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The clinical in vivo tissue bulks’ surface is always coarse and shows a complex microscopic geometry which may affect the visual effect of polarization images and calculation of polarization parameters of the sample. To confirm whether this effect would cause identification difficulties and misjudgments on the target recognition when performed the polarization imaging based on 3 × 3 Mueller matrix measurement, cylindrical type and slope type physical models were used to study and analyze the effect of the surface with complex microscopic geometry on the polarization images. Then, clinical tumor bulk samples were used to interact with different sizes of patterns to simulate the different complex microscopic geometry and test the coarse surface effect on polarization images. Meanwhile, assessment parameters were defined to evaluate and confirm the variation between two polarization images quantitatively. The results showed that the polarization imaging of the sample surface with the complex microscopic geometry led to acceptable visual effect and limited quantitative variation on the value of polarization parameters and assessment parameters, and it caused no identification difficulties on target recognition, indicating that it is feasible to apply the polarization imaging based on 3 × 3 Mueller matrix measurement on clinical in vivo tissues with the complex microscopic geometry sample surface.
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INTRODUCTION
Polarization imaging technique is a promising noninvasive method to provide rich microstructural information about different types of the sample (KU et al., 2019; Ramella-Roman et al., 2020), primarily used as biomedical imaging applications (Xiao et al., 2019). It has been combined with microscopy (He et al., 2019) and endoscopy to help achieve precision and noninvasive medical detection and treatment, and polarization parameters have been proposed to explain distinctive pathological structures (Lu and Chipman, 1996; He et al., 2019) and help to detect human skin, esophageal, colorectal, and oral cancers and cervical carcinoma (Sheng et al., 2019) among others. Among the available polarization techniques, Mueller matrix imaging can provide comprehensive descriptions on the optical properties of biological samples (Pezzaniti and Chipman, 1995; Chung et al., 2002). The quantitative characterization of the Mueller matrix and polarization parameters (Ossikovski, 2009) provides a promising way to extract possible indicators for characteristic pathological microstructural features.
Nevertheless, we adopted the 3 × 3 Mueller matrix measurement in this study. Without the circular polarizations in the construction of 3 × 3 Mueller matrix measurement, it significantly simplifies the experimental geometry, which is particularly appropriate for in vivo polarimetry in the clinics (Forward et al., 2017; Khaliq et al., 2021). In addition, the experimental setup we adopted in this study requires less preparation of detected samples, it can measure the clinical tissue bulks with the coarse surface directly, and there is no need to make the sample sliced and flat (He et al., 2015; Wang et al., 2015; Dong et al., 2017). Since distinguishing the lesion region from normal tissue is always the priority, the 3 × 3 Mueller matrix and the backscattering configuration were used in this study to obtain the polarization images and parameters, which indicated less but enough polarization information for polarization measurement of clinical in vivo tissue bulks. However, the clinical tissues’ surface is coarse and shows a complex microscopic geometry which affects the propagation of polarized light in the sample, changing scattering and absorption events, and may affect the induced polarization parameters. In this article, we studied the feasibility of the 3 × 3 Mueller matrix measurement using clinical in vivo tissues with the complex microscopic geometry sample surface and demonstrated the quantitative variation of the effect on polarization images.
MATERIALS AND METHODS
Theory
The polarization imaging technique can provide rich optical and microstructural information carried in the form of a Mueller matrix (Pezzaniti and Chipman, 1995; Chung et al., 2002; He et al., 2017) of detected samples. Since the relationship between microstructures of the sample and the specific Mueller matrix elements is unclear, Mueller matrix decomposition and transformation methods have been proposed to characterize specific properties of the samples (Azzam, 1978; Lu and Chipman, 1996; Ossikovski et al., 2008; Ossikovski, 2009; Ortega-Quijano and Arce-Diego, 2011; Ossikovski, 2011; Du et al., 2014; Chue-Sang et al., 2017; Liu et al., 2019; Ahmad et al., 2020). In this study, the polarization images and parameters from Mueller matrix polar decomposition (MMPD) (Lu and Chipman, 1996)and Mueller matrix transformation (MMT) methods (Xiao et al., 2019) were used to characterize the features of the sample:
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where M referred to the Mueller matrix of the sample, and MΔ, MR, and MD referred to depolarization, retardance, and diattenuation matrices, respectively. Then, the depolarization power (Δ), diattenuation power (D), and the value of linear retardance (δ) are calculated as:
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where a, b, and c represented the eigenvalues of MΔ, m11, m12, and m13 referred to elements of the M, while mR21, mR12, mR11, and mR22 referred to elements of the MR, and tr (MR) represented the trace of MR. Meanwhile, the parameter A, parameter b and parameter t from the MMT method are shown in (Eqs. 6–9), respectively.
