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Abstract 

Accurate identification of the shape and texture properties of cervical cell nuclei and 

cytoplasm in the pap smear test is crucial for the diagnosis of cervical cancer. Fast and high-

precision polarization modulation in the Polarization Indirect Microscopic Imaging (PIMI) 

is achieved by utilizing a liquid crystal polarization rotator. Imaging results of cervical cells 

show that the PIMI method can resolve detailed fine structural features of a cervical cell 

which are invisible in conventional microscopy. It also demonstrated the ability of embossed 

three-dimensional visualization as that in differential interference contrast microscopy (DIC), 

but with finer structural features. 
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1. Introduction 

The Papanicolaou (Pap) smear test is a manual screening procedure in which cells gathered 

from the cervix are smeared on a glass slide for microscopic examination [1-3]. It is used to 

detect precancerous changes in cervical cells based on color and shape characteristics of the 
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nucleus and cytoplasm. The Pap test has been the most effective cancer screening test ever 

and remains an important method for detecting the precursor lesions of cervical cancer. 

Many factors influence the sensitivity of the Pap test and, therefore, the reliability of the 

diagnosis. The test is greatly impacted by the quality of sampling and smearing [4]. The 

desire for reliable early diagnosis as well as difficulties in the manual screening process have 

led to the development of microscopies that offer high resolving power with fast imaging 

speed and accuracy to increase the speed and sensitivity of the diagnosis [1,5,6]. 

A variety of optical microscopies is available now for visual inspections of cells. By 

staining or tagging the biological tissues with dyes, fluorescent microscopes are method most 

commonly used for cell imaging [7,8], especially in differentiating of degenerate cells in a 

cell colony or sub-cellular components. However, the application of fluorescent 

microscopies is limited due to the optical toxicity and pollution of most labels to the 

organism. Label-free optical microscopies also have a broad field of applications in cell 

visualization. Phase-contrast microscopy [9], Differential Interference Contrast microscopy 

(DIC) [10], and interference reflection microscopy [11] are widely used to observe structure 

and motion in unstained living cells and isolated organelles and have been standard in 

laboratories since their invention. In addition, polarization-based imaging methods have also 

shown great potential in detecting structural and optical information about the tissues and 

cells [12-16]. As a result of their capability of obtaining abundant structural information of 

the tissue, polarization techniques are promising techniques for early screening and 

identification of cancers [17-26]. Here, we propose a fast polarization-based multi-

parametric method, Polarization Indirect Microscopic Imaging (PIMI), for the inspection of 

cervical cells with nano-structural resolving power and sensitivity.  

Recently, it has been demonstrated that the PIMI method, with its multi-parametric images, 

can be used to obtain rich detailed features of sub-cellular structures [27]. By measuring and 

filtering the distribution of the far-field optical scattering, PIMI can reveal high resolution 

nanoscale anisotropic structures using precisely modulated incident polarization [28,29]. 

This measurement scheme is mainly taking advantage of the high sensitivity of the 

polarization states of scattered photons to the anisotropic structures of material, especially 

when the sample shows abrupt variations of dimension and refractive index at the location 

where the photons are scattered. 

In this paper, the PIMI method is applied to the observation of cervical cells. A Liquid 

Crystal Polarization Rotator (LCPR) is utilized for providing precise polarization 

modulation at a high speed. Through controlling the voltage of LCPR, each polarization state 
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can be modulated in 0.1 second and the whole measurement of PIMI would only cost about 

1 second. Compared with the dual modulation way and 30 different states of polarization 

(SOPs) in Y. Wang’s work [23], the system of PIMI is comparatively simpler, only using one 

modulation element and 10 SOPs. With PIMI method, not only the detailed fine structural 

features of the cervical cell, but the subcellular organelles of the cervical cell (such as 

mitochondria) can also be resolved in different illumination modes. Comparisons between 

the DIC and PIMI methods indicate that PIMI images not only to some degree obtain a 

similar embossed three-dimensional visual effect as the DIC images but also show greater 

capability in distinguishing the contour structures of cells. This approach can be applied in 

the Pap smear test to provide higher reliability and sensitivity of cell analysis and diagnosis, 

and also opens an opportunity for assisting in the diagnosis of other various cancer tissues. 

