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Purpose: The arrangement or architecture of myocardial cells plays a fundamental role in the heart’s
function and its change was shown to be directly linked to heart diseases. Inhomogeneity level is
an important index of myocardial cell arrangements in the human heart. The authors propose to
investigate the inhomogeneity level of myocardial cells using polarized light imaging simulations
and experiments.

Methods: The idea is based on the fact that the myosin filaments in myocardial cells have the same
properties as those of a uniaxial birefringent crystal. The method then consists in modeling the myosin
filaments of myocardial cells as uniaxial birefringent crystal, simulating the behavior of the latter by
means of the Mueller matrix, and measuring the final intensity of polarized light and consequently
the inhomogeneity level of myocardial cells in each voxel through the use of crossed polarizers.
The method was evaluated on both simulated and real tissues and under various myocardial cell
configurations including parallel cells, crossed cells, and cells with random orientations.

Results: When myocardial cells run perfectly parallel to each other, all the polarized light was
blocked by those parallel myocardial cells, and a high homogeneity level was observed. However,
if myocardial cells were not parallel to each other, some leakage of the polarized light was observed,
thus causing the decrease of the polarized light amplitude and homogeneity level. The greater
the crossing angle between myocardial cells, the smaller the amplitude of the polarized light and
the greater the inhomogeneity level. For two populations of myocardial cell crossing at an angle,
the resulting azimuth angle of the voxel was the bisector of this angle. Moreover, the value of
the inhomogeneity level began to decrease from a nonzero value when the voxel was not totally
homogeneous, containing for example cell crossing.

Conclusions: The proposed method enables the physical information of myocardial tissues to be
estimated and the inhomogeneity level of a volume or voxel to be quantified, which opens new ways
to study the microstructures of the human myocardium and helps understanding how heart diseases
modify myocardial cells and change their mechanical properties. © 2016 American Association of
Physicists in Medicine. [http://dx.doi.org/10.1118/1.4945272]
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1. INTRODUCTION

The myocardium is a muscle made of three-dimensional (3-
D) network of myocardial cells connected by anastomoses;'
the network or arrangement pattern is highly structured and is
described as a multilayered organization where each layer of
myocardial cells has a preferred orientation.? This architecture
of myocardial cells or myocardial fibers (by abuse of language)
plays a fundamental role in the heart’s function and its change
was shown to be directly linked to heart diseases.
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Many methods for studying the fiber architecture of the
myocardium have been reported in the literature. We can cite
three main approaches: histological technique,'™ diffusion
magnetic resonance imaging (dMRI),* and polarized light
imaging (PLI).'*?* Especially, PLI was used to analyze the
healing after myocardial infarction,'® establish the map of
myofiber patterns in the second trimester fetal human heart,'!
study the fiber architecture of the ventricle during fetal and
neonatal life,'? analyze collagen network,'® investigate the
topography of myocardial cells during embryonic and fetal life

©2016 Am. Assoc. Phys. Med. 2273
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development,'* and characterize the myocardium including
healthy, infarcted, and stem cell regeneration tissues.'> Owing
to its high spatial resolution (0.1 x0.1x 0.5 mm for an entire
adult human heart) and 3-D nature, PLI is today considered a
gold-standard technique allowing to provide the ground-truth
of the myocardial cell architecture of ex vivo human hearts.

However, almost all existing work was basically focused on
the study of the orientation of myocardial cells. To describe
more quantitatively myocardial cell arrangement patterns, the
notion of homogeneity (or inhomogeneity) level of myocardial
cells was introduced by Usson et al.;'® the work consisted in
physically measuring, by means of a confocal microscopy, the
homogeneity level of myocardial cells, in a very small two-
dimensional region of the myocardium.

