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1 | INTRODUCTION

Abstract
The present article describes the develop-
ment of a technique, applied to paraffin-

embedded tissues, which uses three differ-
ent wavelengths of monochromatic light can Ml
(\1 = 445nm, 22 = 540 nm and 23 =
660 nm) for the measures of the degree of {4 &%'

polarization, degree of linear polarization,

degree of circular polarization and birefringence, all obtained from measure-
ments of Stokes parameters by using polarized light. The goal of this study was to
detect changes in developing embryonic mouse eye when pregnant mice fed diets
without folic acid for variable periods compared with a healthy control group.
We present a biomedical diagnostic technique based on polarized light detection
applied to paraffin-embedded tissues to visualize the structural damage to aid us
in the diagnosis before applying other techniques. Through this method, we can
visualize and identify which parts of the tissue were altered with respect to the
control group.
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polarimetry or Stokes polarimetry. It is important to note

Polarization imaging techniques are widely used for various
biomedical applications. 2! These imaging techniques are
fundamentally based on the study of polarized light interac-
tion with biological tissues and cell, which provides us with
certain information. This information can be extracted from
the registered depolarization degree of initially polarized
light, the transformation of the polarization state, or the
appearance of a polarized component in the scattered light.[3]

In mathematical linguistics, the different states of
polarized light can be expressed using Mueller matrix

that Jones matrix polarimetry is used to measure the
polarization-altering properties of the tissue and works
with the amplitude of the beam of light applied to full
polarized light. Whereas Stokes polarimetry is used to
measure the polarization state of light in general and
works with measurements of the intensity of the beam of
light under test.[* *

This article focuses on the use of the change in the
polarization state of a linearly polarized incident beam to
study changes in embryonic ocular tissues. Embryos were
born to mothers fed with a control or folic acid deficient
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(FAD) diet (for 2 and 8 weeks). Folic acid (FA) is essen-
tial for development since its intake in the first months of
gestation reduces the risk of congenital malformations in
the central nervous system caused by defective closure of
the neural tube.'! More recently, the important role of
FA for the correct development of many structures has
been seen,” # including the eye.”! In general, the tradi-
tional methods to detect pathological tissues embedded
in paraffin are the staining methods used in anatomic
pathology such as Hematoxylin-Eosin which is the most
used, Mallory staining technique, as well as special tech-
niques in histopathology like Masson's trichromic
staining or histochemical techniques such as periodic
acid Schiff (PAS), among others.1012!

Polarized light has been used extensively for the study
of tissue structures and pathologies (polarization micros-
copy) as well as to study its changes when the light passes
through the tissue,'® ¥ given that the state of light
polarization is very sensitive to the structural and scatter-
ing properties of tissue. Therefore, it is important to have
a model and subsequent treatment of the data in order to
extract relevant information about the tissue. This can be
encoded in the spatial organization of the degree of depo-
larization and Stokes parameters[lsl or in the change that
a specific state of polarization of the incident light
undergoes (normally linear or circular polarized light)
that makes it easy to relate these changes with tissue
structures.!’® For this reason, the main purpose of this
article is to present a new method for the analysis of
paraffin-embedded tissues before any staining can be
done and without deparaffinization. This technique has
been applied to visualize the structural damage in the tis-
sue before marking to facilitate diagnosis. Another
important novelty is the use of principal component anal-
ysis (PCA), a multivariate statistical method, to study the
spatial distribution of the degree of the depolarization-
induced.

2 | EXPERIMENTAL METHOD
AND SAMPLES

2.1 | Stokes vector parameter

All four Stokes parameters (I, Q, U, V) can be measured
by performing six intensity measurements (I, Ioge, Iyse,
Ii35, Ig and 1) through a polarizer (linear or
circular)."'” I, represents the total intensity of light, Q
and U representing the linear polarization components
and V represents the circularly polarized component. In
this way, any change of polarization state of a light beam
can be expressed as a 4-dimensional vector, the Stokes
vector, as:

I Tope + Igge
Q| | Toe-Tooe
U| | LsoIiss
\'

Ir-Ip

where subscripts on I are the intensities at 0°, 90°,
45°, 135°, Iy and I, states, measured with a horizontally
linear analyzer, a vertically linear analyzer, a 45° linear
analyzer, a 135° linear analyzer, a right circular analyzer,
and a left circular analyzer, respectively.