2. System configuration and sample preparation 

 

Fig. 1. (a) PIMI system configuration, TL: Tube Lens, P: Polarizer, QWP: Quarter Waveplate, BS: 

Beam Splitter, MO: Microscopic Objective, LCPR: Liquid Crystal Polarization Rotator, consisting 

of 1: Polarizer, 2: Liquid Crystal Variable Retarder and 3: Quarter Waveplate. (b) Single cervical cell 

imaged by a Conventional Microscope (CM). (c). Polarization ellipse representation, where 𝐸𝑜𝑥 and 

𝐸𝑜𝑦 are the horizontal and vertical components of the electric field, 𝜙 is the azimuthal angle with 

respect to the slow vibration axis i.e. 𝐸𝑜𝑥 axis, 𝜃 is the polarization angle. (d) Phase retardation 

curve of Liquid Crystal Variable Retarder, the phase retardation varies with the modulated voltage. 

(e) Calibration curve of Liquid Crystal Polarization Rotator (LCPR), the polarization angle of 

incident light was modulated from 0° to 180° by LCPR with an angle period of the 18°. 

2.1 System configuration 

The PIMI system was built by making use of the basic optical path of a conventional 

microscope as shown in Fig. 1(a). By incorporating a Liquid Crystal Polarization Rotator 
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(LCPR) and a highly sensitive CCD (PiA2400-17gm, Basler) with a pixel resolution of 3.45 

𝜇𝑚, images under illumination light with different polarization angles can be obtained. In 

particular, the LCPR consists of a polarizer, a Liquid Crystal Variable Retarder (LCVR) and 

a quarter waveplate, in which the LCVR can produce a retardation phase of more than 10 

rad as shown in Fig. 1(d). The polarization angle of the incident light can be precisely 

modulated through the LCPR with a modulation accuracy > 99%, as shown in Fig. 1(e). 

During the PIMI measurement, the linear polarization angle of the illumination light is 

rapidly modulated from 0° to 360° within one minute. All images using conventional 

microscopy and PIMI were carried out with an illumination wavelength of 532 nm. 

2.2 Sample preparation 

Glass slide was pre-labeled with date and cervical scraping smear. The specimens were fixed 

in 95% alcohol first, then was scraped on glass slide for two times. The surface was wiped 

off the excess blood with the filter paper or wet gauze. All of these smears stained with rapid 

ultrafast Pap test. 

3. Theory of PIMI method 

The details of the measurement principle of PIMI were previously reported by the group 

[28,29]. In contrast to conventional microscopy, in a PIMI measurement, structural 

information related to anisotropic features in the sample can be collected by the CCD when 

the illuminating beam with different polarization angles impinges on the sample. Through 

the Jones model, the intensity variation at each spatial point covered by the PSF can be 

formulated as Eq. (1), and the PIMI parameters 𝑠𝑖𝑛𝛿 and 𝜙 can be extracted from it [28-

30]. 

                𝐼𝑖 =
1

2
𝐼0[1 + 𝑠𝑖𝑛𝛿𝑠𝑖𝑛2(𝜃𝑖 − 𝜙)]                            (1) 

where 𝐼𝑖 (the subscript 𝑖 indicates the number of polarization rotation angles) represents 

pixel intensity, 𝐼0  is incident light amplitude, 𝑠𝑖𝑛𝛿  is the sine of the phase difference 

between 𝐸𝑜𝑥 and 𝐸𝑜𝑦, 𝜃 is the incident polarization angle and 𝜙 is the angle between the 

slow axis and 𝐸𝑜𝑥 axis. 

