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ABSTRACT Mueller matrix microscopy is an advanced imaging technique providing a full characterization of the optical polar-
ization fingerprint of a sample. The Lu-Chipman (LC) decomposition, a method based on the modeling of elementary polari-
metric arrangements and matrix inversions, is the gold standard to extract each polarimetric component separately.
However, this models the optical system as a small number of discrete optical elements and requires a priori knowledge of
the order in which these elements occur. In stratified media or when the ordering is not known, the interpretation of the LC
decomposition becomes difficult. In this work, we propose a new, to our knowledge, representation dedicated to the study of
biological tissues that combines Mueller matrix microscopy with a phasor approach. We demonstrate that this method provides
an easier and direct interpretation of the retardance images in any birefringent material without the use of mathematical assump-
tions regarding the structure of the sample and yields comparable contrast to the LC decomposition. By validating this approach
through numerical simulations, we demonstrate that it is able to give access to localized structural information, resulting in a sim-
ple determination of the birefringent parameters at the microscopic level. We apply our novel, to our knowledge, method to
typical biological tissues that are of interest in the field of biomedical diagnosis.
SIGNIFICANCE Mueller matrix microscopy provides a full characterization of the optical polarization fingerprint of a
sample without using any dyes. The gold standard method for extracting the elementary optical components is based on
the Lu-Chipman decomposition and has proven its efficiency in quantifying the main polarimetric parameters as the
dichroism, birefringence, and scattering. In this work, we demonstrate that combining Mueller matrix microscopy with a
phasor approach provides a direct interpretation of the retardance images in any birefringent material without modeling.
We believe that this work is a starting point for the interpretation of the localized polarimetric fingerprint inside tissues in a
direct approach, leading to future applications for in situ diagnosis of pathologies and diseases that could assist
histopathological evaluation.
INTRODUCTION

Mueller matrix (MM) microscopy is a label-free method
based on the control of generated and analyzed polarization
states, providing a full characterization of the optical polar-
ization fingerprint of a sample (1). At least 16 intensities are
needed to completely determine the 4� 4 matrix of the sam-
ple, in which each independent element mij can be associ-
ated with a specific physical phenomenon, such as linear
or circular dichroism, birefringence, and scattering (2–5).
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MM microscopy has been successfully used in numerous
research fields such as materials science (6), biomedical
diagnostics (7–9), and microscopic imaging (10–13), show-
casing its versatility and easy implementation on multi-
modal systems (14). To highlight a particular physical
process, decomposing the MM is a mandatory step for
tracking the amplitude of a specific polarimetric effect.
Among all the decomposition methods, the gold standard
Lu-Chipman (LC) polar decomposition is based on a priori
knowledge of the sample and models the propagation of the
light through a successive arrangement of elementary opti-
cal features composed of a dichroic, a birefringent element,
and a depolarizer. This method, based on the Stokes-Mueller
formalism, uses multiple matrix inversions that drastically
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Phasor approach of Mueller matrix
increase the estimated systematic errors, so the physical
meaning of the MM could be misinterpreted. Additionally,
aside from this decomposition, numerous works propose
manual modification of the order of the elementary optical
components to match the most realistic conditions (15,16).
This step requires a priori knowledge of the sample and
can be arduous, as finding the proper decomposition corre-
sponding to the physical polarimetric fingerprint in the case
of complex and mixed biological media can be particularly
challenging. Based on these issues, modifying the order of
the optical features that model the sample properties results
in wrong polarimetric values, disconnected from the real
composition of the sample.

The phasor plot approach has been extensively applied to
graphically analyze spectra in a variety of advanced micro-
scopy techniques. It was originally introduced in the frame-
work of fluorescence lifetime imaging (FLIM) analysis, as
an alternative to multiexponential decay fitting (17). In the
phasor FLIM approach, the fluorescence decay at each pixel
is analyzed in the frequency domain via a Fourier transform
algorithm that generates, for each pixel (x, y) and for a given
frequency, a complex number (g,s) (17). The values of (g, s)
associated with all the pixels of an image are usually repre-
sented in a two-dimensional histogram, called the phasor
plot. This graphical representation of FLIM data has gained
increasing popularity among FLIM users, as it allows identi-
fying multiple molecular species (18) and quantifying Förster
resonance energy transfer interactions (19) without any prior
fluorescence decay model assumptions (20,21). More
recently, the phasor plot approach has been extended to the
analysis of other types of microscopy data, including spectral
images (22), image correlation spectroscopy data (23,24),
and super-resolution images (25,26). In the context of
nonlinear, label-free microscopy, the phasor plot has been
used to analyze polarization-resolved second harmonic gen-
eration data and map the features of collagen architecture
in tissues (27). Moreover, a recent theoretical work has
proven the phasor space based on the analysis of circular
polarized light scattering to be an intuitive tool, sensitive to
the chiral organization of biopolymers at the submicroscopic
level (28).

Here, we combine MM microscopy with the phasor
approach to facilitate the interpretation of MM imaging of
biological samples. In our method, named MM-phasor, the
full MM is first converted into four Stokes vector images,
and then a Fourier transform algorithm is applied to each
of these images. In this way, the coupling of both techniques
allows an alternative interpretation of the multiparametric
polarimetric contrast at a molecular level, independent of
the sample position, giving similar values to the LC decom-
position. Moreover, we demonstrate numerically that MM-
phasor is able to retrieve the retardance value in the case
of randomly layered, oriented birefringent materials. This
new, to our knowledge, approach is a model-free method
for accessing some of the polarimetric information, whereas
LC fails because of the requirement for a priori ordering of
the successive optical features of the sample for such MM
decomposition. For this purpose, we discuss the sensitivity
of such an approach for discriminating between structures
of interest that exhibit similar contrast. As a proof of
concept, we apply this approach to imaging of biological
specimens (collagen and myosin fibers) showing mostly
birefringence. Such materials exhibit negligible dichroism
and/or depolarization at the microscopic level because of
their high transparency and weak scattering. For this reason,
in this work we briefly consider the influence of these two
effects on the phasor map. Finally, to understand the influ-
ence of the polarized light on sample orientation, we pro-
pose decoupling the effect of both the input and output
polarized light from the sample optical orientation.
MATERIALS AND METHODS

