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ABSTRACT

The neuroimaging technique Three-dimensional Polarized Light Imaging (3D-PLI) re-
constructs the brain’s nerve fiber architecture by transmitting polarized light through
histological brain sections and measuring their birefringence. Measurements have shown
that the polarization-independent transmitted light intensity (transmittance) depends on
the out-of-plane inclination angle of the nerve fibers. Furthermore, the optical anisotropy
that causes the birefringence leads to polarization-dependent attenuation of light (di-
attenuation), which might provide additional information about the underlying fiber
configuration. In this thesis, analytical considerations, supplementary measurements,
and numerical simulations were performed to study the transmittance and diattenua-
tion effects in more detail, and to develop ideas how the effects can assist the nerve fiber
reconstruction with 3D-PLI. The propagation of the polarized light wave through the
brain tissue was modeled by Finite-Difference Time-Domain (FDTD) simulations. Fol-
lowing a bottom-up approach, the simplest possible model was identified that describes
the observed transmittance and diattenuation effects.

The experimental studies in this work have shown that the transmittance significantly
decreases with increasing inclination angle of the fibers (by more than 50%). The
FDTD simulations could model this effect and show that the decrease in transmittance
is mainly caused by polarization-independent light scattering in combination with the
limited numerical aperture of the imaging system. Moreover, the simulations revealed
that the transmittance does not depend on the crossing angle between horizontal fibers.
Combining the simulation results with experimental data, it could be demonstrated that
the transmittance can be used to distinguish between horizontal crossing and vertical
fibers, which is not possible in standard 3D-PLI measurements.

To study the diattenuation of brain tissue, a measurement protocol has been devel-
oped that allows to measure the diattenuation even with a low signal-to-noise ratio:
Diattenuation Imaging (DI). The experimental studies in this work revealed that the di-
attenuation of brain tissue is relatively small (less than 10 %) and that it has practically
no impact on the measured 3D-PLI signal. More importantly, it was demonstrated that
there exist two different types of diattenuation that are specific to certain fiber config-
urations: in some brain regions, the transmitted light intensity becomes maximal when
the light is polarized parallel to the nerve fibers (D7), in other brain regions, it becomes
minimal (D~). The FDTD simulations could successfully model the diattenuation and
show that diattenuation of type D~ is caused by anisotropic scattering of light which
decreases with increasing time after tissue embedding, while diattenuation of type DT
can be caused both by anisotropic scattering and by anisotropic absorption (dichroism).
In addition, the simulations confirmed that steep fibers only show diattenuation of type
D7 and that the diattenuation also depends on the tissue composition. This makes Diat-
tenuation Imaging a promising imaging technique that reveals different types of fibrous
structures which cannot be distinguished with current imaging techniques.



ZUSAMMENFASSUNG

Das bildgebende Verfahren Three-dimensional Polarized Light Imaging (3D-PLI) rekon-
struiert die Nervenfaserarchitektur des Gehirns, indem die Doppelbrechung von histolo-
gischen Hirnschnitten mit polarisiertem Licht gemessen wird. Vorausgehende Messungen
haben gezeigt, dass die polarisationsunabhéngige transmittierte Lichtintensitat ( Trans-
mittanz) vom Neigungswinkel der Nervenfasern abhéngt. AuBerdem fiihrt die optische
Anisotropie, die die Doppelbrechung verursacht, zu einer polarisationsabhéngigen Ab-
schwéchung des Lichts (Diattenuation), die zusétzliche Informationen iiber die zugrunde
liegende Faserkonstellation liefern konnte. In dieser Arbeit wurden analytische Uber-
legungen, ergédnzende Messungen und numerische Simulationen durchgefiihrt, um die
Transmittanz- und Diattenuation-Effekte genauer zu untersuchen und Ideen zu entwi-
ckeln, wie die Effekte die Nervenfaserrekonstruktion mit 3D-PLI unterstiitzen kénnten.
Die Ausbreitung der polarisierten Lichtwelle durch das Hirngewebe wurde mit Finite-
Difference Time-Domain (FDTD) Simulationen modelliert. Dabei wurde ein Bottom-
up-Ansatz verfolgt, um das einfachste Modell zu finden, das die Transmittanz- und
Diattenuation-Effekte beschreibt.

Die experimentellen Studien dieser Arbeit haben gezeigt, dass die Transmittanz mit
zunehmendem Neigungswinkel der Nervenfasern signifikant abnimmt (um mehr als 50 %).
Die FDTD Simulationen konnten diesen Effekt modellieren und zeigen, dass der Riick-
gang der Transmittanz hauptséchlich durch polarisationsunabhéngige Lichtstreuung und
die begrenzte numerische Apertur des Mikroskops zustande kommt. Auflerdem haben
die Simulationen ergeben, dass die Transmittanz bei horizontalen Fasern nicht von deren
Kreuzungswinkel abhéngt. Die Auswertung experimenteller Daten hat ergeben, dass die
Transmittanz dazu genutzt werden kann, horizontal kreuzende von senkrechten Fasern
zu unterscheiden, was mit derzeitigen 3D-PLI Messungen nicht moglich ist.

Zur Untersuchung der Diattenuation von Hirngewebe wurde ein Messprotokoll entwi-
ckelt, das die Diattenuation auch bei geringem Signal-Rausch-Verhéltnis messen kann:
Diattenuation Imaging (DI). Die experimentellen Studien dieser Arbeit haben gezeigt,
dass die Diattenuation des Hirngewebes relativ klein ist (weniger als 10 %) und dass sie
praktisch keinen Einfluss auf das gemessene 3D-PLI Signal hat. Auflerdem wurde gezeigt,
dass es zwei verschiedene Arten von Diattenuation gibt, die fiir bestimmte Faserkonstel-
lationen spezifisch sind: In einigen Gehirnregionen wird die transmittierte Lichtintensitat
maximal, wenn das Licht parallel zu den Nervenfasern polarisiert ist (D7), in anderen
Gehirnregionen wird sie minimal (D~). Die FDTD Simulationen konnten die Diattenua-
tion erfolgreich modellieren und zeigen, dass der D~ -Effekt durch anisotrope Lichtstreu-
ung verursacht wird, die mit zunehmender Zeit nach Eindeckung des Gewebes abnimmt,
wihrend der DT-Effekt sowohl durch anisotrope Streuung als auch durch anisotrope
Absorption (Dichroismus) verursacht werden kann. Auferdem bestétigten die Simula-
tionen, dass steile Fasern nur den DT-Effekt zeigen und dass die Diattenuation auch
von der Gewebezusammensetzung abhéngt. Das macht Diattenuation Imaging zu einem
vielversprechenden bildgebenden Verfahren, das verschiedene Arten von Faserstrukturen
sichtbar macht, die mit aktuellen bildgebenden Verfahren nicht unterscheidbar sind.
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INTRODUCTION

HE brain is one of the most complex organs in our body: it contains about 100 billion
T neurons [4H7], which are each connected to 10,000 other nerve cells on average [6, [§].
Understanding the structure and function of the human brain remains one of the greatest
challenges in neuroscience. In recent years, large international research projects like the
Human Brain Project (HBP)! in Europe [9] or the BRAIN Initiative® in the US have
been launched to take up that challenge.

To figure out how brain function emerges from its structural organization, it is nec-
essary to study the neuronal connections, i.e. the nerve fiber architecture of the brain.
Developing a detailed network model of the human brain, the so-called connectome
[0, TT], helps to better understand neuro-degenerative diseases and to assist surgery.
Simulations of the brain’s circuitry could also inspire new computing technologies.

Decoding the human connectome is a multi-scale challenge, ranging from long-range
inter-hemispheric fiber connections of several centimeters down to single axons (nerve
fibers) with diameters of a few micrometers.

Neuro-Imaging Techniques at Different Scales To date, there exist various neuro-
imaging techniques that investigate the brain’s nerve fiber architecture at different scales
(see Fig. [L.1)).

Diffusion-weighted magnetic resonance imaging (dMRI)? — in particular diffusion ten-
sor imaging (DTI) — is extensively used to reconstruct nerve fiber pathways in the brain
[T, T2, [15]. It is at present the only method to map the nerve fibers of a whole human
brain in vivo [I2-I4]. Due to motion artifacts and limited scan times, the spatial resolu-
tion is mostly limited to the millimeter scale [I6HIR]. In post-mortem brains, ultra-high
magnetic fields and longer scan times can be used which enables higher resolutions, de-
pending on the sample size: When measuring a whole human brain, fiber structures
down to 0.7mm can be examined [I9]. For smaller samples like mouse or rat brains, the
resolution can be in the order of a few dozen micrometers [12].

A big advantage of dMRI is that it allows to study the three-dimensional nerve fiber
architecture without sectioning the brain. Another possibility to study the underlying
tissue structure without sectioning is to use clearing methods [20-25] which make brain
tissue transparent e.g. for confocal laser scanning [21), 23], 24] or light-sheet microscopy
[20, 22), 26-28]. Other techniques that achieve in-depth information with high micrometer
resolution are Optical Coherence Tomography (OCT) [29-31], Two-Photon Fluorescence

"http://wuw.humanbrainproject.eu (Status: 01.03.2018)

“nttp://www.braininitiative.nih.gov| (Status: 01.03.2018)

3Diffusion-weighted magnetic resonance imaging (dMRI) measures the rate and the preferred direction
of molecular diffusion, usually water, in the brain. As the diffusion is restricted by macroscopic
structures, dMRI is able to visualize neuronal pathways [12-14].
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1 INTRODUCTION

Microscopy (TPFM) [28, B2H35)], and reflectance microscopy techniques [36, B7], which
do not require any clearing and can also be applied in vivo through a cranial window.

To study nerve fibers in anatomical detail, the brain is often sectioned into histological
slices and the light transmitted through the brain section is analyzed. Staining tech-
niques, which dye the fiber tracts after sectioning, make major fiber tracts visible [38].
With transmission electron microscopy, it is possible to achieve resolutions down to a
few nanometers [39-42]. These microscopy techniques, however, are generally limited
to 2D and cannot access the three-dimensional architecture of nerve fibers within the
investigated sections.

Dissection
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Fig. 1.1: Neuroimaging techniques used to access the brain’s nerve fiber architecture at
different scales: Transmission electron microscopy (TEM), fluorescence microscopy (FM), 3D
Polarized Light Imaging (3D-PLI), diffusion-weighted magnetic resonance imaging (dMRI),
and dissection techniques. The scale bars indicate the range of resolution for the different
imaging techniques in comparison to the diameter of different brain structures (see also
Sec. . The scale bars were derived from literature values and only provide an approximate
order of magnitude. The images were taken from different sources with permission: TEM
(E3] Fig. 4-7, Copyright Elsevier 2006), FM ([24] Fig. 4C, licensed under CC BY-NC-SA
3.0), 3D-PLI (INM-1, Forschungszentrum Jiilich GmbH, Germany), dMRI ([I1] Fig. 2d,
licensed under |CC BY-NC-ND 4.0)), Dissection ([44] Fig. 9, Copyright Elsevier 2012).

3D Polarized Light Imaging In 2011, AXER et al., a group of researchers in the Insti-
tute of Neuroscience and Medicine (INM-1) at Forschungszentrum Jilich GmbH (FZJ),
presented a novel approach to measure the three-dimensional nerve fiber architecture:
Three-dimensional Polarized Light Imaging (3D-PLI) [45), 46]. The technique recon-
structs the spatial pathways of nerve fibers in unstained histological brain sections with
a resolution of a few micrometers, allowing to investigate long-range fiber bundles as well
as single fibers [47, 48]. In this way, 3D-PLI serves as a bridging technology between the
macroscopic and the microscopic scale.

