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Abstract: Imaging polarimetry is a focus of increasing interest in diagnostic medicine because
of its non-destructive nature and its potential to distinguish normal from tumor tissue.
However, handling and understanding polarimetric images is not an easy task, and different
intermediate steps have been proposed in order to introduce helpful physical magnitudes. In this
research, we look for a sensitive polarimetric parameter that allows us to detect cell death when cancer
cells are treated with chemotherapy drugs. Experiments in two different myelomonocytic leukemia
cell lines, U937 and THP1, are performed in triplicate, finding a highly-significant positive correlation
between total diattenuation of samples in transmission configuration, DT , and chemotherapy-induced
cell death. The location of the diattenuation enhancement gives some insight into the cell death
process. The proposed method can be an objective complement to conventional methodologies based
on pure observational microscopy and can be easily implemented in regular microscopes.
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1. Introduction

Polarimetry has been shown to be a very useful approach in problems that involve light–matter
interaction. This is supported by its many successful applications in a variety of fields, like astronomy,
agriculture, weather radar, environmental science, etc. [1–3]. More recently, imaging polarimetry
has become a field of increasing activity in medicine and biology because of its non-destructive
nature and its potential to identify local properties in propagating media, something particularly
important in the context of biomedical diagnosis [4]. Specifically, polarized light has been used
to perform several studies over different tumor tissues [5] from colon [6,7], cervix [8,9], or thyroid
to skin [10–12]. Other studies perform polarimetry and microscopy on both cancer and healthy
blood samples, finding differences in physical magnitudes, like retardance or depolarization [13].
Regarding the diattenuation, a recent study [14] showed that this parameter is able to reveal different
brain tissue properties. There are also studies that focus their attention on the analysis of the scattered
light by suspensions of cancer and normal cells [15,16] since it is well known that both types of cells
present differences in their refraction index [17,18].

In summary, when interacting with matter, the polarimetric properties of light are affected in
a way that is related to the optical properties of the material. These changes can be analyzed with the
Mueller matrix MM [19], which fully characterizes the optical changes induced by a given sample.
Polarimetric magnitudes should be eventually related to the biological properties of cells and the
corresponding tissues so that knowing this information could be useful in order to understand their
structure or at least identify some of the processes that take place in them.
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However, between the raw polarimetric data given by MM values and any other that might be
of medical use, there is a step in which physically-interpretable magnitudes must play an important
role. This physical mediation is commonly done through matrix transformation operations. In other
words, by means of a proper decomposition, the optical properties of each part of the system can
be described in terms of parameters with a physical interpretation. Connecting them with medical
properties is something that experience and observation should provide with time. Different analysis
methods are widely used in the bibliography to extract the information provided by MM. The two
most commonly-used are Polar Decomposition (MMPD) [20] and Mueller Matrix Transformation
(MMT) [21]. A third one is Differential Decomposition (MMDD) [22]. Each of them produces a set of
magnitudes per image point, therefore transforming MM images into other “physical” images that
contain the optical properties and behavior or structural characteristics of the sample under study.

Most of the work done in the area of biology focuses the attention on biological tissue imaging [5].
Regarding biological cells, previous works showed that some processes occurring in cells may alter their
optical properties and therefore be potentially detectable under polarimetric observation. For instance,
it can be a very handy tool for the identification and discrimination of cancerous cells [23,24].
Other works also employ Mueller matrix imaging for discrimination and classification of microalgae
and bacteria [25–27]. We suggest that polarimetry could also be useful for the identification of processes
that promote changes inside the cell, like cell death.

We performed transmittance imaging polarimetry over samples of two different leukemia cell
lines, U937and THP1. Cells were treated with a cytotoxic drug, commonly used in chemotherapy,
that induces cell death. MM were obtained for both control (non-treated) and treated cells.
Then, different decompositions of the matrices were done in order to find sensitive polarimetric
magnitudes that allow assessing the differences between control and treated cells. This could be useful
as a way to evaluate quantitatively the killing efficacy of a chemotherapy drug on leukemia cells.
As the most significant result, we found that diattenuation showed a significant difference (p < 0.01)
between control samples and treated ones, for both U937 and THP1 cells.

2. Theory

2.1. The Mueller Matrix Formalism

The polarization state of a light beam can be described by the Stokes vector S:

S =
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where I∥, I⊥, I45, and I−45 are the intensity measurements with linear polarizers oriented in the
corresponding directions and IL and IR are the intensities measured with circular polarizers.