MM optical scanning microscope

The experimental setup was a modified inverted commercial laser scanning

microscope Olympus FV1000 (Tokyo, Japan), reported in our previous

work (13). The excitation source is a laser diode at 808 nm. Polarization in-

formation is encoded by four polarization states (0, 90, and 45� and right

circular polarization) from a motorized polarization states generator

(PSG) placed before the microscope body, composed of a linear polarizer,

a half-wave plate, and a quarter-wave plate. To image the samples in a

reflection configuration, we placed a silver plane reflective mirror at the

focal plane of a 10�/0.4 NA objective. The passive polarization states

analyzer (PSA) analyzed the transformation of the polarization after the

interaction of the polarized light with the sample. It consisted of a thin glass

slice, a Fresnel rhomb, two Wollaston prisms, and four photodiodes to

collect the signal pixel by pixel for four polarization states. The four input

polarization states generation and the four photodiodes were synchronized

with the scanning unit via a custom LabVIEW routine via a data board

acquisition. Finally, a MATLAB (The MathWorks, Natick, MA) program

was used to extract the full MM image of the sample from the 16 acquired

polarization-resolved 256 � 256 images.

As we have shown in our previous work (13), the calibration procedure

includes taking into account the remaining optical orientation misalignment

of the PSG and PSA, as well as the polarimetric signature of the optical de-

vices in the microscope body, composed mainly of lenses and reflective

mirrors. It is based on the eigenvalue calibration method to calibrate the

PSG and PSA using reference elements such as air, linear polarizer, and

quarter-wave plate (29). The accuracy of acquiring the full MM is deter-

mined by the condition number of the polarimeter (PSG and PSA without

microscope); in this study, this corresponds to condition number¼ 2.6, pre-

senting uncertainty less than 5% on the Mueller coefficients. Next, we im-

age the MM of the whole system to take into account the polarimetric

fingerprint of the microscope pixel by pixel over the entire field of view.

Thereby, MM images of the sample are obtained by directly inverting the

microscope fingerprint by applying�
Msampleðx; yÞ

�
z ½Mmesðx; yÞ� � ½Mmðx; yÞ��1

; (1)

where [Msample(x, y)], [Mmes(x, y)], and [Mm(x, y)] are the MM images of the

sample, of the total system microscope þ sample, and of the microscope

only, respectively. This equation neglects the influence of optical compo-

nents that follow the sample in the reflection path, as discussed in our pre-

vious work (13). Furthermore, we have demonstrated that the double pass of

light through the sample in the epigeometry imaging causes a p-dephasing

effect at the reflection on the mirror surface. Thus, the retardance value
Biophysical Journal 120, 3112–3125, August 3, 2021 3113
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Rmeasured from the double-pass optical path is defined as 2p, so that the

exact value Rexact is recovered by applying Rexact¼ 2p� Rmeasured. Consid-

ering that the samples are nondepolarizing, the increase of the scattering

through the sample after the double pass is considered in the standard de-

viation (SD).
MM image acquisition and analysis

The physical effects are extracted from an implemented LC decomposition

algorithm (1). It is based on the representation of the sample by the three

main optical interactions successively crossed by the excitation light: di-

chroism, birefringence, and scattering. These interactions correspond to

the product of the three matrices associated with the polarimetric

parameters: �
Msample

�
z ½MD� � ½MR� � ½MD�; (2)

where [MD], [MR], and [MD] are the sample matrices describing the total

depolarization, diattenuation (linear and circular), and birefringence (linear

and circular), respectively. After normalization by the total transmitted

light, corresponding to the m00 element, the physical parameters denoted

in this work are retrieved by

Pd ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP3

i;j¼ 0m
2
ij � m2

00

3m2
00

s
; (3)

R ¼ arccos½trðMRÞ = 2� 1�; (4)
aR ¼ 0:5 � arctanðr2 = r1Þ; (5)
and

D ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

01 þ m2
02 þ m2

03

q
; (6)

where Pd, R, and D correspond to the depolarization index (30), retardance,

and diattenuation;mij are the MM elements; tr(MR) is the trace of the retard-

ance matrix MR; and (r1, r2) are the elements of the retardance vector (31).

In this way, each of these three physical parameters varies between 0% Pd

% 1, 0� % R % 180�, and 0 % D % 1 and is used for coding the post-

treated images pixel by pixel. It is worth noting that the amplitudes of these

three parameters are directly related to the sample properties. The values of

orientation corresponding to a weak signal of diattenuation and retardance

are not physical and are coded in black in the aR images.
TABLE 1 Experimental normalized MM of homogeneous air and tra

parameters averaged over the ROIs

Experimental MM2
666664
1:000 0:00350:009 �0:00950:011 0:01250:022
�0:00550:024 0:99950:022 �0:00250:025 �0:00850:049
0:01150:019 0:00750:018 1:00250:025 �0:01150:042
0:00750:014 �0:00950:010 0:00450:012 1:01450:031

3
777775

2
666664
1:000 0:01250:009 �0:00550:011 0:07150:029
�0:01250:029 1:02350:032 �0:22250:026 �0:32750:063
0:00750:054 0:37650:024 0:67850:026 1:02250:078
�0:02350:016 0:05550:019 �0:34250:018 0:56250:036

3
777775

MM values taken from Fig. 6, ROIs 1 and 2.
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The MM and the associated LC decomposition data are presented in

Table 1, averaged over the region of interest (ROI) 1 and ROI 2 for air

and a transparent adhesive film area, respectively, from Fig. 6.