In this paper, we propose to investigate such notion of
inhomogeneity level of myocardial cells, initially introduced
in the case of confocal microscopy, using PLI. The idea is
based on the fact that the myosin filaments in myocardial cells
have the same properties as a uniaxial birefringent crystal,'>!’
and that myocardial cells can then be modeled as uniaxial
birefringent crystals. Thus, we simulate the behavior of a uni-
axial birefringent crystal by means of the Mueller matrix, and
measure the final intensity of polarized light and consequently
the inhomogeneity level of myocardial cells in each volume
or voxel (in what follows the term volume also designates the
voxel) through the use of crossed polarizers.

2. MATERIALS AND METHODS
2.A. Design of the experimental PLI system

To study the inhomogeneity level of myocardial cells in
each voxel under polarized light, an experimental PLI system
was designed and constructed as illustrated in Fig. 1.

The unpolarized light source was made of 144 white LEDS.
The depolarizer ensures that the light is unpolarized. The two
crossed polarizers were driven together by two motors step by
step (0°-360°). A linear camera Pulnix TM-6EX was mounted
on the top of the second polarizer to record the images. The PLI
was totally controlled and monitored by the software we have
developed in c¢/c++ under Linux OS (see Sec. 3.D).

Camera
z Polarizer angle o, = o + 90°
Birefringent sample

Polarizer angle o, = 0°

Propagation of the light

Depolarizer
Unpolarized light source

FiG. 1. Scheme of the PLI system used for the simulation.
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Light is an electromagnetic wave having two main compo-
nents: the magnetic field vector and electric field vector; these
vectors are orthogonal to each other. With a polarized light,
the electric field vector vibrates in one fixed direction, perpen-
dicularly to the direction along which the light propagates.
The light beam is composed of waves whose vibration axes
are randomly distributed. The polarizer is an optical element
which selects a specific direction of vibration of the light.
When the selection axes of the two polarizers are perpendicular
to each other, without any birefringent sample between them,
the light is blocked and its intensity is down to zero. However,
if a birefringent sample is present and rotated between the
two crossed polarizers, it interferes with the light vibrating
axes and some light is transmitted across the second polarizer.
When the selection axes of two polarizers are parallel to each
other, all the polarized light is transmitted.

2.B. Simulation of PLI

The amount of transmitted light is a function of the bire-
fringence of the sample, and this birefringence is a function
of physicochemical characteristics of the sample and the
orientation of the latter with respect to the incident light.
In the human heart, collagen birefringence is a second type
of birefringence;'? it is highly variable, depending on the
kind of collagen under examination and must be neutralized
as much as possible. This is achieved by embedding the
sample in methyl methacrylate (MMA)'>!*!7 that has the
same refraction index as collagen. Thus, the myocardium
embedded in MMA behaves like a quasicrystal and quan-
titative polarized light can be measured to characterize its
properties. In order to collect the myosin birefringence (Apax
=107%) signal alone, we cancel out all the collagen structure
birefringences.'?

When a polarized beam crosses a uniaxial birefringent sam-
ple, it is divided into two rays (ordinary and extraordinary).
The electrical fields of the two rays vibrate perpendicular
to each other with a phase difference which depends on the
structural properties of the sample.?®! The birefringence A,,
= (n, —n,) of the uniaxial sample was measured as the differ-
ence of refraction indexes of the ordinary ray n, and the
extraordinary ray n,.%' In order to simulate the optical elements
of the above depicted PLI system and also to take account
of the depolarization state of the polarized light of the simu-
lated or real tissue, we use the Mueller matrix which was
initially proposed by Hans Mueller for representing any optical
element by a 4 x 4 matrix.>> The Mueller matrix of the output
of the PLI system can then be expressed as

Mo = Mp(a,) X Mg(29,0(@)) X Mp(a) X Mp, (1)
where

— M,,: the Mueller matrix of the two polarizers.

— Mj: the Mueller matrix of the uniaxial birefringent sam-
ple.

— Mp: the Mueller matrix of the depolarizer.

— aj, @y the rotation angle of the first and the second
polarizers, respectively.
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— @, 6 the elevation angle and the azimuth angle of the
birefringent sample, respectively.

— @(@): the phase shift of the birefringent sample with
respect to the elevation angle ®.

