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Abstract: Optical sensing methods for real-time inspection of biological tissues are of considerable 
interest in investigating polarization properties of light backscattered from turbid media. Although 
tissue multiple scattering randomizes incident polarization states, linear, circular and elliptical po-
larization states are considered, and there are circumstances when appreciable degree of polariza-
tion can be observed in diffusive scattering. Our work has shown the sufficient degree of sensitivity 
to detect structural changes due to the aging of processed meat. Moreover, it demonstrated that the 
degree of polarization of the backscattered light is sensitive to the optical properties of specimen 
material and to its thickness. 
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1. INTRODUCTION 

The propagation of laser light in tissue is a question of growing concern in many, mainly medical 
applications. Numerous models that predict fluence rates in tissues, or reflection or transmission  of 
light by tissue have been developed [1-3]. The accuracy of these models is ultimately depending 
upon how well optical properties of these tissues are known. Optical parameters are obtained by 
converting measurement of observable quantities (e.g. reflection) into parameters which character-
ize light propagation in tissue [4,5]. The conversion process is based on a particular theory of light 
transport in tissues [6]. 

In past years many different quantities have been reported [7-9], e.g. total attenuation coefficient, 
effective attenuation coefficient, the effective penetration depth, the absorption and scattering coef-
ficients, and the anisotropy factor for variety of tissues for different light wavelengths. The majori-
ty of these results are based upon approximations to the radiative transfer theory (e.g., diffusion 
theory) [10]. Yet sufficient variations in model assumptions (isotropic-anisotropic scattering, or 
matched-mismatched boundaries), measurement techniques, experimental apparatus, calibration 
scheme, and biological heterogeneities exist that effort to extract average value for different tissue 
types is complicated.  

The studies in the exact back-scattering direction are therefore attractive for two reasons – there is 
the expectation of non-vanishing polarization signals even in extremely thick turbid media, and this 
configuration is practically convenient, and sometimes unavoidable, for biomedical investigations. 
It is important to quantify the effect of tissue optics on the polarization properties of back-scattered 
light. For example, since the degree of polarization (DOP) surviving in a random media generally 
decreases as the optical path-length increases, one would assume that limiting light penetration by 
increasing tissue absorption would enhance polarization preservation, albeit at the expense of re-
ducing the overall reflectance intensity. In this paper, a novel application of a polarization modula-
tion method is used to investigate the aging dependence of DOP of the scattered polarized light in 
biological tissue post mortem. 



2. MODIFIED PULSE VECTOR RADIATIVE TRANSFER EQUATION 

A number of methods have been proposed for measuring optical properties of biological tissues. 
There can be divided into two groups: direct and indirect ones. In direct techniques, optical proper-
ties are found using nothing more complicated than Lambert-Beer’s law [1,11]: 

0log ,
I

A C
I

α
 

= = 
 l

l                (1)  

where A is absorbance, IO incident light intensity, Iℓ transmitted intensity, α absorptivity,  ℓ optical 
path length, and C concentration of the medium. 

The examples of direct methods are unscattered transmission measurements, effective attenuation 
measurements, and goniometric measurements of the single scattering function. In more complicat-
ed indirect methods, it is necessary to use a theoretical model of light scattering. Due to this fact, 
we distinguish iterative and non-iterative methods. 

Non-iterative method uses equations in which optical properties are explicitly given in terms of the 
measured quantities. As example, the Kubelka-Munk [10] and three-flux [12] models are non-
iterative, indirect methods. In indirect, iterative methods, the optical properties are implicitly relat-
ed to measured qualities.  The values for optical properties are iterated until the calculated reflec-
tion and transmission match the measured values [13]. These methods are much more cumbersome 
to use, but the optical model employed can be much more sophisticated than the non-iterative 
methods.    

For a narrow band and plane-parallel medium case, the time-dependent vector radiative transfer 
equation is Fourier transformed to obtain the following modified frequency domain vector radiative 
transfer equation [14]: 
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where ω  is the normalized frequency, the optical distance τ_  defined by  τ = ρσtz,  where ρ  is the 
number density, σt is the total-cross section of a single particle, and z is the actual distance. Note 
that τo is the optical depth defined byτ o = ρσtL where L is length of the slab of the random medi-
um, the scattering matrix [S] is calculated from Mie scattering [15, 16].  The time-domain diffuse 
Stokes vector [Id] is then given by 
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where t is normalized with respect to the propagation time.  It is important to note that Eq. (2) is 
modified from the vector radiative transfer to obtain stable frequency-domain solutions. Eq. (2) is 
numerically solved using the discrete ordinate method and Fourier series decomposition in the azi-
muthal direction.  For linear polarization, two Fourier components are needed while for circular po-
larization, one Fourier component with two separate equations is needed.  The degree of polariza-
tion (DOP) and the cross-polarization discrimination (XPD) were defined from Stokes parameters 
[15] by 
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3. EXPERIMENTAL 