The degree of polarization (DoP), degree of linear
polarization (DoLP), degree of circular polarization
(DoCP) and phase retardance (Ae) are given in terms of
Stokes parameters, as''”* 18!;

VQ 4+ U+ V?

DoP= I (2)
/02 2

DoLP = % (3)

DoCP = ¥ (4)

Ae=tan~! [ —— (5)
- V@+U)

It must be noted that the DoP is unity if the light is
totally polarized, and for completely unpolarised light,
DoP is zero. On the other hand, the DoLP describes the
fraction of the light that is linear polarized; DoLP is 0 if
the light is not linear polarized light and 1 for perfectly
linearly polarized light. Finally, DoCP describes the frac-
tion of light that is circularly polarized. In case of the
incident light is linearly polarized, this value is an indica-
tor of the presence of birefringence in the medium; DoCP
values are between 0 and 1. Retardance (Ae) is the dif-
ference in phase shift an object introduces between its
two orthogonal linear polarization states.'”! When a
birefringent sample is illuminated, the linearly polar-
ized incident light is split into two components, extraor-
dinary ray (refractive index, ny) and ordinary ray
(refractive index, n.,). We will calculate the acquired
birefringence An = ny — n., taking into account the
following equation:

2n AAe
Ae=—(np—ne)d=An=ng—n. = md’

. (©)

where d, is the thickness of the sample (5 pm), A is
the wavelength of the incident light and Ae is the phase
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retardation we had previously calculated for each of the
three wavelengths.

2.2 | Polarization imaging system

By way of illustration, a schematic of the experimental
polarimetry system used in the present study to measure
the DoP in embryonic eye tissue samples using Stokes
vectors to describe the polarization content of light
exiting the sample is shown in Figure 1.

Tunable Light Source (TLS) 25C TLS was used as a
light source, TLS-25C is optimized for the visible spectrum
360 to 1000 nm. In the present work, Stokes parameter
images at three different wavelengths of monochromatic
light: A1 = 445 nm, A2 = 540 nm and A3 = 660 nm, were
reconstructed. The light beam passes first through an ach-
romatic doublet (L1) to collimate the light; the emerging
light is polarized along the vertical direction by the first lin-
ear polarizer (P1). Linearly polarized light at a wavelength
impinges upon the eye tissue and passes through a quarter-
wave retarder (oriented at either +45° or — 45° with
respect to P1) and then through an analyzer P2. The light
intensity emerging from P2 is collected and focused on two
lenses (L2, f = 50 mm) and (L3, f = 400 mm). Finally, the
image is recorded by an Imaging Source DFK21AF04 CCD
Camera. This camera uses a 0.3 megapixel CCD image sen-
sor capable of a resolution of 640 x 480 pixels, 1/4-inch;
and pixel size H: 5.6 pm, V: 5.6 pm. A computer connected
to the camera collects and analyzes the images.

Once the system is calibrated, the six polarimetric
images in transmission (Ipo(Py || P2), loo- (P1 L Py), Ix
[quarter-wave retarder oriented at +45° with respect to
P1] and I, [quarter-wave retarder oriented at —45° with
respect to P1], I4s- [P2 is oriented at +45° with respect to
P1], I;3s- [P2 is oriented at —45° with respect to P1]) for
each eye at three different wavelengths of monochro-
matic light, were acquired. Afterwards, we have devel-
oped a series of scripts in MATLAB (MathWorks,
R2018b) 12! to estimate, over each image pixel-by-pixel,

P1

L1

FIGURE 1

the four Stokes parameters (I, Q, U, V), as well as calcu-
late the maps of the DoP, DoLP and DoCP, which can be
calculated from the Stokes parameters employing the
Equations (2),(3) and (4).

2.3 | Samples

To test the effect of maternal FAD on eye embryonic
development, female C57/BL/6 J mice (Harlan Laborato-
ries, Barcelona, Spain) were grouped in different diets.

Upper eyelid

Lower eyelid

FIGURE 2
showing its main components

L]

Schematic representation of an embryonic eye

L2 L3

Schematic illustration of the experimental setup used to measure the Stokes parameters to estimate the degree of

polarization: L1: collimating lens, L2 and L3: converging lenses with focal lengths f2 = 50 mm and 3 = 400 mm, P1: Linear polarizer, (4):

quarter- wave plate, and P2: the second polarizer (the analyzer)
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Mice were housed in rooms and were maintained in a
temperature of (22 + 2°C), relative humidity, and under
a 12 hour light/dark cycle with free access to food and
water at the animal care unit of the Facultad de Medicina
of the Universidad Complutense de Madrid. All mice
were cared for following the Guidelines of the Animal
Experimentation Committee of the Universidad Com-
plutense of Madrid.