As shown in Table 1, the calculated values match with the expected

values for air and transparent film. Indeed, the expected values for a nonde-

polarizing medium (Pd ¼ 1) such as air are D ¼ 0, R ¼ 0�, and Pd ¼ 1,

whereas for the transparent film they are D ¼ 0, 0� % R % 180�, and
Pd ¼ 1. It is worth noting that the MM of transparent film presents higher

MM coefficient values related to the dichroism induced by the interface of

the layer. The wider SD for the transparent film, especially for aR, comes

from the inhomogeneity of the surface for such a sample.

The phasor plot analysis described in Result and discussion: MM-phasor

analysis method section was implemented in MATLAB (The MathWorks).

To remove residual biological components and clean the phasor plots from

background contributions, a ROI was defined selecting only the fingerprint

of the fiber.
Sample preparation

Muscular tissue was harvested from the leg of a raw rabbit purchased in a

supermarket and was cleaned from other connective tissue. The muscular

tissue was rinsed several times with phosphate-buffered saline solution

(pH 7.4) and fixed with 4% paraformaldehyde in phosphate-buffered saline

solution overnight. The day after, the tissue was dehydrated by using a se-

ries of ethanol solutions of increasing alcoholic concentration. Next, the

sample was embedded in paraffin before sectioning using a microtome (Le-

ica, Wetzlar, Germany). The thickness of the muscle sections was of 5 mm.

The sections were placed and fixed on a microscope slide and imaged.
RESULTS AND DISCUSSION

MM-phasor analysis method

In our previous work, we developed a full MM optical scan-
ning microscope based on the sequential generation of four
polarization states 0, 90, and 45� and right circular polariza-
tion states (RCPs) through the PSG (13). The polarized ra-
diation can be described by a 1 � 4 Stokes vector
~S ¼ (S0, S1, S2, S3), where the coefficients S0, S1, S2, and
S3 are obtained from the combination of polarized light in-
tensities I0� (horizontal), I90� (vertical), I45�, I135�, IRCP (right
circular), and ILCP (left circular), giving the following set of
equations (32):
nsparent adhesive film samples and associated LC polarimetric

LC

D ¼ 0.027 5 0.014

R ¼ 1.9 5 0.9�

Pd ¼ 1.007 5 0.01

D ¼ 0.072 5 0.026

R ¼ 55.5 5 1.9�

aR ¼ �85.7 5 0.9�

Pd ¼ 1.051 5 0.029



Phasor approach of Mueller matrix
S0 ¼ I0+ þ I90+ ¼ I45+ þ I135+ ¼ ILCP þ IRCP; (7)

S1 ¼ I0+ � I90+ ; (8)
S2 ¼ I45+ � I135+ ; (9)
and

S3 ¼ IRCP þ ILCP: (10)

The transformation of each input polarization state after
interaction with the sample is recorded pixel by pixel by
the PSA allowing the determination of the 16-element
MM of the sample. The link between the input and output
polarization states, ~Sin and ~Sout respectively, is established
using the MM of the sample [Msample(x, y)]:

~Sout ¼
�
Msample

� � ~Sin: (11)

In the case in which an optical block is added between the
PSG and PSA, the polarimetric signature of this feature
must be taken into account. More particularly, the output
Stokes vector can be directly retrieved as a function of input
experimental polarization states [W]¼ ð ~wH; ~wV ; ~w45+ ; ~wRCPÞ
by

~Sout
H ¼ �

Msampleðx; yÞ
�
: ~wH; (12)

~ V � �

Sout ¼ Msampleðx; yÞ : ~wV ; (13)

~ 45+ � �

Sout ¼ Msampleðx; yÞ : ~w45+ ; (14)

and

~Sout
CR ¼ �

Msampleðx; yÞ
�
: ~wRCP; (15)

where ð ~wH, ~wV , ~w45+ , ~wRCPÞ are the experimental input
Stokes vectors linear horizontal, linear vertical, linear 45�,
and RCP polarization states.

First, to convert the MM into a phasor plot, we reconstruct
the linear polarization-resolved intensity from the output
Stokes vectors of Eqs. 12, 13, 14, and 15. Indeed, the linear
output polarization states intensities Iq (q ¼ 0, 45, 90, or
135�) can be extracted directly from each previous Stokes
vector defined by Eqs. 7, 8, 9, and 10 by

I0+ðx; yÞ ¼ 0:5 � ½S0ðx; yÞþ S1ðx; yÞ�; (16)

I90+ðx; yÞ ¼ 0:5 � ½S0ðx; yÞ� S1ðx; yÞ�; (17)
I45+ðx; yÞ ¼ 0:5 � ½S0ðx; yÞþ S2ðx; yÞ�; (18)
and

I135+ðx; yÞ ¼ 0:5 � ½S0ðx; yÞ� S2ðx; yÞ�: (19)

Analyzing the polarization-resolved signal Iq is similar to
rotating the polarization analyzer after the sample, with the
aim of following the anisotropic polarization emission of
molecules under illumination, as widely realized for studying
nonlinear anisotropic molecular orientation (33). Because we
follow the linear polarization dependence, the circular polar-
ization intensity is omitted but can be extracted from the
combination of the S0(x, y) and S3(x, y) Stokes coefficients.

