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Abstract- Recently, thermal treatment has been used for collagen 

tightening and tissue contour enhancement. It is important to 

monitor the condition of collagenous tissue during and immediately 

after thermal treatment. When collagen is denatured, birefringence 

is reduced and a change in polarization state occurs. In this study, 

Monte Carlo simulation for polarized light was used to calculate the 

degree of linear polarization (DOLP) of backscattered light from 

thermally damaged porcine skins and the results were evaluated by 

comparison with the Mueller matrix. We observed a decrease in the 

DOLP and a rapid change in the colored regions of the Mueller 

matrix at temperatures ranging from 55 to 65°C. This could be 

attributed to the reduction of birefringence from thermal 

denaturation in the tissue. The DOLP method has a potential 

implementation in a real-time closed-loop feedback system with 

various thermal treatment methods by measuring the birefringence 

change in target tissue. 
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I. INTRODUCTION 

Collagen, a common constituent of many biological tissues, 

plays an important role in maintaining the structure and 

determining the function of tissue [1, 2]. Recently, laser-, light-, 

and radiofrequency- (RF) based technologies have been used for 

collagen tightening and tissue contour enhancement by thermally 

inducing collagen contraction and the subsequent remodeling [3, 

4]. A variety of thermal treatment modalities exist, such as 

thermal capsulorrhaphy, thermokeratoplasty, and the thermal 

treatment of cruciate ligament, knee, and skin [5-7]. Continuous 

thermal stimulation of a target tissue can raise the temperature of 

the tissue excessively, which results in the structural transition of 

collagen in the tissue from ordered helix structures to a random-

coil conformation. Thus, collagen can be irreversibly shrunk and 

denatured [8, 9]. Therefore, it is very important to assess the 

condition of the collagenous tissue during and immediately after 

thermal treatment. 

To determine the extent of the thermal denaturation of 

collagen, various methods have been introduced such as 

differential scanning calorimetry (DSC), nuclear magnetic 

resonance (NMR), and light scattering measurement systems 

[10]. However, these methods require a post-processing 

procedure involving the extraction and solubilization of a 

specific protein, which means that it is difficult to investigate 

complex tissues [11]. Thus, the observation of structural 

transition changes in collagenous tissues is difficult to conduct in 

real-time. An alternative method is to measure the surface 

temperature of a treatment region. However, collagen 

denaturation is not only affected by temperature, but also 

depends strongly on time, according to the Arrhenius equation 

[12]. Therefore, collagen denaturation occurs at various 

combinations of time and temperature, rather than only at a 

specific temperature. 

Over the last few years, polarized light-based techniques 

have been adopted for non-invasive diagnosis of biological 

tissues, utilizing intrinsic properties of collagen such as 

birefringence [13]. Birefringence resulting from a highly 

organized collagen fiber is an intrinsic optical property of tissue, 

and has a higher refractive index along the length of the fibers 

than along their cross section [14, 15]. Götzinger et al. [16] 

observed changes in the cornea’s birefringence properties using 

polarization-sensitive coherence tomography (PS-OCT), which 

indicates corneal abnormalities such as keratoconus. Wood et al. 

[17] demonstrated the ability of a polarized light-based 

birefringence measurement to characterize myocardial infarction 

by measuring a decrease in birefringence in infarcted cardiac 

muscle. In addition, numerous theoretical studies have also been 

conducted to analyze polarized light propagation in biological 

tissues [18-20]. For example, Wang et al. [18] examined the 

propagation of polarized light in birefringence turbid media 

using a Monte Carlo simulation. Similarly, Ambrirajan et al. [19] 

used a backward Monte Carlo simulation to calculate the degree 

of polarization (DOP) of diffuse reflected light from turbid 

media, while Cameron et al. [20] calculated the diffuse 

backscattering Mueller matrix from the suspension of 

polystyrene spheres using a numerical method. 

The destruction of molecular composition caused by thermal 

damage can directly affect changes in birefringence on a target 

tissue [21-23]. This phenomenon changes the polarization state, 

which can be observed by analysis of the backscattered polarized 

light. In this paper, we have calculated the degree of linear 

polarization (DOLP) of backscattered light from thermally 

damaged porcine skins using a Monte Carlo simulation. Since 

the DOLP provides the polarization degree of the measured light, 

we can estimate the birefringence level of the target tissue. Also, 

the DOLP can be calculated in real time, so we believe that the 

DOLP measurement may help to indicate the condition of the 

collagenous tissue during and immediately after thermal 

treatment in real situations. The DOLP results were evaluated by 

comparison with the Mueller matrix, which is another method for 

analyzing the polarization-based characterization of tissue.  

