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ARTICLE INFO ABSTRACT

Keywords: We propose an imaging method to enhance and reveal structures within samples by using a polarization-based
Polarimetry filter. This filter removes the isotropic content while amplifying the anisotropic component of depolarization.
Depolarization Whereas isotropic depolarization leads to a complete loss of polarimetric information, the anisotropic one

Indices of polarimetric purity is connected with intrinsic characteristics of samples. The filter has the capability to diminish the isotropic

frrar;f;zcme depolarization of samples, revealing their inherent information. As representative cases, we analyze the effect
of the filter in heart and brain sections of animal origin. Results highlight the outstanding performance of
the filter. In heart, myocardial and subendocardial structures are better visualized, whereas in the brain, fiber
tracts are identified. These proves the significance of this filter in the medical field, paving the way to the early
detection of pathologies. The methodologies here presented could be applied in a wide range of applications,
providing a significant advance in polarization imaging where high isotropic depolarization response is present,

this being a common scenario in nature.
1. Introduction properties of materials in biomedical applications. Biological tissues
are collagen rich structures, and collagen fibers are birefringent ma-
Polarimetric based methods are a powerful tool in a wide number terials so retardance has arisen as an interesting tool to investigate
of applications, as for instance in astronomy [1], remote sensing [2], different samples and pathologies, both through macroscopic or micro-
environment [3], automated guided vehicles [4], botanical applica- scopic polarimetric techniques [18-23]. In this sense, collagen density
tions [5,6], biomedical applications [7,8], among others. In the case of  and fibrillar collagen orientation determine, respectively, the magni-

biomedical applications, polarimetric imaging and polarimetric based
sample recognition are nowadays being used to study diverse human
pathologies [8-10]. There are three main polarimetric properties that
could be useful when studying samples: dichroism, retardance and
depolarization. Depending on the nature and polarimetric features of
the tissue to be inspected, one of these properties, or several, can
store information about the sample after light-matter interactions. If
the tissue presents a spatially heterogeneous polarimetric response,
image contrast between structures can be highly improved through
polarimetric methods [11-15], this being of interest for imaging ap-
plications [12-15], as well as for tissues or pathologies automatic
recognition [16,17]. Let us review the interest of these three main to be minimized by some users), recent works have demonstrated

tude, orientation and alignment of birefringence in biological tissues.
Therefore, the amount, distribution, fiber orientation and alignment
of fibrillar collagen are important factors underlying the properties of
tissues, playing an important role in many diseases. For instance, the
connection between collagen organization and birefringent properties
has been used for the detection and progression study of different
types of cancer [24,25]. Also nerve fibers and some proteins have an
important birefringent response [26]. In addition, although the depolar-
ization feature of samples was initially understood as a characteristic
with little value in biomedical applications (it was regarded as noise
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that depolarizing channel encodes rich information of samples, as it
is related with inherent features, as constituent units disorder, density,
physical characteristics, etc. In this vein, due to the stronger scattering
effects and organization changes on most tissues related to pathological
processes, depolarization is a key method for the study and characteri-
zation of diverse human pathologies [8,9,27-29]. For instance, changes
in cellular concentration of tissues related to pre-cancer to cancer
progression can be studied by means of depolarization variations [29];
also the variation of anisotropy levels and orientation disorder are
directly related to heart pathologies such as infarction [27], cancer
stages in different tissues as ex-vivo human colon, skin, cervix and
laryngeal cancer [9,28,29]. Therefore, anisotropic properties of samples
can be related to different pathological stages. In this regard, the use
of depolarizing metrics derived from the experimental Mueller matrix
of the studied samples have demonstrated their interest in such ap-
plications. In turn, although observables related to samples dichroism,
as diattenuation or polarizance [30], are not commonly used in terms
of biomedical samples imaging, due to the weak dichroic response of
biological tissues [31], they have demonstrated to be helpful for tissues
classification [16,32] and, in the case of diattenuation this polarimetric
feature has recently demonstrated its good performance in the study of
brain tractography [33]. Moreover, they have proved a high interest
for the study of plant samples, helping in the detection of chloroplasts
and related organelles in plant species [34].

In this context, we recently published a study showing that de-
polarizing properties of samples can have two main origins: isotropic
and anisotropic depolarization [35]. In this scenario, biological samples
may exhibit anisotropic depolarization, isotropic depolarization, or a
mixture of both [33].

In this work, we show that in those samples where isotropic depolar-
ization is a predominant effect, the anisotropic depolarization part may
be present but hidden, this contribution being much more valuable in
terms of image visualization and contrast enhancement. The discussion
is conducted considering some metrics suitable for the description of
depolarizing samples, which have already demonstrated their interest
regarding tissue imaging: the indices of polarimetric purity (IPP) [8,
11,12,14]. Once this idea is set, we use this concept to implement
an imaging filter with a clear physical interpretation and very simple
implementation. Such filter is based on removing the influence of one
the IPP in the response of the sample. The interest of this new filter is
tested on different biological samples, showing outstanding results in
terms of sample visualization, and improving actual state-of-the-art.

Finally, we want to note that the methods provided in this work
are general and could be useful not only in biomedical applications, as
motivated in this work, but in all those applications where polarization
methods have already proved their interest in imaging or classification
applications, as those stated at the beginning of this introduction.