Essential for the fiber reconstruction with 3D-PLI is the birefringence of the nerve
fibers, which is mainly caused by the anisotropic structure of the surrounding myelin
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sheaths [49, B0]. The brain is cut into sections of approx. 60 pum and placed in a po-
larimeter. By transmitting polarized light through the histological brain sections, the
birefringence (axis of optical anisotropy) is measured, allowing to reconstruct the spatial
orientations of the nerve fibers [51].

Although 3D-PLI is constantly being developed, the technique has certain limitations.
One major problem are so-called partial-volume effects: As the brain sections are 60 pm
thick, several nerve fibers are measured within the same volume element and only the pre-
dominant fiber direction is extracted. When fibers with different orientations are located
on top of each other, the orientations of individual fibers cannot be accessed. Inhomo-
geneous fiber configurations (like crossing fibers or regions with varying fiber densities)
influence the measured birefringence signal and thus the determined fiber orientations
[52]. Especially challenging is the reconstruction of the so-called inclination angle, i.e.
the out-of-plane orientation of the fibers. To date, there exist several approaches to
improve the accuracy of the inclination angle:

e Transmittance weighting: Due to the large attenuation coefficient of the myelin
sheaths, the polarization-independent transmitted light intensity (transmittance)
is a measure of the myelin content in brain tissue. As myelin is mainly respon-
sible for the measured birefringence signal, the myelin content influences the re-
constructed fiber inclinations. To improve the fiber reconstruction, the measured
birefringence signal is weighted by the transmittance [53]. However, the trans-
mitted light intensity also depends on tissue composition, fiber orientation, and
polarization (see later), which is not taken into account in this correction proce-
dure.

e Tilting: With a tiltable specimen stage, the fiber orientations can be measured
under slightly different angles, allowing a more precise determination of the fiber
inclinations [54, B5]. However, the reconstruction of inhomogeneous fiber con-
figurations is still challenging and the technique is currently only available for a
polarimeter with pixel size > 21 ym and not for microscopic resolution.

To improve the interpretation of the measured 3D-PLI signals and to enhance the
reconstruction of the spatial fiber orientations, a multi-modal cross-validation with other
techniques is needed. The main reconstructed fiber tracts can be compared to anatomical
studies, but the exact orientation of individual fibers is unknown. So far, there exists no
“phantom” that could serve as validation for 3D-PLI: Artificial tissue samples with a
well-defined fiber architecture are not available because the birefringence of the myelin
sheaths cannot be easily replicated. The extraction (or generation) of nerve fibers with
well-defined orientations is also not feasible with the currently established methods.

The only possibility to validate the measured fiber orientations is to use alternative
imaging methods with high in-depth resolution (e.g. OCT, TPFM or confocal/light-
sheet microscopy combined with clearing) that allow to access the three-dimensional
fiber architecture of the brain section. However, different measurement techniques re-
quire different tissue preparations so that either the measurements cannot be performed
on the same sample or the tissue properties of the sample might change between the
measurements. This makes a cross-validation between different techniques challenging.
Recent studies [56] have shown that myelinated axons can be made auto-fluorescent and
measured with TPFM (voxel size: 0.244 x 0.244 x 1 um). Thus, by measuring the same
brain section with 3D-PLI and TPFM and comparing the reconstructed fiber orienta-
tions to the microscopic fiber architecture, the fiber orientations derived from 3D-PLI
can be validated. However, the tissue preparation and the TPFM measurement require
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a lot of time and effort so that the fiber orientations can only be validated in small brain
regions.

A more efficient way to identify misinterpreted fiber orientations, is to better under-
stand the physics behind the light-matter interactions and to derive general concepts of
how the measurement and signal analysis of 3D-PLI can be improved. In recent years, nu-
merical simulations (based on the Jones matrix calculus) have successfully been employed
to model the 3D-PLI measurement and to validate the reconstructed fiber orientations
61, 52]. Comparing the known underlying fiber architecture of the simulation model to
the fiber orientations derived from 3D-PLI helps to identify possible misinterpretations
in the fiber reconstruction process. However, the employed simulation approach is based
on linear optics and not suitable to model more complex light-matter interactions like
scattering, so it cannot be used to study the transmittance or attenuation of light.

Transmittance and Diattenuation Experimental studies have demonstrated that the
polarization-independent transmitted light intensity (¢ransmittance) depends not only
on the tissue composition (myelin content of the brain tissue), but also on the fiber in-
clination, which has an impact on the above-mentioned “transmittance weighting” and
thus on the fiber orientations reconstructed by 3D-PLI. Therefore, it is important to
study and understand this effect in more detail. If it is possible to identify a relation
between the transmittance and the fiber inclination, it can be used as additional infor-
mation to improve the fiber reconstruction with 3D-PLI. As the transmittance does not
depend on the polarization of light, findings on the transmittance can also be useful for
other transmission microscopy techniques which use unpolarized light.

The optical anisotropy that causes birefringence (anisotropy of refraction) also leads to
diattenuation (anisotropy of attenuation) [57,58]. As diattenuation leads to polarization-
dependent attenuation of light, it might have an impact on the polarimetric measurement
of 3D-PLI and consequentially affect the measured nerve fiber orientations. In other
studies, diattenuation has been used to quantify tissue properties (e.g. thickness [59],
concentration of glucose [60, 61]) and to distinguish between healthy and pathological
tissue (cancerous tissue [62], burned/injured tissue [63) [64], tissue from eye diseases
59, ©65]). Hence, diattenuation might also provide interesting structural information
about the brain tissue and Diattenuation Imaging (DI) could be a useful extension to
3D-PLI. The experimental studies presented in this thesis (Chap. show that the
diattenuation effect is regionally specific and changes with increasing time after tissue
embedding. To better understand where these differences and the time dependence
come from and how to use DI as additional imaging technique, numerical simulations
are needed.

Aims and Objectives The aim of this thesis is to learn more about the interaction of
polarized light with brain tissue and to better understand the experimental observations
(transmittance and diattenuation effects). For this purpose, analytical considerations,
further experiments, and numerical simulations were performed. To investigate com-
plex light-matter-interactions like scattering, transmittance, and diattenuation, Finite-
Difference Time-Domain (FDTD) simulations were employed. The propagation of the
polarized light wave through the brain tissue was modeled by approximating Maxwell’s
equations by so-called finite differences and the components of the electromagnetic field
were computed in time and space. To better understand where the observed trans-
mittance and diattenuation effects come from and what is needed to reproduce the
experimental observations, a bottom-up approach was pursued: starting from a simpli-



fied model of the nerve fiber architecture, the model was made more and more complex
until it is more comparable to the fiber architecture extracted from experimental mea-
surements. Apart from modeling the observed effects, the thesis also aims at developing
ideas how the measurement and signal analysis of 3D-PLI can be extended and opti-
mized, i.e. how the accuracy and reliability of the reconstructed fiber orientations can
be improved and how the measured signal can be related to a certain likelihood of fiber
constellation. To obtain additional information about the fiber architecture, previously
unconsidered effects (such as scattering and diattenuation) were taken into account.

Outline The focus of this thesis is to model and understand the observed transmittance
and diattenuation effects. To study the effects’ behavior in more detail and to make hy-
potheses where the effects come from, experimental studies were performed. To validate
these hypotheses and to find a physical model for the effects, numerical simulations were
performed. Therefore, the thesis consists of both experimental and simulation studies.
The outline is as follows:

o Part m (Theoretical Background): Chapter 2] explains the physical principles
(birefringence, diattenuation, etc.). Chapter [3| describes the structural and optical
properties of brain tissue that are needed to analyze the measurements and to set
up the simulation model.

o Part [[T] (Measurement & Simulation Techniques): The polarimetric mea-
surements (3D-PLI and DI) are described in Chap. [f] The TPFM technique which
was used to validate the reconstructed fiber orientations and to generate a model
for the nerve fiber architecture is presented in Chap. [f} The FDTD technique used
for the simulations of the polarimetric measurements is introduced in Chap. [f]

o Part (Experimental Studies): The optical systems used for the polarimetric
measurements are characterized in Chap. [} The experimental studies on the
transmittance of inclined nerve fibers and on the diattenuation of brain tissue are
presented in Chaps. [§ and [0

« Part [V] (FDTD Simulation Studies): Chapter [L0] describes how the optical
systems and the polarimetric measurements were modeled and discusses the simu-
lation parameters in terms of their accuracy and computing time. Chapters [I]]
and describe how the transmittance and diattenuation effects were simulated
for various fiber configurations, from a simple hexagonal grid of fibers to more
complex fiber constellations.

o Part (Discussion & Conclusion): Chapter compares the results from
the experimental and simulation studies. Chapter [[4] provides a conclusion and an
outlook on future work.

Longer derivations and calculations can be found in Appx. [AHD] A list of all used
acronyms is given on pp. P43H244] a list of all used symbols on pp. The
definition of the most important terms can be looked up in an index at the very end of
this thesis.

Parts of this thesis have already been published in 3| BII, 52, 56, 66H68]. On pp.
234 the publications and author contributions are listed in more detail. Throughout
this thesis, all pre-publications and contributions from others (images, measurements,
analysis, tools, etc.) are indicated by footnotes or separate notes.
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PorLARrRIZATION OPTICS

His chapter introduces the theoretical background and physical principles that are
T relevant for this thesis: Section 2-1] describes the properties of the electromagnetic
field, polarization, coherence, and diffraction. The following sections explain the optical
tissue properties that are important for the polarimetric measurements: refraction and
attenuation (Sec. 2:2)), birefringence (Sec. B-3), and diattenuation (Sec. 2:4)). Section[2:5]
finally, introduces the matrix calculus that was used for the analysis and modeling of
the measured signals.

Sections 2] and 22 mostly focus on isotropic media, while Secs. 23] to 25 deal
with anisotropic (uniaxial) media. A special focus was placed on plane monochromatic
waves and on homogeneous, linear, and non-magnetic materials because they are of
most interest in this thesis. Throughout this thesis, ST units are used. Parts of Secs. 2-4]
and have been published in MENZEL et al. (2017) [3] Sec. 2.

2.1 Electromagnetic Field

In order to analyze the interaction of polarized light with brain tissue, it is necessary
to understand the nature of light as an electromagnetic wave. Therefore, the properties
of the electromagnetic field are discussed first. The explanations follow BORN-WOLF
[69] (Chaps. 1.1, 1.4), DEMTRODER [0] (Chaps. 7.1, 7.4, 7.5, 8.3), HECHT [71] (Chaps.
3.1.5, 3.2, 8.1), and TAFLOVE-HAGNESS [72] (Chap. 3.2).

2.1.1 Maxwell’s Equations

The Mazwell equations form the foundation of classical optics and are necessary for the
study of light-matter interactions. In differential form, the four Maxwell equations read
(2] Sec. 3.2, [69] Sec. 1.1.1):

V x B(F,t) = —aBé:’t)f M (7, 1), (2.1)
V x H(F,t) = 6D8(’; D1 Jm), (2.2)
V- D(7,t) = pe(F, 1), (2:3)
V- B(Ft) = pm(Fit) (2.4)

where E and H are the electric and magnetic fields, D and B the electric and magnetic
flux densities, J and M the electric and equivalent magnetic current densities, and pe
and p,, the electric and magnetic charge densities. The vector V denotes the vector of
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spatial partial derivatives and 9/0t the temporal partial derivative. All quantities are
functions of space 7 and time ¢. The magnetic current and charge density (in blue) were
only introduced for symmetry reasons (needed for the FDTD algorithm in Chap. @;
they are produced by magnetic monopoles which have not been found so far.