 

II. MATERIALS AND METHODS 

A. Optical property measurements 

We conducted an in vitro measurement using thermally 

damaged porcine skins to derive the optical properties applied in 

the Monte Carlo simulation. Fresh porcine skins were obtained 
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from a local abattoir and all samples were stored in a phosphate-

buffered saline solution to maintain freshness. Six pieces of 

porcine skin tissues were placed in a temperature-controlled 

water bath providing six different temperature levels (25°C, 

35°C, 45°C, 55°C, 65°C, and 75°C) for one minute. 

Thermocoupling was used to monitor the temperature inside the 

water bath. The optical properties were taken using an 

integrating sphere system as illustrated in Figure 1.  

 

 
Figure 1. Integrating sphere system. 

 

The light from a tungsten halogen lamp (HL-2000, Ocean 

Optics) was incident upon a small aperture in the integrating 

sphere (AvaSphere-30-IRRAD, Avantes), and the reflectance 

and transmittance lights were collected by a visible light 

spectrometer (USB4000, Ocean Optics). These measured 

parameters were then entered into the IAD-program and optical 

properties including absorption coefficient, , scattering 

coefficient, , and anisotropic factor, g, were derived from the 

program. The optical properties of the heated skin tissue are 

summarized in Table 1. 

 
Table 1.  Optical properties of thermally heated skin tissues 

obtained by the integrating sphere system. 

 

B. Monte Carlo simulation for polarized light 

 
Figure 2. Model geometry of the Monte Carlo simulation. 

A publicly available polarized light Monte Carlo simulation 

developed by Ramella-Roman et al [24, 25] was used to simulate 

the photon trajectories of the polarized light as it travelled 

through a medium. The geometry of the Monte Carlo simulation 

is shown in Fig. 2. The results from the DOLP analysis and the 

Mueller  

1) Monte Carlo algorithm for polarized light 

The first step is to launch one of several million photons 

of polarized light along the z-axis direction of the medium and to 

set up the optical properties derived using the integrating sphere 

system. In this study, the number of launched photons was  

at . We conducted the simulation on four different 

polarization states (H (at 0), V (at 90), P (at 45), and R (right 

circular)). The polarization state of the photons is described by 

the Stokes vector. During each scattering event, a fraction of the 

photon weight is absorbed by the interaction site and the Stokes 

vector of the photon in the new coordinate system is then 

modified. Launched photons are repeatedly scattered in the 

media. When the photon reaches the boundaries of the media or 

its weight value falls below a threshold (typically 0.001), the 

photons’ lives are ended and recorded. Using this simulation, 

transmittance and reflectance light intensity were measured 

simultaneously for each of the four input polarizations (H, V, P, 

and R).  

 

2) Degree of linear polarization (DOLP) 

Each of the light beams can be represented by the 

Stokes vector  ( ). In the Stokes vector, the first 

variable, I, represents the intensity of the collected light, Q 

represents the difference in intensities between linear 

polarization at 0 and 90, the third term, U, is the difference in 

intensities between the linear polarization at 45 and 135, and 

finally, V is the difference in intensities between the right and left 

circular polarizations.  

We then calculate the DOLP of the backscattered light 

from the porcine skin tissues using the Stokes vector components 

resulting from the Monte Carlo simulation 

DOLP =  ,                                                     (1) 

 The DOLP values have a range of 0 to 1. A value of 0 

corresponds to light with no linear polarization characteristics, 

whereas a value of 1 corresponds to complete linear polarization 

[26].  

 

3) Mueller matrix 

To verity the DOLP result, the 4X4 Mueller matrix was 

determined. This is another mathematical tool used to describe 

the polarization-altering properties of a material/tissue [27, 28]. 

Thus, the Mueller matrix was used to observe the change in 

polarization-altering properties in the porcine skin tissue as a 

result of thermal damage. The elements of the matrix can be 

obtained by calculating various combinations of input and output 

polarization states generated by the Monte Carlo simulation and 

the Mueller matrix patterns images can then be obtained. All the 

elements of the 4X4 matrix appeared with the same color map 
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(from -1 to 1) and each element was constructed with 100 x 100 

pixels. Positive values were rendered using red colors, whereas 

negative values were represented by blue colors. Also, the 

number of pixels in relation to temperature level was calculated 

in order to observe the changes in the Mueller matrix patterns in 

accordance with collagen denaturation. 

 

III. RESULTS AND DISCUSSION 

The DOLP of backscattered light from skin tissues at a 

depth of 0.5 mm and at various temperature levels is shown in 

Fig. 3. The DOLP value showed a tendency to decrease with a 

rise in temperature. Most notably, a rapid decrease in the DOLP 

value was observed at temperatures ranging from 55 to 65 °C. 

This reduction ratio is more than three times higher than other 

ranges. This means that collagen denaturation, which transforms 

the alpha helix to a random coil conformation and leads to a 

reduction in birefringence, occurred between 55–65°C, and 

hence it affected the polarization state of the light.  