The present manuscript is organized as follows. In Section 2, we
present a brief summary of the isotropic and anisotropic depolarization
concepts, the mathematical background related to the filter implemen-
tation in the Mueller matrix and the impact on some polarimetric
observables after the isotropic filtering. Section 3 provides the descrip-
tion of the two biological samples (transverse section of an ex-vivo lamb
heart and a coronal section across the frontal lobe of an ex-vivo cattle
brain sample) inspected in this work as well as their interest in the
biomedical field (Section 3.1). The experimental results of the samples
once the filter has been applied are shown in Sections 3.2 and 3.3. To
conclude, in Section 4 we provide the main conclusions of the work.

2. Isotropic depolarization filter (IDF): Mathematical background

In this section, we present the mathematical background detailing a
new tool for image processing based on polarization with high potential
for vision applications, being specially suitable in samples showing
depolarization, which is applicable to a large number of real scenarios.
Specifically, we present a new concept for image polarimetric filtering
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which is applied to the experimental Mueller matrix images of samples,
and exploits the fact that depolarizing samples may present isotropic
and/or anisotropic depolarization.

As discussed in Ref. [35], depolarization associated with a given
uniformity in polarimetric properties is called anisotropic depolariza-
tion, while isotropic depolarization is caused by other effects that
randomize the polarization state of light, such multiple scattering, but
are unrelated to the polarimetric properties of the sample.

In real samples, both isotropic and anisotropic depolarization usu-
ally occur simultaneously. The effect of isotropic depolarization is to
reduce the contrast of images because it affects all elements of the
Mueller matrix (M) in the same way. On the other hand, anisotropic
depolarization affects the elements of M differently and can therefore
contribute to the improvement of the contrast in polarimetric images.
Therefore, anisotropic depolarization seems to be more interesting for
practical applications in polarimetric imaging than isotropic depolar-
ization, and it is therefore interesting to find a way to separate their
respective effects. In the following, we propose a method to filter out
the isotropic content of the depolarization, which leads to a signifi-
cant improvement in the visualization of sample structures, surpassing
not only standard intensity images, but also current state-of-the-art
polarimetric images.

To implement the polarimetric filter, we use the characteristic
decomposition of M [36] in terms of the indices of polarimetric purity
(IPP) observables [37], because the IPP represent a suitable framework
to separate isotropic and anisotropic depolarizing origins. Moreover,
the characteristic decomposition has a clear physical interpretation that
allows the filter to be implemented in an intuitive and simple way,
which is useful in practical applications. In addition, this decomposition
can also be useful for filtering polarimetric noise [38].

In the following we review the concept of isotropic and anisotropic
depolarization in the context of characteristic decomposition (Sec-
tion 2.1), and then we describe the filtering method and derive some
observables of interest (Section 2.2).

2.1. Isotropic and anisotropic depolarization content derived from the char-
acteristic decomposition of the mueller matrix

The characteristic decomposition allows to write the M of any
depolarizer as the incoherent addition of different Mueller matrices. In
fact, it separates M as the contribution of four different matrices with
physical interpretation (describing polarizing or depolarizing proper-
ties), and each one of these terms is weighted by one of the IPP or
a linear combination of them. In particular, it can be expressed as
follows [36,37]:

M = Py(moy M )+ (Py — P )(meo M) +(P3 = Py)(mog M) +(1— Py)(mey M),
(@)

where my, is an scalar value representing the mean intensity coefficient
and the circumflex in the different matrices M; (i = JO, 1, 2 and 3)
denotes the normalized matrix.

Each one of the four matrices appearing in the incoherent ad-
dition in Eq. (1) has a particular physical meaning: M, represents
the nondepolarizing features of M, M, represents the portion of the
medium that behaves as a 2D depolarizer, M2 represents the part of the
medium that behaves as a 3D depolarizer and the term M; gives the
portion of the medium behaving as a perfect depolarizer [36,39,40].
For further interpretation, recall that a 2D depolarizer is a system
that can be written as the incoherent addition of two specific pure
Mueller matrices derived from M, whereas a 3D depolarizer is a system
that can be written as the incoherent addition of three specific pure
Mueller matrices derived from M, and a perfect depolarizer is a system
that when a light beam interacts with it, regardless of its state of
polarization, always transforms the incident polarization state into a
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fully unpolarized state (perfect depolarizers can be represented by the
Mueller matrix M, recr depolarizer = diag(1,0,0,0)).

Note that this additive scheme of interpretable elements give us
valuable information about the polarimetric contributions leading to
the final particular system represented by M. Importantly to our study,
note that the significance (the weight) of each term in Eq. (1) is pro-
vided by a linear combination of the IPP parameters (P, P,-P;, P;-P,
and 1-P;, respectively). Recall here that IPP are three polarimetric
observables, P;, P, and P;, with values between 0 and 1, which are de-
rived from the covariance matrix associated with a given M, and which
provide quantitative information on the polarimetric randomness of
the system [35,37]. Therefore, the particular IPP combinations above-
stated can be understood as metrics quantifying different polarimetric
origins existing in a given sample.

Stated the interest of IPP for an in-depth knowledge of depolar-
izing samples, in a previous work (Ref. [35]) we further studied the
interpretation of IPP observables, by analyzing a collection of depo-
larizers consisting of the incoherent addition of easily interpretable
devices (diattenuators and retarders), and inspecting the associated
IPP values. We demonstrated that P, and P, were connected with
anisotropic depolarization (originated by polarimetric anisotropy), and
P; was connected with isotropic depolarization (perfect depolarizers).
It was shown that depolarizing systems fully governed by anisotropic
processes were characterized by P; = 1, regardless of the values of P,
and P,. Moreover, when P; < 1 means that a given amount of isotropic
depolarization was present. The limiting case of a fully unpolarizing
sample occurs when P; = 0. Readers interested in further evidence
and discussion related to the connection of P, and P, with anisotropic
depolarization, and P; with isotropic depolarization are addressed to
Ref. [35].

