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Abstract. We propose a new microscopic imaging technique in which the polar-

ization angles of illumination light and a polarizer in front of the imaging sensor 

oriented orthogonally to the illumination polarization are rotated synchronously. 

A series of images of cervical cells was recorded under different illumination 

polarization angles and an algorithm was used to fit the pixel intensity variations 

of the images. A reconstruction method was employed to map the anisotropic 

properties of cervical cells in the form of a set of polarization parameters. Anal-

ysis of the images of the cervical cells and comparison with traditional methods 

indicate that this technique provides higher contrast and sensitivity.  
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1 Introduction 

Orthogonal polarization imaging is a useful method for imaging superficial tissues such 

as microcirculation [1,2]. Orthogonal polarization imaging uses linearly polarized light 

to illuminate the tissue and captures images through a linear polarizer that is oriented 

in the orthogonal polarization state. It prevents surface-reflected light and polarization-

maintaining light from contributing to the recorded image [1-4]. This method can create 

high-contrast microvascular images and can be implemented in a small optical probe 

for clinical diagnosis. An improved technique called rotating orthogonal polarization 

difference imaging was subsequently introduced [5]. In this technique an orthogonal 

polarization image is captured and then the angles of the two polarizers are exchanged 

to obtain a second image. The images are processed to give a normalized orthogonal 

polarization difference image [(first-second) / (first + second)] that is free from surface 

reflection and sensitive to the polarization properties of the underlying tissue. This tech-

nique has been applied to image the tendon and results indicate that it has potential for 

analyzing the alignment of collagen. However, this approach does not provide direct 
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quantification of the polarization properties. It has been found that modulating the po-

larization in the imaging system is usually beneficial in extracting quantitative param-

eters [6-9]. 

In this paper, we present a new technique, namely modulated rotating orthogonal 

polarization parametric imaging, which utilizes the advantages of orthogonal polariza-

tion imaging and polarization modulation to generate higher contrast and signal-to-

noise ratio images that can be used to quantify the polarization properties of a sample. 

The technique is based on a conventional orthogonal polarization imaging system but 

the illumination and detection polarization angles are rotated synchronously in defined 

steps over a range of 180 degrees. Each corresponding pixel of the images recorded 

under different angles is fitted to an analytical function based on the Jones matrix to 

reconstruct a set of polarization parametric images. Experiments on cervical cells have 

been conducted and the results show that this technique can improve the contrast and 

resolution. This suggests that it is useful for characterizing superficial tissues in clinical 

diagnosis. 

2 Experiment Setup and Data Processing 

The system uses a conventional microscopic light path (Olympus BX51) with addi-

tional motorized rotating polarizers. The polarization of the incident light is modulated 

accurately with a rotating polarizer and reflected light from the sample is filtered 

through another synchronously rotating polarizer which is oriented orthogonally to the 

illumination polarizer. The motors and CCD camera are controlled by a computer, so 

the polarizers are rotated and images are recorded automatically during the process of 

image acquisition. 

 

Fig. 1. Schematic of the experimental setup 
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As shown in Fig. 1, illumination light with a central wavelength of 532 nm is propa-

gated through a linear polarizer P1, reflected by a beam-splitter and used to illuminate                  

the sample. Surface reflected or polarization-maintaining light is rejected while multi-

ple-scattered light passes through the linear polarizer that is always oriented in the or-

thogonal polarization state. Two orthogonally oriented linear polarizers P1 and P2 are 

driven by motors to rotate synchronously in angular steps of (π/N) and then the CCD 

camera (Basler acA2040-35gm) records an image for each step. The image size is 

2448×2050 pixels and each pixel represents an area of 3.45 µm × 3.45 µm. The process 

is repeated n times over a range of π radians and N images are recorded. 

First, consider the linear birefringence. When the two polarizers are rotated contin-

uously, the intensity of the output light changes periodically. The Jones matrix of the 

elements in the optical path can be written as, 
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where 𝜃 is the angle of the polarizer P1. The sample is treated as a waveplate with 𝛿 as 

the phase retardance between the x and y components and 𝜑 as the rotation angle of the 

polarization ellipse. 𝐺𝑃1, 𝐺𝑃2, and 𝐺𝑠𝑎𝑚𝑝𝑙𝑒 are the Jones matrices of the polarizer P1, 

P2 and the sample respectively. 𝐸𝑖𝑛 and 𝐸𝑜𝑢𝑡  are the electric fields of light from the 

source and that incident on the CCD.  

The intensity of the light incident on the CCD can be expressed as 

  21
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For the recorded images at certain limited number of angles 𝜃𝑖 in the experiment, the 

intensity also follows the expression in Eq. 6, only the variation is discrete, 
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Second, consider the dichroism. The difference of absorptivity in different polarization 

directions introduces a component, 

    3 4cos 2 cos 2 sin 2
iD i D i iI D k k        (8) 

Here, 𝜑𝐷 represents the orientation of the dichroism, which means that the absorptivity 

is the lowest in this direction. 

Finally, the intensity should follow the expression in Eq. 9, 

 0 1 2 3 4cos 4 sin 4 cos 2 sin 2i i i i iI k k k k k       
 (9) 

The coefficients 𝑘𝑖 are calculated from  
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then the polarization parameters of the sample are calculated from 
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Expressions for calculating these parameters are retained in each of the corresponding 

pixels of the CCD and a series of parametric images can be formed with them, enables 

the polarization properties of the sample to be quantified.  