2.1.2 Material Equations

The material equations describe the behavior of a material under the influence of an
electromagnetic field. They allow for a unique determination of the electromagnetic
field vectors from a given distribution of currents and charges. The material equations
for linear, isotropic, non-dispersive, and homogeneous materials! read ([72] Sec. 3.2):

D(#,t) = o &(F) E(7,t) = «(7) E(7,1), (2.5)
B(7,t) = po pe(7) H(7,t) = p(7) H(F, 1), (2.6)
T 1) = Jource (7 1) + 0o(7) E(F, 1), (2.7)
M (7,t) = Myourco(7, t) + 0w (7) H(F,1). (2.8)

Here, e=€pe; and p= pop, are the electric permittivity and the magnetic permeability
(the permittivity and permeability of the vacuum are denoted by ey and g, the relative
permittivity and permeability by € and p), oo and oy, the electric conductivity and
the equivalent magnetic loss, and fsource and Msoume the electric and magnetic current
densities which act as independent sources of the electric and magnetic field energy.

The parameters €, u, and o characterize the physical properties of a material. In
anisotropic media, they become tensors (cf. Sec. . At a surface of discontinuity,
boundary conditions need to be considered (see e.g. [69] Sec. 1.1.3).

2.1.3 Electromagnetic Waves

Light is an electromagnetic wave consisting of both electric and magnetic field compo-
nents (E and H) that oscillate perpendicularly to each other.

According to Maxwell’s equations ([2.1)) and (2.2)), the electric and magnetic field com-
ponents are coupled: a time-varying electric field induces a magnetic field, and vice
versa. In homogeneous, source-free media, the electric and magnetic field vectors obey
the wave equation (J69] Sec. 1.2, see Appx. for derivation):

L1 9% 5 _,
VE=S_E, V?H=-5_—
v2ot2’ v2 Ot2
where v is the phase velocity of the electromagnetic wave, i. e. the rate at which the phase
of the wave propagates in space. The phase velocity in a medium (v) and in vacuum (c)

is given by ([69] Sec. 1.2):

i, (2.9)

1 L _ 999, 792.458 X8 (2.10)
v= , = =299,792.458 —. .
VEH V/ €0H0 S

The direction of phase propagation is defined by the wave vector E which is oriented
perpendicularly to the surfaces of constant phase (wave fronts). The magnitude of the
wave vector (wave number) is related to the phase velocity via:

'In general, the material equations are given in terms of the polarization P and the magnetization M
of the material: D = eoE + P B= 140 (H + ]M)

10



2.1 Electromagnetic Field

g2

2.11
- (211)

where w is the angular frequency, i.e. the angular change in unit time, and A\, the
wavelength in the medium (the wavelength in vacuum is denoted by A).

In isotropic media, the wave vector E points in the direction of the energy flux, defined
by the Poynting vector ([73] Sec. 28.3):

Sp=FExH, (2.12)

i.e. the electric field E, the magnetic field H, and the wave vector k form a right-handed
orthogonal triad of vectors (see Appx. . In anisotropic media, k and §E are not
necessarily aligned (see Sec. .

The intensity of the light wave, i. e. the power transferred per unit area and unit time,
is given by the time-averaged magnitude of the Poynting vector [69]: I = (\§E|)

Plane Waves One simple solution to the wave equation are plane waves, i.e. the wave
fronts are infinite parallel planes of constant phase.

A plane monochromatic wave that propagates
through a homogeneous, isotropic, and non-
attenuating medium in the direction of k is described
by the complex electric field vector (cf. [70] Sec. 7.3):

—

B(7 t) = By elE—wt+9), (2.13)

where ¢ denotes the phase and E, the direction and amplitude of the electric field vector.
The intensity of a plane monochromatic wave is given by (cf. Appx. :

1:<\§E<f:t>|><|E<m>\|ﬁ<m>|>@’:\/§ (EGTHE) x [Bof2. (2.14)

The proportionality holds because € and p are material constants and the time average
over the trigonometric functions in Eq. (2.13)) yields a constant, e.g. {cos?(z — wt)) =
+ fOT cos?(z — wt) dt = 3, with T = 2% (cf. [70] Sec. 7.6).

2.1.3.1 Polarization of Light

The direction of the electric field vector E determines the polarization state of light. In
anisotropic media, the polarization is determined by the direction of the electric flux
density D (see Sec.

Natural light is usually unpolarized, i.e. the direction of oscillation varies over time in
an unpredictable manner. When the light is polarized, the direction of oscillation varies
in a lawful manner. Depending on the shape that the vector E (7 = 0,t) describes in
the plane perpendicular to k, different polarization states can be distinguished ([70] Sec.

7.4), see Fig.

¢ linear polarization: E always points in the same direction,

e circular polarization: E describes a circle (right-handed circular polarization:
clockwise rotation; left-handed circular polarization: counter-clockwise rotation,
when propagating towards the observer),

o elliptical polarization: E describes an ellipse.

11
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Unpolarized light can be represented by an equal mixture of two opposite polarization
states, e.g. horizontally and vertically linearly polarized light of equal intensity.

N S
oA Y

Fig. 2.1: Polarization states of light: horizontal/vertical linear polarization (HLP/VLP),
right- /left-handed circular polarization (RCP/LCP), and elliptical polarization (EP). The
figure shows the shape (in red) that E(7 = 0,t) describes in the plane perpendicular to & (k
points out of the image plane, towards the observer).

LP

=

E

x

E

x

2.1.3.2 Coherence and Interference

The light sources used for the polarimetric measurements in this thesis emit mostly
incoherent light, while the FDTD simulations can only model coherent light.

Spontaneously emitted light is incoherent, i.e. it consists of finite wave trains with
randomly distributed phases that are completely uncorrelated. Light generated by stim-
ulated emission (e.g. laser light) is coherent, i.e. the fluctuations of amplitudes and
phases are correlated.

The maximum period of time during which the waves are coherent is called coherence
time. The distance L. that the light travels during the coherence time is called coherence
length ([70] Sec. 10.1). The coherence length of monochromatic laser light can reach
hundreds of meters. The higher the monochromacity of the light, the longer is the
coherence length. The light sources used for the polarimetric measurements can be
described by a Gaussian frequency spectrum. In this case, the coherence length? is

given by ([74] Eq. 9):

A2 [2 ln( )
AN '

L= (2.15)

where X is the peak wavelength and A\ the spectral bandwidth of the corresponding
wavelength spectrum (A)\/S\Q corresponds to the full width at half maximum of the
Gaussian frequency spectrum).

The superposition of coherent waves leads to interference, i.e. the wave amplitude at
a particular point is given by the vector sum of the amplitudes of the individual waves,
which leads to interference patterns with alternating maxima and minima ([70] p. 307).
Depending on the phase relationship, the resulting wave has a greater amplitude (con-
structive interference) or a lower amplitude (destructive interference) than the individual
waves. The resulting intensity for plane monochromatic waves is given by: I o< | Y ; Fjj 2.
For incoherent light, no interference is observed. The intensity at a particular point in
space is given by the sum of intensities of the individual waves: I =37, I; <3, |E; 2.

2.1.3.3 Diffraction

When light encounters a slit or another obstacle with dimensions comparable to the
wavelength, the light is bent around the corners of the obstacle into the region of the

2Note that there exist different metrics of coherency so that coherence time and coherence length are
not uniquely defined [74]. The given formula for L. should therefore only be considered as an estimate
of the coherence length.

12



2.2 Refraction and Attenuation

geometrical shadow (diffraction). If the diffractive structure (of size W) is observed
from a long distance (AL > W?2/)\), the diffraction can be described by Fraunhofer
diffraction. In the near field, it is described by Fresnel diffraction ([70] Sec. 10.6).

In the polarimetric measurements, the light wave is diffracted when passing through
the finite aperture of the objective lens. The Fraunhofer diffraction pattern of a circular
aperture with radius r is given by its Fourier transform (Airy pattern) ([70] p. 332):

2
1(§) = 1o <2J2(£)> , &= iﬂr sin 0, (2.16)

where Ji(€) is the Bessel function of the first kind of order one, 6 the polar angular
distance, and Ay the wavelength in the medium. The first minimum occurs at: sinf ~

0.61 A /7 (cf. Fig. 2:2).

Spatial Resolution Diffraction limits the spatial resolution. According to the Rayleigh
criterion, two objects can just be resolved ()

when the principal diffraction maximum of \

one object coincides with the first diffrac- A .
tion minimum of the other object [75]. Fig- } €= Tt e
ure @ shows the corresponding Airy pat- 0.735 I, ~15.3%

terns (cf. Eq. (2.16)) and the resulting in-
tensity curve (in red) for incoherent light.
The intensity between the principal max-
ima is about 26.5 % less than the maximum

- »¢/2n
intensity, yielding a contrast C ~ 15.3 %. 0 061 ¢
Using this value as a reference, the resolu-  Fig. 2.2: Rayleigh criterion for two inco-
tion limits for two coherently (c) and inco- herent point sources with circular aperture

herently (ic) illuminated object points that
are observed with a microscope can be determined. The distance Ad between the two
object points that can just be resolved by a microscope is given by ([69] pp. 466, 471):

A A
Ade = 0.82 150 Adie ~ 0.61 (2.17)

where NA is the numerical aperture of the microscope objective which is defined by

the refractive index n of the surrounding medium (see Sec. [2.2.1)) and the maximum
half-angle 6.« of the cone of light captured by the objective lens:

)

NA = n sin Oyax. (2.18)

max

2.2 Refraction and Attenuation

When light propagates through a medium like brain tissue, the phase velocity and the
wavelength of the light wave depend on the properties of the material, the frequency re-
mains constant ([70] p. 224). At the boundary surface between two different media, the
light therefore changes its direction of propagation under non-normal incidence (refrac-
tion, described in Sec. . At the same time, the light is attenuated when it passes
through the medium due to absorption and/or scattering (described in Sec. .

13
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2.2.1 Refraction and Reflection
Refractive Index The ratio of the phase velocity (or the wavelength) of light in vacuum
and in the medium is defined by the refractive index ([70] Sec. 8.1):

- (2.19)

The refractive index is related to the relative permittivity and permeability of the
material via Mazwell’s formula ([69] Sec. 1.2):

n= /el (2.20)

For mostly non-magnetic materials like brain tissue, the refractive index is given by /e;.
In dispersive media, the refractive index depends on the wavelength of light in vacuum
n=n(\).

Fresnel Equations The behavior of light between two media with different refractive
indices is described by the Fresnel equations for transmission and reflection.

At the interface between two media with refrac-

A
n ‘.
tive indices n; and ng, the incident light wave (with T k,
amplitude F) is partially refracted (i.e. transmitted 3 T
with amplitude T") and partially reflected (with am- 5(\ s

plitude R), depending on the polarization of the light.
The right-hand figure shows the refraction and reflec- n,
tion of the parallel (p) and perpendicular (s) compo-

nents of the electric field of a plane wave in the plane

of incidence (containing the wave vector k and the

surface normal vector 7).