The matrices M,,, My, and Mp are given by Desrosiers
et al.'” The first element m(0, 0) of the output Mueller matrix
My gives the final amplitude of the polarized light. Assume
that the input light is completely depolarized (M), is a constant
matrix). When there is no object, M, is an identity matrix, and,
as a result, Mp will be a zero matrix and the amplitude of the
polarized light is zero.

Thus, from Eq. (1), the first element m((0, 0) of Mo can be
derived

my(0,0) = ((1—cosp)— (1 —cosp)cos(—40 + t+4a))/8. (2)

Since the azimuth angle 6 is fixed in the experiment, (2)
depends only on @ and ¢. The first element m((0, 0) can further
be simplified as
n
md&OM:u(am@(—9+Z+a)—1». 3)

Or more simply
2 T
immﬁhzums@m+z—@) @)

with u =(1-cosyp)/8.
If we fix ¢, then we can deduce from the formulae Egs. (7)
and (8) given by Desrosiers et al.,'’

u

= cos4(<1)), (5)
Umax

where um,x depends on the elevation angle of the volume. By

writing

umaxcos4 ((I)) =B, (6)

with B representing the maximum amplitude of the polarized
light, the above expression can be written as

;mwﬁM:Bmf@m+%—m) %)

If ® =0 in Eq. (5), we have u = uy,x, which means that, at
this particular value of @, the amplitude of polarized light is
maximum.

When a birefringent sample is present (i.e., M contains
non-zero elements), its optical axis interferes with the light
vibrating axes of the two polarizers M(p1)and Mp,) and some
light is transmitted across the second polarizer. For the given
two crossed polarizers Mpi(q,=0°) and Mpy(q,=90°), the varia-
tion of the polarized light only depends on the physical struc-
ture of the birefringent sample under investigation. When the
sample presents parallel structures, the amplitude of the polar-
ized light will increase. When the sample has crossing struc-
ture, the amplitude of the polarized light will decrease. The
amplitude of the polarized light therefore reflects the spatial
arrangement of myocardial cells in the sample. This led us
to introduce the notion of inhomogeneity level of myocardial
cells by adding an offset A to the first element m(0, 0) of the
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output Mueller matrix Mo,
M@:Aﬂmmﬁ%=A+Bw§@m+%—my 8)

where y(a) represents the final amplitude of the polarized light
received by the camera.

Note that the additive offset A in Eq. (8) is based on
the assumption that the myosin filament has the same prop-
erty as a uniaxial birefringent crystal. The proposed model
can then be applied to any birefringent biological tissues,
provided the tissues have the same property as a birefrin-
gent uniaxial crystal. Such additive model however could
not hold when the crystal under investigation is biaxial or
triaxial.

The value of A determines the inhomogeneity level of the
sample volume at a voxel. If A equals zero, the inhomogeneity
level is zero, indicating that the volume is totally homoge-
neous. If the offset A increases, the inhomogeneity level will
increase. To evaluate the measurement of inhomogeneity level
of myocardial cells in the human heart, different myocardial
cell configurations in a voxel (tissue volume) were simulated.
The spatial configuration was modeled as a mixture of small
uniaxial birefringent elements. The tissue corresponds to a
volume of 100 x 100 x 500 um? which is divided into 25
elements. Each of the elements is formed of 25 cells with
20 pm in diameter and 100 pm in length. For each element, we
set its local 3D orientation (azimuth and elevation angles) in a
manner that various conditions are experienced: homogeneous
volume (all myocardial cells are parallel) and heterogeneous
volume (myocardial cells have different orientations with solid
angle dispersion). In practical experiments, the inhomogeneity
level of myocardial cells in a voxel depends on the standard
deviation o in orientations of the myocardial cells in the
volume. The orientation is defined by two angles: azimuth
angle and elevation angle. The azimuth angle 8 is the angle be-
tween the west-east axis of the stage (x-axis) and the projection
of the uniaxial sample orientation on the stage plane, and the
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FiG. 2. Variation of the light amplitude as a function of rotation angles of the
two crossed polarizers for a uniaxial birefringent sample (homogeneous vol-
ume with a solid dispersion angle of zero). The azimuth angle of myocardial
cells was set to a fixed value of 45°, while the elevation angle @ varied from
0° to 90°. Note that the amplitude of 1.0 corresponds to the initial amplitude
of the depolarized light source.
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Fic. 3. (a) Simulated heterogeneous volume with a solid dispersion angle of 15°. Each cell is represented by a different color. (b) Variation of the light amplitude
of a heterogeneous volume as a function of the rotation angle of the two crossed polarizers. Each curve corresponds to a given solid dispersion angle that varies