In this framework, it is interesting to analyze how the charac-
teristic decomposition changes when we consider systems with only
anisotropic depolarization (i.e., with zero isotropic depolarization con-
tent) for which P; = 1. Therefore, by imposing such a condition in
Eq. (1), the last term of the characteristic decomposition (corresponding
to the contribution of the perfect depolarizer) becomes zero. Therefore,
for this particular case Eq. (1) can be rewritten as [35]:

Mp_ =M, = Py(mog M yg) + (Py = Py)(mog M) + (1 = Py)(mg M), (2)

where M, denotes depolarizing systems without isotropic depolariza-
tion.

On the other hand, the last term of Eq. (1) represents isotropic
depolarization. In fact, by taking into account the weight of this last
term in Eq. (1), i.e. 1— P;, it can be shown that the value of P; measures
the proportion of anisotropic depolarization in a sample M [35]. For
instance, the condition P; = 1 is satisfied when no isotropic depolar-
ization is presented in the sample and P; = 0 when depolarization
is fully isotropic. Moreover, due to the inequalities governing IPP, if
P; = 0, the other IPP must be also zero, P, = P, = 0 (see Eq. (§4)
of the Supplementary document). As a consequence, the characteristic
decomposition of a system that only presents isotropic depolarization
processes is written as [35]:

Mp,_g = My, = mgyMj, 3

where M, , denotes depolarizing systems fully governed by isotropic
depolarization and represented by perfect depolarizers. Note that, in
the equation describing isotropic depolarization processes the infor-
mation is codified in only one term (my,M;), whereas the anisotropic
depolarization is described by three different terms (see Eq. (2)).

A general system that may present both isotropic and anisotropic
depolarization can be written as follows [35]:

M = Pymyg M, + (1 = Py)(moy M), @

i

where M is divided in the anisotropic (M,) and isotropic (M,,,)
depolarizing contributions.
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From Eq. (4) we clearly realize that the P; metric associated to
a Mueller matrix determines the portion of isotropic and anisotropic
depolarization features in the samples. Note also that, as a consequence
of the inequality relation of IPP (P; < P, < Py), if isotropic features of
samples are predominant, P; takes small values, and thus, the valuable
information of anisotropic depolarization, which is connected with
physical properties of samples (through channels P, and P, and other
related polarimetric observables [39]) is mostly masked. This situation
can be intuitively interpreted using the graphical representation of
Purity Space [41] (see sec. 3.1 of the Sup. doc.).

At this point, the following questions arise: (a) could it be possible
to remove the influence of isotropic depolarization of a sample in
order to highlight more physical properties of samples? and (b) if this
is possible, would this be a powerful tool for image visualization of
structures after removing isotropic depolarization? The main goal of
this manuscript is to answer these questions and to prove, that: (a) it is
very easy to isolate isotropic depolarizing features of a Mueller matrix
(let us call it isotropic depolarization filtering) by using decomposition
in Eq. (4); and (b) the application of this filter paves the way for a
new dimension of image processing based on polarimetric data. In the
next subsection, the theoretical fundamentals of the proposed filter are
described in detail. In turn, to highlight the potential of the method
for practical applications, some experimental results and examples are
provided in Section 3.

2.2. Isotropic depolarization filter

The filter we propose consists in eliminating the isotropic ((1 —
Py)(myyM;)) term from M. The filtered Mueller matrix M, is imple-
mented as follows:

M, =M — (1 = Py)(myyM;) =
Py (mogM ) + (Py — P)(mgg M) + (1 — Py)(moo M).

In this way, we isolate the anisotropic information in the new
filtered matrix M,, which corresponds to the anisotropic terms of the
characteristic decomposition. In other words, we subtract the last term
in Eq. (2) to the Mueller matrix M, to get M.

Once the anisotropic information is isolated, we can study how this
filtering affects the polarimetric observables that can be calculated from
M, (and how they compare with the same observables derived from
M). To do so, we can write the filtered matrix elements (those of M,)
in terms of the elements before the filtering. As the M, matrix has the
diagonal form diag(1,0,0,0), it is straightforward to see that m, is the
only element in M affected by the filter:

(5)

myoo = mog — (1 = P3)mgy = Pymyy. (6)

The rest of the elements of the filtered matrix (before normalization)
are not affected by these operation, that is m,; ; = m; ; for all elements
except for i = j = 0 (Eq. (6)). To obtain the different polarimetric
observables from M, it is necessary to normalize the matrix (divide
every element of the matrix by mg,P;). The normalized form of M, in
terms of the elements before the filter, can be expressed as (the filtered
polarimetric parameters are noted with the superindex ’):

D/T
1 Moy Mmoo mo3
moo Py mog Py moo P3
mio mp mp m3
moo Py | mooP3  mogPy mog Py
M, =myP; )
mo M my my3

moo Py | mogP3  mooP3  mog Py

m30 m3 m3 m33
mog Py | mooP3  mog Py mgoP3

P!