For non-magnetic linear isotropic materials, the transmission3 and reflection ampli-
tudes for p- and s-polarized light read [73]:

2n1 cos(6;) 2n;1 cos(6;)
T, = E T, = E., 2.21
P ngcos(6;) +nicos(y) T ny cos(6;) + na cos(6y) (2:21)

_ ngcos(f;) —ny cos(6y) B _ nycos(f;) — ngcos(6y)

R, = .
P nycos(6;) +nycos(By) T ny cos(6;) + na cos(6y)

E, (2.22)

where 6; is the angle of incidence and 6; the angle of refraction (see above figure). The
angle of reflection corresponds to the angle of incidence (law of reflection: 6; = 6,).

Snell’s Law of Refraction The angles of incidence and refraction are related according
to Snell’s law:

ny sin(6;) = ng sin(6y) . (2.23)

When the angle of refraction reaches 6; = 90°, the light is totally internally reflected
(see Appx. [A.5)), i.e. the light is captured within the first medium. If a third medium

3In contrast to many textbooks, the term “transmittance” (fraction of transmitted light) is not used
here because it will be used in this thesis to refer to the polarization-independent transmitted light
intensity obtained from the polarimetric measurements (cf. Sec. {.4.1)).

14



2.3 Birefringence

with higher refractive index is placed less than several wavelengths apart from the first
medium, energy will be passed into the third medium (frustrated total internal reflection,

[70] Sec. 8.4.6).

2.2.2 Absorption and Scattering

Absorption When the light wave interacts with the medium, part of the light is ab-
sorbed, i.e. the radiation power is transformed into other types of energy, e. g. heat. To
account for absorption within the medium, a complex refractive index n’ and a complex
wave number k' are defined:

n =n+ik, (2.24)
2mn/ 2Tk
K=" —4+i=——. 2.2
Y +i \ (2.25)

Inserting &’ in Eq. (2.13)) yields (for a plane monochromatic wave propagating in the
z-direction):

E(z,t) = Ey e e eilhz—wite) = E)(z) el(kz-wtto) (2.26)

Thus, the imaginary part of the refractive index k leads to an exponential decay. The
intensity is proportional to the squared absolute value of the electric field amplitude (see

Eq. (2.14)):

4Kz

I(2) o< |Eg(2)]” = | Eof* ¢ 5 (2.27)
= I(z) =1 e * K. (2.28)

This formula is known as the Beer-Lambert law, with Iy being the ingoing light intensity
and K being the absorption coefficient of the material ([70] p. 227):
_Amk

K== (2.29)

In dispersive media, the absorption depends on the wavelength of light in vacuum.

Scattering If the light is scattered* when passing through the medium, K has to be
replaced by the attenuation coefficient paty, which is given by the sum of the absorption
coeflicient and the scattering coefficient S:

pagt = K +8 = I(z) = Iy e *Hant, (2.30)

2.3 Birefringence

This section introduces the principles of birefringence.? In 3D-PLI, the birefringence of
brain tissue is measured to extract the spatial orientation of nerve fibers.

Birefringence is caused by orderly arranged molecules in a material (e.g. crystals)
which lead to optical anisotropy. Birefringence might also be caused by orderly ar-

“In this thesis, scattering refers to everything that causes attenuation of light (in a particular direction)
and that is not caused by absorption (i.e. energy transfer) of the light wave, e. g. scattering induced
by multiple reflections or particle-particle collisions.

5In this thesis, the term “birefringence” always refers to linear birefringence.

15



2 POLARIZATION OPTICS

ranged units of optically isotropic material with different refractive indices (e.g. layers
of alternating refractive indices or long parallel cylinders) with dimensions larger than
molecules, but smaller than the wavelength (form birefringence), cf. p- 837.

In the following, the phenomenon of birefringence is described in more detail. The
explanations follow BERGMANN-SCHAFER [76] (Chap. 4.5), BORN-WOLF [69] (Chaps.
1.5, 15.1-15.3, 15.5.2), DEMTRODER [70] (Chaps. 7.4, 9.6.7), HECcHT [1] (Chaps. 4.4,
8.4), LANDAU-LIFsHITZ [(7] (Chap. 11), and PEDROTTI [78] (Chap. 15.2). Note that
the explanations do not necessarily hold for form birefringence. In this case, the reader
is referred to related literature [69, [79-83].

2.3.1 Refractive Index Ellipsoid

In optically anisotropic media, the refractive index depends on the direction of propa-
gation and on the polarization state of the incident light. In this case, D -

the relative permittivity is given by a tensor & and Eq. . ) becomes:
D= eoerE where D is oriented perpendicularly to the wave vector
E and E is oriented perpendicularly to the Poynting vector Se (all
vectors are coplanar, see right-hand figure, [70] Fig. 8.30). In case of
non-absorbing media, all tensor elements are real; for media with no

=y

optical activity,® the tensor is symmetric.

By choosing an appropriate coordinate system, the tensor & can be written in diagonal
form (principal azis transformation) with diagonal entries €, ;, where n; = /Hr € are
the refractive indices along the principal axes. The refractive index with respect to an
arbitrary direction 77 = {n, ny, n,} is defined by the so-called refractive index ellipsoid
or indicatriz ([70] Sec. 8.5.2, see Appx. for derivation):

2 2 2
n n n
i’Q‘ =+ % + 7; =1. (2.31)
ny Ny Ny

For uniaxial birefringent materials like brain tissue (see Sec.[3.2.3)), the index ellipsoid
is given by a rotational ellipsoid (see Fig. [2.3]) with one symmetry axis (optic azis) and
two principal refractive indices:

e no =ny = ng (ordinary refractive index),
e ng = ng (extraordinary refractive index).

The birefringence An of a material is defined as the difference between extraordinary
and ordinary refractive index.” It is positive for ng > n, and negative for ng < n:

An = ng — no. (2.32)

The birefringence of nerve fibers is negative with respect to the longitudinal fiber axis
(see Sec. [3.2.3)).

When light propagates through a uniaxial birefringent medium in the direction of E,
the plane through the center of the index ellipsoid perpendicular to k (plane of constant
phase in gray) intersects the surface of the ellipsoid in an ellipse (green dotted line), see

5In media with optical activity, the polarization plane of linearly polarized light is rotated when it
passes through the medium ([70] Sec. 8.6.5).

“In common literature, the principal extraordinary refractive index is denoted by ne. In this thesis, it
is denoted by ng to distinguish it from the extraordinary refractive index n(¢) which depends on
the angle 6 between the wave vector and the optic axis (see Eq. )
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2.3 Birefringence

Fig. 2:3h. The distance from the center to the border of the intersection curve in the
direction of D indicates the (effective) refractive index that the electromagnetic wave
experiences ([70] Sec. 8.5.2). Due to the birefringence, the light is split® into two waves
with orthogonal linear polarization states (see Fig. )7 which are defined by the vector
of the electric flux density D:

o ordinary wave (with refractive index n,): D is oriented perpendicularly to the
principal plane (containing the optic axis and the wave vector E), i. e. perpendic-
ularly to the optic axis projected onto the plane of constant phase. The ordinary
wave obeys Snell’s law of refraction for isotropic media, the velocity and the re-
fractive index are independent of the direction of propagation ([70] Sec. 8.5.3).

« extraordinary wave (with refractive index ne(6)): D lies within the principal
plane, parallel to the projection of the optic axis onto the plane of constant phase.
The extraordinary wave can be refracted even at normal incidence, the velocity
and the refractive index depend on the angle 6 between % and the optic axis ([70]
Sec. 8.5.3).

.
4 .

(a) k optic (b)

axis extraordinary ordinary

wave A wave

optic

X axis

-~

-~

unpolarized -4+
light e

Fig. 2.3: (a) Rotational index ellipsoid of a positive uniaxial birefringent medium with
ng > no (inspired by [70] Fig. 8.31a). The intersection curve (green dotted line) between
the ellipsoid and the plane of constant phase (gray) defines the refractive index that a light
wave with wave vector k experiences when it passes through the medium. The refractive
index depends on the polarization, i.e. the direction of D in the plane of constant phase: In
case of the extraordinary wave (with refractive index ne(6)), D lies parallel to the projection
of the optic axis onto the plane of constant phase (red arrow). In case of the ordinary wave
(with refractive index n,), D lies perpendicularly to the optic axis and its projection (dark
blue arrow). (b) Unpolarized light that passes through a birefringent medium is split into
an ordinary wave (blue) and an extraordinary wave (red) with orthogonal linear polarization
states. The ordinary wave obeys Snell’s law, while the extraordinary wave is refracted even
at normal incidence (adapted from [71] Fig. 8.19). The image plane shows the principal
plane (spanned by the wave vector % and the optic axis).

The dependence of the extraordinary refractive index on the angle 0 is given by (see

Appx. for derivation):

8Light that is incident parallel to the optic axis is not split up because the refractive indices of ordinary
and extraordinary wave are the same (ne(6 = 0°) = no, see Eq. (2.33)).
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2 POLARIZATION OPTICS

1
E S 2.
ne(e) cos? 6 + sin2 6 ( 33)
n2 ng

In case of positive birefringence (ng > n,), the extraordinary refractive index becomes
manimal for light that is incident parallel to the optic axis (ne(Q =0°) = no) and
mazimal for light that is incident perpendicularly to the optic axis (nC(O =90°) = nE)
In case of negative birefringence (ng < no), the situation is reversed.

More information about birefringence and the refractive index ellipsoid can be found
in [70] (Sec. 8.5), [69] (Chap. 15), and [73] (Chap. 21).

2.3.2 Retardance

When light passes through a birefringent medium, it is split into an ordinary and an
extraordinary wave. If the wave vector makes an angle 6 with the optic axis, the phase
velocities of these waves will be ¢/n, and ¢/ne(0), respectively. After passing through
a birefringent medium of thickness d, the phase changes of ordinary and extraordinary
wave are:

o = kod = %Z" d (2.34)
Pe(0) = ke(0) d = 27m;(0) a (2.35)

The phase shift (retardance) of the extraordinary wave with respect to the ordinary wave
is then ([70] Sec. 8.6.3):

5= A¢(0) = ¢e(0) — do

ra (nc(e) - nO>E T An(H). (2.36)

For materials with small birefringence like brain tissue (JAn| < n), the retardance
can be approximated as (see Appx. for derivation):

§ =~ Q%d An sin? 6. (2.37)

2.3.3 Wave Retarders

Wave retarders introduce a phase shift between the two orthogonal polarization com-
ponents of light, thus altering the state of polarization. They are usually made from
uniaxial birefringent material with the optic axis lying parallel to the retarder surfaces,
which induces a maximum retardance for normally incident light. Depending on the
type of birefringence (positive or negative), the ordinary or the extraordinary wave trav-
els faster; the corresponding axes are referred to as fast and slow axes, accordingly.
Wave retarders are manufactured to work for a particular wavelength (optimal working
wavelength) because the retardance § depends on the wavelength (see Eq. (2:3G)).

A wave plate that induces a retardance § = 7/2 is called quarter-wave retarder. To
generate circularly polarized light, a linear polarizer and a quarter-wave retarder are
combined: if the polarizer axis (i.e. the direction of linear polarization) is oriented at
+/- 45° with respect to the fast axis of the retarder, the resulting light will be right /left-
handed circularly polarized ([70] Sec. 8.6.3).
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2.4 Diattenuation

2.4 Diattenuation

The anisotropy of a material that gives rise to birefringence (anisotropy of refraction)
may also lead to diattenuation® (anisotropy of attenuation) [57, 58]. The anisotropic
attenuation of light can be caused by anisotropic absorption (dichroism Dg) as well as
by anisotropic scattering (Dg) [57, [61, [69, B4, R5]. In this thesis, the diattenuation of
brain tissue was investigated both in experimental studies (Chap. [9) and in numerical
simulations (Chap. [[2).