 
Figure 3. Degree of linear polarization (DOLP) of 

backscattered light from thermally damaged porcine skin 

tissues at various temperatures levels. 

 

We will now compare this result with previously published 

studies. De Boer et al. [29] also investigated the effect of 

temperature on collagen birefringence and found that, at 60°C, a 

reduction in the birefringence and shrinkage of porcine tendon 

can be observed. In addition, Pierce et al. [30] noted that 

birefringence is significantly lower in burned human skin 

compared to normal skin. These studies have demonstrated that 

collagen denaturation and reduction of birefringence mainly 

occur between 55–65°C.  

Also, we found a decrease in the anisotropic factor, g, in six 

porcine tissues using data recorded by the integrating sphere 

system (Table 1). In general, birefringence is also considered to 

be anisotropic because structural birefringence strongly depends 

on molecular anisotropy. The effects of the anisotropic factor on 

the polarization state have also been investigated. Ramella-

Roman et al. [25] applied the Monte Carlo method to four 

different poly-disperse solutions of a micro-sphere. They 

observed that the DOLP value decreased with the decreasing 

anisotropy parameter, g, of the micro-sphere . Gomes et al. [31] 

observed that polarized light was preserved for longer paths for 

higher anisotropy parameters.  These studies also support our 

result that the decrease in birefringence in the porcine skin at 

65°C, caused by denaturation of the collagen fibers, leads to a 

decrease in the DOLP value at temperatures between 55–65°C. 

 
Figure 4. The Mueller matrix patterns of backscattered light 

from porcine skin at (a) 55°C and (b) 65°C. 

 

The Mueller matrix was used to evaluate the DOLP result. 

The Mueller matrix pattern can represent various polarization 

characteristics of the porcine skin tissues. Figure 4 shows the 

Mueller matrix patterns of backscattered light from porcine skin 

at 55°C (Fig. 4(a)) and at 65°C (Fig. 4(b)). Each element of the 

matrix shows a different pattern as given by the calculated values. 

The main characteristics of the Mueller matrix in Fig. 4(a) are 

similar to those of Fig. 4(b), including both the patterns and the 

distribution of positive and negative values. When we compare 

Figs. 4(a) and (b), it can be seen that the color region of the 

porcine skin at 65°C is wider than that of the porcine skin at 

55°C. This implies that the loss of collagen birefringence due to 

thermal damage can directly affect the Mueller matrix. The 

change of color region is distinct in the first column, which 

mainly involves linear polarization.  

 
Figure 5. The number of pixels above 0.5 for M11 at various 

temperature levels. 

 

Figure 5 shows the number of pixels above 0.5 of M11 from 

the Mueller matrix, which shows a distinct change of the color 

region as a response to temperature variation. The result shows a 

rapid increase in the number of pixels when the heating 

temperature reached the 55–65°C region. This tendency was 

similarly observed in the M21, M31, and M41. This result is in 

line with a previous study in which Wang et al. [18] compared 

the Monte Carlo simulated Mueller matrices of birefringent 

anisotropic media with those of non-birefringent isotropic media. 

They observed that the shape and contrast in the patterns of the 

Mueller matrix were highly associated with the linear 

birefringence in the media [18]. Therefore, the wide colored 
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region in Fig. 4(b) and the rapid increases in the number of 

pixels at temperatures ranging from 55 to 65°C can be 

understood, as the birefringence decreases due to thermal 

damage. These changes are also consistent with the results of the 

DOLP calculation.  

In this study, we have observed certain changes in 

thermally damaged porcine skins at temperatures ranging from 

55 to 65°C, in both the DOLP and the Mueller matrix, using a 

Monte Carlo simulation for polarized light. We expect that the 

DOLP calculation using the Stokes vector will be a simple and 

convenient method to observe collagen denaturation due to 

thermal damage on tissue in real time, with high precision, and 

which corresponds to the Mueller matrix result. While the 

Mueller matrix is not appropriate for use in real-time feedback 

applications because of its complex post-processing requirement, 

the DOLP method can be implemented in an effective closed-

loop feedback system with various thermal treatment methods by 

measuring the birefringence change in target tissue.  

 

IV. CONCLUSION 

In the present study, the DOLP and Mueller matrix were 

obtained from thermally heated porcine skins under various 

temperature conditions using a Monte Carlo simulation for 

polarized light. At temperatures ranging from 55 to 65°C, we 

observed a decrease in the DOLP and a rapid change in the 

colored regions in the Mueller matrix. This can be attributed to 

the reduction of birefringence by thermal denaturation. The 

DOLP method can be easily used with varying incident 

polarization angles and the calculation process is simple 

compared to the Mueller matrix. Our results indicate that rapid 

decreases in the DOLP value at certain temperatures directly 

reflect the birefringence change in the collagenous tissue, and 

this can be useful for determining collagen denaturation during 

and immediately after thermal treatment. 
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