When a light beam passes through a medium, its polarization changes and so does its
corresponding Stokes vector. The output and input Stokes vectors are related by the equation
S’ = MM S, where MM is the 4 × 4 Mueller matrix [1]:
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The 16 Mueller matrix elements contain all the polarimetric information about the sample under
study for the wavelength and configuration considered, but no direct interpretation can be initially
given for its adequate analysis.
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Moreover, prior to performing any analysis method, it is necessary to check that the
experimental MM is physically realizable. The MM of a real system satisfies Cloude’s criterion [28],
i.e., its corresponding coherency matrix H must have four real non-negative eigenvalues. By means of
this test, we would find any deviation (like a systematic error in the experiment) able to transform our
MM into a non-physical one.

2.2. Analysis of the Mueller Matrix

There are different methods to carry out MM analysis, each one introducing a set of polarimetric
magnitudes connected to some optical properties of the sample. In this work, we will only work with
some of them.

In the Polar Decomposition (MMPD) [20], the MM is expressed as the product of three matrices,
each one connected to a different action of the system on the input light:

MM = M∆MRMD (3)

where M∆, MR, and MD are referred to as the depolarization, retardance, and diattenuation matrix,
respectively. From matrix MD, we can obtain total diattenuation DT as:

DT =

√

(mD12)
2
+ (mD13)

2
+ (mD14)

2

mD11
. (4)

Diattenuation can be understood as the property whereby the output intensity depends on the
polarization of the incident light. Other parameters that can be obtained from this decomposition
are retardance, whereby the phase of the output light depends on the incident polarization and
depolarization, which is the ability to depolarize incident polarized light.

Regarding depolarization, a Mueller matrix MM is pure or non-depolarizing if it does not
depolarize light entering a medium, maintaining the polarization without any loss. On the other hand,
a depolarizing MM transforms totally-polarized light into partially polarized. The depolarization
index DI (Equation (5)) is a way to quantify how much a MM depolarizes an incident polarized beam.
For pure matrices DI = 0, on the other hand, a fully-depolarizing MM has DI = 1.
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where tr represents the trace and T is the transpose.
Another procedure used in the analysis is MM Transformation (MMT) [21], a method that operates

directly with the MM elements in order to obtain meaningful magnitudes related to the anisotropy
degree, depolarization power, and alignment direction of the sample. For instance, the anisotropy
parameter, A is defined as:

A =

2bt
b2
+ t2 , (6)

where t and b are given by Equations (7) and (8), respectively:

t =

√

(m22 −m33)2 + (m23 +m32)2

2
, (7)

b =
m22 +m33

2
. (8)

Finally, another commonly-used method to extract information is the Differential Decomposition
method (MMDD) [29]. The differential decomposition of the Mueller matrix is obtained from the
matrix logarithm of the macroscopic Mueller matrix m = ln(MM). This matrix can be decomposed as
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the sum of two matrices, one containing the non-depolarizing action of the system, mm, and the other
that fully depolarizes the beam, mu.

The most general form of the differential Mueller matrix for a non-depolarizing medium (mu = 0)
is [30]:

m = mm +mu =
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where LD, LD′, and CD are respectively the linear dichroism in the xy and 45–145○ axes, and the
circular dichroism, xy being the coordinates chosen for the description of the field. LB, LB′, and
CB stand respectively for linear birefringence in the xy and 45–135○ axes and circular birefringence.
The value α is the isotropic absorption coefficient. Total dichroism and total birefringence are calculated
as follows:

TD =

√

LD2
+ LD′2

+CD2 , (10)

TB =

√

LB2
+ LB′2 +CB2 . (11)

3. Materials and Methods

3.1. Polarimetric Microscope Setup

Different polarimetric microscopes can be found in the literature [31–33]. Our experimental setup
consisted of an imaging polarimeter, which allowed measuring the experimental MM at different
wavelengths in the visible spectrum and in the microscopic region.

Figure 1 shows the instrument used in the experiment, a dynamic rotating compensator
polarimeter whose calibration and use were fully described in previous works [34,35]. It consisted
of a Polarization State Generator (PSG) composed of a Polarizer (P1) and a Retarder (R1), a sample
holder, a 5×Microscope Objective (MO) with a numerical aperture of 0.15 aligned in the transmission
configuration, which allowed studying the sample in the microscopic range, and a Polarizer State
Analyzer (PSA), which in turn was composed of another retarder (R2) and an analyzer (P2). The
microscope objective was interchangeable so that measurements with different magnifications were
possible. Finally, the images were captured with a 12-bit camera. Both retarders rotated synchronously
with a speed ratio of 5/2, completing a full Fourier measurement cycle of 200 images of 640 × 640 pixels
with which the low noise MM was calculated by means of a Fourier transformation algorithm [36].
Retarder R1 rotated in angular steps of 2π/200 rad. In total, the full process of one measurement
required 10 min.