In diattenuating materials, the transmitted light intensity depends on the polarization
state of the incident light: the transmitted light intensity becomes maximal (Ipax) for
light polarized in a particular direction and minimal (I,,) for light polarized in the
corresponding orthogonal direction (for uniaxial systems). In this thesis, the direction
of polarization (i.e. the azimuthal angle in the plane of constant phase) for which the
transmitted light intensity becomes maximal is referred to as:

¢p =9I =Inax), 0<¢p<m (2.38)

The strength of the diattenuation'® is defined as [57, 85]:

Tnax — Imi
|D| = 25— 0<|D[< 1L (2.39)
Imax + Imin
The average transmittance, i.e. the fraction of unpolarized light that is transmitted
through a sample, is given by [57]:
1 T
T = max + IIll]’l’ 0 S T S 17 (2.40)
21
with Iy being the ingoing light intensity.

Instead of expressing the diattenuation in terms of the light intensity (I = Iy e~¢Hatt)
that is transmitted through a medium of thickness d, it can be written in terms of
the corresponding attenuation coefficient pai. With Inax = Io e dHmin and I =
Iy e~#max the above equations can be written in terms of the maximum and minimum
attenuation coefficients pimax and fimin (see Appx. [A.4.3.1)):

ID| = tanh (d W) , (2.41)

7= emd BT <d w> . (2.42)

2.4.1 Diattenuation and Birefringence with Shared Principal Axes

As diattenuation and birefringence are usually caused by the same anisotropic structure,
the principal axes of diattenuation are usually coincident with the principal axes of
birefringence [57]. The symmetry axis of the material corresponds to the optic axis
(with direction angle ¢ and inclination angle (90° — ) defined relative to the plane of
constant phase, cf. Fig. P.3h). The extraordinary (ordinary) wave is polarized parallel
(perpendicularly) to the projection of the optic axis onto the plane of constant phase

9In this thesis, the term “diattenuation” refers to linear diattenuation.

01 the literature, this formula is simply referred to as “diattenuation” without absolute value signs.
In this thesis, the formula is referred to as “strength of the diattenuation” with absolute value signs
to enable the definition of a “signed diattenuation” (D Z 0) in Sec. m
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2 POLARIZATION OPTICS

(see Sec. 2:3.1)), i.e. in the direction ¢ (¢ + 90°). The transmitted light intensity of
the extraordinary (ordinary) wave is therefore denoted by Iy (1), accordingly,!! and
assumed to become extremal (Imax Or Imin). Thus, if the direction angle ¢ of the optic
axis is known, a signed diattenuation can be defined instead of Eqs. and :

-1 D>0 =pp=g,
—dZt Ly <p<a { e (2.43)

_[\\+[L7 D <0 = ¢p=¢+90°,

where the absolute value of D corresponds to |D| and the sign of D in combination with
the direction angle ¢ of the optic axis defines ¢p. In other words, when D is positive
(I >1 1), the transmitted light intensity becomes maximal for the extraordinary wave
which is polarized in the direction of wp = ¢. When D is negative (I > Ij), the
transmitted light intensity becomes maximal for the ordinary wave which is polarized in
the direction of ¢p = (¢ + 90°).

2.4.2 Dichroism

In the absence of anisotropic scattering, the diattenuation of a material is only caused by
anisotropic absorption (dichroism: D = D), i.e. the material absorbs light by different
amounts depending on its polarization state ([69] Chap. 15.6).

Birefringence and dichroism can be regarded as two forms of appearance of the same
phenomenon, which is that the complex refractive index n’ of an anisotropic material
depends on the polarization of the incident light: while the birefringence (anisotropic
refraction) is caused by the real part of the refractive index (n) and influences the velocity
of propagation, the dichroism (anisotropic absorption) is caused by the imaginary part
of the refractive index (x) and influences the absorption of light. Thus, birefringence
and dichroism can be described by the real and imaginary parts of a complex retardance
[69,86]. To account for the analogy between birefringence and dichroism, the transmitted
light intensities of ordinary and extraordinary wave are referred to as I, = Iy e %o =T,
and I, = Iy e e = I, respectively, where K, = 47k,/\ and K, = 47ke/A are the
absorption coefficients that ordinary and extraordinary waves experience when passing
through the material. With this definition, Eq. can be written as (cf. Eq. ):

2rd

Dk = tanh <g (Ko — Ke)) = tanh (f 3

(ke — /@o)) = tanh(—dk). (2.44)

In materials like brain tissue where absorption and birefringence are small compared
to the refractive index (k < n and |An| < n), the absorption of the ordinary wave (ko)
is independent of the direction of propagation, while the absorption of the extraordi-
nary wave (ke(f)) depends on the angle 6 between the wave vector and the optic axis
(see Appx. . In this case, the dichroism 0k is approximately proportional to the

retardance 4 in Eq. (2.37)) (see Appx.[A.4.3.2)):

2
0k ~ %ZAK, sin®f o 4, AR = KE = Ko, (2.45)

where kg is the imaginary part of the principal extraordinary refractive index.

1 As diattenuation is also caused by anisotropic scattering, the anisotropic attenuation of light cannot
necessarily be described in terms of an “attenuation ellipsoid”. To avoid confusion with the refractive
index ellipsoid (with principal axes n, and n.), the transmitted light intensities of the extraordinary
and ordinary wave are here referred to as I and 7, and not as I. and .
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2.5 Matrix Calculus

More information about the relationship between dichroism and birefringence can be

found in Appx. [A433

2.4.3 Linear Polarizers

Optical elements with high diattenuation can be used to create linearly polarized light.
An ideal linear polarizer (linear diattenuator) fulfills |D| = 1,7 = 1/2, i. e. the intensity
of unpolarized light is reduced by one half.

Linear polarizers convert unpolarized light into lin-
early polarized light by transmitting all E oscilla-
tions in a certain direction pp = ¢ (Correspo_‘nding to %
the axis of the polarizer) and blocking all E oscilla-
tions perpendicular to it (see right-hand figure, [70]
Sec. 8.6.2). In general, the selectivity is not perfect
(|D] < 1) and the transmitted light is not completely
polarized.

2.5 Matrix Calculus

In this section, the Jones and Miiller-Stokes formalisms are introduced which allow for
a mathematical description of polarized light. The Jones calculus is only applicable to
completely polarized and coherent light and was used for the description of the FDTD
simulations in Part [[V] The more complex Miiller-Stokes formalism is also suitable for
the description of partially polarized and incoherent light and was used for the signal
analysis of the polarimetric measurements introduced in Chap. [

The explanations follow GOLDSTEIN [73] (Chaps. 5, 6, 10), DEMTRODER [70] (Chap.
9.6.7), CHIPMAN [85] (Chap. 22), COLLETT [87] (pp. 12-24, 57-60), HECHT [71] (Chap.
8.13), and PEDROTTI et al. [78] (Chap. 14).

2.5.1 Jones Formalism

The Jones matrix formalism was first introduced by JONES in 1941 [88, [89] and describes
the change in the polarization state of (completely polarized and coherent) light when
passing through a set of optical elements. The polarization state of light is represented
by a 2 x 1 vector (Jones vector), the optical elements are treated as a linear system
represented by a 2 x 2 matrix (Jones matriz).

Jones vectors: The Jones vector is defined as normalized polarization vector (see

Sec. 2.1.3.1)):

= 1 (Epyel®
J= ] (Eoy widy ) (2.46)

The Jones vectors of linearly polarized light (LP: ¢ = ¢y = 0), right-/left-handed

circularly polarized light (RCP/LCP: Eo, = Eoy = |E|/V2, ¢x — ¢y = £7/2), and
elliptically polarized light (EP) are thus given by [71), B7]:

= [cosy - _ 1 /1 oL FEox
Jup = (Sin¢) ; Jrep/Lop = 7 (ii) , Jep = 7 (E()y efi¢) ) (2.47)
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2 POLARIZATION OPTICS

where 1) is the angle between the polarization vector E and the x-axis (in counter-
clockwise direction).

Jones matrices: When an input beam described by the electric field vector E (Jones

vector J) passes an assembly of optical (polarizing) elements described by the Jones
matrix J, the resulting output beam is:

E' =J - E. (2.48)

The Jones matrices for an ideal linear horizontal polarizer (Pyx) and an ideal linear vertical

polarizer (Py) are given by:
10 0 0
(0. (), o

A wave retarder which introduces a phase difference 6 > 0 between two orthogonal
components of a light wave, i.e. a phase shift §/2 along the fast axis (x-axis) and —§/2
along the slow axis (y-axis), can be described by the Jones matrix:

Ci(5/2 0
Myet = ( 0 8_15/2> . (250)

When an optical element (described by the Jones matrix J) is rotated counter-clockwise
by an angle &, the rotated element is given by the matrix:

J(&) = R(&) - J - R(=¢), (2.51)

where the rotation matrix R is defined as:

R(¢) = (COSg _Sing). (2.52)

siné  cosé

2.5.2 Miiller-Stokes Formalism

A drawback of the Jones calculus is that it is only applicable to completely polarized
and coherent light. In the polarimetric measurements used in this thesis, the light is
mostly incoherent and not completely polarized. For treating partially polarized as well
as incoherent light, the more complex Miiller-Stokes formalism has to be used. The
Miiller calculus allows for a complete mathematical description of polarized light and
was first introduced by MULLER in 1943 [00]. The polarization state of light is described
by a 4 x 1 vector (Stokes vector), the optical elements of the setup are represented by a
4 x 4 matrix (Mdller matriz).

Stokes vectors: The Stokes vector was first introduced by STOKES in 1852 [91] and is
defined in terms of the electric field vector E via [85, 87]:

So |E|X|2 + |Ey|2 I

d Sl |-Ex|2 - |E |2 PHLP — PVLP 2 9 9 9

§= = a5 = . 82> §24 82482 (253
So 2R(Ey E}) Pyso — P_yso 0 = ST +S3+855 (2.53)
53 —23(Ex EY) Prcp — Prcp
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2.5 Matrix Calculus

The first Stokes parameter Sy describes the total intensity I of the light beam, the sec-
ond the predominance of horizontally over vertically linearly polarized light, the third
the predominance of +45° over —45° linearly polarized light, and the fourth the pre-
dominance of right- over left-handed circularly polarized light (cf. Fig. . The Stokes
vectors for these polarization states (linearly/circularly polarized light) are given by [87]:

1 1 1

= + = 0 = 0

Surpvie =lo [ "o |y Sejase =To | [ |» Srepmer =1o | (2.54)
0 0 +1

In spherical coordinates, the Stokes vector is defined as [87:

I
5 | Ip cos(2¢) cos(2x) /S + 52+ 52
5= Ipsin(2¢) cos(2x) |’ p 570’ (2.55)
Ip sin(2x)

where [ is the total intensity of the light beam, p € [0, 1] is the degree of polarization, and
1 € [0,7] and x € [—n/4,7/4] are the spherical angles which determine the orientation
of the vector (S1, S, S3) in the Poincaré sphere (see Fig.[2.4)), i.e. the (linear/circular)
polarization of the light. For completely unpolarized light, the degree of polarization is
zero (p = 0) and the Stokes vector simplifies to: 5‘unp01 =(1,0,0,0)7.

o Lep

Fig. 2.4: Poincaré sphere used to represent polarized light (inspired by [87]): Every polar-
ization state P is represented by a vector in Cartesian coordinates (S1, Sa, S3) or spherical
coordinates (21, 2x). The length of the vector represents the degree of polarization p < 1
(p = 0 corresponds to the origin and p = 1 to the surface of the sphere). Linear polariza-
tion states lie on the equator, circular polarization states at the poles, elliptical polarization
states everywhere else on the surface (see Fig. for the definition of polarization states).