from 0° to 40°.

elevation angle @ corresponds to the obliquity of the uniaxial
sample with respect to the plane of the section.

To estimate the inhomogeneity level of myocardial cells in
a voxel, we used two crossed polarizers that rotate at the same
time. The first polarizer of angle a; was rotated from 0° to
90° and the second polarizer of angle @, was rotated such that
@y =a1+90° (thus forming two crossed polarizers). When the
selection axis of the first polarizer is parallel to the optical axis
of the sample, the final amplitude of the polarized light will
drop to zero.!” Thus, the selection axis of the first polarizer
can help us to define the orientation of birefringent samples (or
birefringent crystals) and myocardial cells in real tissues like
those we used in Sec. 3.D. All the simulations were performed
under GNU/Octave on Linux OS.

3. RESULTS AND DISCUSSIONS

3.A. Homogeneous volume with parallel myocardial
cells

The simulated homogeneous volume is composed of per-
fectly parallel myocardial cells. The azimuth angle 6 of the
volume was set at 45°, and the elevation angle @ was varied
from 0° to 90°. For each fixed angle pair (azimuth angle,
elevation angle), we vary the rotation angle «, and the output
polarized light is calculated using Eq. (1). As observed in
Fig. 2, for each fixed elevation angle, the amplitude of the

e
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output polarized light varies with rotation angle. At the rotation
angle of 45°, all the curves drop to zero, which means that at
this rotation angle, there is no light coming out of the second
polarizer. This is due to the fact that, at this rotation angle,
the selection axis of the first polarizer is parallel to the optical
axis of the volume. Since the output polarized light is zero
at this rotation angle, we can derive from Eq. (8) that the
inhomogeneity level A is zero. This simulation result conforms
to that obtained with the physical optical bench.!®!7-?3 These
results also imply that, at the rotation angle of 45°, the azimuth
angle 6 is independent of the PLI system.

3.B. Heterogeneous volume with solid angle
dispersion

We now simulate a heterogeneous volume with solid angle
dispersion by adding orientation variability to the myocardial
cells, as shown in Fig. 3(a). The orientations of the myocardial
cells in each voxel are normally distributed and centered, with
a standard deviation o (solid dispersion angle) of 15°. In other
words, the volume is now composed of myocardial cells that
are not parallel to each other. The azimuth angle 6 of the
volume sample is still set to a fixed 45° and the elevation angle
® is set to 0°.

Again from Eq. (1), we calculated the amplitude of the
output light amplitude of the PLI system as a function of the
rotation angle of the crossed polarizer pair, and plotted it in

[x108 ' . — ; . .

Offset

10112l BT @o
Solid dispersion angle G(degree)
(b)

Fi. 4. Variation of the maximum amplitude of the polarized light (a) and offset (inhomogeneity level) as a function of solid angle dispersion.
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Fic. 5. Simulated volume with myocardial cell crossing.

Fig. 3. Note that the curve in Fig. 3(b), which corresponds to
the solid dispersion angle 0, is the same as that in Fig. 2, which
corresponds to the elevation angle 0. So, compared to the
curve with the O solid dispersion angle, the other four curves
corresponding to non-null solid dispersion angles present an
offset at the rotation angle of 45°, which indicates that some
inhomogeneity in orientation of the myocardial cells in the
volume exists. The fact that the amplitude of the polarized
light is not zero at 45° reflects the light leakage. This light
leakage in the second polarizer depends on the summation
of the disorders of the myocardial cells in the volume. This
disorder depends on the standard deviation o in orientation
of myocardial cells. For a given rotation angle of the two
crossed polarizers, when the solid dispersion angle increases,
the amplitude of the output polarized light decreases.