The female mice were divided into three groups:

Control group: female mice were fed normal FA diet
(SAFE A04/A03 Harlan) containing the recommended
amount of FA for rodents, 2 mg/kg diet.

Group D2: female mice were fed a FA-Deficient diet
(FAD) (0 mg/kg diet +1% succinylsulfathiazole
[to prevent folate production by intestinal flora]), from
the day after mating until gestational day 14.5 (E14.5).

Group D8: female mice were fed a FAD diet (0 mg/kg
diet+1% succinylsulfathiazole) for a period of 8 weeks:

6 weeks before mating and through 2 weeks during preg-
nancy.!?!) At E14.5, mice were sacrificed and the embryos
were collected.

Heads of embryos were fixed in buffered formalde-
hyde solution and dehydrated before being embedded in
paraffin. Sections were cut at a thickness of 5-pm on a
rotary microtome Leica RM2265. Finally, the sections
were deposited on glass microscope slides.

In this work, we have evaluated a total of 30 embry-
onic eyes (10 in each group: control, D2, and DS).

3 | RESULTS AND DISCUSSION

Before proceeding with the main results, it is important
to describe the different part that forms the eyeball to
help the reader visualize and interpret the maps of the
DoP, DoLP and DoCP. For this reason, the principal
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FIGURE 3 Degree of polarization (DoP) polarization degree maps for the three sample groups (control, D2 and D8). Maps are obtained

illuminating the eye tissues with three different wavelengths: 445, 540 and 660 nm
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FIGURE 4 Degree of linear polarization (DoLP) polarization degree maps for the three sample groups (control, D2 and D8). Maps are
obtained illuminating the eye tissues with three different wavelengths: 445, 540 and 660 nm

components (PCs) of mouse embryonic eye that will
appear in this article are illustrated in Figure 2.

Six intensity images were taken and processed to
acquire the degree of total polarization (DoP), DoLP and
DoCP image-maps for each eye and wavelength. The fol-

4158 lowing figures (Figures 3, 4 and 5) represent the DoP,

43
44

v L1 U1
w N =

DoLP and DoCP image-maps, respectively. Each figure
includes an example from the control (1st row), D2 (2nd
row) and D8 (3rd row), illuminated with three different
wavelengths: A1 = 445 nm (1st column), A2 = 540 nm
(2nd column) and A3 = 660 nm (3rd column).
Qualitatively, nearly the same spatial distribution
results were observed for the DoP (Figure 3), as well as
the DoLP (Figure 4). As the DoP or DoLP decreases from
1 to O, their maps at each of the three wavelengths show
that depolarization of polarized light was much higher
for samples with maternal FAD diet (D2 and D8) than
the control group, especially in the choroid and vitreous.

Although in the case of D8 depolarization covers a wider
area in both structures. Likewise, as seen in Figures 3
and 4, some zones of the lens and retina show higher
depolarization in the D8 group compared to the control
group.

On the other hand, the DoCP image-maps, shown in
Figure 5, indicate that when linearly polarized light
strikes the tissues of D2 and D8 groups, their state of
polarization changes and becomes circularly or ellipti-
cally polarized light. This fact is clearly seen in the vitre-
ous and choroid, and we can also see it in the retina,
lens, cornea, eyelids among other regions.

In general, the incident polarization state of a light
beam is changed on interaction with a sample. Indeed,
the linearly polarized incident light can change its state
to circular or elliptical due to birefringence or lose its
DoP due to scattering phenomena ! Given these points,
we can extract the information about the structure of
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DoCP control ( A= 660nm)

DoCP D2 ( A= 660nm)

FIGURE 5 Degree of circular polarization (DoCP) polarization degree maps for the three sample groups (control, D2 and D8). Maps
are obtained illuminating the eye tissues with three different wavelengths: 445, 540 and 660 nm

tissues and cell ensembles from the registered depolariza-
tion degree of initially polarized light, the transformed
state of polarization, or the appearance of a polarized
component in the scattered light.[s] It is known that path-
ological processes are characterized by the changes of
scattering and birefringence properties of tissues.?!
According to the results shown in Figure 5, a birefrin-
gence effect acquired when mouse females were sub-
jected to a diet lacking in FA, could has been induced.