By expanding Eq. (1) trigonometrically, it can be reformulated in the following form: 

                        𝐼𝑖 = 𝑎0 + 𝑎1𝑠𝑖𝑛2𝜃𝑖 + 𝑎2𝑐𝑜𝑠2𝜃𝑖,                        (2) 

               𝑎0 =
1

2
𝐼0, 𝑎1 =

1

2
𝐼0𝑠𝑖𝑛𝛿𝑐𝑜𝑠2𝜙, 𝑎2 = −

1

2
𝐼0𝑠𝑖𝑛𝛿𝑠𝑖𝑛2𝜙,              (3) 

Using the precisely controlled LCPR, the incident polarization angle  𝜃𝑖  can be 

modulated from zero to 360°, with a total number of steps N = 360°/18°, and 𝑎0, 𝑎1 and 𝑎2 

can be calculated as (The polarization aberration caused by the beam splitter and high NA 

objective were already calibrated and compensated, seen in Supplementary materials): 
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               𝑎0 = ∑
1

𝑁
𝑁
𝑖=1 𝐼𝑖, 𝑎1 = ∑

2

𝑁
𝑁
𝑖=1 𝐼𝑖𝑠𝑖𝑛2𝜃𝑖, 𝑎2 = ∑

2

𝑁

𝑁
𝑖=1 𝐼𝑖𝑐𝑜𝑠2𝜃𝑖,           (4) 

The desired PIMI parameters can be finally obtained from the above equations: 

                  𝐼𝑑𝑝 = 𝑎0, 𝑠𝑖𝑛𝛿 =
√𝑎1

2+𝑎2
2

𝑎0
, 𝜙 =

1

2
arccos(

𝑎1

√𝑎1
2+𝑎2

2
)                 (5) 

By modulating the polarization state of the incident optical field, PIMI images can reveal 

detailed minute structural characteristics of the sample under measurement. Resolution test 

targets were used for calibrating the resolution of the Conventional Microscopy (CM) and 

PIMI system as shown in Fig. 2. Fig. 2(b-d) shows a small knife-edge area imaged by CM 

and PIMI methods. As can be seen, the 𝐼𝑑𝑝 image is less noisy than the CM image and the 

𝜙  image is more sensitive to abrupt changes, which are all consistent with the intensity 

curves shown in Fig. 2(e-g). The Modulation Transfer Function (MTF) was also calculated 

as shown in Fig. 2(h). The MTF curve of the 𝜙 image is much wider than that of the CM 

image, showing that the 𝜙 image has a higher spatial resolution than the CM image. 

 

Fig. 2. (a) Resolution test targets under 100× magnification. (b) The dashed rectangle part in (a), 

taken with the Conventional Microscope (CM). (c) & (d) The same position as (b) taken with the 

PIMI method. (e-g) Intensity profiles across the dashed red lines in (b-d). (h) Modulation Transfer 

Function (MTF) curves calculated from (e-g). 

4. Results and Discussion 
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Fig. 3. (a-d) CM and PIMI images taken under bright field illumination, (e-h) CM and PIMI images 

taken under dark field illumination. 

Experiments under different illumination conditions were carried out with a 50× objective 

as shown in Fig. 3. The top row shows comparisons between CM and PIMI results in the 

bright field illumination mode and the bottom row shows comparisons between CM and 

PIMI results under dark field illumination. The 𝑠𝑖𝑛𝛿 and 𝜙 images reveal more detailed 

features than the CM images, especially in the region of the nucleus of the cervical cell. Also, 

the 𝑠𝑖𝑛𝛿 and 𝜙 images are capable of resolving the wrinkles on the surface of the cervical 

cell. Structural variations in the 𝑠𝑖𝑛𝛿 and 𝜙 images are revealed more clearly than that in 

CM. Different from the CM dark field image, which only shows the boundaries of cell and 

nucleus, the 𝑠𝑖𝑛𝛿 and 𝜙 dark field images also resolve fine structure within the cell. 

 

Fig. 4. Comparisons of intensity profiles across the nucleus of a cervical cell. Results taken under 

bright field illumination (left) and results taken under dark field illumination (right). 

For further analysis, intensity profiles of all images along the short lines across the nucleus 

of the cervical cell, as marked in Fig. 3 (a) and (e), are plotted in Fig. 4. As can be seen, the 

intensity variations in the PIMI images in both illumination modes contain more features 

related to the nucleus compared to those in the CM images. As indicated by the dashed ellipse 

in the left graph of Fig. 4, which represents the boundary area of the cell nucleus, the intensity 
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curves of the 𝑠𝑖𝑛𝛿  and 𝜙  images show sharper and narrower peaks. Also, even finer 

features are revealed in PIMI results, as marked with the arrows, which are almost invisible 

in the curves of the CM image. 