The phasor P(x, y) associated with the polarization-
resolved image Iq(x, y) has coordinates g(x, y) and s(x, y)
given by

gðx; yÞ ¼
P

Iqcosð2pq=QÞP
Iqðx; yÞ ; (20)

and

sðx; yÞ ¼
P

Iqsinð2pq=QÞP
Iqðx; yÞ ; (21)

whereQ¼ 180� and 1/Q is the frequency used for the Fourier
transform.Thus, every single pixel canbe identified as avector
in phasor space with two phasor coordinates (g, s) mapped to
(x, y) coordinates. The step-by-step protocol for converting the
MM signal into a phasor, for each pixel, is summarized in
Fig. 1. In general, from the phasor approach, it is possible to
analyze multiple frequencies in the signal. In this work, we
have limited our analysis to a single frequency. The phasor
is a vector of modulusM and angle f given by

M ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s2 þ g2

p
; (22)

and

f ¼ arctan

�
s

g

�
: (23)

The parameters M and f are usually called modulation
and phase and, as we shall see, are important in the interpre-
tation of the output polarimetric signal.

The phasor coordinates (g, s) can be calculated back from
M and f from

g ¼ M � cosðfÞ; (24)

and

s ¼ M � sinðfÞ: (25)

In the field of FLIM, the phasor approach defined M to be
between 0 and 1 and f between 0 and p (17). Here, from the
Stokes-Mueller formalism, the orientation of the optical fast
Biophysical Journal 120, 3112–3125, August 3, 2021 3115



FIGURE 1 Schematic diagram of the protocol

for converting the MM image into a phasor plot.

(a) The MM image conversion into Stokes-Mueller

images, then giving linear polarization images for

input polarization states H, V, 45�, and RCP. (b)

For a given input polarization state, a stack of im-

ages of the modulated linear polarized light signal

is built pixel by pixel (x, y), which can be plotted in

the phasor space at the coordinates (g, s).

Le Gratiet et al.
axis of the sample is defined between�p andp,modifying the
definition range of M ˛ [0; 0.5] and f ˛ [�p; p] (1,34).
Finally, the (g, s) coordinates are calculated pixel by pixel
from the polarization-resolved images using Eqs. 20 and 21.
In this work, the two-dimensional histogram of the values
g(x, y) and s(x, y) associated with each pixel are then repre-
sented in the phasor plot, in which the phasor spot is coded
from red to blue, for the highest to the lowest bin. A pixel-
by-pixel phasor representation could also be used, but then im-
aging contrast information is lost, and it becomes arduous
distinguishing the location of each component of the image.
Numerical simulation on birefringent materials

To study the phasor plot changes as a function of the polar-
ization input, we simulate the behavior in phasor space of
well-known reference samples that are easy to assemble
experimentally, for instance, air and birefringent materials.

Air sample

First, we simulate the phasor signature from the air sample,
i.e., without placing a specimen in the point spread function
(PSF). To have comparable results with experimental data,
we add the statistical SD measured experimentally and re-
ported in Table 1 in Materials and methods. Thus, the corre-
sponding air MM is given by

Mairðx; yÞ ¼ I4 þ Dðx; yÞ; (26)

where I4 is the 4 � 4 identity matrix and D(x, y) is the addi-
tional error matrix corresponding to the experimental SD of
3116 Biophysical Journal 120, 3112–3125, August 3, 2021
the microscope. By applying Eqs. 20 and 21, the phasor
plots for the air sample for each input polarization states
are presented in Fig. 2.

The simulated air sample exhibits the properties of the
input excitation light because of the absence of any interac-
tion with polarimetric objects. The H and V polarization state
inputs reveal a phasor in the positive (f ¼ 0�) and negative
(f¼ p) x axis, respectively. Considering that the electric field
oscillates in the perpendicular orientation between these two
polarization states, this means that the phasor defined the po-
larization orthogonality at p. This is confirmed by the 45�

input, which exhibits a phasor at f ¼ p/2 from the H polar-
ization states input in the positive y axis. This behavior de-
pends on the period used for the Fourier transform (Q ¼
180�). Indeed, the observed polarization angle j (i.e., the
angle at which the polarimetric signal has a peak) is the angle
of the output polarized light propagation plane with the (x, y)
laboratory axis, equal to j ¼ 0�, 45�, and 90� for the H, 45�,
and V output polarization states, respectively. It is related to
the phase f in the phasor space by the relationship

j ¼ fðq = 2pÞ ¼ f=2: (27)

Thus, the phase of the MM-phasor has a range �p % f

% p, corresponding to the range �p/2 % j % p/2 for
the linear polarization angle. Here, the modulus in the
absence of any anisotropic materials is equal to M ¼ 0.5
for all inputs. In addition, the RCP input shows a phasor
centered at the origin, indicating that the polarized light in-
teracts homogeneously and has no preferential orientation,
as predicted.



FIGURE 2 Phasor plot of a simulated air sample for each of the four polarization state inputs: H (linear horizontal), V (linear vertical), 45� (linear 45�), and
RCP (right circular polarization).

Phasor approach of Mueller matrix
Birefringent sample

In this work, we study only the MM-phasor of a simulated
birefringent material. Indeed, birefringence is the main
polarimetric parameter, presenting the highest imaging
contrast in biological tissues. We simulated the phasor
plot of a birefringent material of retardance R and optical
fast axis orientation aR, using the following MM:
Mretarder ¼

2
666664
1 0

0 cos2ð2aRÞ þ sin2ð2aRÞ � cosðRÞ
0 cosð2aRÞ � sinð2aRÞ � ð1� cosðRÞÞ
0 �sinð2aRÞ � sinðRÞ

0 0

cosð2aRÞ � sinð2aRÞ � ð1� cosðRÞÞ sinð2aRÞ � sinðRÞ
sin2ð2aRÞ þ cos2ð2aRÞ � cosðRÞ �cosð2aRÞ � sinðRÞ
cosð2aRÞ � sinðRÞ cosðRÞ

3
777775;

(28)
with

R ¼ 2p � Dn � e

l
; (29)

where Dn ¼ (ne � no) is the birefringence, e is the thickness
of the retarder, and l is the excitation wavelength.