From Eq. (7) we see that, since the m, element of the filtered
matrix M, was affected by the IDF, the new normalized elements of the
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matrix are also affected. In particular, all the elements in the matrix
have a dependency on P;. The interest of filtering the isotropic part
of the depolarization is particularly evident when it comes to image
non-homogeneous samples which show a given spatial variation of their
respective polarimetric properties across the imaged area. In this way,
the value of P; will vary across the sample and therefore affect the
observed value of the polarimetric properties differently. For instance,
when we obtain the Mueller matrix image of a sample, we compute the
value of each polarimetric characteristic pixel by pixel. Hereafter, we
will explicitly write this point-to-point dependence of the polarimetric
observables, P;(x, y).

Once the filtered matrix is obtained, we recalculated the polari-
metric observables from this matrix in order to analyze the effect of
subtracting the isotropic depolarization on them. For more detailed
calculations, see sec. 2 of the Supplementary document.

2.2.1. Non-depolarizing channels: Dichroic and retardance properties

In this subsection, we discuss the contrast improvement related to
non-depolarizing observables (i.e., dichroic and retardance-based prop-
erties) by using the proposed P; based filter. Regarding to the sample
characteristics related to dichroism, we mainly focus on diattenuation
(D) and polarizance (P). These metrics can be obtained directly from
the M elements, as shown in Eq. (7). The relationship between the
parameters before and after the filter can also be extracted directly from
Eq. (7).

’ P(x,y)
P(x,y) = Prry)’ ®

From Eq. (8) we see that filtering P and D means dividing the origi-
nal values of these observables by P;. When the isotropic depolarization
is high, the values of P; are low, and therefore filtering the isotropic
component will imply a significant contrast enhancement in P and D.
In Section 3 we show how this effect help not only to the contrast
enhancement but also to reveal some structures hidden due to a high
amount of isotropic depolarization.

The filtered retardance (R’) cannot be obtained directly from the
elements of M,. To obtain the retardance observables from a Mueller
matrix, we need to further processing the data, as for instance, by
applying Mueller decompositions, as the Lu-Chipman, the Arrow or
the Symmetric decompositions [39]. The calculations from which those
methods are based are not straightforward, so to obtain an analytical
expression for the filter effect on R’ is not trivial and it is out of the
scope of this manuscript. However, considering a heuristic approach
based on the study of the filter effect in retardance images corre-
sponding to a wide range of tested samples, we hypothesize that the
contrast enhancement is notably lower than in observables related to
dichroic and depolarization properties and that such filter effect can be
considered negligible for the retardance case.

D'(x,y) =

2.2.2. Depolarizing channels

Different sets of depolarization related parameters can be deduced
from M. It has been demonstrated that the IPP give the best per-
formance and provide fundamental information about the origin of
depolarization in biological tissues [35]. In addition to IPP, here we
discuss the effect of the IDF on two more metrics related to depolar-
ization: the depolarization index (P,), which is a global indicator of
the depolarization produced by a sample and the degree of spherical
purity (P,), which measures the contribution to depolarization that is
not directly related to the dichroic properties [30,39].

We start by calculating the effect of the IDF on the IPP. The IPP
are obtained as linear transformations of M and cannot be directly ob-
tained from M elements, as these indices are linear combinations of the
covariance matrix, H(M), eigenvalues 4,;. [37,39,42]. The covariance
matrix H is a Hermitian semi-definite matrix that can be obtained from
M elements as follows:

3
HM) =5 Ym0, @0)), ©
i.j=0
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where m;; represent the elements of Mueller matrix, ¢ are the Pauli
matrices, and is the Kronecker product. The IPP arise from lineal

combinations of H eigenvalues (4;, i=0,1,2,3,4):
Jo— A Jo+ A =24, do+ AL+ Ay =3+ A
, P= , pp=2 L2 0
trH trH trH
where trH stands for the trace of the covariance matrix H where trH =
mygy, and the values of IPP are restricted between 0 and 1 following the
relation (0 < P, <P, <P;<1).

Therefore, to obtain the filtered IPP we need to calculate the co-
variance matrix of M, in Eq. (5), i.e. H(M,). Each element of the
covariance matrix can be calculated as a linear combination of different
elements of M as shown in Eq. (9), and importantly, the m, element is
only present on the diagonal of H (see Eq. (S1) of the Sup. doc.) [39].
Therefore, the diagonal elements of H will be the only ones affected
by the filter, and H(M,) can be obtained as:

P = (10)

H(M,) = HM) — (1 — Py)mglL, 1)

where I is the identity matrix.

The next step is to obtain the eigenvalues of H(M,), A;, to calculate
the filtered IPP (i.e,, P, P; and P;). To this aim, we can relate the
covariance matrix before, H(M), and after, H(M,), the filter by using
Eq. (11) through the diagonalization calculation:

HWM)-AT=0- HM - (1 — Pymgy,) — AL =0,

12)
H(M) - (A" + (1 — Py)myy)l = 0,

A=A, + (1 = Pymy, 13)

where 1 and A’ correspond to the eigenvalues of H(M) and H(M,)
respectively. Eq. (13) allows to calculate the relationship between IPP
before and after the filtering. The IPP are defined as a function of the
eigenvalues as follows (see Eq. (10)) [37,43]:

1

n
P =— kA, k=1,2,3; 14
k trHI; k a4

where 44, = A;_; — 4. Therefore, regarding Eq. (12), the relation
between eigenvalues, 4; = /1§ + P5 (i=0,1,2,3), and the traces trH(M,) =
my, = Psmyg, we can write the filtered IPP as:

n n n
1 1 1 1
Pl=——— Y kas, = kAX, = kAi, = —P,,
kT trH(M,) Z; " pyrH g; k= PuarH kz; k= p o
P (x,
Plx.y) = D)
P3(x,y)

(15)

where 44, = (44 — P3) — (A4 — P3) = Ay — 4 = Ay Inspecting
Eq. (15) we can observe the same effect on the filtered variables than
in Eq. (8); the value of the filtered index increases by an amount given
by 1/P;(x,y), in the same way as the parameters presented in Eq. (8).