Figure 1. Schematics of the imaging polarimeter. The light source is a supercontinuum laser; P1 and P2
are Polarizers; R1 and R2 are Retarders (quarter waveplate); MO is the Microscope Objective; PSG and
PSA stand for Polarization State Generator and Analyzer, respectively.

The light source was a supercontinuum laser (FemtoPower 1060 made by Fianium), which allowed
performing measurements in the visible spectrum, from 480–680 nm. The wavelength selection was
performed by a calibrated diffraction grating and a diaphragm. For the results shown here, the
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wavelength was centered at λ = 634 nm with a FWHM = 3 nm, a spectral width high enough to lose
coherency and avoid a speckle pattern.

3.2. Samples Description

The samples used in this experiment corresponded to two myelomonocytic leukemia cell lines,
THP1 and U937, and a colorectal adenocarcinoma cell line, HT29, all provided by ATCC (American
Type Culture Collection). The number of deposited cells was chosen so that a uniform layer of
cells was achieved, without gaps or piles of cells. Cells were treated with 20 µg/mL of cisplatin, a
commonly-used chemotherapy drug that induces cell death. Cell viability at 4 different time points
was determined by both the trypan blue exclusion test [37], which discriminates between live and
dead cells, and the Alamar Blue assay [38], an indicator of cell metabolic activity. Both assays gave us
robust information about the cellular health following the cytotoxic treatment. Then, the polarimetric
measurements were carried out at 24, 48, and 72 h after the drug was applied. For each period of time,
cells were centrifuged, resuspended in Phosphate-Buffered Saline (PBS), and placed on a microscope
slide by applying a cytospin technique [39] at 500 r.p.m for 5 min (a high-speed centrifugation to
remove the liquid and concentrate the cells on a slide in a layer of 6 mm in diameter). In order
to maintain a humid environment for cells (so that they were stable over time) and to prevent the
formation of salt crystals, cells were covered with 60 µL of 0.3% agarose, which also kept the cells still
during the measurement process.

An important issue concerning the samples was the reduction of the surface covered by cells
during the treatment. Because of this, as the treatment progressed, the polarimetric signal came from
both the background (agarose) and the cells, according to the filling factor reached by the cells in the
image, fc. In order to account for this effect, we introduced a corrected signal Sc that verified:

Si = Sc fc + Sb(1− fc) , (12)

where Si is the total value of the polarimetric signal obtained in the measured image and Sb is the
polarimetric signal coming from the “empty” background (agarose in our case). The filling factor
was calculated for each image by converting them to 8 bit. Then, the image was binarized selecting
a threshold that converted pixels occupied by a cell to black and pixels from the background to white
(this was done with the free software ImageJ, and the result was double checked by eye inspection).

4. Results and Discussion

4.1. Calibration

A calibration cycle was performed on a target-free configuration in order to characterize the
performance of the measuring instrument. During this process, some of the working parameters of the
polarimeter were obtained.

Figure 2b shows a calibration Mueller matrix which had to be ideally the 4 × 4 identity matrix,
that is the Mueller matrix of the vacuum, except for the element m11, which represents the intensity
distribution of the illumination. From a calibration measurement, we can obtain the mean values of the
polarimetric magnitudes employed throughout this work (Figure 2a). They can be used as a reference
for sensitivity in the actual measurement of samples. Ideally, these values are supposed to be zero.

The processed image was 640 × 640 pixels. After the decomposition of the matrix, we show the
images that illustrate the distribution of the main polarimetric magnitudes. However, only the mean
values of those images were used for quantitative purposes, with a relative error that was always
over the lower limit given by the calibration (1.6× 10−3 was the largest deviation from 0 or 1 of all 15
elements of the normalized MM).
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Figure 2. (a) Diattenuation (DT), anisotropy (A), total dichroism (TD), total birefringence (TB), and
depolarization index (DI) obtained from a calibration measurement. The error bar is the standard
deviation. (b) Imaging calibration Mueller matrix. The black scale bar represents 50 µm.