The phasor plots are presented in Fig. 3 for different
R-values as a function of aR for the linear and circular
input polarization states. To improve the visibility of
each spot on the phasor plot, we kept the same signal/noise
ratio (SNR) as for air, and the orientation angle corre-
sponds to 0, 10, 20, 30, 40, and 45�. To simplify the phasor
representation, we show only the H and RCP phasor plots.
We discuss in the Supporting materials and methods how
to merge these into a single phasor plot by averaging the
three linear polarization inputs (H, V, and 45�).

First, we consider the H phasor plot. For aR¼ 0�, the pha-
sor is identical to that obtained without a sample in Fig. 2.
The reason for this is that there is no polarization change
when the input polarized light is aligned with the fast axis
of the birefringent object, in accordance with the polariza-
tion formalism (1). For R ¼ p, the phasor rotates toward p

as the value of aR increases from 0 to 45� (Fig. 3 a). For
R < p, from R ¼ 3p/4 to R ¼ p/4 (Fig. 3, b–d), the phasor
follows a similar rotation in function of aR, but the center of
this rotation changes as a function of R (Fig. 3, b–d, top).
This center translates until the limit case R ¼ 0, in which
the phasor becomes identical to the air phasor. Thus, in
the H phasor plot, there is no straightforward relation be-
tween the values of R and aR and the values of M and f.
If we consider the RCP phasor plot, for R¼ p, the RCP pha-
sor is identical to the air phasor, whatever the value of aR.
For R < p, the phasor rotates from the angle f ¼ p/2
Biophysical Journal 120, 3112–3125, August 3, 2021 3117



FIGURE 3 Phasor plots of a simulated retarder for linear and circular polarization input states as a function of the optical fast axis orientation aR (between

0 and 45� in steps of 10�) for a retardance of (a) p, (b) 3p/4, (c) p/2, and (d) p/4. (e) Schematic diagram of the phasor plot pattern for a retarder as function of

the R and aR parameters for linear and circular polarization input states.

Le Gratiet et al.
(aR ¼ 0�) to the angle f ¼ p (aR ¼ 45�) for any value of R
(Fig. 3, b–d, bottom). Thus, for R < p, the retarder orienta-
tion aR is linked directly to the phase angle f as (see Sup-
porting materials and methods)

aR ¼ f

2
� p

4
; (30)

where the phasor angle f is defined between�p/2 and 3p/2,
we get values of aR between �p/2 and p/2. The modulation
observed at the RCP phasor is independent of the optical fast
axis orientation of the retarder and depends only on R
(Fig. 3, b–d, bottom). Thus, for R < p, the retardance R is
linked directly to the phasor modulation M by

R ¼ arcsinð2 � MÞ; (31)

where the modulation M varies between 0 and 0.5, corre-
sponding to R-values defined between 0 and p/2. For any
given value of modulation M, another valid solution is

R0 ¼ p� arcsinð2 � MÞ: (32)

In other words, in the RCP phasor we get the same modu-
lation M for the retardance values R and p � R (see, for
instance, Fig. 3, b and d). Notably, we can discriminate be-
tween the cases R < p/2 and R > p/2 by additionally reading
the H phasor. For R< p/2, the phasor lies within the small cir-
cle of center (0.25, 0) and radius 0.25 (area inside the red line
in Fig. 3 e, top left), whereas for R > p/2, the phasor lies
outside the small circle and within the circle of center (0, 0)
and radius 0.5 (area inside the blue line in Fig. 3 e, top right).

In summary, as presented in Fig. 3 e, we numerically
demonstrated the capability of the MM-phasor to extract R
and aR from the RCP and H phasor plots for any type of bire-
fringent specimen. For 0 < R < p, these polarimetric param-
eters are obtained by simply extractingM and f in both H and
3118 Biophysical Journal 120, 3112–3125, August 3, 2021
RCP phasors based on Eqs. 30, 31, and 32). For the specific
case R ¼ p, only the H phasor is needed for obtaining aR,
as aR ¼ f/4 (Fig. 3 e, top), which speeds up the analysis.
However, the limitation of this approach comes when deter-
mining the values from a weak birefringent material, resulting
inM-values too small compared to the SNR. The reason is that
the phasor spot evolves too close around the center and is
assimilated to the case in which the sample is only air. We
calculated the modulation value as a function of R for deter-
mining the sensitivity of MM-phasor in Fig. 4 at the same
orientation aR ¼ 0�. This is similar to finding the minimal re-
tardance in which the phasor spot is included in the experi-
mental SD reported for the air sample. As explained in the
previous section, the phasor spot lies on the g axis with s ¼
0. The simulated data have been extracted from the RCP pha-
sor because R is extracted from this space as demonstrated in
Eq. 32. Hence, we have presented the modulation value for a
retardance from p/2 to p/40, resulting in M-values between
0.5 (maximal M) and 0.03 as previously discussed above.

In the Materials and methods, the measured SD leads to
an uncertainty on the air M-value equal to 0.05. This means
that below this modulation, the phasor spot provided by a
weak birefringent specimen can be assimilated to the air,
therefore comprising the resolution limit of the MM-phasor
approach. From Fig. 4, it can be seen that M ¼ 0.05 is
reached for R ¼ p/31 �5.8�. Thus, the MM-phasor method
is not able to discriminate structures of interest that exhibit a
contrast below this limit, comparable to the SNR reported in
Table 1 for the LC decomposition.

Layered birefringent fibers

To characterize the performance of the MM-phasor
approach in the case of a histopathological sample, we
simulate a structure composed of a successive arrangement
of elementary randomly oriented birefringent features. The



FIGURE 4 Evolution of the modulation value as a

function of the inverse retardance as a multiple of p

and the corresponding raw simulated data. The data

are calculated in RCP phasor space, with retardance

between p/2 (¼ 90�) and p/40 (¼ 4.5�), with the

same orientation aR ¼ 0�. a.u., arbitrary unit.