In addition, we present the effect of the IDF on (P,) and (P,). Both of
these metrics can be obtained directly from the components of M [39]
and, the effect of the filter on these parameters is the same as for the
IPP and the dichroic parameters:

_ P(x,y)
Py(x,y)

Py(x,y)

, 16
P3(x,y) a6

Pi(x,y) = P/(x,y)

2.3. Discussion

In secs. 2.2.1 and 2.2.2 we discussed how the visibility of im-
ages representing polarimetric observables [3-5,7], can be significantly
improved using the proposed subtraction of the effect of isotropic de-
polarization. For most of these observables, their visibility is increased
by a factor proportional to 1/P; when the IDF is applied. Thus, this
contrast enhancement is particularly relevant for small values of P,
which is the typical case for polarimetric images of biological tissues.
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Under this scenario, the potential of the IDF for applications in
biophotonics is discussed in the following Section 3 by analyzing the
contrast enhancement (and biological structure unveiling capability)
obtained when applying our proposed IDF for studying diverse exam-
ples of biological tissues of animal origin. As additional information, if
the readers are interested in a more visual interpretation of the filter,
we address them to the Supplementary material (sec. 3), where we
provide a physical interpretation of the filter in terms of depolarizing
spaces [41].

3. Filter application to the analysis of biological samples

As discussed in previous section, the contrast enhancement asso-
ciated to the isotropic depolarization filter application on the study
of a given sample, it is higher as lower the P; value is. In other
words, the IDF is specially suitable for samples showing rich isotropic
depolarization behavior, which masks other polarimetric features of the
sample. This scenario is common when dealing with biological samples,
as for instance it is the case of soft tissues, usually presenting very low
values for P; metric (see Table 1 and Fig. S5 in the Supplementary
material). For this reason, in this section we present different examples
of the IDF benefits when applied for the study of different soft tissues.

In particular, in the following we present the application of the
IDF for the study of two different tissues: sections of ex-vivo heart and
brain measured at 625 nm and 470 nm, respectively. In Section 3.1, we
provide a brief description of the samples and the motivation of this
choice due to their importance in the field of medicine. The Mueller
matrices, M's, corresponding to the stated samples were experimentally
obtained by means of a complete Mueller matrix image polarimeter
described in the sec. 4 of the Supplementary document. In addition,
for completeness, in the Supplementary material we also provide the
results obtained for other polarimetric observables and some examples
of other samples highlighting as well the potential of the filter for
medical applications.

3.1. Biological samples: description and interest

We have obtained excellent results in terms of image contrast
enhancement after applying the filter to the polarimetric images of
a number of soft tissue samples. For the sake of brevity, we will
discuss two representative examples in this section: (1) heart and (2)
brain tissue sections; both from ex-vivo animal. We have chosen these
two examples because of their great interest in the medical field and
because, there is currently no standard non-invasive gold technique
to characterize certain structural features and/or pathological tissues
associated to these samples.

In the case of the heart, cardiovascular disease is the number one
cause of death in the world, leading to around the 15% of total worlds
deaths and has increased in more than 6 million cases in the last
20 years [44]. The early diagnosis of structural cardiac abnormalities
can help in the detection, prevention and treatment of heart malfunc-
tioning and unfavorable cardiovascular events such as infarction [45].
Analyzing cardiac tissue remodeling at an early stage can be lifesaving.
Currently, the gold standard technique for detecting myocardial fibro-
sis is the endomyocardial biopsy [45]. This technique is an invasive
method, and it is practically infeasible in daily clinical routine [46].
In this sense, different studies have demonstrated the usefulness of
polarimetry in the heart structural variations and in differentiating
between healthy, infarcted and regenerated myocardial tissue [27,47].
Particularly, depolarization has arisen as an indicator of these structural
changes, being directly correlated with the anisotropic structure of
the heart tissue components [47]. Interestingly, the approach here
presented also allows to follow the trajectories of the subepicardial
coronary vessels and generate contrast between their walls and their
lumens. This feature may be suitable for the clinical context, as it
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would provide a tool for surgeons without the use of intra-surgical
arteriography (see Fig. S8 of the Supplementary material).

In the case of the brain, the study of brain connectivity and its
functional expression is probably the present frontier of applied neu-
roscience, as there is no gold-standard technique for pathway mapping
apart from peri-mortem tract-tracing injections that are not ethically
suitable for the study of human connectivity [48]. Techniques such
as histology or ultrastructure-based methods can distinguish fiber ori-
entation but are not useful for tracing long range tracts [49]. It has
been demonstrated the ability of Mueller matrix polarimetry to classify
large tracts that are known to have different orientations (internal
capsule, cerebral peduncles, fimbria, medial lemniscus, optic tract) and
to resolve the limits between gray and white matter [13,33].

Recently, polarimetry has demonstrated its capabilities to study in
an easy and non-invasive way some of the above mentioned charac-
teristics leading to promising results in the medical field, in particular
to fundamental studies of sample components, characterization and
early pathology detection. The filter we present would help to construct
more powerful polarimetric techniques based on the Mueller matrix
inspection by means of a simple mathematical treatment of M.