Miiller matrices: The optical elements used in this thesis can be represented by a
wave retarder and/or diattenuator. The Miiller matrix for a general wave retarder and
diattenuator (with retardance d, diattenuation D, and average transmittance 7) is given

by [57, 85]:
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1 D 0 0
D 1 0 0

M8, D, m) =1 0 0 V1—D2cosd +1—D?siné |’ (2.56)
0 0 —vV1—D?sind +1—D? cosé

In this representation, it is assumed that the principal axes of birefringence and diat-
tenuation are coincident and that their projections onto the xy-plane of the reference
frame are aligned with the corresponding x- and y-axes. The fast axis of the retarder
is chosen to be aligned with the x-axis. For materials with negative birefringence, the
x-axis is oriented parallel to the projection of the optic axis onto the xy-plane. For D > 0
(D < 0), the axis of maximum (minimum) transmitted light intensity is aligned with
the x-axis. These definitions will be used in all subsequent formulas and derivations.

A rotation in counter-clockwise direction by an angle £ is described by the rotation
matrix [85]:

0 0
cos(2¢) —sin(2¢)
sin(2¢)  cos(2¢)

0 0

R(¢) = (2.57)

S O O =
— o O O

The Miiller matrix of a retarder and/or diattenuator rotated in counter-clockwise
direction by an angle £ is given by [85]:

M(E, 9, D, 7) = R(§) - M(0, D, ) - R(—§). (2.58)

When an input beam described by a Stokes vector S passes an assembly of optical
elements described by a Miiller matrix M, the resulting output beam is given by:

§'=M-38, (2.59)

where the first entry of the resulting Stokes vector (Sj) describes the intensity of the
output beam.
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PrROPERTIES OF BRAIN TISSUE

N order to analyze the measurement results in Part [[TI] and to generate a proper
I simulation model in Part [[V] the properties of brain tissue need to be known. This
chapter provides a literature review about the structure (Sec. and the optical prop-
erties (Sec. of brain tissue. A special focus is placed on the dimensions of nerve
fibers and the refractive indices of the different tissue components because these prop-
erties were used in Part [[V] to develop simulation models of the nerve fiber architecture.
The general structure and the optical properties are mostly described for the human
brain. If not otherwise stated, the properties also hold for brains from other mammals
that were investigated in this thesis (vervet monkey, rat, and mouse).

3.1 Structure of Brain Tissue

The description of the brain structure follows SQUIRE et al. [6] (Chaps. 1-3), THIEME
[92] (Chaps. 1, 4), ZILLES-TILLMANN (Chap. 17) [93], and KANDEL et al. [5] (Chaps. 1, 2,
4, 17). The description of the myelin structure follows QUARLES et al. [43], AGGARWAL
et al. [94], MARTENSON [95], MORELL et al. [96], and HILDEBRAND et al. [97]. Passages
that refer to a certain textbook are labeled by separate bibliographic references.

The mammalian brain is a highly complex organ. It consists of the cerebellum (“little
brain”) and the larger cerebrum which is divided into two hemispheres (see Fig. B-1h-b).
Together with the spinal cord, the brain forms the central nervous system (CNS). The
morphological structure of brain tissue will be described in Sec. B-I.1}

The primary components of the CNS are the nerve cells (neurons). An average human
brain contains about 100 billion neurons [4H7] and even more glial cells [6, 8, 93] which
protect and support the neurons, e. g. by supplying nutrients and aiding in recovery from
neural injury [5, 92, @3]. On average, each neuron in the cerebral cortex (outer surface
of the brain) is connected to 1000-10,000 other neurons [6], &), 93].

Figure shows the principal components of a neuron: The cell body (soma) is
the metabolic center of the neuron, the tree-like dendrites receive incoming signals from
neighboring neurons via synapses, and the long tubular azon transmits the signals en-
coded in electrical impulses to other neurons. Some axons are surrounded by a fatty,
insulating layer — the so-called myelin sheath — which enhances the conduction speed.

The dimensions of the myelinated axons, the so-called nerve fibers [93], and the struc-
ture of the myelin sheath will be described in Secs. B1.2 and B-I.3] For more detailed
information about the brain’s structure and function, the reader is referred to text books
about neuroanatomy [B] @, 93], 98].
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3 PROPERTIES OF BRAIN TISSUE

3.1.1 Gray and White Matter

Morphologically, two major types of brain tissue are distinguished (see Fig. ): gray
matter (GM) with a dark color and white matter (WM) with a lighter color.!

Gray matter contains mostly neuronal cell bodies as well as dendrites, synapses, un-
myelinated axons, glial cells, and blood capillaries. Most of the gray matter is located
at the outer surface of the brain, in the cerebral and cerebellar cortex [92]. But also
inner parts of the brain — the sub-cortical nuclei such as the thalamus (see Fig. 3.1p) —
contain islands of gray matter.

White matter is mainly composed of myelinated axons which connect different gray
matter areas, but it also contains glial cells and blood capillaries. The characteristic
white color is caused by the high content of lipids in the myelin sheath (see Sec. .
White matter is located below the cortex and surrounds more deeply placed groups of
gray matter [92]. A prominent white matter structure in the brain is the corpus callosum
[99] which connects the two cerebral hemispheres (see Fig. [3-Ip).

(a) Brain (b) Brain Section (c) Neuron
cerebrum ~7 ¢ corpus callosum t}}alamus ~~ dendrites
~ D\ &
7 gray i cell body
matter {
e ,J o) — axon
\
N myelin
white sheath
cerebellum matter
nerve
spinal cord left right hemisphere fiber

Fig. 3.1: Distinction of gray and white matter in the brain: (a) human brain, (b) coronal
section through a formalin-fixated human brain, (c) nerve cell (neuron) consisting of a cell
body, dendrites, and a nerve fiber (myelinated axon). The darker outer surface of the brain
(gray matter) contains mostly nerve cell bodies and dendrites, while the brighter inner parts
of the brain (white matter) contain mostly nerve fibers. (Copyright: INM-1, FZJ, Germany)

3.1.2 Nerve Fibers

Nerve fibers (myelinated axons) are mostly located in the white matter. Due to their
strong birefringence (see Sec. , they show strong contrasts in 3D-PLI measurements.

Nerve fibers vary greatly in length: short-distance fibers are only 100 pm long, long-
distance fibers reach lengths of up to 15 cm in the human brain [I00]. The fiber diameter
and the myelin sheath thickness increase with the fiber length [6] so that the conduction
speed of the nerve impulses is maintained.

In the mammalian brain, the axon diameters differ by a factor of more than 100:
some cortical axons are only 0.1 um thick, while the diameter of axons in the optic nerve
can be larger than 10 pum. Unmyelinated axons always have small diameters (less than
1pm [97]). The diameters of myelinated axons in the human CNS range from 0.2 pm
to 20 pm or even more [B [7, @7, 100, [T0T]; the average diameter is rather small: Light

!Note that gray and white matter look different when transmitting light through the brain tissue: due
to a higher attenuation coefficient (see Sec. , white matter appears darker than gray matter in
the transmittance image (cf. Fig. )
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3.1 Structure of Brain Tissue

microscopy studies of the largest fiber bundle in the human brain — the corpus callosum
— have shown that 80 % of the nerve fibers have diameters of 1pm or below (median:
0.6-1pm). Only 0.1% (0.02%) of the fibers have diameters larger than 3pm (5pm)
[TOT, T02). More recent electron microscopy studies? of various white matter regions in
three human brains and one macaque brain yielded an average axon diameter of 0.5—
0.8 pm [I00]. Similar values were reported for the inner diameter of myelinated axons
in the mouse brain measured with electron microscopy [41] and with in-vivo spectral
reflectometry [103].

As a rule of thumb, the thickness of the myelin sheath contributes approximately one
third to the overall fiber radius, thus providing optimal conduction speed [96]. Reported
values for the g-ratio (the ratio of the axonal diameter to the total outer diameter of
the nerve fiber) range from 0.5 to 0.85 [I03]. The optimum g-ratio for the CNS was
determined as 0.77 [104].

3.1.3 Myelin Sheath

Most axons in the CNS are myelinated [92, O7], especially in the white matter. The
myelin sheath is an electrically insulating layer which increases the conduction speed of
the nerve impulses by 10-100 times [6] [7]. It is synthesized by oligodendrocytes (a type
of glial cells) which form extensions of their cytoplasmic membrane and spirally wrap
them around up to 50 neighboring axons [43, [105], yielding stacks of densely packed
cell membranes (see Fig. ) Depending on the fiber diameter, the myelin sheath
segments (internodes) are between 150 pm and 1.5 mm [7, 7] (occasionally up to 3 mm
[93]) long. They are separated at regular intervals by myelin-sheath gaps of about 1 pm
[, 41, 7] — the so-called nodes of Ranvier (see Fig.[3.2p). The electric impulses “jump”
from one node of Ranvier to the next (saltatory conduction) [92], which increases the
conduction speed of myelinated axons up to 100m/s [B] [7].

The mature CNS myelin sheath consists of up to 160 compacted lamellae (two fused
cell membranes) [97] which are each about 16 nm thick?® [43, 05-97]: the cell membranes
are about 5nm thick [95, [107], the intracellular (cytoplasmic) and the extracellular space
are about 3nm [95, 07 (see Fig. ) The space between axon and myelin sheath
(periazonal space) is about the same size as the extracellular space in the CNS [97]. As
the extracellular membranes are not fused [43], the extracellular spaces swell in aqueous
solutions [95], like the glycerin solution used for the tissue embedding in 3D-PLI (see
Sec. .

Figure B2k shows the molecular structure of the myelin sheath: Each cell membrane
consists of a bimolecular layer of lipid molecules (70-85 %), the so-called lipid bilayer, and
of different membrane proteins (15-30 %). The proteins are embedded in the bilayer, like
the proteolipid protein (PLP), or attached to the surface, like the myelin basic protein
(MBP) [43, 94196, 107, T08]. The lipid molecules are oriented radially around the axon,
whereas the proteins are oriented tangentially with respect to the longitudinal axis of
the axon [96]. The highly organized structure of the myelin sheath is responsible for the
strong birefringence of myelinated axons (see Sec. .

More detailed information about the myelin formation and structure can be found in

B3, 94, 109

2Note that samples used for electron microscopy shrink during the preparation process so that the
determined fiber diameters might differ from those observed in native tissue.