Phasor approach of Mueller matrix
model shown in Fig. 5 a is basically related to the situation
one encounters in the presence of a pathology that has
induced a disorganization of the connective tissue. The
modeling of such a medium consists of simply multiplying
the retarder MMs reported in Eq. 28 with the same R-value
but at different orientations. Here, we simulate an image
containing one, two, three, or four sets of simulated fibers,
calculate (g, s) pixel by pixel from this image and the asso-
ciated phasor plot, and then extract the retardance from
this plot. In our model, shown in Fig. 5 a, the medium under
illumination corresponds to a successive arrangement of
birefringent components with the same thickness e and ori-
ented at 0, 10, 20, and 30�. To make a comparison between
the LC and the phasor approach in realistic conditions, we
consider a type I collagen fiber with a thickness of e ¼ 50
mm and Dn ¼ 0.0017 (35). Thus, R is calculated from Eq.
29 and provides the ground truth of the simulation, equal
to R1 ¼ 37�. We calculate the MMs for a single zero-degree
layer and then add the differently oriented layers one by one.
The determination of R between the two approaches is
compared to the ground truth as a function of the number
of fibers in the illumination volume and is presented in
Fig. 5 b. Noting that the value of R providing in this section
corresponds to a single point in the birefringent fiber with a
specific thickness and without dimension in the xy plane
(perpendicular to the PSF volume).

In the case of a single fiber oriented at 0�, both LC and
MM-phasor approaches provide a good agreement with the
expected valueR1¼ 37�. By adding a second layer and a third
one, oriented at 10 and 20�, the expected values are 2� R1¼
74� and 3�R1¼ 111�. Thus,we notice a strong dispersion by
using the LC approach, which yields 93 and 141�, whereas
theMM-phasor approach is still consistent with the expected
values, 68 and 121�. By adding a fourth fiber oriented at 30�,
the expected value is 4 � R1 ¼ 148� and the MM-phasor
approach is closer to the real value of 149�, whereas the LC
FIGURE 5 (a) Schematic of the layered oriented

birefringent medium. Each layer has a thickness of

e ¼ 50 mm and is oriented at 10� compared to the

previous one. (b) Retardance value, as a multiple of

R1 ¼ 37�, as a function of the number of fibers in

the illumination volume. The blue, red, and orange

plots correspond to R-values calculated from the

ground truth, the LC decomposition, and the

MM-phasor approach, respectively. (c) Depolari-

zation index, Pd, calculated from the LC decompo-

sition, as a function of the number of fibers in the

illumination volume.
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fails by giving 185�. The reason for the nonconsistency of the
LC decomposition when the complexity of the sample in-
creases is that the model composed of an arrangement of a
dichroic, birefringent element and a depolarizer is no longer
suitable. As shown above, the ordering of the optical compo-
nents is crucial for physically interpreting the MM of the
sample, and inverting it drastically influences the value of
the polarimetric parameters, as illustrated in the Supporting
materials and methods. In this section, we illustrated the dif-
ference when the sample is composed by a retarder and a
dichroic element and its inverted ordering. In the case of a
sample composed of randomly oriented structures, the polar-
imetric signature becomes more complex to interpret in the
absence of any spatial sectioning. This is shown by the Pd-
value reported in Fig. 5 c, extracted through LC decomposi-
tion, that decreaseswhen the number of fibers increases, from
Pd ¼ 0.97 with a single fiber to Pd ¼ 0.54 with four fibers.
Meanwhile, theMM-phasor approach is capable of retrieving
thevalue ofR and its orientationwithout being affected by the
degree of Pd. This is only true if we assume that the sample is
birefringent, and the influence of depolarization is discussed
in the Supporting materials and methods.

In this work, dedicated to the specific case for imaging thin
and microscopic birefringent objects, we neglect the presence
of any dichroism and depolarization, as reported in Table 1.
However, as demonstrated in the case of birefringent
randomly oriented multilayers, the sample could exhibit a
strong depolarization, making determination of the polari-
metric parameters as arduous as it is the for the LC decompo-
sition. We have performed numerical simulations related to
the influence on the phasor for a pure dichroic (D < 0) and
a pure depolarizing (Pd < 1) medium (Pd < 1 and R s
0�) presented in the Supporting materials and methods. To
sum up, in the case of a pure dichroic medium, the zero-de-
gree orientation angle (aD ¼ 0�) for the linear polarization
input phasor presents a modulation value smaller than for a
retarder (M < 0.5) and becomes maximal on the s axis at
aD ¼ 45�. Additionally, the translation in RCP phasor space
as a function of aD is inside the positive g region, as opposed
to a pure retarder. Thus, these two pieces of information pre-
sent an interesting approach for discriminating a pure retarder
from a pure dichroic medium. In the case of a pure depolariz-
ing medium, it has been shown that the phasor spot again ex-
hibits a smaller modulation value than for a pure retarder,
translating at any orientation to the origin of (g, s) coordinates
for highly depolarized samples. This means that for a highly
scattering sample (Pd << 1) mixed with a retarder, the
birefringent parameters cannot be retrieved properly and
this phasor approach is limited, as is the case when LC
decomposition is applied (36).
Validation on reference sample

We apply the MM-phasor approach on a homemade sample
composed of transparent adhesive film surrounded by air, pre-
3120 Biophysical Journal 120, 3112–3125, August 3, 2021
sented in Fig. 6. This sample is of interest because of its strong
birefringence signal, its simple model, and the fact that it can
be discriminated from air or other weak polarimetric objects.
To analyze the phasor plots for the different parts of the sam-
ple, we segmented the image separately for the air and the
transparent film area by the corresponding ROI 1 (red) and
ROI 2 (blue), respectively, and combined the two objects in
ROI 3 (green). The arbitrarily chosen ROIs are drawn on the
associated m00 image of the sample, which corresponds to
the total collected light image from the MM.