In the following, we present the results correspondent to a trans-
verse section of an ex-vivo lamb heart sample and a coronal section
across the frontal lobe of an ex-vivo cattle brain sample. In Fig. 1
we provide a schematic representation of the regions of the samples
inspected. We demonstrate how, by means of applying the IDF to the
experimentally obtained Mueller matrices, much more information of
the structures of the samples can be obtained.

3.2. Experimental results for the polarimetric analysis of a heart sample

In this section, we present the results of applying the filter to the
heart sample. The Mueller matrices, M, corresponding to the stated
samples were experimentally obtained by means of a complete Mueller
matrix polarimeter. Information related to the components, calibration
and calculation of the experimental Mueller matrices are described in
section 4 of the Supplementary document. In Fig. 2 we compare the
standard intensity image (i.e., the non-polarimetric image; Fig. 2(c))
with the images obtained with a particular polarimetric observable, the
P, channel, before (see Fig. 2(a)) and after (see Fig. 2(b)) application of
the IDF. We chose P, for the analysis because, among all polarimetric
observables studied, it was the most interesting metric in terms of
contrast enhancement and structure unveiling. For the sake of clarity, in
Fig. 2(d) we also present a visual interpretation of the effect of the filter
on the heart sample data, in terms of the 3D Purity Space constructed
by means of the IPP.

Fig. 2(a) to (c¢) show the images correspondent to the transverse
section of the heart sample. In the conventional intensity image (unpo-
larized reflectance), the heart appears as an homogeneous and undif-
ferentiated tissue (see Fig. 2(c)). However, by examining the depolar-
ization response of the sample (through the P, parameter) we are able
to see a spatial dependence, showing different depolarization results
for the inner (low gray levels mean low depolarization) and outer
region (black means high depolarization). Interestingly, these regions
correspond to different tissue types: (1) is myocardial tissue composed
of concentrically arranged fascicles of myocardial muscle whereas (2)
corresponds to subendocardial tissue, composed of loose connective
tissue and Purkinje fibers. We show how polarimetric analysis reveals
structures invisible to conventional techniques.

Filtering the isotropic depolarization component largely overcomes
the performance of both the intensity image and the unfiltered P,
channel. The obtained filtered image is shown in Fig. 2(b), where the
contrast between structures (1) and (2) is clearly enhanced compared
to the P, image (in particular, the contrast is enhanced by an amount of
1/P;). Furthermore, the application of the IDF leads to the unveiling of
new information that was obscured by the isotropic depolarization in
the P, image. In Fig. 2(b), the region corresponding to subendocardial
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m: myocardium

e: endocardium

se: subendocardium
ep: epicardium

I: lumen

w: walls

N

wm: white matter
gm: grey matter
cg: cingulum

cc: corpus callosum
ic: internal capsule

Fig. 1. (b), (¢) and (d) correspond to the anatomical context for measurements showed respectively in Fig. 2, Fig. S8 of the Sup. doc. and Fig. 3, depicted in humanized
schematic drawings. (a) frontal view of a mammalian heart showing the interventricular sulcus containing the interventricular branch of the left coronary artery surrounded by the
subepicardial fatty tissue. (1) shows the direction of a section of both ventricles transverse to the heart axis resulting in an image close to the one depicted in (b). In this image
the left ventricle appears lined by the endocardium (en) and surrounded by the subendocardium (se), the myocardium (m) and the epicardium (ep). (2) indicates the location of
a longitudinal section of the coronary vessel, shown in (c¢), where (1) and (w) correspond to its lumen and walls respectively. Finally, an idealized drawing of a coronal section
(d) of human brain is shown, demonstrating the equivalent areas to the ones analyzed in Fig. 3.

(a) Py

09
08

07

(d)

(c) Intensity

2 mm

Purity Space

After IDF filter

Fig. 2. Comparison of the polarimetric observable P, before (a) and after (b) applying the IDF with intensity image (c). (1) and (2) in (a) indicate myocardial and subendocardial
tissue, respectively; white dashed lines in (b) indicate the epicardial tissue and asterisks in (a) and (b) denote some regions where the filter is unveiling information hidden due to
isotropic depolarization. (d) corresponds to the representation of the IPP values before and after IDF in the Purity Space; the regions of the sample selected for the Purity Space
representation are indicated in (b), red and blue squares correspond to: myocardial and subendocardial tissue, respectively.

tissue is better defined than before the filter (see Fig. 2(a)). That is, in
Pl’ we are able to see the border and the two different structures present
in this specimen with great contrast. In addition, the filtered image
in Fig. 2(b) shows much clearer boundaries and transitions between
myocardial and subendocardial tissue, and it is much richer in struc-
tural details, as can be seen, for example, in the regions highlighted
by red asterisks. Finally, the boundaries between the epicardium (see
white dashed lines in Fig. 2(b)) and the myocardial tissue are clearly
differentiated, whereas they were almost invisible in both the intensity
and P, images.