Figure 4 shows the variations of the maximum amplitude
of the output polarized light and the offset (i.e., inhomoge-
neity level) as a function of solid dispersion angle that varies
from 0° to 40°. As observed, the solid dispersion angle can
modify not only the maximum amplitude of the polarized
light, but also generate offset or inhomogeneity. When the
solid dispersion angle increases, the maximum amplitude of
the output polarized light decreases, and the inhomogeneity
level increases. But, when the solid dispersion angle attains a
certain level, the inhomogeneity level changes little.

3.C. Heterogeneous volume with myocardial cell
crossing

To study the variation of inhomogeneity level in the case of
myocardial cell crossing, two populations of myocardial cells
were simulated in the volume. The first population has a fixed

azimuth angle of 0° and the second population has an azimuth
angle that varies from 0° to 90°, thus creating myocardial cell
crossing (Fig. 5).

As before, Eq. (1) was used to calculate the amplitude of
the output polarized light for the volume formed of crossed
myocardial cells. Theoretically, when the optical axes of the
two populations of myocardial cells are parallel, the ampli-
tude of the polarized light is at its maximum in the case
where the selection axis of the first polarizer is at 45° from
the two populations of parallel myocardial cells. Otherwise,
the light amplitude begins to decrease when the myocardial
cell crossing angle increased, and an offset begins to appear.
In Fig. 6(a), we observe that myocardial cell crossing angle
modifies strongly the amplitude of the output polarized light.
Figure 6(b) shows that the azimuth angle of the volume in-
creases when the crossing angle between myocardial cells
increases. The resulting azimuth angle of the volume is the
bisector of the angle formed by the two populations of myocar-
dial cells (i.e., for each myocardial cell crossing, the azimuth
angle is divided by two). Figure 6(c) represents the minimum
amplitude of the output polarized light, which represents the
offset of the curve with respect to the horizontal abscissa axis.
We observe that the offset that represents the inhomogeneity
level of myocardial cells begins to decrease from a value
different from zero because the volume is not totally homo-
geneous and contains cell crossing.

3.D. Validation of the simulations
3.D.1. Experimental apparatus

The elements of the experimental PLI apparatus used to
validate the simulations are shown in Fig. 7. The real optical
elements are disposed in the same manner as in Fig. 1.

In Fig. 7, the unpolarized light source is mounted on a
fixed support with the light beam directed upward to the z
axis. All the optical elements are positioned along the z axis
in order to be crossed by the maximum of the light. The
depolarizer is placed at the output of the unpolarized light
source in order to diffuse the light output homogeneously in the
optical bench. Two linear polarizers are mounted on a movable
carrier, and each polarizer is driven by a stepper motor. Two
belts make the link between the motors and the polarizers.
The first polarizer is placed above the depolarizer and set to
angle a; equal to 0°, and the second polarizer is set near to
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FiG. 6. Variation of the amplitude of the polarized light (a), azimuth angle (b), and offset (c) as a function of myocardial cell crossing angle.
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Belt 2
Motor 2
Potentiometers

Belt 1 )
Main axes

Motor 1 of the holder plate

Electronic box

Fic. 7. The experimental PLI apparatus used to validate the simulations. On the right side is shown the zoomed version of the holder plate.

the camera with an angle equal to a; = @ +90°. The angular
position of the two polarizers can be adjusted in the system.
The birefringent sample is held on a holder plate which is
positioned between the two linear polarizers. The holder plate
is a gyroscopic system made up of two plates (two main axes).
The big plate can tilt to Oy axis and the small plate can tilt to
Ox axis. The orientation of the plates helps us to control the
elevation and azimuth angles of the birefringent sample in the
system. The digital camera (CCD) is mounted on the top of
the system to record the images. The rotation of the motors
and the potentiometers are managed by an electronic box that
is equipped with microcontrollers, and the communication
between the electronic box and the computer is ensured via a
RS232 link. Finally, we developed software codes in c/c++ to

0 = 45°

(a)

(¢) Polarizer at 45°

[]830
332
166

control the motor rotation, potentiometers position, and image
recording.