To make the visibility of the images comparable, the entire nucleus of a cervical cell 

imaged by CM and PIMI are illustrated in Fig. 5(c-e). As can be seen, sin𝛿 and 𝜙 images 

show more detailed structural information in the inner part of the nucleus, while the CM 

image shows little information about the contents of the nucleus. Figure 5(b) plots the Point 

Spread Function (PSF) of one boundary of the nucleus in CM and PIMI images, as marked 

by the short black line in Fig. 5(c). The Full Width at Half Maximum (FWHM) of the ϕ curve 

is about 60 nm, which is much more accurate than that of the CM image (about 210 nm). All 

the results indicate that the PIMI results are more sensitive in resolving the detailed structure 

of the nucleus and its contents. It is known that among the many morphological changes 

occurring in cancer cells, nuclear atypia is one of the most important, including changes in 

the nuclear size and shape, numbers and sizes of nucleoli, and chromatin texture [31-33]. As 

mentioned previously, with PIMI parameters, not only the detailed fine structural features of 

the cervical cell, but the subcellular organelles of the cervical cell (such as mitochondria) 

can also be resolved (see details in Supplementary materials). The above results indicate that 

the reliability and sensitivity of cell diagnosis could be better improved by utilizing the PIMI 

method. 

 

Fig. 5. (a) Cervical cell imaged by CM under bright field illumination. (b) Comparison between 

intensity profiles of CM, 𝑠𝑖𝑛𝛿 and 𝜙 along the black line marked in (c). (c-e) Enlarged nucleus of 

cervical cells imaged by CM and PIMI methods, in the region marked by the rectangle in (a). 
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Fig. 6. (a-c) Comparison among DIC image, 𝑠𝑖𝑛𝛿 image, and 𝜙 image, (d) 3-dimension image of 

the enlarged nucleus in (a), (e) 3-dimension image of the enlarged nucleus in (c). 

Comparisons between DIC microscopy and the PIMI method were also carried out by 

imaging the cervical cell, as shown in Fig. 6(a-c). As can be observed, PIMI images and DIC 

images all show the ability to resolve structural features of a cervical cell. It is also can be 

seen that the 𝑠𝑖𝑛𝛿 and 𝜙 images show a similar embossed three-dimensional visual effect 

to that of DIC images, especially in areas exhibiting abrupt structural changes such as 

boundaries of cell and nucleus and other line-shaped features. Figure 6(d) and (e) are three-

dimensional images of a selected nucleus, as marked with dashed rectangles in Fig. 6(a) and 

(c). As can be seen, the contour structures of the cell nucleus in the 𝜙 image are clearer than 

in the DIC image, especially for the boundaries of nucleus marked with arrows. Also, the 

inner part of the nucleus in the 𝜙 image exhibits more distinct and richer structures than that 

in the DIC image as marked with a dashed ellipse.  

5. Conclusion 

In summary, it has been demonstrated that the PIMI method can provide much more 

information than CM images in cell analysis and diagnosis. It is more sensitive and reliable 

in visualizing cervical cells, especially in resolving the morphologies of whole-cell and sub-

cellular structures with different biomechanical and structural properties, such as boundaries 

between the nucleus and cytoplasm. The application of a liquid crystal polarization rotator 

enables polarization modulation imaging with high precision and speed. The PIMI method 

reveals much more detailed nano-scale features of the nucleus in cervical cells and has 
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proved that the resolving power of PIMI is about 3 times that of CM. Comparisons between 

the DIC and PIMI methods indicate that PIMI images cannot only obtain a similar embossed 

three-dimensional visual effect as DIC images but also show greater capability in 

distinguishing the contour structures of cells. This approach can be applied to the Pap smear 

test to provide higher reliability and sensitivity of diagnosis, and also opens an opportunity 

for assisting in the diagnosis of other cancer tissues. 
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