3In fixated and dehydrated tissue (used e. g. in electron microscopy), the lamellar spacing may shrink
down to 8 nm [43] 95, 97]. The brain sections used in this thesis were fixated with formaldehyde and
embedded in an aqueous glycerin solution (see Sec. so that the shrinking can be neglected if the
sections are measured directly after embedding [106].
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Fig. 3.2: Structure and dimensions of the CNS myelin sheath: (a) Nerve fibers consist
of an axon (yellow) and a surrounding myelin sheath (blue) which is interrupted by nodes
of Ranvier. (b) The myelin sheath is formed by extensions of oligodendrocytes which are
spirally wrapped around the axon, yielding nearly concentric rings of densely packed cell
membranes. For reasons of simplicity, the cell bodies of the oligodendrocytes are not shown.
(Copyright: INM-1, FZJ, Germany) (c) Schematic representation of the myelin structure,
consisting of bimolecular layers of lipids (red/blue) and membrane proteins (PLP/MBP).
(Source: AGGARWAL et al. [94] Fig. 2, Copyright (2012), with permission from Elsevier)

Table summarizes the typical dimensions of nerve fibers in the brain (axon and
myelin sheath).

Value ‘ Reference
fiber length 100 pm—15cm [T00]
internode distance 150 pm — 1.5 mm [7, 97]
fiber diameter (2r) (0.2—20) pm, [5, 97, 100, 10T, 110],
(0.5-1) pm (avg./median) | [100, 102, T03]
myelin sheath thickness (tsheath) || ~ /3, [96],
(0.15-0.5) r IT03]
lamella thickness 16 nm [43), 95H97]
cell membrane thickness 5nm [92,, 95]
cytoplasmic space 3nm [92, 95]
extracellular/periaxonal space 3nm (swells in solution) [43, 92, 95, 97]

Tab. 3.1: Dimensions of nerve fibers (myelinated axons) in the brain, assuming native tissue
without fixation

3.2 Optical Properties of Brain Tissue

The optical properties of brain tissue influence the transmitted light intensity. In this
thesis, measurements of the transmittance, birefringence, and diattenuation of brain tis-
sue were used to derive tissue properties and structural information about the nerve fiber
architecture. In order to analyze and model the polarimetric measurements correctly,
the optical properties of the different tissue components need to be defined as precisely
as possible.
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3.2 Optical Properties of Brain Tissue

The optical properties of brain tissue vary between different brain regions and strongly
depend on the preparation of the tissue. The brain sections used for the polarimetric
measurements in this thesis were formalin fixated, embedded in glycerin solution, and
measured at peak wavelengths of 529 nm or 550 nm (see Secs. and . Literature
values are only given for fresh tissue or for fixated tissue prepared with other tech-
niques. In many cases, the measurements were also performed with a different wave-
length. Therefore, it is only possible to make rough estimates for the optical properties
of the used brain sections.

Literature values for the refractive indices of the different tissue components are pre-
sented in Sec. The attenuation properties of white and gray matter (absorption,
scattering, and reflection) are described in Sec. Finally, in Secs. and

the birefringence and diattenuation of brain tissue are discussed.

3.2.1 Refraction

This section provides literature values and estimates for the refractive indices of the
different tissue components in the investigated brain sections.

Gray and White Matter Table [3.2 lists various literature values for the refractive
indices of gray matter (GM), white matter (WM), and different cells or cell components
(like cytoplasm or cell membranes). The refractive indices in gray matter regions are
similar to those of cells and cytoplasm: the values range from 1.35 to 1.39. The refractive
index in a white matter region (corpus callosum) was determined as 1.41. The refractive
indices of nerve fibers and cell membranes range from 1.46 to 1.48.

‘ [ n [ Anm] [ Sample | Meas. Technique | Ref. |
1.37 | 1310 | thalamus (rat), OoCT [T11]
= 300 pm section, viable
O |[71.36 | 1310 | hippocampus/cortex (rat), | OCT [T11]
300 pm section, viable
1.41 | 1310 | corpus callosum (rat), OCT [111]
= 300 pm section, viable
= | 146 | 546 | sciatic nerves (rat), imbibition technique* | [T12]
formalin fixed
1.36 580 | airway smooth muscle cells | phase-amplitude and | [113]
— (human), viable confocal microscopy
5 1.36 | 633 | HeLa cells (human) tomographic phase [114]
% -1.39 in culture medium microscopy
g 1.38 | 468 | cytosol, living cells fluorescence lifetime | [115]
8 imaging microscopy
—= || 135 — | cytoplasm — [1T6]
8 -1.37
1.46 | 468 | plasma membrane, fluorescence lifetime | [115]
-1.48 living cells imaging microscopy

Tab. 3.2: Literature values for the refractive indices n of gray matter (GM), white matter
(WM), and cell components. The table lists the wavelengths A, the samples, and the mea-
surement techniques that were used to determine the refractive indices. The measurements

were mostly performed at room temperature (~ 22°C).
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3 PROPERTIES OF BRAIN TISSUE

Embedding Solution The brain sections used for this thesis were pretreated with 4 %
formaldehyde and 2 % dimethyl sulfoxide (DMSO), and embedded in a 20 % solution of
glycerin (the preparation of the brain sections will be described in more detail in Sec. .
Due to this preparation, the brain tissue is surrounded by a solution of 4 % formaldehyde,
2% DMSO, 20% glycerin, and 74% distilled water.® The refractive indices for the
different substances are listed in Tab. [3:3] With these literature values, the refractive
index of the embedding solution was calculated for a wavelength of 589 nm: n ~ 1.3659.
A measurement of the refractive index with a digital refractometer (ATAGO) at room
temperature (22°C) and A = 589 nm yielded: n = 1.3690 =+ 0.0003.

The refractive index of the embedding solution could only be determined for a wave-
length of 589 nm because most refractive indices are not given for other wavelengths.
The polarimetric measurements described in Chap. [] were performed with green light
(A =529nm and 550nm). As the refractive index of water has similar values for smaller
wavelengths (see Tab. , the refractive index of the embedding solution is presumably
also about 1.37 for the wavelengths used in the polarimetric measurements.

‘ [ n [ Alnm] [ Reference ‘
Distilled Water 1.3375 | 486 | [I17], Tab. 1
1.3348 | 546 | [II7], Tab. 1
1.3330 589 [T18] # 10039
Formaldehyde 1.3746 | 589 | [II8] # 4235
DMSO 14783 | 580 | [118] # 3259
Glycerin 1.4746 | 589 | [I18] # 4484

| Embedding Solution [[ 1.3659 [ 589 | - \

Tab. 3.3: Literature values for the refractive indices n of the different substances in the
embedding solution, measured at a wavelength A and a temperature of 20 °C. The refractive
index of the embedding solution was computed from the values listed in the table for A =
589 nm, assuming 74 % distilled water, 4 % formaldehyde, 2% DMSO, and 20 % glycerin.

Axon, Myelin, and Surrounding Tissue For the simulation studies in Part [[V], the
brain tissue is modeled by three tissue types with different refractive indices: axon
(cytoplasm), myelin (lipids), and surrounding tissue (glycerin solution).

e Axon: The axon is filled with axoplasm which consists mostly of cytosol and
cell organelles. The refractive index is expected to be similar to the refractive
index of cytoplasm and gray matter which contains mostly unmyelinated axons

(n = 1.35-1.39, see Tab. [3.2).

Assuming a larger proportion of aqueous solution, the refractive indices of the axon
and of the cytoplasmic spaces in the myelin sheath are assumed to correspond to
the minimum refractive index in the given range:

Nax = Neyto = 1.35. (3.1)

4The imbibition technique utilizes the form birefringence to measure the refractive index of an object:
The object is embedded in a medium with refractive index ngurr and the birefringence is measured.
When ngur matches the refractive index of the object, the form birefringence vanishes and the
measured birefringence becomes extremal ([81] pp. 26-28).

®These values are only rough estimates because it is not known how much formaldehyde and DMSO
remain in the tissue.
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3.2 Optical Properties of Brain Tissue

e Myelin: The myelin sheath is composed of densely packed cell membranes and
contributes about one third to the overall fiber diameter (see Secs. and B.1.3).
Thus, the refractive index of the myelin layers can be estimated by the mean value
of the refractive indices of nerve fibers and cell membranes (n = 1.46-1.48, see

Tab. :
nm = 1.47. (3.2)

Depending on the protein composition, the refractive index of the myelin layers
might be slightly larger (ny, < 1.5 [103]).

The above value for ny, only holds for tissue directly after embedding. After a
while, the embedding glycerin solution (with n = 1.37) is expected to soak into
the myelin layers, which reduces their effective refractive index.

e Surrounding tissue: The tissue surrounding the nerve fibers is composed of
gray matter which contains cell bodies, unmyelinated axons, and blood capillaries
(n = 1.35-1.39, see Tab. . Considering both the refractive index of gray matter
and of the embedding solution (n &~ 1.37, see Tab. , the refractive index of the
surrounding tissue is estimated as:

ng = 1.37. (3.3)

The subscript “g” indicates that the refractive index corresponds to the refractive
index of the glycerin solution. As the extracellular spaces in the myelin sheath
swell in aqueous solutions, they are assumed to be filled with glycerin and to have
the same refractive index.

3.2.2 Attenuation

How much the light is attenuated when it passes through the brain section depends on
the absorption and scattering coefficients of the respective tissue components.

Absorption In general, brain tissue has relatively small absorption coefficients. The ab-
sorption of white matter is slightly larger than for gray matter. Integrating-sphere mea-
surements® of native human brain tissue (80-300 pm cryo-sections, rinsed from blood)
yielded absorption coefficients (K) of about 0.1 mm™! for white matter and 0.05 mm~!
for gray matter in a wavelength range of 500-550 nm (values estimated from [I19] Figs.
5a and 6a and from [I20] Figs. 2a and 3a). According to Eq. (2:29), this corresponds to:

rwnm &~ 4.4 x 1078, for A = 550 nm,

Kam ~ 2.2 %1070 for A = 550 nm.

As the brain sections used for this thesis were formalin fixated without washing out the
blood, the absorption coefficients might differ from the above values.

The absorption coefficient of the embedding solution cannot be reliably determined be-
cause the values are not known for all contained substances. Spectroscopy measurements
of pure water yielded absorption coefficients between 0.00005 mm~" and 0.00007 mm ™!

SThe integrating sphere is commonly used to measure the absorption, scattering, and reflection of a
sample. It consists of a hollow spherical cavity covered with a diffuse reflective coating so that light
which is scattered in the interior of the sphere is evenly distributed over all angles.
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3 PROPERTIES OF BRAIN TISSUE

for a wavelength range of 525-550nm and a temperature of 25°C [121) 122]. These
values correspond to:

Kiy0 ~ 2 x 1079, for A = 525nm, (3.6)
KHy0 ~ 3 x 107, for A = 550 nm. (3.7)

The absorption coefficient of the embedding solution is expected to have a similar order
of magnitude (kg ~ 107%).

Scattering White matter has a higher scattering coeflicient than gray matter. The
integrating-sphere measurements mentioned above yielded scattering coefficients (S) of
about 40-50 mm ™" for white matter and about 10 mm™! for gray matter in a wavelength
range of 500-550 nm (values estimated from [I19] Figs. 5b and 6b and from [120] Figs.
2a and 3a). Again, the scattering coeflicients of the brain sections used for this thesis
might differ from the above values due to another tissue preparation.

Reflectance White matter has a higher reflectance than gray matter. In-vivo measure-
ments with a portable spectrometer during human surgery revealed that “the reflectance
from gray matter is approximately 50 % or less than that from white matter” in a wave-
length range of 650-800 nm [123]. For wavelengths between 500 nm and 600 nm, previous
measurements of human brain tissue yielded relative levels of reflection between 40 %
and 60 % for frontal white matter and between 20 % and 30 % for frontal gray matter
(values estimated from [124] Fig. 5).