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where parameter A characterized the aligned anisotropic microstructures, and parameter b indicated the depolarization properties of the samples (Xiao et al., 2019). These polarization parameters have been proved meaningful for differentiating certain biomedical features (Lu and Chipman, 1996), especially can provide optical and microstructural information concerning the differences between cancerous and healthy tissues (He et al., 2019).
Methods
Materials
In total, two types of models were used in our study as follows:
Type 1: Cylindrical type: 1) Synclastic silk-spanned three-dimensional (3D)-printed cylinders with varying h. 2) Chicken hearts were cut into cylinders with varying h. Each sample measurement repeated three times to calculate the average value. All the measurements were used to simulate different lump’s h, varying from 1 to 10 mm in 1 mm increments, which involved 10 samples.
Type 2: Slope Type: 1) Synclastic silk-spanned 3D-printed slope with varying slope angles θ. 2) Chicken hearts were cut into a series of slopes with 5 mm fixed h. The slopes on the right ventricular side of each sample were used (as Figure 1C shown). All the measurements were used to simulate different slope angles θ, varying from 10° to 80° in 10° increments, which involved eight samples.
[image: Figure 1]FIGURE 1 | (A) Physical models of the samples or in vivo samples composed of lumps with varying sizes. (B) Schematic of the sample surface with complex microscopic geometry consisting of lumps with varying sizes, which were simplified with h/θ. (C) Positive view of the chicken heart physical model showing the θ measurement.
Then, nine tumor samples from The Second Hospital of Shenzhen were used to simulate the in vivo tissues’ status and shapes and verify the effect of in vivo tissues with the complex microscopic geometry sample surface on the polarized light imaging and parameters.
The schematic of experiments is shown in Figure 2, and the left and the right branch of the map described the experiments with the h and θ, which involved both the Type 1 and Type 2 physical models.
[image: Figure 2]FIGURE 2 | Schematic of the experiments in the research with physical models.
Image Processing and Data Analysis
The 3 × 3 Mueller matrix (all the elements of the Mueller matrix were normalized by m11) of each sample was obtained first to calculate the polarization parameters, which included parameter Δ, parameter D, and parameter δ calculated from the MMPD method and parameter A, parameter b, and parameter t calculated from the MMT method. For convenience and conciseness, they were all in a set of polarization parameters: Set V:
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We have calculated and tested all parameters listed in set V of each sample to compare and analyze which parameter presented the most significant differences during the samples’ h/θ changed, and polarization parameters were used to do the calculation separately.
For the first part of the experiments, Type 1 and Type 2 physical models with different h and θ were used. Since the in vivo tissues’ surface always presents a complex microscopic geometry, consisting of many lumps with varying sizes (shown as Figure 1A), and the larger image contains the more complex microscopic geometric details, which were simplified as different height (represented with h in a subscript form) and steepness (represented as θ in a subscript form) factors to affect the polarization imaging and parameters calculation (as shown in Figure 1B). So, h and θ were used in the physical models to evaluate the effect of in vivo tissues with the complex microscopic geometry sample surface on the polarized light imaging and parameters.
The average values of Set V of background/target with different h were expressed as V(h)bn and V(h)tn (n represented the serial number of the samples); the average values of Set V of background/target with different θ were expressed as V(θ) bn/V(θ)tn (n represented the serial number).
For the second part of the experiments, we used clinical tumor bulk samples whose surface presents a complex microscopic geometry to study the effect on polarization images and parameters. In order to simulate this effect, different sizes of patterns (z × z, z = 1,3,5,9,15) were applied to the polarization images of the samples. The larger the patterns we used, the larger the images were affected. In addition, as mentioned previously, the larger the images we detect, the more different the microscopic geometry details it contains, that is, the more h/θ factors to affect the polarization imaging and parameters calculation (shown as Figure 3), so we used different sizes of patterns to control the different combinations of h and θ contained in the images involved in polarization parameters calculation:
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in which i and j were indexes of the matrices. The pattern matrix Z was used to interact with the original image (matrix X, the matrix without interacting with the patterns), obtaining the processed images (matrix Y, which represented the matrix after interacting with the patterns). Then, the average values of Set V of background/target of processed images after interacting with the patterns were expressed as Vba and Vta (a = 1,3,5,9,15, represented the size of the pattern matrix Z).
[image: Figure 3]FIGURE 3 | Schematic of the experiments in the research with tumor samples (e.g., 3 × 3 patterning process) and the determination of h/θ of the sample surface with complex microscopic geometry.