3.D.2. Ethics statement and real tissue sample
information

This study was performed on routine histological sections
of hearts of human fetus and infants embedded in MMA. 11216
All the tissues were obtained and processed in compliance
with French legal and ethical guidelines. The investigation
is conformed to the principles outlined in the declaration of
Helsinki.>>?® More precisely:

“Grenoble University Teaching Hospital owns a legally
declared collection of embedded tissue sections collected

10 mm

(b) Polarizer at 0°

0

(d) Polarizer at 75°

Fic. 8. Different images of the same pillar of the AVV under different polarized light imaging conditions. (a) When placed between two parallel polarizers. (b)
When placed under two crossed polarizers. (c) When the selection axis of the first polarizer was set to 45°. (d) The selection axis of the first polarizer is not

parallel to the optical axis of myocardial cells in the pillar of the AVV.

Medical Physics, Vol. 43, No. 5, May 2016
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Fic. 9. Experimental data (red cross) vs mathematical model (blue color
curve). The azimuth angle of the optical axis of the pillar of the AVV and
the selection axis of the first polarizer were set to 45°. The amplitude of the
polarized light is maximum when the selection axis of the polarizer is set to
0° while the pillar of AVV is still set to an azimuth of 45°.

after autopsy for perinatal and infant death realized for a
diagnostic purpose. Written consent has been obtained from
the parents/guardians at the time of the request for autopsy
authorization and for research authorization on normal and
abnormal development. The research protocol for this study
was specifically approved by the institutional review board
of the Grenoble University Teaching Hospital. Samples dedi-
cated to research purpose were anonymized.”

In order to validate the proposed PLI simulations on real
tissues, we chose the pillars of the auriculo-ventricular valve

Fic. 10. Map of inhomogeneity levels of the pillar of AVV.

(AVV) of the human heart and imaged it using the experi-
mental apparatus in Fig. 7. The AVV sample came from a fetal
heart (33 amenorrhea weeks, ventricular weight 12 g, and atria
weight 3 g).

The pillar of the AVV is a sort of hamstring whose role is
to hold the mitral valve (left ventricle) and the tricuspid valve
(right ventricle) to prevent blood from replenishing in a wrong
direction. This sample was chosen for two reasons:

(a) it is anisotropic, and the orientation of its myocardial
cells is well known, +16-23

(b) it has a high homogeneity level in comparison with
other regions of the heart. In order to explore the bire-
fringence of the pillar of the AVV, a protocol has been

(a)

(b)
1830

(d)

Fic. 11. Four examples of physical myocardial cell crossing obtained by superposing two pillars of the AVV. The red circle designates the ROI in which the
variation of the amplitude of the polarized light is measured to calculate the inhomogeneity level map (parameter A).

Medical Physics, Vol. 43, No. 5, May 2016
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(a)

(©)

described by Jouk et al.'’'*1® and more details about

this tissue can be found in Refs. 11, 12, 14, and 23. To
be in the same condition as that in our simulation, we
have chosen two pillars of the AVV with a thickness of
250 pm. By superposing them, we obtained one pillar
with thickness of 500 um.