Finally, we note that the IDF is not only useful for enhanced vision
but also for data processing in applications such as tissue classification,
as valuable data for training machine learning models. Fig. 2 (d), is
a graphical representation of the effect of the filter on the values of
the IPP represented in their corresponding Purity Space. Complemen-
tary information about Purity Spaces can be found in sec. 3 of the
Supplementary material. Purity Spaces have been shown to be useful
in applications related to image-based tissue or structure discrimina-
tion [10,43], therefore we find interesting to discuss the effect of the
IDF in this framework. To do so, we selected two different regions
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(c)
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Fig. 3. Comparison of the polarimetric observable D before (a) and after (b) applying the IDF with the intensity image (c) in the coronal section across the frontal lobe of the
brain. Numbers 3 to 9 in (b) correspond to different white matter tracts of interest. (10) and (11) in (c) denote regions formed by neocortical gray matter and subcortical white
matter, respectively. (d) corresponds to the representation of the CP parameters before and after the filter in the CP Space; the regions of the sample selected for the CP Space
representation are indicated in (a), red and blue squares represent different fiber tracts (coronal and rostro-caudal) within WM.

within the P/ image, myocardial and subendocardial, these two regions
corresponding to spatial zones of the sample where more information
was unveiled after applying the IDF (see blue and red squares in Fig.
2(b)). The values for the pixels within these regions, before and after
the filter, are represented in the Purity space with the same color code
(see Fig. 2(d)). This representation give us a visual way to understand
the beneficial effect of the IDF in terms of data discrimination. Since
the P; parameter controls the height of the tetrahedron describing
the Purity Space volume (Fig. 2(d)), and as the filter effect fixes all
values of P; to 1 (see Section 2), we can understand the effect of
the filter as the projection of the data clouds, on the plane P; = 1
(i.e., all filtered data is re-located to the top surface of the figure).
As consequence of this transformation, we can see as the distances
between the myocardial and subendocardial heart structures (blue and
red datasets) are enlarged after the filter application, this resulting
into the subsequent larger discrimination capability between the two
regions of the tissue. Moreover, the spread of the points also increases
when applying the filter, obtaining richer information of the regions
when eliminating the isotropic part of the depolarization, as we shown
in Fig. 2. This increase in the dispersion of the clouds can be quantified,
particularly, the dispersion increases by a factor 1/P; (3.92 times larger
for this case).

As a result of this first study case, we demonstrated how by re-
moving the isotropic component of samples depolarization response, by
applying the IDF, richer sample information, related to physiological
information of tissues, is retrieved. This could be useful for studying
myocardial tissue in a more accurate way, helping in the inspection
and detection of myocardial tissue modification and leading to the early
detection of cardiac diseases such as infarction.

3.3. Experimental results for the polarimetric analysis of a brain sample

We present a second example of the IDF potential by studying
its interest for the characterization of a brain sample. Fig. 3 shows

the comparison between the diattenuation channel before (D, Fig.
3(a)) and after (D', Fig. 3(b)) being filtered and the non-polarimetric
intensity image (Fig. 3(c)). From all analyzed polarimetric observables
images, we selected the diattenuation feature for comparison with
standard intensity because it was the metric providing the best results
in terms of image enhancement. This result is in agreement with recent
studies [33] reporting the interest of diattenuation measurements to
reveal very interesting information related to white matter (WM) fiber
tracts, this allowing to inspect nerve fiber architecture and distinguish
regions with different compositions difficult to detect by means of
conventional techniques [49].

Regarding the intensity image of the brain section in Fig. 3(a), we
show how the boundaries between neocortical gray matter (10) and
subcortical white matter (11) are observed, but no further information
of the sample is provided. In turn, when using diattenuation channel
D (Fig. 3(b)), the visualization of brain structures is significantly im-
proved, but the application of the filter on D (Fig. 3 (c)), gives rise to
the appearance of significant structures and details, and in particular,
the WM tract identification is outstanding, both subcortical and within
the corpus callosum (5,6). We also can see clear distinction between
tracts following the plane of the section (i.e coronal, or ‘vertical’;
5,7) and tracts, either rostro-caudal (3,4) or medio-lateral (6,8), that
do not follow the same plane. Thus, the filtered image allows the
identification, in this particularly rich area of the WM, of a wide set
of tracts: superior longitudinal fasciculus (3), cingulum (4), medio-
dorsal callosal fibers (long-range interhemispheric U-shaped fibers, 5),
ventro-lateral (left-right) callosal fibers (6), short-range U-shaped fibers
and layer VIb (7, arrows) and ventro-striatal callosal fibers (8). Area
termed 9 represents the coalescence between callosal fibers and the
internal capsule [50]. Pink asterisks in Fig. 3(b) denote the regions
where the filtering effect is revealing hidden information in the po-
larimetric observable before the filter, detecting information about the
fiber directionality masked by isotropic depolarization.

The significant brain section visualization improvement achieved by
the filtered diattenuation image, D’ (Fig. 3(b)), with respect to the non-
filtered image D (Fig. 3(a)), can be better understood by taking into
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account the associated range of values. In this sense, as can be see from
the corresponding greybars, the diattenuation D values associated to
the brain image are restricted between the range 0-0.4, corresponding
this maximum value to the white. That is, the diattenuation response
of the sample is low and the range of values that the parameter can
reach is quite limited. This implies a lower capability of structure dis-
crimination. Unlike this, when applying the filter, the range variation of
the filtered diattenuation D’ is largely increased, taking values almost
covering the full range (0-1), this leading to the excellent structure
unveiling shown in Fig. 3(b).

Further interpretation of the filter effect on the brain sample data
is provided by using a depolarizing Space representation. In particular,
Fig. 3(d) shows the filter effect (data clouds before and after applying
the IDF) in terms of the 3D Components of Purity (CP) Space. We
used the CP Space since the metric leading to the best results was
the diattenuation (D) channel, and the CP Space consists of three
polarimetric observables, including the diattenuation (in particular,
the Diattenuation, D, the Polarizance P and the Spherical Purity,
P) [39,51].

