properties were performed, according to the 
description in section 2a. Photons penetrate into the lattice 
and advance randomly in it. In each lattice point, the photon 
is either being absorbed, with a probability of (1-exp(-µ)), or 
is survived and scattered to one of its six nearest neighbors 
(x±1, y±1, z±1) with a probability of exp(-µ). Simulations 
were performed assuming several absorption coefficients. 
The lattice surface dimensions were (2000 X 2000) lattice 
points. The logarithmic graphs of the reflected light intensity 
are shown in Figs. (3a and 3b).  

 The simulation results present the predicted dependence 
of the reflected light intensity profile on the lattice absorp-
tion parameter: the higher is the value of the absorption 
parameter the sharper is the decay of the reflected light 
intensity profile. This is in agreement with Eq. 1, where the 
absorption parameter (µ) is presented in the exponential 
decay term. Moreover, the slopes in Fig. (3b) calculated 
according to Eq. 2, fit well the simulation lattice absorption 

parameters: 0.01, 0.04, 0.1, and 0.2. The absorption para-
meters, calculated from each graph slope, were: 0.015± 
0.004, 0.052±0.005, 0.115±0.005, 0.26±0.02 respectively. 
These simulation results suggest that the approximated term 
of 

 
ln(!2"(!))  is adequate for the absorption parameter 

deduction of irradiated scattering and absorbing media.  
 Our next step was to experimentally measure the reflec-
ted light intensity profile from phantoms with different 
absorption coefficients in order to extract the absorption 
parameter of each phantom using Eq. (2) above.  

3b. Measurements  

 Reflected light intensity from different phantoms (as 
described in section 2b. above) was measured using the 
experimental set-up described in section 2c. Representative 
results of the reflected light intensity profile from three 
different phantoms are presented in Fig. (4). 
 Fig. (4a) presents the reflected light intensity measured 
(in logarithmic scale) from the different homogeneous 
phantoms. The experimental results fit well the simulations 

 
Fig. (2). A schematic description of the experimental set-up for linear reflected light intensity measurements. The laser diode wavelength 
was 650 nm. The photodiodes were in close contact with the phantom surface. The micrometer plate moved ~200 steps of 20 µm each, 
enabling continuous measurements of the spatial reflectance from the phantom from 1 mm up to 9 mm from the laser diode position. 

    
 (a) (b) 

Fig. (3). Simulated reflected light intensity profiles at the surface z=0 (a) in logarithmic scale. (b) The ))(ln( 2 !! "  decay graphs. The 
absorption parameters are per lattice step. The resulted absorption parameters, calculated using Eq. 2, were: 0.015, 0.052, 0.115 and 0.26.  
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character; the larger is µα the sharper is the graph slope. The 
phantoms absorption coefficients were 0.0064, 0.0096 and 
0.0192 mm-1 and the graphs slopes present the increasing 
values of: 0.42, 0.47 and 0.56, respectively. 

 Yet, Fig. (4b) presents a non expected result for 

 
ln(!2"(!)) : instead of the linear decay, predicted by Eq. 2 
and also observed by our simulations, these graphs present a 
non linear increase. These results suggest that the diffusion 
approximation for light path within a tissue, as described by 
Eqs. 1 and 2, might not be adequate for our phantom experi-
ments as long as the IL concentration is 0.8 % and ρ<5 mm. 

 
Fig. (4). Reflected light intensity from homogeneous phantoms as a 
function of the distance ρ. (a) The decrease of ln(Γ(ρ)), presenting 
the decaying character of the different µ reflectance. (b) The 
increasing ))(ln( 2 !! " profile. 

4. DISCUSSION AND SUMMARY 

 The dependence of reflected light intensity profile on the 
tissue optical properties was intensively discussed [20, 35, 
36]. The above described photon migration model presents a 
very simple tool for the tissue optical properties deduction, 