Figure 6 shows the image-maps of some tissue's bire-
fringence, measured at three wavelengths (A1 = 445 nm,
A2 = 540 nm and A3 = 660 nm). With a birefringence
value in the order of An = ng — n. = 5- 1073, D2 and D8
groups show a clear increase in birefringence compared
with the control group. This birefringence increases espe-
cially in D8 group into the following structures: lens, ret-
ina, embryonic blood vessels present in the vitreous (near
the lens and retina), eyelids and choroid.

There are several diseases and disorders related to
microstructural alteration or damage in the biological tis-
sues.[** 2° Microstructural alterations, such as changes in
extracellular matrix (ECM) content and organization,[26’
27l modifications in the fiber direction,®®! or perhaps cel-
lular orientations can lead to a change of birefringence.
Imaging polarimetry is one of the most used methods to
localize these microstructural disorders.*®!

In previous studies, we have observed that maternal
dietary FAD alters the expression of collagen IV and
laminin-1 into the lens and retina, and also reveals disor-
ganization of fibers/cells orientation.!?® 2!

The present study shows for the first time that mater-
nal dietary FAD also contributes to an alteration of the
birefringence within eye tissues. Moreover, changes in
ECM component proteins expression or its abnormal
alignment within the structures could be other possible
causes of eye tissues birefringence alteration.
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FIGURE 6 Birefringence image-maps for the three sample groups (control, D2 and D8). Maps are obtained illuminating the eye tissues

with three different wavelengths: 445, 540 and 660 nm

As shown in our present findings, there is an
increased birefringence observed within the lens and ret-
ina, these results could agree with those obtained from
the previous findings (i.e., the high birefringence
observed may be due to‘increased ECM proteins accumu-
lation in tissues), which might indicate that the method
used in the current study could serve as a possible early
diagnostic indicator of the cellular and molecular alter-
ations in tissue texture before the use of any molecular
labels or stains. Likewise, this also suggests that polarized
light imaging can be used as an inexpensive, accurate
and rapid technique for detecting microstructural alter-
ations in biological tissues.

It is important to keep in mind that birefringence
only changes the incident polarization state; it does not
depolarize the light.[3°] If we compare the DoCP image-
maps (change in the polarization state of the light)
(Figure 5) with the results obtained from the

birefringence (Figure 6) we observe that they correspond
to each other, in accordance with the general fact that
when the linearly polarized light strikes the sample, the
points where the DoCP image-maps indicate brighter
pixels (higher values of DoCP) will be those in which the
light has had phase retardation (retardance) between the
two orthogonal linear polarization states.

See how these two maps (Figures 5 and 6) coincide
almost perfectly. In general, the results suggest an
increase in the birefringence values in both groups, D2
and D8, compared to the control group in which birefrin-
gence values are smaller.

As can be seen from Figure 6, the pathologic eyes
from D2 and D8 groups showed also high birefringence
in choroidal and vitreous regions, both areas are rich in
blood vessels. Birefringence also appears in the area
corresponding to the ocular musculature and Harder's
glands. Previous studies showed that low levels of FA are
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associated with ischemia.*’! Under conditions of
ischemia-hypoxia, some studies have seen that vascular
endothelial growth factor (VEGF) (the major angiogenic
factor during development) gene expression increased,*?!
inducing the growth of new blood vessels, providing
increased transportation of oxygen and nutrients to hyp-
oxic tissue.**!

VEGF overstimulation is'known to produce abnor-
mally enlarged blood vessels.|**! At eye level, studies from
different groups have reported that overexpressing VEGF
released by the retinal pigment epithelium cells results in
a thickened choroid with dilated vessels.'*® As well as
induces malformed and fused vessels with enlarged
lumens.®  Likewise, hypoxia also seems related to
increased expression of angiogenic and inflammatory
proteins in the vitreous.!** Several studies have demon-
strated that overexpression of VEGF increases hyaloid
vascular area 2-fold compared to wild-type mice. Results

suggest that the VEGF promotes an increase in hyalocyte
numbers within the hyaloid vessel walls and on the
ablumenal surface.l*”! All this leads us to think that the
vascular pattern in the eyes can be altered during embry-
onic development if there is not adequate intake of FA
during pregnancy.