4.2. Measurement of the Mueller Matrices of Cells

We performed a polarimetric study on three different cell lines, measuring the Mueller matrix and
decomposing it in order to calculate different polarimetric magnitudes. As an example, Figure 3 shows
the MM for a sample of HT29 cells on a microscope slide. Cells had an approximate diameter of
10–15 µm. The element m11 of the Mueller matrix represents the intensity (a regular image of the object
plane) where the locations of individual cells and their membranes are clearly visible.

Figure 3. Experimental Mueller matrix image of HT29 cells performed at λ = 634 nm with a 5×
microscope objective.

At first glance, the Mueller matrices of cells resembled a unitary matrix, showing that the optical
activity of this sample under transmission observation and ordinary illumination conditions was very
small. The different decompositions showed that samples hardly introduced any significant amount
of diattenuation, retardance, optical rotation, or depolarization. However, some signal can be found
apparently in the boundaries of the cells. Among all the polarimetric magnitudes introduced in the
analysis methods previously mentioned, we focused our attention on diattenuation, since it seemed to
offer the most significant results. Other magnitudes such as A, TD, and TB were also addressed.
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4.3. Cell State Assessment: Quantifying Cell Death

U937 leukemia cells were used to perform the polarimetric study related to the effect of
a chemotherapy treatment. Cells were treated with the cytotoxic drug cisplatin. Viability tests
were performed at 24, 48, and 72 h after treatment. In addition, polarimetric measurements of
samples deposited on a microscope slide were carried out. Control (non-treated) and treated cells
were compared.

Ordinary microscopic images (Figure 4) showed the differences between untreated (A) and the
cisplatin-treated cells at 24 (B), 48 (C), and 72 (D) hours. Cisplatin-treated U937 cells were less confluent,
showed cell shrinkage, and became pyknotic (with cytoplasmic and nuclear condensation) at longer
times, mostly for 72 h (Figure 4D). These morphological features are associated with apoptotic cell
death [40], and it is well established that cisplatin induces apoptosis in a number of cancer cells,
including U937 cells [41].

Figure 4. U937 sample images taken by phase contrast microscopy. (A) Control sample (non-treated);
(B–D) 24, 48, and 72 h after treatment with 20 µg/mL of cisplatin. The white dashed square represents
the size of the image taken with the polarimeter (640 × 640 pixels.)

We performed the trypan blue assay to evaluate cell viability at different time points of treatment
(Figure 5). Cell mortality gradually increased over time, reaching about 80% cell death by 72 h.
This result was confirmed by showing that cisplatin reduced the metabolic activity of U937 cells from
2.4-fold at 24 h to 100-fold at 72 h, corresponding to cells undergoing cell death (Figure 6).



Appl. Sci. 2019, 9, 2886 8 of 16

Figure 5. Cell death of U937 cells over time treated with 20 µg/mL of cisplatin evaluated with the
trypan blue exclusion test. The error bar is the standard deviation of three measurements.

Figure 6. Metabolic activity of U937 cells following a treatment with cisplatin at different time
points using the Alamar Blue assay. a.u., arbitrary units. The error bar is the standard deviation
of three measurements.

After that, five images (640 × 640 pixels) of the Mueller matrix were measured in five different
regions of each of the four samples. The five different regions were randomly selected in the area
covered by the cells (circle of 6 mm in diameter). The dashed white square in Figure 4D) represents
the size of the image taken with the polarimeter (180 × 180 µm approximately). Some polarimetric
magnitudes were obtained by applying different decomposition methods, and finally, in order to
analyze the results, the mean values of each magnitudes were calculated. Figure 7a shows the mean
value of the five images of diattenuation for each sample. A slight, but significant increase was
observed at 24 h (p-values obtained with both tests were 0.016), when cell death was about 25%. Great
differences were observed by 48 h of treatment, when the cell death was above 50%. As was explained
in Section 3, we found that the results were highly dependent on cell confluence, this is the filling
factor fc of the image. In Figure 7, both the raw results and those corrected according to Equation (12)
are represented. Then, we used two statistical non-parametric tests to check if it was possible to tell
apart one measurement set from another. We applied the Wilcoxon rank test and the Kruskal–Wallis
test to our set of data and obtained the corresponding p-values (Table 1).
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Figure 7. Mean diattenuation (DT) of each of the five images taken from the control and cisplatin-treated
samples of U937 cells. (a) shows the five measurements taken for each time in the first experiment. (b)
shows the mean values at each time for the triplicate experiment (numbered as 1, 2, and 3). Data are
shown before (◻, dashed bars) and after (●, solid line) applying the the correction given by Equation (12).
When the bar is not duplicated, it means that fc = 1 for the measured image, and no filling correction is
required. Error bars represent the standard deviation of the image.