Then, four ways were used to evaluate and confirm the differences, which include 1) the polarization images (in a nonquantitative or visual effect way), 2) assessment parameter ∆V in Eqs. 13, 14 (in a quantitative way), 3) assessment parameter ∆C in Eq. 16 (in a quantitative way), and 4) assessment parameter P in Eq. 17 (in a quantitative way)
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in which the subscript b refers to the background, t refers to the target, and max refers to the maximum value among the samples, while min refers to the minimum value among the samples. Suppose that p < 0.5 is a threshold for a good display that C was an acceptable change, and it could be considered that the effect from the sample surface with different microscopic geometry would cause little identification difficulties on target or tumor recognition.
3 × 3 Mueller Matrix Experimental System
The 3 × 3 Mueller matrix polarization experimental system in a backscattering mode is shown in Figure 4, which consists of a sealed measurement environment, a controller box, and a personal computer (PC). The polarization state generator (PSG), polarization state analyzer (PSA), and the sample stage are in the sealed measurement environment to ensure that the capturing process is performed in a dark environment. The incident light from a parallel light source (630 nm, Tele Optics, China) passes through the polarizer (P1), providing a circular illumination area of 50 mm diameter. The photons backscattered from the sample pass through the analyzing polarizer (P2) and then recorded using a monochrome industry camera (DMK33UX265, The Imaging Source, Germany) to acquire the polarization images at 60 frames per second. A total of two DC servo motors (DSEM series, Motec, China) rotated the polarizers to generate different PSG states and PSA states. Also, there is a 20° angle between the incident light and the CCD camera axis to avoid the sample’s surface reflection.
[image: Figure 4]FIGURE 4 | Schematic diagram of the experimental setup.
RESULTS
Effect of h and θ on Polarization Images and Parameters’ Value of Cylindrical/Slope Physical Models
According to the methods presented previously, Type 1 and Type 2 physical models were used to study the effect of h and θ on polarization images and parameters’ value. Each sample’s polarization parameters were calculated from MMT and MMPD methods, and assessment parameters ∆Vb, ∆Vt, ∆C, and P were calculated.
The results are shown in Table 1 and Figure 5.
TABLE 1 | ∆Δ(h/θ), ∆C, and P of parameter Δ of physical models affected by h and θ.
[image: Table 1][image: Figure 5]FIGURE 5 | Parameter Δ images affected by h and θ from Type 1 and Type 2 physical models. (A) Type 1 physical models—silk samples with h varying. (B) Type 2 physical models—silk samples with θ varying. (C) Type 1 physical models—chicken heart samples with h varying. (D) Type 2 physical models—chicken heart samples with θ varying.
Figure 5 showed the maximum variation of parameter Δ images with the Type 1 and Type 2 physical models’ h/θ varying. Each image was composed of three sub-images. The intermediate sub-image referred to the background region, while the side sub-images referred to the regions of physical models. From sub-images on both sides, the difference between images of Δ(h/θ)t max and Δ(h/θ)t min could be observed, which yielded ΔΔ(h/θ)t according to Eqs. 2, 14 of silk samples, and the contrast between the background and regions of physical models could be seen and yielded ΔC(h/θ) according to Eq. 16. Meanwhile, from Table 1, the values of P (h/θ) of the Type 1 and Type 2 physical models with h/θ varying calculated from Eq. 17 were also listed. Although a different visual effect could be observed, it caused no confusion between the target and background recognition.
Effect of the Tumor Samples’ Surface With Different Microscopic Geometry on Polarization Images and Parameters
A total of nine tumor samples from the clinics were used to study the effect of the samples’ surface with different microscopic geometry on polarization images and parameters with the matrix Z interacted with the original images. As a result, less significant or little difference in ΔC after the patterning processes was observed, making the images remain almost the same as the original images, which indicated that the samples’ surface with different microscopic geometry had little effect on 3 × 3 Mueller matrix measurement.
Specifically, the parameter Δ showed the maximum variation during the patterning processes. Different pattern modes were performed on the polarization images to yield a series of average h and θ, as shown in Figure 3, and some differences during the patterning processes were noted.
The results were shown as follows: Table 2 and Table 3 showed the variations of the ∆Δ, ∆C, and P of the parameter Δ and parameter b, which displayed the maximum variations among the polarization parameters (∆Δ in Table 2, and ∆b in Table 3) of the tumor samples with different pattern modes.
TABLE 2 | ∆Δ, ∆C, and P of parameter Δ of the tumor samples’ surface with complex microscopic geometry.
[image: Table 2]TABLE 3 | ∆b, ∆C, and P of parameter b of the tumor samples’ surface with complex microscopic geometry.