using reflected intensity analyses. The extraction of the 
phantom optical properties can be used as a proof for the 
validity of the photon migration model for light path within 
an irradiated tissue. 
 In the present study, computer simulations and a non 
invasive optical technique for reflected light intensity profile 
measurements from phantoms were presented. The reflect-
ance was analyzed using the photon migration model for 
light path within the tissue. The simulation results agreed 
with the theory (Eq. 1). Yet, the experimental results present 
a partial fitting to the model equations: while Fig. (4a) 
presents a behavior similar to the decay predicted by Eq. (1), 
Fig. (4b) does not agree with the reflectance behavior 
presented by Eq. 2.  
 A possible reason could have been the anisotropic 
correction for the photon migration model [23] that was not 
considered in this presented research. Yet, the anisotropic 
version for light path within a tissue suggests that this 
correction is significant in short distances only (ρ<2 lattice 
units, while one lattice unit was suggested to be 0.1 mm 
[20]) while our results present a non-expected behavior in 
large distances (>2 mm) on the phantom surface as well. 
 Another possible reason might be the low scattering 
properties of the phantom (% IL = 0.8) that causes low 
reflected light intensity. Thus, by the multiplication of Γ(ρ) 
with ρ2 one gets the increasing graphs, corresponding with 
the increasing ρ2. Higher values of IL concentration should 
present higher reflected light intensity and the multiplication 
with ρ2 will not change the decaying character of Γ(ρ), as 
presented by Fig. (4a). In order to test this suggestion, 
additional experiments are required. 
 However, the partial dependence of the experimental 
reflected light intensity graphs’ slopes with the absorption 
values of the phantom (as presented in Fig. (4a)) indicates 
that reflected light intensity measurements can be used as a 
diagnostic tool for different tissues and their physiological 
condition. Fig. (4b) suggests that further investigation is 
required in order to extract a phantom absorption parameter 
from reflectance light intensity measurements.  

REFERENCES  
[1] Groenhuis RAJ, Ferweda AH, Ten Bosch JJ. Scattering and 

absorption of turbid materials determined from reflection 
measurements. 1: Theory. Appl Opt 1983; 22: 2456-62. 

[2] Groenhuig RAJ, Ten Bosch JJ, Ferwerda HA. Scattering and 
absorption of turbid materials determined from reflection 
measurements. 2: Measuring method and calibration. Appl Opt 
1983; 22: 2463-7. 

[3] Feather JW, Ellis DJ, Leslie G. A portable reflectometer for the 
rapid quantification of cutaneous haemoglobin and melanin. Phys 
Med Biol 1988; 33: 711-22. 

[4] Franceschini MA, Gratton E, Fantini S. Noninvasive optical method 
of measuring tissue and arterial saturation: an application to 
absolute pulse oximetry of the brain. Opt Lett 1999; 24: 829-31. 

[5] Ankri R, Lubart R, Taitelbaum H. Estimation of the optimal 
wavelengths for laser-induced wound healing. Laser Surg Med 
2010; 42: 760-4. 

[6] Hielscher AH, Mourant JR, Bigio IJ. Influence of particle size and 
concentration on the diffuse backscattering of polarized light from 
tissue phantoms and biological cell suspensions. Appl Opt 1997; 
36: 125-35. 

[7] Mourant JR, Freyer JP, Hielscher AH, Eick AA, Shen D, Johnson 
TM. Mechanisms of light scattering from biological cells relevant 



32     The Open Optics Journal, 2011, Volume 5 Ankri et al. 

to noninvasive optical-tissue diagnostics. Appl Opt 1998; 37: 3586-
93. 

[8] Jobsis FF. Noninvasive infrared monitoring of cerebral and 
myocardial oxygen sufficiency and circulatory parameters. Science 
1977; 198: 1264-7. 

[9] Villringer A, Chance B. Non-invasive optical spectroscopy and 
imaging of human brain function. Trends Neurosci 1997; 20: 435-
42. 

[10] Elter P, Seiter E, Karch T, Stork W, Muller-Glaser KD, Lutter N. 
Noninvasive real time laser doppler flowmetry in perfusion regions 
and larger vessels. SPIE Proc 1998; 3570: 244-54. 

[11] Dagdug L, Weiss GH, Gandjbakhche AH. Effects of anisotropic 
optical properties on photon migration in structured tissues. Phys 
Med Biol 2003; 48: 1361-70. 

[12] Zaccanti G, Alianelli L, Blumetti C, Carraresi S. Method for 
measuring the mean time of flight spent by photons inside a volume 
element of a highly diffusing medium. Opt Lett 1999; 24: 1290-2. 

[13] Weiss GH. Statistical properties of the penetration of photons into a 
semi-infinite turbid medium: a random-walk analysis. Appl Opt 
1998; 37: 3558-63. 

[14] Del Bianco S, Martelli F, Zaccanti G. Penetration depth of light re-
emitted by a diffusive medium: theoretical and experimental 
investigation. Phys Med Biol 2002; 47: 4131- 44. 

[15] Guo X, Wood MFG, Vitkin A. A Monte Carlo study of penetration 
depth and sampling volume of polarized light in turbid media. Opt 
Commun 2008; 281: 380-7. 

[16] Pham TH, Bevilacqua F, Spott T, Dam JS, Tromberg BJ, 
Andersson-Engels S. Quantifying the absorption and reduced 
scattering coefficients of tissuelike turbid media over a broad 
spectral range with noncontact Fourier-transform hyperspectral 
imaging. Appl Opt 2000; 39: 6487-97. 