Table 1. p-values for each possible couple of sets of measurements of the first experiment (C is the
Control) after the filling factor correction. Values with p < 0.01 mean a high significance, values between
0.01 < p < 0.05 significant, and values of p > 0.1 not significant.

TEST C–24 C–48 C–72 24–72 48–72 24–72

W. rank sum 0.016 0.008 0.008 0.008 0.008 0.008
Kruskal-Wallis 0.016 0.009 0.009 0.009 0.009 0.009

Statistical analysis tells us that there was a significant difference between the population of
untreated (control) and treated cells (p-values < 0.05). This confirms that we were able to detect even
low percentages of cell death. At longer times, the correlation between cell death and diattenuation
became stronger with p-values smaller than 0.01.

Other polarimetric magnitudes obtained from different decomposition methods showed a similar
variation over time. We considered that values of the depolarization index corresponding to the
samples were too small and close to the values obtained in the calibration (Figure 2a) to be significant.
Figure 8 shows the evolution of the m11 element (intensity image) and five polarimetric magnitudes
(total diattenuation, anisotropy, total dichroism, total birefringence, and depolarization index) over
time before and after applying the filling factor correction. Bars represent the mean values of all
the pixels of the five images taken in each sample. The intensity image (m11) was not useful for
extracting conclusions because was a non-normalized parameter, and it depended on the illumination
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and on the integration time of the camera. However, all five magnitudes seemed to be sensitive to the
cell death and presented a similar trend over time. We decided to focus our study on diattenuation
because it presented the lowest standard deviation. Once focused on diattenuation, we performed our
experiment in triplicate. Results are shown in Figure 7b, where the mean values of diattenuation are
presented for each experiment and for each time point.

Figure 8. Mean total diattenuation, anisotropy, total birefringence, total dichroism, and depolarization
index of the five measurements made at each time in the first experiment. Data are shown before
(◻, dashed bars) and after (●, solid line) applying the correction given by Equation (12). When the bar
is not duplicated, it means that fc = 1 for the measured image. Error bars represent the mean standard
deviation of the five images of each parameter.

In Figure 9, we show the correlation between the mean values of diattenuation and the mean
value of the percentage of dead cells obtained from the triplicate experiment with U937 cells.
Both diattenuation and cell death increased over time. At 24 h, there was a slight increase in
diattenuation that became very significant at 48 h of treatment. If data were not corrected by the filling
factor, by 72 h, the diattenuation slightly decreased with respect to the previous time point, likely due
to the loss of cell confluency, as shown in Figure 4D, which would decrease the mean value of the
parameter measured. After correction we see that the diattenuation increased with the cell death.
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Figure 9. Mean values of the diattenuation (DT) obtained from the triplicate experiment with U937 cells
as a function of cell death. Values of the diattenuation directly obtained from the image ((DT)i) and
diattenuation from cells corrected by Equation (12) ((DT)c) are represented with ◻ and ●, respectively.
Error bars represent the mean standard deviation of the three experiments.

A similar result was obtained when another leukemia cell line, THP1, was treated with cisplatin.
By 24 h of treatment, there was over a two-fold increase of cell death by trypan blue (Figure 10a),
which was confirmed by a reduction of metabolic activity (Figure 10b). Consistent with our previous
data, the diattenuation significantly increased (p = 0.008 with the Wilcoxon rank test) after treatment
with cisplatin for 24 h (Figure 11a)). Results for the triplicate experiment are shown in Figure 11b).
The trypan blue test showed a high dispersion in these results, and the diattenuation increase was
accordingly noisy. Overall, the evolution was similar to that observed in Figure 7.