[image: Table 3]Parameter Δ, which showed the maximum variations between the original and the processed images with different pattern modes in all tumor samples, indicated that the development of tumors was strongly related to the change of cellular density of the samples. Therefore, Table 2 showed the results of the tumor samples’ surface with microscopic geometry represented by different h and θ on parameter Δ where the variations were maximum with different pattern modes. ΔΔt refers to the maximum variation of the tumor samples between the original and the processed parameter Δ images calculated from Eqs. 2, 14. At the same time, ∆C shows the maximum contrast between the original and the processed parameter Δ images’ target and background of the tumor sample, calculated from Eq. 16. P demonstrated the difference between original and processed parameter Δ images calculated from Eq. 17, and p ≤ 0.22, which indicated that it would cause no misjudgment of the target or tumor recognition.
Parameter b, another parameter characterizing the depolarization process, showed significant variations between the original and the processed images with different pattern modes in all tumor samples, and the results are listed in Table 3. Furthermore, Δbt refers to the maximum variation of the tumor samples between the original and the processed parameter b images calculated from Eqs. 7, 14. As shown in Table 3, p ≤ 0.12, which also indicated that it would cause no misjudgment of the target or tumor recognition.
Figure 6 showed the parameter Δ images of the original and processed images interacted with 3 × 3, 5 × 5, 9 × 9, and 15 × 15 patterns of the lymphoma tumor group samples’ surface with microscopic geometry represented by different h and θ; some blur was observed, and detailed information lost in Figure 6E compared with the original image in Figure 6A, and it could be easily seen that after interacted with different sizes of patterns, the processed images became more blurred with the size of the pattern matrix Z grown. Nevertheless, it could be easily differentiated between the tumor and background.
[image: Figure 6]FIGURE 6 | Original parameter Δ images of the lymphoma group (A) and processed images interacted with 3 × 3(B), 5 × 5(C), 9 × 9(D), and 15 × 15(E) masks.
Figure 7 showed the original parameter Δ images (the upper line) and processed images interacted with a 15 × 15 pattern (the bottom line) of the lymphoma group, liver cancer group, and breast cancer group, while Figure 8 showed the original images of parameter b (the upper line) and processed images interacted with a 15 × 15 pattern (the bottom line) of three groups. The patterning process made the images blur. The ∆C and P of the processed images have a limited variation compared with those of the original images, which could be quantitatively measured in Tables 2, 3. However, it made no difference for tumor recognition.
[image: Figure 7]FIGURE 7 | Original parameter Δ image of the lymphoma group (A), liver cancer group (B), breast cancer group (C), and processed images interacted with a 15 × 15 (E) pattern of each group (D,E,F).
[image: Figure 8]FIGURE 8 | Original parameter b image of the lymphoma group (A), liver cancer group(B), breast cancer group(C), and processed images interacted with a 15 × 15(E) pattern of each group (D,E,F).
In conclusion, in the experiments on assessing the effect of h and θ on polarization images and values of parameters of physical models, it was found that ∆C ≤ 0.29 with a mean P of 0.15, while ∆C ≤ 0.07 with the mean P of 0.06 in the experiments on the effect of the detected tumor samples’ surface with different microscopic geometry. The samples’ surface with the complex microscopic geometry made a negligible blur effect on distinguishing tumors or targets but caused little qualitative change on polarization images and identification difficulties on target recognition, and it is feasible to apply the polarization imaging based on 3 × 3 Mueller matrix measurement on in vivo tissues with the complex microscopic geometry sample surface.
DISCUSSION
It is proposed that ∆C and P were feasible indicators to show the variation bringing up from the effect of the detected samples’ surface with different microscopic geometry. The ∆C values from the experiments on the effect of h and θ on polarization images and values of parameters of physical models were greater than those from the experiments on the tumor samples’ surface with different microscopic geometry; the reason might be that the variables h and θ from Type 1 and Type 2 physical models were much larger than those of the detected tumor sample specimens’ surface with complex microscopic geometry (e.g., the h of tumor samples <2 mm, while Type 1 and Type 2 physical models’ h <10 mm). However, in the second part of the study, since the larger the patterns, the larger the interacted image windows which contain more combinations of h/θ to affect the polarization images and parameters, different sizes of patterns were used on clinical tumor tissue bulks to simulate different combinations of h/θ, which is a qualitative control to give a rough illustration, which still need further research to determine the quantitative relation between the size of the patterns and coarseness of the surface.
Nevertheless, since the maximum variations in ∆C and P from the experiments on the effect of the detected tumor samples’ surface with complex microscopic geometry introduced no confusion and misjudgment when it came to differentiate the tumors or targets from the background, it was feasible to use the clinical or in vivo tissues with complex microscopic geometry performing the polarization imaging detection, and it made no difference to identify the tumors or targets, which paved the way to provide an opportunity to develop polarization imaging detection on clinical samples.
The effect of the detected samples’ surface with complex microscopic geometry on polarization parameters’ values and images was studied in this article, and the results validated that this effect led to little qualitative change on polarization images and identification difficulties on target recognition, which laid the foundation for the powerful and noninvasive polarization imaging technique applied in clinical samples.
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