There are several experimental systems capable of detecting weak polarization signals in the pres-
ence of large diffusive background for light scattered from a random biological medium [17]. For 



our purpose the best setup is depicted in Fig.1 [18]. Its optical part consists of a He–Ne laser source 
(λ = 632.8 nm), a linear polarizer, a 50 kHz photoelastic modulator (PEM) to enable time-varying 
polarization states to impinge on the beam splitter and then onto the turbid sample, and an analyz-
er/photodetector combination to measure the scattered light intensity and the polarization properties 
of the scattered light. Electrical part then consists of the lock-in and transimpedance amplifiers en-
able sensitive synchronous measurement of the resultant photocurrent. A mechanical chopper in 
optical path operating at ~ 150 Hz is also used; when tuned to its rotation frequency, the lock-in 
measures the overall light intensity, and when tuned to the PEM’s oscillation frequency (and its 
harmonics), the lock-in signal is sensitive to the polarization fraction that has survived the sample 
interactions. The beam splitter is present to enable detection of light that emerges from the sample 
centered on the exact backscattering direction. 

 

Figure 1: Schematic of the experimental system for measuring polarization properties of back-
scattered diffusely reflected light from a turbid biological sample.  

The photoelastic modulator (oriented at 6° off normal incidence with respect to the incident beam 
direction, to negate the effects of modulated specular interference) oscillates in the plane of the op-
tical table. The polarizer is at 45° with respect to the plane of the optical table, and the orientation 
of analyzer is set to rotate in the 0–360° range. D1 and D2 are pinhole diaphragms. 

4. RESULTS 

For a purpose of our investigation, we have used a porcine meat as a sample, cut in slices of            
1.0-5.0 mm thick and sandwiched by a pair of microscope cover glasses. The slices were cut paral-
lel or perpendicularly to the muscle fibers as normally made at the butcher´s shop. Due to the fact 
that meat as biological tissue is a chiral medium, it is optically active and curls a linear polarization 
plane. Therefore this rotation is one of the characteristics of aging process within muscle fibers. 

Figure 2 displays an angular dependence of polarized light for samples of thickness 2.0 mm for 
measurement without turbid scattering sample and two parallel and perpendicular muscle orienta-
tions to the cutting plane. Following Fig.3 represents calculated DOP on a thickness of the meat 
layers. Next we have examined how polarization degree was related to the thickness of the sample.  
Figure 3 shows the result for slices with thickness of 3.0 mm where muscle fiber directions were 
aligned perpendicularly to the cover glass. The quantity of DOP was calculated from Eq.(4). Obvi-
ously, it is recognized that the polarization is changed with the meat thickness. This is caused by 
the multiple scattering which makes the polarization states more uniform. But it is surprising that 
although scattered light has almost random characteristics, the polarization degree > 40% at the 
thickness of 1.0 mm is maintained. 

Finally, we investigated the relationship between the polarization changes and meat freshness. Fig-
ure 4 shows the result for the chicken breast meat of thickness 1.0 mm. Rotating characteristics of 
the light polarization were measured in Fig. 4 every 5 minutes during 180 minutes for a commer-



cial chicken sample with the muscle fiber orientation parallel to the cover glass. We can see that the 
degree of polarization decreases with time after slicing.  

  
Fig.2: Angular dependence of polarization di-
rections of diffused light for two meat samples 
sliced along the muscle fibers and orthogonally 
to them. 

Fig. 3: Dependence of degree of polarization 
(DOP) on a thickness of meat slices (Eq.4). 

 

Fig. 4: Change of polarization degree vs. meat aging time after slice processing. 

4. CONCLUSIONS 

Optical properties of biological tissues are vital for the medical and food quality control investiga-
tions. We have found that the diffused light has the polarization depending on direction of muscle 
fiber. As the scattering coefficient of the porcine meat µs is about 27 mm-1, the average free path of 
light without collision would of 37µm. 

In such a case, the transmitting light would at least experience the scattering events over 30 times 
for the 1.0mm thick meat. The DOP tends to be reduced with the scattering times. On the other 
side, the polarization is partly maintained for 1.0mm thick meat. However a deviation from the si-
nusoidal intensity profile indicates various orientated polarizations. Further, from the polarization 
rotation profiles and DOP, we could guess the time passage from the processing time of meat for 
food estimated by the statistical method of PLS regression with the precision of 20.2 minutes. 
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