Paying attention to the spatial distribution of DT in the image (see Figure 12), it seems that
the diattenuation enhancement associated with cell death and observed in both U937 and THP1
cells was most likely the consequence of changes in the plasma membrane. As can be seen in
Figure 12, where four images of the total diattenuation parameter DT are shown for different treatment
times, the increase of the signal was observed mainly at the cell boundary and clearly outlined its
contour. This is in agreement with the fact that plasma membranes suffer major changes during
the apoptosis process, including loss of phospholipid asymmetry. This phospholipid redistribution
between inner and outer leaflets of the membrane generates interfacial forces able to modify the
structure of transmembrane proteins [42], which could be detected by using circular dichroism, a
well-known technique that has been employed for studying the structure, dynamics, and interactions
of proteins [43] in the UV domain. Another effect that modifies the value of the diattenuation during
cell death results from alterations in membrane tension due to modification of membrane-associated
molecules and the intracellular and extracellular mechanical stimuli that change the membrane
curvature [44]. The morphological changes associated with this effect are in agreement with the
appearance offered by U937 cells in the different treatment time points, as shown in Figure 13. Thus,
we suggest that the increase of the diattenuation signal could be related to changes in transmembrane
protein structure and membrane geometry as cells undergo apoptosis.



Appl. Sci. 2019, 9, 2886 12 of 16

Figure 10. (a) Death of THP1 cells over time treated with 20 µg/mL of cisplatin evaluated with the
trypan blue exclusion test. (b) Metabolic activity of THP1 cells under the same treatment using the
Alamar Blue assay. a.u., arbitrary units. The error bar is the standard deviation of three measurements.

Figure 11. (a) Values of the diattenuation parameter for control and 24-h treated THP1 cells in one of the
experiments. The error bar is the mean standard deviation of the five diattenuation images. (b) Mean
values of the diattenuation (DT) obtained from the triplicate experiment with THP1 cells as a function
of the cell death. The error bar is the mean standard deviation of the diattenuation images over the
three experiments.

Figure 12. Total diattenuation images (DT) of U937 cells at different times of the treatment.
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Figure 13. Images of individual cells at different times of the treatment taken by phase contrast
microscopy. The same magnification has been used in the capturing and rendering of these images.

5. Conclusions

We measured the image Mueller matrix in the transmission configuration of biological samples
corresponding to the colorectal adenocarcinoma HT29 cell line and leukemia cell lines U937 and THP1.
On such matrices, we performed polar decomposition, Mueller matrix transformation, and differential
decomposition in order to reach several polarimetric magnitudes that could give us more insight into
the role played by the cell, or by some cell components, in changing the polarization of the light that
goes through it either in the living state or when it undergoes apoptosis.

As expected, since living cells are mainly transparent with an index of refraction close to water [17],
the resulting matrix was quite close to unity. The main deviations from the trivial values after MM
analysis were found in the diattenuation (after MMPD), anisotropy, (after MMT), total dichroism,
and total birefringence (after MMDD).

In this research, a study of cell death was performed, combining a traditional method with
others based on the measurement and analysis of the above-mentioned polarimetric magnitudes.
U937 and THP1 leukemia cells were treated with a chemotherapy drug in order to induce cell death.
Observation under the microscope showed evidence of cell degradation, but its quantification was
not a straightforward process. When performing the polarimetric analysis on U937 cells, a strong
correlation between diattenuation and cell death was clearly observed, even at early times after
treatment. In addition, we suggest that, since the diattenuation signal was located at the boundaries of
cells, the increasing of diattenuation could be related to changes in the plasma membrane geometry
and in its protein structure as cells undergo apoptosis. Similar results were obtained for the THP1 cell
line and other polarimetric magnitudes mentioned above.

We conclude that diattenuation could be an objective parameter to detect cell death and useful
for assessing in vitro killing efficacy of drugs under development and the follow-up of leukemia
patients undergoing therapy with cytotoxic agents. Although the type of cell death detected is likely
to be apoptotic because cisplatin treatment induces apoptosis, further studies will reveal whether
diattenuation is able to discriminate between the different types of cell death. Moreover, since this
method could be implemented in a microscope, although further work is necessary, it could result in
an objective (i.e., independent of the observer) polarimetric method of analysis, complementary to the
traditional techniques used for cell death quantification.
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Abbreviations

The following abbreviations are used in this manuscript:

MM Mueller Matrix
S Stokes vector
MMPD Mueller Matrix Polar Decomposition
MMT Mueller Matrix Transformation
MMDD Mueller Matrix Differential Decomposition
PSG Polarization State Generator
PSA Polarization State Analyzer
λ Wavelength
P Polarizer
R Retarder
MO Microscope Objective
DT Total diattenuation
A Anisotropy
DI Depolarization index
TD Total Dichroism
TB Total Birefringence
LD Linear Dichroism
CD Circular Dichroism
LB Linear Birefringence
CB Circular Birefringence
fi Filling factor
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