Note that ideal depolarizers (input light is fully depolarized inde-
pendently of its state of polarization) are located at the point (0,0,0)
of the CP Space. As brain data before being filtered presents very
low values of the P; metric, due to their high isotropic depolarizing
performance, data clouds are concentrated very close to this point, both
for the coronal (in red) and caudal WM fiber tracts (in blue) cases.
However, after applying the IDF, isotropic depolarization is removed,
so data clouds are displaced far from the fully depolarizing condition,
increasing the discriminatory capability between tissues. In particular,
when comparing the results before and after filtering represented in Fig.
3(d) we see outstanding results. The two different regions in the sample
(labeled by the red and blue point clouds in the figure) are better
discriminated after the application of the filter; not only the separation
in the space between the clouds representing different structures is
larger but also, the dispersion of the points increases. Also, in this case
the variance of the points increases in a factor 7.57. This situation
ensures excellent performance in terms of tissue discrimination and
revealing information of intrinsic properties of the sample.

In summary, we have presented the impactful performance of the
IDF for the polarimetric analysis of biological samples. The IDF is
particularly useful for the case of soft tissues, where the P; value is low
(P; images for the samples studied in this work are provided in section
5.2 of the Supplementary documents). However, it can be applied on
any kind of sample fulfilling this condition. For the cases presented
in this section, we have obtained impressive results, overtaking the
response of conventional polarimetric methods. In the heart sample,
we showed how the contrast between different structures (myocardial
and subendocardial) is highly increased, whereas in the brain sample
we even reveal invisible structures in the polarimetric images before
filtering. These results pave the way to the application of this technique
for the early detection of pathologies in heart and brain samples leading
to changes in the myocardial structure or the fiber orientation/density,
respectively. That could be possible due to the increase of sensitivity
in detecting tissue changes that we can get in the filtered polarimetric
observables.

4. Conclusions

In this work we presented a digital filtering method that takes
advantage of different sources of depolarization present in samples.
Depolarization can be divided into two types: anisotropic and isotropic.
While the former contains information about the physical microscopic
constituents of matter, the second one is related with multiple scatter-
ing processes in the sample, and it can be regarded as a polarimetric
white noise. It is important to note that the isotropic depolarization
usually hides the anisotropic information contained in M, so it is
interesting to isolate these two contributions. To do this, we inspect
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the characteristic decomposition of M and see how it can be separated
into four Mueller matrices representing different physical systems. In
particular, the isotropic depolarization is related to the last term of
the decomposition (1 — P;)M3; where M3 = diag(1,0,0,0) is a perfect
depolarizer and 1 — P; is the weight of the isotropic decomposition.
The remaining elements of the decomposition represent the anisotropic
properties of the samples. Recall that the proposed isotropic depolar-
ization filter consists in removing this isotropic part of the raw M; this
leads to a new filtered M’ where the anisotropic content is magnified.

The IDF has been applied to different soft tissues of animal origin,
since these structures usually exhibit low P; values (i.e., they have a
high isotropic depolarization response), making them suitable candi-
dates for a successful application of the filter. In particular, we focused
the polarimetric analysis on heart and brain samples due to their
interest and importance in the medical field, where we demonstrate
the outstanding performance of the IDF in terms of structure unveiling
and contrast enhancement. In recent years, the potential of polarimetry
for biological tissue inspection has already been demonstrated, proving
that polarimetric observables provide rich information about sample
structure that is not visible with intensity images or conventional
medical techniques. At this stage, with the presentation of this IDF,
we aim to go one step further by outperforming existing polarimetric
techniques. In particular, we show how the filtered polarimetric observ-
ables corresponding to the heart samples not only greatly increase the
contrast between different tissues (myocardial and subendocardial), but
also reveal structures hidden in the conventional polarimetric images
in the filtered observables. In the case of the brain, we obtain very
interesting results, revealing information about the directionality and
identification of fiber tracts in the WM, which were not visible in the
unfiltered polarimetric parameters. It is worth noting that we have
presented a very simple filtering method for improved visualization
of sample features, which can be implemented experimentally using a
macroscopic and non-destructive technique.

Importantly, we want to note that the proposed IDF can be tested
with other polarimetric observables than those used in this manuscript.
In this sense, we have focused on a reduced set of commonly used
observables as representative examples to demonstrate the performance
of the filter. However, it could be applied to a large number of already
proposed polarimetric observables and/or methods.

The results presented in this work highlight the interest of the fil-
tering method for the study and characterization of biological samples,
paving the way for new protocols in biomedical and clinical appli-
cations. For example, in the examined samples discussed throughout
the manuscript, different structures of interest were revealed. In the
case of the heart sample, not only the boundaries and the distinction
between myocardial and subenocardial tissue are revealed by IDF,
but also the trajectories of the subepicardial coronary vessels and the
visualization enhancement of their walls and lumens are obtained. For
the brain, we show how IDF can detect and classify tracts with different
orientations and resolve the boundaries between gray and white matter.
Interestingly, these results can be useful in several medical scenarios.
For example, in the study of cardiac pathologies, the inspection and
classification of tracts in the white matter can help shed light on the
effect of some neuropathies and as a powerful tool for surgeons in the
clinical context.

Finally, although we have focused our discussion on the biomedical
field, we would like to note that the proposed methods are general and
could be useful for a wide range of applications. Note that in all those
samples where isotropic depolarization is a significant feature, which
is a common situation in several scenarios. For this reason, we invite
all researchers dealing with depolarizing samples to test the suitability
of the proposed filter.
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