3.D.3. Real tissue sample preparation and recording

After removal from the thorax, the heart was perfused and
fixed in a solution of 4% neutral buffered formaldehyde, and
then immersed for 1 week in the same solution. The ventricles
were then removed by severing the atria 1 mm proximal to
the auriculo-ventricular groove and the great vessels 3 mm
from the ventricle. After that, the ventricles were embedded
in a resin of MMA using a protocol.”> The specimen was
infiltrated under vacuum (10 mbar) at room temperature in a
series of mixtures of glycol methacrylate (GMA) and MMA
in which the concentration of MMA was gradually increased
to obtain pure MMA. The heart was then embedded by poly-
merization of MMA at 32°C. It can be oriented according
to the prerequisite referential system: coronal, transversal, or
sagittal. This is done by polishing the base of the block, which
is mounted on the microtome stage and determines the plane of
serial sectioning: parallel to the diaphragmatic face of the heart
for transversal sections; parallel to the muscular ventricular
septum (VS) for sagittal sections; and parallel to the atrioven-
tricular junctions for coronal sections. Before sectioning, three
parallel holes of 1 mm diameter were drilled perpendicular
to the base, to provide fiducial markers. Then, a series of

Medical Physics, Vol. 43, No. 5, May 2016
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Fic. 12. Maps of inhomogeneity levels corresponding to the four myocardial cell crossing angles.

thick sections (500 pum) were cut with a rotary microtome
(Leica SP1600, Leica Biosystems, Wetzlar, Germany). There
is a gap of 250 um between sections due to the thickness of
the saw. The rate of penetration of the saw was set to a low
speed (15 min/section) in order to avoid mechanical stress and
distortions.

In the present experiment, the images were recorded by
setting the azimuth angle of the pillar of the AVV to 45° as
in the simulation cases. The light amplitude collected by the
PLI system being a function of the elevation and azimuth
angles of the myocardial cells in the pillar of the AVYV, it is
necessary to record images at different angles. To measure the
amplitude of the polarized light at each voxel, the two crossed
polarizers were turned together at the same time with a step of
11.25°-78.75° with the pillar of the AVV positioned between
them, generating a stack of eight images corresponding to eight
angles (0°, 11.25°, 22.5°, 33.75°, 45°, 56.25°, 67.5°, 78.75°).

Figure 8(a) shows the case in which all the light is trans-
mitted (the selection axes of the two polarizers were parallel).
In Figs. 8(b)-8(d), we show three images corresponding to
three angles (0°, 45°, 78°) for illustration. In Fig. 8(b), the
selection axis of the first polarizer was set to 0° and that of
the second polarizer to 90°(crossed polarizers). The amplitude
of the polarized light is maximum in this case, since the optical
axis of the pillar of the AVV was set to 45°. We should keep
in mind that, to avoid losing the reference of measurements,
the selection axes of the two polarizers must be perpendicular
to each other (forming a crossed polarizers) during image
recording. In Fig. 8(c), the selection axis of the first polarizer
was set to 45°. In principle, all the light amplitude must be
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TasLE 1. Physical measurements of inhomogeneity levels as a function of
myocardial cell crossing angles.

Myocardial cells crossing angles (deg) 30 45 60 90

Inhomogeneity levels 24.2 133 18.8  10.7
Output polarized light 227.5 201.4 740 242
Azimuth angles 154 21.1 320 46.8

zero according to the simulation results. In practice, the light
amplitude is not equal to zero and instead it is attenuated
according to the simulation results on heterogeneous volumes.
We observe that many regions of the pillar of the AVV are
totally dark, implying that the optical axes of those myocardial
cells are parallel to the selection axis of the first polarizer (as
observed in the simulations). The regions that are not totally
dark indicate that all the myocardial cells are not parallel to
the selection axis of the first polarizer. In Fig. 8(d), the light
intensity begins to increase since the selection axis of the first
polarizer is not parallel to the optical axis of myocardial cells
in the pillar of the AVV.