During the measurement, the recorded images were first normalized before recon-

struction. A new image 𝐼𝑖
′(𝑥, 𝑦) was calculated for each recorded raw image 𝐼𝑖(𝑥, 𝑦), 
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This technique is compatible with the conventional orthogonal polarization imaging 

method because the recorded images at each rotation angle of the polarizers are equiv-

alent to those of orthogonal polarization images, while any two pairs of images at dif-

ferent rotation angles   and  +90° taken by this method can be used to create results 

of orthogonal polarization difference imaging. 

3 Results and discussion 

As shown in Fig. 2, in reflection images using a conventional microscope, we can only 

observe the surface shape of the cervical cell because of the cell membrane. The inner 
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structures, such as the endoplasmic reticulum composed of cytoplasm distributed out-

side the nucleus, can only observed in transmission imaging results as stripe net pat-

terns. Also, it is difficult to observe the structure of the nucleus in either transmission 

or reflection. 

 

Fig. 2. (a) Reflection imaging results and (b) transmission imaging results by conventional mi-

croscope. Scale bar, 10 µm. 

The polarization parameter images cos δ, 𝜑 and 𝜑𝐷 of the same cervical cell were taken 

using the system described in Fig. 1. In this experiment, a 100× objective was used and 

12 images were recorded (𝑁 = 12, ∆𝜃 = 15°). The polarization parameter images 

cos δ, 𝜑 are shown in Fig. 3. For comparison, the polarization parameter images 𝜑𝐷 

and orthogonal polarization difference image processed from the same set of raw data 

are shown in Fig. 4. They are all significantly different from reflection imaging results 

by conventional microscope. 
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Fig. 3. (a) The polarization parameter image of cos δ; (b) the polarization parameter image of 

𝜑. Color bar, the range of value of different polarization parameters. 

Figures 3 (a) and (b) are the polarization parameter images cos δ and 𝜑, which are free 

from surface reflections and sensitive to the polarization properties of the sample. The 

cos δ parametric image provides more detail of the anisotropic optical property inside 

the cell with patterns corresponding to details of the endoplasmic reticulum in the trans-

mission imaging result, which can help in determining the distribution of the cytoplasm 

in the cell. The edges of the nucleus in the cos δ parametric images are sharper than in 

other images, i.e. 𝜑 in Fig. 3 (b) and conventional microscope images in Fig. 2, because 

the cos δ parameter image is not affected by initial polarization direction of the polar-

izers; photons back-scattered by nucleolemma are mainly collected and lead to different 

optical phase retardance from nearby areas.  

 

Fig. 4. (a) The orthogonal polarization difference image; (b) the polarization parameter images 

of 𝜑𝐷. Color bar, the range of value of different polarization parameters. 

Fig. 4 (a) is the orthogonal polarization difference image, which was calculated from 

the first and seventh images (∆𝜃 = 90°), i.e. [(𝐼1 – 𝐼7)/(𝐼1 + 𝐼7)]. Fig. 4 (b) is the 𝜑𝐷 

parametric image, which is similar to Fig. 4 (a), demonstrating that the 𝜑𝐷 parametric 

images also correspond to dichroism [5]. However, the initial polarization state of the 

polarizers will affect the orthogonal polarization difference image greatly, as the results 

for different initial states are quite different. In our method, all the recorded images are 

used in the calculation; as is shown in Fig. 5, the phase of the component in the light 

intensity curve caused by dichroism of the sample is used to determine the orientation 

of the dichroism. Compared with the orthogonal polarization difference image which 

only uses two images with random initial states, the influence of the initial polarization 

direction of polarizer on the 𝜑𝐷 parameter image is far smaller. Besides, the 𝜑𝐷 param-

eter image has higher contrast and lower noise. The 𝜑𝐷 parameter image is believed to 

be related to the alignment of the fibrous structure, which can be used to map endoplas-

mic reticulum composed of cytoplasm inside the cell [5, 10]. 
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Fig. 5. The curves of normalized mean pixel value of raw images, and separated components 

caused by birefringence and dichroism which are used to calculate different polarization param-

eters 

The nucleus areas of the cells are compared in Fig. 6, using different imaging methods. 

In general, modulated rotating orthogonal polarization parametric imaging has signifi-

cant advantages over traditional methods. This is due to the elimination of surface-

reflections by the orthogonal polarizers and the polarization properties that are recov-

ered as a result of rotating the modulation of the illumination polarization states.  

 

Fig. 6.  (a) Orthogonal polarization difference image (b) cos δ parametric image and  (c) 𝜑𝐷 

parametric image of the nucleus, respectively. 
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4 Conclusion 

We have developed a modulated orthogonal polarization parametric imaging technique. 

A function was derived to describe the variation in pixel intensity when synchronously 

rotating two orthogonal polarizers in the illumination and imaging optical path. By fit-

ting each corresponding pixel of the images, a set of polarization parametric images of 

cervical cells was obtained. The polarization properties of the cervical cell can be re-

trieved from the cos δ, 𝜑 and 𝜑𝐷 parametric images, which quantify the phase retard-

ance, rotation of polarization ellipse and the orientation of dichroism by the sample. 

The results show that the proposed method achieves higher contrast and sensitivity than 

conventional orthogonal polarization imaging. In future work, the performance of this 

method will be investigated comprehensively and utilized for imaging other cells and 

tissues.  
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