We must remember that the three wavelengths have
practically provided us with the same information. We
have not found a great difference between the image-
maps obtained with the different wavelengths. To do this
experiment, it would suffice to capture polarization
images with a single illuminating wavelength (in our case
blue, green or red color).

Once it has been proven that maternal FAD causes
birefringence changes in embryonic eye tissues. Let us
check now if it also induces optical scattering of tissue.
To do this, we will evaluate the DoP increment within
the different lenses. The estimation of the DoP increment



SIJILMASSI ET AL.

OURNAL OF

FIGURE 8 Maps of the degree
of polarization (DoP) increment for
D2 (first column) and D8 (second
column) compared to the control

group. The red circle indicates
possible vacuoles

is going to be carried out for the three incident wave-
lengths mentioned above, comparing D2 and D8 with the
control group.

First, let us select from each image only the lens.
Using Matlab, we apply to each one a circular mask that
only leaves us visible the structure of the lens (the final
result would be to-convert all pixels that are outside the
circle to black and only the pixels that are inside the lens
would be visible). Subsequently, we will store all lens
images of each sample as a single matrix or array. The
analysis of these images is carried out using a statistical
technique called PCA a data reduction method used to
reduce the dimensionality of high-dimensional datasets
to a lower-dimensional space using an orthogonal linear
transformation while preserving the variance of the
data.*®! Due to space constraints, the details of the calcu-
lation of the DoP increment using PCA are deferred to
the supplementary material.

DoP Increment (D2 |A=445 nm)01

9of11
PHOTONICSJ—

DoP Increment (D8 |A=445 nm) »

-0.04

-0.04

-0.06

Figure 7 shows the PCA scree plot for the 3 wave-
lengths. In all three cases, the first PC comprises 99.5% of
the total variance. While all components from PC #2 to
#10 add up to 0.5%, those remaining PCs probably repre-
sent the noise effect. For this reason, we will evaluate
only PC #1.

The image-maps of the DoP increment for incident
light with A1 = 445 nm, A2 = 540 nm and A3 = 660 nm
are shown in Figure 8, for D2 (first column) and D8 (sec-
ond column) with respect to the control group.

This figure clearly shows that both cases have a
decrease in the DoP increment, widespread throughout
the lens structure (both in its anterior and posterior por-
tions), especially prominent in Al = 445 nm for D2 and
A2 = 540 nm for D8. It has been demonstrated that the
DoP is affected by an increase in the scattering,'> *°!, that
is, the DoP decreases as the scattering coefficient
increases.



SIJTILMASSI ET AL.

10 of 11 OURNAL OF
PHOTONICS

On the other hand, as shown above, we have also
observed a general decrease in DoP in almost all regions
of the lens. This may be due to increase in protein aggre-
gates or highly concentrated proteins in lens fiber cells,
and it would be compatible with previous findings where
we showed an alteration in the expression and arrange-
ment of ECM proteins.[*® 2> 4% 4 1t is known that
cataractogenesis is caused by light scattering due to ran-
dom fluctuations in the refractive index.[**! These fluctu-
ations may occur because of differences in the structure
of the lens fiber cells involving alterations in the cell
membrane, minimal changes in intercellular spacing,
changes of structure within the cytoplasm or protein
aggregation.[42’ 43]

4 | CONCLUSIONS

In conclusion, we found that maternal dietary FAD cau-
ses modifications in the optical properties of embryonic
ocular tissues. By means of this technique, we have been
able to detect alterations in the embryos that during their
development were deprived of FA. In the case of D8
embryos with prominent alterations, the method applied
and described in the present work was effective. It is even
more so in the case of D2 embryos, where the mal-
formations, despite being slight, and which might not be
detected, the applied method was decisive and conclusive
as it revealed the ability to find small alterations in the
tissues. In general, our experiment provides valuable
information that can be considered as a preliminary
observation of the changes produced in the texture of the
pathological tissues before proceeding with the appropri-
ate labeling or stains as well as before applying other
techniques.
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The main target of the present article is to describe a new method for the analysis of section paraffin-embedded tissues
prior to applying other biological techniques. The proposed experimental system is based on the measurement of polari-
zation changes in a linearly polarized incident beam by measuring Stokes parameters at three different wavelengths of
monochromatic light to view structural damage in embryonic eye tissues due to maternal folic acid deficiency. The
degree of light polarization decreases in deficit tissues.
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