The phasor for the generated linear and circular
polarization states of the air area, ROI 1 (in red), is pre-
sented Fig. 6 a, in accordance with our simulation
(Fig. 2). A small difference from the previous simulation
comes from the fact that the modulation of the phasor spot
is less than 0.5, induced by an R-value between 0 and p/2.
Fig. 6 b presents the H and RCP phasors of the transparent
film area, ROI 2 (in blue), and Fig. 6 c corresponds to the
area with both air and tape, ROI 3 (in green), for compari-
son. The H phasors for the air and the film regions are
almost identical, indicating that the optical fast axis of the
film is close to 0�, parallel to the input polarized light. A su-
perposition of the phasors of the two materials is presented
in Fig. 6 c, corresponding to an ROI taking into account both
air and the transparent film area. This is of particular interest
because it demonstrates our capacity to provide a distinct
segmentation of the different areas in the sample by directly
identifying the phasor point distribution in phasor space.

Conjointly, we demonstrate the capability of MM-phasor
for converting the phasor (g, s) mapping into the (R, aR) im-
ages. The reconstructed R and aR images with the histogram
distribution of the pixel distribution is presented in Fig. 7,
extracted from LC decomposition and from the phasor plots
in Fig. 7, aand b, respectively.

The mean and SD values shown in Fig. 7 a correspond to
those reported in Table 1 for a homogeneous surface of the
tape. The absolute retardance value R ¼ 2p � Dn � e/l of
the transparent film is retrieved, knowing its birefringence
Dn ¼ 0.0077 from the coefficients of Cauchy’s equation
(37) and its approximate thickness e¼ 0.5mmat the excitation
wavelength l ¼ 808 nm. Thus, the retardance obtained for
such a material corresponds to 60.7 (taking into account the
phase wrapping for such a thick birefringent sample), reason-
ably close to the measured retardance by LC decomposition
(R ¼ 55.5�). The mean values of R and aR from the phasor
plots are equal to R ¼ 54.15 8.4� and aR ¼ �83.45 1.5�,
which provide a satisfying agreement with the data from LC
decomposition (Fig. 7 b). However, we note a stronger disper-
sion in thevalues obtained by the phasor plot. In fact, LC is un-
affectedbychanges in transmission, but the phasor approach is
affected by undesirable changes in overall transmission.More
precisely, LC uses the trace of the retardance Mueller 3 � 3
submatrix (Mr) composed by the block diagonal terms,
excluding any attenuation terms (38,39). By comparison,
our approach extracts R from the modulation intensity



FIGURE 6 Phasor plots of ROIs from a transparent adhesive film sample surrounded by air. (a) Phasor plots for the air ROI 1 (red), (b) phasor plots for the

transparent film ROI 2 (blue), and (c) phasor plots for both air and transparent film tape ROI 3 (green) for each of the four input polarization states. (Top

panel) Images coded in total collected light intensity m00. (Left panel) Raw images coded in H and RCP intensity.

Phasor approach of Mueller matrix
performed by a virtual rotation of the analyzer affected by the
total transmittance of the sample. This decreases drastically
the SNR of such an approach, but this obstacle could be over-
FIGURE 7 (a) R and aR images extracted by LC decomposition and their asso

and RCP phasor plots with the associated pixel histogram.
comeby studying thinner and/ormicroscopic objects,which is
the aimofusing the phasor representation presented in the next
section.
ciated pixel histograms. (b) R and aR images extracted by comparing the H
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FIGURE 8 (a) and (b) Retardance images and orientation aR obtained by LC decomposition of a collagen fiber from rabbit tendon as a function of its

spatial rotation (˛ [0�, 180�]) at the RCP polarization input. (c) Associated RCP phasor plots of the same collagen fiber.

Le Gratiet et al.
MM-phasor analysis for biological samples

Collagen fiber

As a first application of the MM-phasor, we study a collagen
fiber, well-known to be a uniaxial birefringent material (36).
Collagen fibers are commonly used as an indicator to diag-
nose pathologies by detecting tissue disorder using MM im-
aging (40,41). To understand the influence of the sample
orientation relative to the output polarization states, Fig. 8
presents collagen fibers from rabbit tendon after manual
physical rotation of the sample. Here, we present the associ-
ated LC images, as well as RCP phasor plots for each sam-
ple rotation. Because of the weak birefringence effect
exhibited by biological samples, the R-value is less than
p/2. Therefore, we present only the RCP phasor here.

From the LC images (Fig. 8, a and b), the R-values are
similar for different orientations of the fiber, R ¼ 56.3 5
6.9�, because of the independence of the MM to sample
TABLE 2 Averaged mean value of (R, aR) for collagen fiber as a fu

decomposition and the RCP phasor

Orientation 0� 4

Parameters

LC R 45.4� 58

aR �68.6� �2

DaR N/A 48

RCP phasor R 69.9� 51

aR �69.2� �3

DaR N/A 31

Collagen fiber presented in Fig. 8, a and b. RCP phasor shown in Fig. 8 c. N/A
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orientation (13). As expected, the associated aR images
in Fig. 8 b display shifts of 45� with respect to the phys-
ical rotation of the optical fast axis of the sample. The
phasor for each of these sample rotations is presented in
Fig. 8 c. Because of the inhomogeneity and the weaker
birefringence of the sample compared with the trans-
parent film, the phasor plot in the practical case exhibits
a more scattered spot lying around the center. It is worth
noting that the apparent SDs between each rotation of the
fiber are explained by an inhomogeneous structure of the
sample, coupled with a different z position of the PSF
volume between each measurement. However, the spot
spreads clearly in a preferential direction resulting from
the orientation of the optical fast axis. Additionally, as
predicted by Eq. 32, the preservation of the modulation
amplitude is explained by the conservation of the R-value
for all orientations, as shown in LC images (Fig. 8 a). We
confirm that a sample rotation of DaR ¼ 45� is
nction of spatial rotation ˛ [0�, 180�] obtained from LC

5� 90� 135� 180�

.7� 59.6� 60.9� 64.6�

0.4� 16.3� 55.8� 104.4�

.2� 36.7� 39.5� 48.6�

.2� 62.3� 56.1� 71.9�

8.2� 9.3� 51.9� 95.6�

.0� 47.5� 42.6� 43.7�

, not applicable.