[17] Maiorova AM, Kotova SP, Rakhmatulin MA, Yakutkin VV. Fiber-
optic backscattering profile measurements for determination of the 
optical coefficients of turbid media. J Russ Las Res 2003; 24: 1-13. 

[18] Sviridov A, Chernomordik V, Hassan M, et al. Intensity profiles of 
linearly polarized light backscattered from skin and tissue-like 
phantoms. J Biomed Opt 2005; 10: 14012. 

[19] Garcia-Uribe A, Smith EB, Zou J, Duvic M, Prieto V, Wanga LV. 
In-vivo characterization of optical properties of pigmented skin 
lesions including melanoma using oblique incidence diffuse 
reflectance spectrometry. J Biomed Opt 2011; 16: 1-3. 

[20] Bonner RF, Nossal R, Havlin S, Weiss GH. Model for photon 
migration in turbid biological media. J Opt Soc Am 1987; 4: 423-
32. 

[21] Ben-Avraham D, Taitelbaum H, Weiss GH. Boundary conditions 
for a model of photon migration in a turbid medium. Lasers Life Sci 
1991; 4: 29-36. 

[22] Gandjbakhche AH, Bonner RF, Nossal R, Weiss GH. Absorptivity 
contrast in transillumination imaging of tissue abnormalities. Appl 
Opt 1995; 35: 1767-74. 

[23] Gandjbakhche AH, Nossal R, Bonner RF. Scaling relationships for 
theories of anisotropic random walks applied to tissue optics. Appl 
Opt 1993; 32: 504-16. 

[24] Farrell TJ, Patterson MS, Wilson B. A diffusion theory model of 
spatially resolved, steady-state diffuse reflectance for the 
noninvasive determination of tissue optical properties in vivo. Med 
Phys 1992; 19: 879-88. 

[25] Kienle A, Lilge L, Patterson MS, Hibst R, Steiner R, Wilson BC. 
Spatially resolved absolute diffuse reflectance measurements for 
noninvasive determination of the optical scattering and absorption 
coefficients of biological tissue. Appl Opt 1996; 35: 2304-14. 

[26] Fishkin JB, Coquoz O, Anderson ER, Brenner M, Tromberg BJ. 
Frequency-domain photon migration measurements of normal and 
malignant tissue optical properties in a human subject. Appl Opt 
1997; 36: 10-20. 

[27] Fantini S, Franceschini MA, Fishkin JB, Barbieri B, Gratton E. 
Quantitative determination of the absorption spectra of 
chromophores in strongly scattering media: a light-emitting-diode 
based technique. Appl Opt 1994; 33: 5204-13.  

[28] Mitic G, Ko¨lzer J, Otto J, Plies E, So¨lkner G, Zinth W. Time-
gated transillumination of biological tissues and tissuelike 
phantoms. Appl Opt 1994; 33: 6699-710. 

[29] Tromberg BJ, Coquoz O, Fishkin JB, et al. Noninvasive 
measurements of breast tissue optical properties using frequency-
domain photon migration. Philos Trans R Soc Lond Ser B 1997; 
352: 661-8. 

[30] Bevilacqua F, Marquet P, Coquoz O, Depeursinge C. Role of tissue 
structure in photon migration through breast tissues. Appl Opt 
1997; 36: 44-51. 

[31] Kotova SP, Maiorova AM, Yakutkin VV. Determination of optical 
parameters of a medium by the profile of backscattered radiation. 
Phys Quant Opt 2003; 95: 421-6. 

[32] Mizushima Y. Theory of optical analysis of inhomogeneous turbid 
textures. Opt Rev 2009; 16: 262-8. 

[33] Suresh Anand BS, Sujatha N. Effects of Intralipid-10% in 
fluorescence distortion studies on liquid-tissue phantoms in UV 
range. J Biophotonics 2010; 4: 92-7. 

[34] Dam JS, Pedersen CB, Dalgaard T, Fabricius PE, Aruna P, 
Andersson-Engels S. Fiber-optic probe for noninvasive real-time 
determination of tissue optical properties at multiple wavelengths. 
Appl Opt 2001; 40: 1155-64. 

[35] Nossal R, Kiefer J, Weiss GH, Bonner R, Taitelbaum H, Havlin S. 
Photon migration in layered media. Appl Opt 1988; 27: 3382-91. 

[36] Taitelbaum H, Havlin S, Weiss GH. Approximate theory of photon 
migration in a 2-layer medium. Appl Opt 1989; 28: 2245-9. 

 

Received: May 15, 2011 Revised: September 08, 2011 Accepted: November 09, 2011 
 
© Ankri et al.; Licensee Bentham Open. 
 

This is an open access article licensed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/by-
nc/3.0/), which permits unrestricted, non-commercial use, distribution and reproduction in any medium, provided the work is properly cited. 
 
 
 