3.D.4. Inhomogeneity level of simple pillars of AVV

As in the simulated tissue case, we first measure the varia-
tion of the amplitude of the polarized light as a function of the
rotation angle of the two polarizers with various solid disper-
sion angles. Figure 9 shows the theoretical result (blue color
curve) and real result (red cross data points) from the pillar of
the AVV in a voxel. We found exactly the same results as those
in simulations. When the selection axis of the first polarizer
was set to 0°, i.e., the rotation angle @ = 0, the light amplitude
was maximum (B =437 arbitrary unit—a.u.). Therefore, when
the rotation angle of the first polarizer is parallel to the optical
axis of the pillar of the AVV (a; =45°), the amplitude of the
polarized light reaches its minimum (offset).!” We also observe
that the pillar of the AVV has an inhomogeneity level that
differs from zero, since the light intensity curve does not reach
the abscissa axis at the 45° rotation angle point. For an azimuth
angle of 45°, the final amplitude y(«@) of the polarized light
depends only on the rotation angle « of the two polarizers
and the value B in Eq. (8). If the pillar of AVV were totally
homogeneous, the value of A in Eq. (8) would drop to zero
like a totally homogeneous uniaxial birefringent crystal. In
other words, the value of the offset A is dependent on the
inhomogeneity level of the pillar of the AVV. A low value of the

[}
w

Desrosiers et al.: Study of myocardial cell inhomogeneity of the human heart

2281

offset indicates that the sample has a low inhomogeneity level
(or high homogeneity level). By fitting the analytical model
Eq. (8) to the experimental data (stack of eight images), we
obtained the amplitude of the output polarized light, B =437
(a.u.) and the inhomogeneity level A =32 (a.u.).

Now, by fitting the analytical model Eq. (8) to the exper-
imental data (stack of eight images) pixel by pixel, we can
obtain the map of inhomogeneity levels (parameter A), as
shown in Fig. 10. The dark regions indicate a low parameter
A values close to zero, meaning that these regions are almost
perfectly homogeneous. The brighter regions represent hetero-
geneous regions having greater inhomogeneity level values.
If the pillar of AVV were totally homogeneous, the image in
Fig. 10 would be completely dark.

3.D.5. Inhomogeneity level of crossed pillars

In the simulation cases, we have found that when myocar-
dial cell crossing angle increased, the amplitude of the polar-
ized light decreased. To evaluate these simulation results, we
now use real data from two pillars of the AVYV, both of which
have a thickness of 250 ym. By superposing the two pillars
with some angles, we obtain myocardial cell crossing in a
region having a thickness of 500 ym (Fig. 11, red circle). In
this experiment, the optical axis of the first pillar of the AVV
was fixed to an azimuth angle of 0° relative to the selection
axis of the first polarizer, and the second pillar was rotated to
generate specific myocardial cell crossing.

Figure 11 shows fourimages corresponding to four myocar-
dial cell crossing angles of 30°, 45°, 60°, and 90°, respectively.
All the maps in Fig. 11 have been scaled into the same grey
level dynamic range for measurements. The red circle indi-
cates the region of interest (ROI) for the measurement.

For each crossing angle, a stack of eight images was ac-
quired. Then, Eq. (8) was used to calculate the map of inhomo-
geneity levels (Fig. 12). Table I gives the obtained inhomoge-
neity level values for different myocardial cell crossing angles.
For comparison with the simulations, we also plot in Fig. 13
the three parameters as a function of myocardial cell crossing
angles, as those in Fig. 6. As can be observed, the amplitude of
the polarized light decreases with the myocardial cell crossing
angle, the azimuth angle is the bisector of the angle formed by
the two crossed pillars of the AVV, and the inhomogeneity level
decreases from an initial value different from zero (because the
pillar of AVV was not totally homogeneous) as those in Fig. 6.
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4. CONCLUSION

We have proposed a PLI simulation method to study the
optical properties of myocardial cells in the human heart. To
our knowledge, this is the first study that has enabled the
quantitative description of the spatial arrangement of myocar-
dial cells in the human heart using PLI. The results on both
simulated and real tissues showed that the proposed method
enables physical information, such as the myocardial cell inho-
mogeneity level, polarized light intensity, and myocardial cell
azimuth angle, of myocardial tissues to be estimated, and that
the inhomogeneity level of a volume or voxel, which depends
strongly on the spatial arrangement of myocardial cells, can be
quantified, which opens new ways to study the microstructures
of the human myocardium.
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