Phasor approach of Mueller matrix
characterized by a rotation in the phasor space for the
RCP input of Df ¼ 90�, in keeping with the simulations
reported in Fig. 3.

To summarize, Table 2 presents (R, aR) extracted with the
gold standard polarimetric images from LC decomposition
and with the RCP phasor plots. These results are obtained
by averaging the angle taken from the ROI all along the
collagen fiber, taking into account the phase wrapping effect
for a physical angle greater than 90�. To confirm the 45�

rotation, the differences of aR between each rotation are pre-
sented with DaR.

Table 2 shows an adequate preservation of the R-value for
both methods, demonstrating our capability to properly pre-
dict the phasor plot behavior with respect to the rotation of
the optical fast axis. Indeed, for LC, the averaged R-value
for each the sample rotation is R ¼ 57.9 5 7.3� and be-
FIGURE 9 (a) Total transmitted light m00 image and the raw H and RCP imag

(b) The retardance (R) and its orientation (aR) images from LC decomposition, co

RCP input polarization, corresponding to the four ROIs in (a). ROI 1 (black are

ROI 3 (red) to the aR ¼ �20� area of (b), and ROI 4 (blue) to the aR ¼ 20� ar
comes R ¼ 62.3 5 8.8� when using the RCP phasor. For
the optical fast axis aR, the averaged difference between
each angle, DaR ¼ qi þ 1 � qi, is DaR ¼ 43.3 5 6.0� for
LC decomposition, whereas it is DaR ¼ 41.4 5 6.1� for
the RCP phasor. It is worth noting that for such a sample,
the SDs are identical between the two approaches, in
contrast to the transparent tape. Indeed, the sample transmit-
tance is much weaker because of its thickness of a few hun-
dred micrometers.

Myosin fiber

As a second application of the MM-phasor, our study of
myosin fibers is able to provide an interesting polarimetric
signal coming from microscopic-localized change in the
complex of actin and myosin (42,43). Fig. 9 presents a
myosin tissue sample from rabbit tendon to understand the
es segmented in four associated ROIs of myosin fibers from a rabbit tendon.

mpared with R and aR images from the phasor analysis. (c) Phasor plots for

a) corresponds to air area, ROI 2 (green) to the whole muscular tissue area,

ea of (b).
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single influence at the molecular level of the input and
output polarization states in the most general case of
in situ organized tissue. The reconstructed phasor images,
encoded in modulation and phase, are compared with LC
decomposition images.

Fig. 9 a presents them00 image of the myosin fibers, which
provides poor contrast based only on the absorption and scat-
tering of the incoming light. However, after applying LC
decomposition, Fig. 9 b, left panel presents better image
contrast, coded in (R, aR), in which the fibers can be discrim-
inated according to the orthogonal orientation of the actin-
myosin complex. Indeed, it can be observed that the fibers
rotate between two orientations, aR ¼ �20� and aR ¼ 20�,
encoded in cyan and yellow, respectively. This symmetrical
organization between the actin and the myosin was previ-
ously reported in the literature from nonlinear polarization
microscopy (44). As expected, images reconstructed from
the RCP phasor (Fig. 9 b, right panel) are in correlation
with the structures highlighted by LC decomposition MM
images. The RCP phasor plot (Fig. 9 c) from ROI 1 (air re-
gion), is in accordance with our previous analysis for such
reference materials, meaning that no modulation is presented
for the RCP input. Nevertheless, for the other ROIs, the pha-
sor spots are slightly wider, probably because of the hetero-
geneity of the biological components. In particular, in ROI
2, a relatively large region containing fibers of different orien-
tation, the wider spot corresponds to a simple averaging of
the overall fingerprint of the muscular tissue. Nevertheless,
when segmented separately by ROI 3 and ROI 4, the two ori-
ented fibers reveal clearly two phasors having different phase
value at the same modulation (same R-value).
CONCLUSION

In this work, we demonstrate that the combination of a phasor
approach withMMmicroscopy provides an easy and intuitive
interpretation of polarization-resolved images from birefrin-
gent samples. The method is shown to work when using sam-
ples with low dichroic and depolarizing (scattering) content.
The impact of using this representation, instead of applying
the gold standard LC decomposition, is the absence of a priori
knowledge of the sample and of complex mathematical
modeling of the elementary polarimetric components.We im-
plemented an algorithm that provides access to the retardance
and its orientation in any birefringent material by simply
reading the (g, s) coordinates of the linear and circular polar-
ization phasor plots. As preliminary results, we have applied
a post-treatment protocol from all the raw polarization-
resolved images, resulting in conversion into the phasor
map. As future work, the phasor map of each pixel could be
accelerated toward a real-time application by directly calcu-
lating the (g, s) coordinates for each scanned pixel, which
would give an almost immediate result, depending on the
scanning time for an image. We show that the MM-phasor
can perform fast analysis of tissues, opening possibilities for
3124 Biophysical Journal 120, 3112–3125, August 3, 2021
future applications for in situ diagnosis of pathologies and dis-
eases that could assist histopathological evaluation.

The data sets generated and/or analyzed and the MAT-
LAB algorithm in this work are available from the corre-
sponding author on reasonable request.
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