The literature values show that white matter has not only a larger refractive index
than gray matter (see Tab. , but also a slightly larger absorption coefficient, a larger
scattering coefficient, and a higher reflectance. Thus, white matter has a larger atten-
uation coefficient than gray matter, which explains why white matter appears darker
in the transmittance images (cf. Fig. ) The large attenuation coefficient of white
matter, especially the large scattering coefficient, is presumably caused by the highly
anisotropic and layered structure of the myelin sheaths (see Sec. .

3.2.3 Birefringence

The optical anisotropy (birefringence) of brain tissue reflects the spatial orientation
of the underlying nerve fibers. 3D-PLI measurements determine the birefringence of
histological brain sections to reconstruct the three-dimensional nerve fiber architecture.

Birefringence is caused by highly ordered molecular or macroscopic structures (see
Sec. . Primarily responsible for the birefringence of brain tissue are the myelin
sheaths which surround most of the axons in the white matter. But there exist also
other birefringent components like axonal neurofilaments’, microtubules®, proteins, and
blood vessels.

The birefringence of the myelin sheath has already been described by GOTHLIN in 1913.
He found that the myelin sheath exhibits positive uniaxial birefringence with radial optic

"Neurofilaments are essential for the velocity of nerve impulse conduction and for the radial growth of
the axons during development. They have a diameter of about 10 nm; in myelinated axons, they are
more numerous than microtubules [125].

8Microtubules are tubular polymers in the cytoplasm that maintain the structure of the cell and provide
intracellular transport [126].
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3.2 Optical Properties of Brain Tissue

axes [49] caused by the highly ordered structure of the myelin sheath [95] (cf. Fig. .
With respect to the longitudinal fiber direction, the birefringence is negative [51].

The neurofilaments and microtubules running along the length of the axon and the
tangentially oriented proteins in the myelin sheath (cf. Sec. lead to a positive
uniaxial birefringence with respect to the longitudinal fiber direction [I27HI29]. The
layered structure of the myelin sheath and the parallel arrangements of nerve fibers also
lead to a positive (form) birefringence with respect to the longitudinal fiber direction
[E0). The form birefringence of parallel layers and parallel cylinders embedded in a
medium with different refractive index has already been described by WIENER in 1912
[79] and was used by DE CAMPOS VIDAL et al. (1980) [I12] to determine the refractive
index of sciatic nerve fibers (see Tab. .

Various experimental and theoretical studies have shown that the overall birefringence
of nerve fiber bundles is negative (n. < n,) and that the optic axis is oriented in the
direction of the fiber bundle [9-51), IT2]. As all other structures cause positive birefrin-
gence with respect to the longitudinal fiber direction, this suggests that the birefringence
of nerve fibers is mainly caused by the lipid molecules in the myelin sheath.

In this thesis, the birefringence caused by the substructure of the myelin layers (e. g.
lipid molecules) will be referred to as molecular birefringence in order to distinguish it
from the birefringence caused e.g. by the layered structure of the myelin sheath.

The overall birefringence of the nerve fibers is dominated by molecular birefringence.
A good effective model to describe the birefringence is a rotational refractive index
ellipsoid (see Sec. |45, @6].

The negative birefringence of the nerve fibers implies that light that is polarized in
the direction of the fiber bundle (extraordinary wave polarized parallel to the optic axis,
see Sec. travels faster than light that is polarized perpendicularly to the fiber bun-
dle, i.e. in the plane of the radial lipid molecules in the myelin sheath (ordinary wave
polarized perpendicularly to the optic axis). Thus, a nerve fiber can be described as a
wave retarder (cf. Sec. with its fast axis oriented along the longitudinal fiber axis.

Due to their small dimensions, the birefringence of single myelin sheaths and of other
birefringent components in the brain cannot easily be determined. Reported literature
values for the birefringence of biological tissue are in the order of |An| = 1073...1072
[61].

As the birefringence of brain tissue is presumably small compared to its refractive
index values (n = 1.3-1.5 [I30], cf. Tab. , the formula in Eq. can be used to
estimate the retardance ¢ induced by the birefringent nerve fibers in a brain section:
Choosing a coordinate system in which the light propagates in the z-direction and the
brain section lies in the xy-plane, the angle 6 between the direction of propagation (z-
axis) and the optic axis (fiber axis) can be replaced by the out-of-plane fiber inclination
angle v = 90° — ¢ and the formula of the retardance can be written as:

2md
0 r %An cosa, An=ng—n,. (3.8)

where d is the thickness of the birefringent brain tissue and A the wavelength of light

in vacuum. In 3D-PLI, this formula is used to derive the inclination angles of the nerve
fibers from the measured birefringence of brain sections (see Sec. |4.4.1)).
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3 PROPERTIES OF BRAIN TISSUE

3.2.4 Diattenuation

The anisotropy of brain tissue which causes birefringence also leads to diattenuation (see
Sec. . The diattenuation of brain tissue is mainly caused by regular arrangements
of nerve fibers [I31] and by the specific anisotropic structure of the myelin sheaths: the
layered myelin structure leads to multiple scattering which changes the polarization of
the incident light and induces diattenuation [61].

There exist a broad range of studies that investigate the diattenuation of non-biological
phantoms (polarizing filters [57, [132], Siemens star [58]) as well as biological tissue
(collagen [133], tendon [I34H136], muscle [135], heart [86, [136], skin [61], (63 [64, [137 [133],
eye [60, [137], biopsy tissue [62, [139] of animals or humans). The diattenuation of nervous
tissue has been studied for the retinal nerve fiber layer [59, [65, 140, 141] which only
contains unmyelinated axons.

The diattenuation of the biological samples investigated in these studies has been
reported to be much smaller than the birefringence of the samples (|D| < 10%). The
diattenuation of brain tissue and myelinated axons (nerve fibers) has not been addressed
in other studies and will be discussed in Chap. [0}

As described in Sec. 24] diattenuation can be caused by anisotropic scattering as well
as by anisotropic absorption (dichroism). In this thesis, diattenuation caused by regular
fiber arrangements or myelin layers will be treated as anisotropic scattering. The molec-
ular diattenuation of the nerve fibers, i.e. the diattenuation caused by the substructure
of the myelin layers, will be modeled analogously to the molecular birefringence: as
the molecular birefringence is well described by a rotational refractive index ellipsoid,
the molecular diattenuation will effectively be treated as dichroism, described by the
imaginary part of a complex refractive index (see Sec. . To explain the experi-
mental observations in Chap. El, both dichroism (described by an analytical model in
Appx. and and anisotropic scattering (simulated by FDTD simulations in
Chap. need to be considered.

As the principal axes of dichroism are expected to be the same as for birefringence (the
optic axis is oriented in the direction of the nerve fiber), the light absorption is assumed
to become extremal when the light is polarized parallel or perpendicularly to the nerve
fiber axis. As described in Sec. 2:4.2} the dichroism of brain tissue i is approximately
proportional to the retardance § and depends on the inclination angle (o = 90° — ) of

the nerve fibers (see Eq. ([2.45])):

2md
0K ~ %An cos

Thus, diattenuation caused by dichroism (see Eq. (2.44))) also depends on the fiber
inclination (see Appx. [A.4.3.2)):

20 x &, Ak=kg— ko (3.9)

Dy = tanh ( — dk) ~ tanh <72%dA/<; cos? ) . (3.10)

Because of dx o 0, the magnitude of Dk is expected to be related to the measured

retardation signal |sind| (see Appx.[A.4.3.3).

The inclination dependence of anisotropic scattering cannot be described by a sim-
ple model and was therefore investigated by means of simulation studies presented in

Chap.
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POLARIMETRIC M EASUREMENTS

HIS chapter introduces the different polarimetric measurements that were used in
this thesis to study the birefringence and diattenuation of brain tissue: Three-
Dimensional Polarized Light Imaging (3D-PLI), crossed polars (XP) measurement, and
Diattenuation Imaging (DI). Parts of this chapter have been published in MENZEL et
al. (2017) 3] Secs. 1 and 3.

Birefringence as well as diattenuation can be measured by conventional Miiller-matrix
polarimetry [61, 85, [T42HT44] or by polarization-sensitive optical coherence tomography
(PS-OCT) [145, [146]. While PS-OCT uses the interference of the backscattered light
to provide a depth profile of the sample, Miiller polarimetry measures the intensity
of the transmitted light under a certain angle. Often, incomplete Miiller polarimeters
are used that measure the linear birefringence and diattenuation of a sample [57), £S].
For this thesis, combined measurements of linear! birefringence and diattenuation were
performed with a polarimeter that analyzes the light transmitted through histological
brain sections [45], 46].

The preparation of the brain sections is described in Sec. I} The general measure-
ment setup and signal processing are described in Secs. [f.2] and .3} Finally, in Sec. {4},
the measurement setup and signal analysis are specified for the different polarimetric
measurements (3D-PLI, XP, DI).

4.1 Preparation of Brain Tissue

The brains are prepared in the laboratory of the Institute of Neuroscience and Medicine
(INM-1, Forschungszentrum Jiilich, Germany) by the team of Markus Cremer. The
brain sections investigated in this thesis were obtained from different species: human,
monkey, rat, and mouse (see Fig. .2 Due to the different brain sizes, the preparation
of the sections differs between species. The preparation consists of several steps:

« Fixation: In order to prevent decay, the brain is fixated as soon as possible after
death. The brain is removed from the skull (preferably within 24 hours) and
immersed in a buffered solution of 4% formaldehyde?® for several weeks (human
brain: 3 months, rat brain: 1-2 weeks).

LCircular birefringence and diattenuation are not considered because they are expected to contain little
information about the tissue structure and to have no significant impact on the measured signals.
2All animal procedures are approved by the institutional animal welfare committee at the Forschungs-
zentrum Jillich GmbH and are in accordance with European Union (National Institutes of Health)
guidelines for the use and care of laboratory animals.

3The formaldehyde solution is prepared according to LILLIE (1954) [T47] and consists of diluted formalin,
sodium hydrogen phosphate, and distilled water.
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Fig. 4.1: The brain sections are obtained from different species with different brain sizes: (a)
human, (b) vervet monkey, (c) rat or mouse. Subfigure (a) shows the anatomical planes
(coronal, horizontal, sagittal) and the anatomical directions (anterior-posterior, superior-
inferior, left-right) along which the brains are sectioned. The pictures of the brains were
made at INM-1, FZJ, Germany.

e Cryoprotection: To avoid the development of ice crystals, the brain is first
immersed in a solution of 10 % glycerin and then in a solution of 20 % glycerin for
several days, respectively (human brain: > 3 weeks, rat brain: 7 days in total). To
facilitate the penetration of glycerin into the cells, 2 % Dimethyl sulfoxide (DMSO)
and 4 % formaldehyde are added.

e Freezing: After the treatment with the cryoprotectant, the brain is dipped in
cooled isopentane for several minutes (human brain: > 30 min, rat brain: > 5min).
Sealed into an air-tight plastic bag, the brain is frozen down to -80°C and can be
stored for several months.

¢ Sectioning: The frozen brain is cut with a cryostat microtome (Leica Microsys-
tems, Germany) at a temperature of -30°C into sections of approx. 60 pum (see
Fig. @a)fl The brain is cut along one of three mutually orthogonal, anatomical
planes: coronal, horizontal, or sagittal (see Fig. ) A whole human brain yields
1,500-3,000 sections, depending on the brain size and cutting direction. As defor-
mations of the tissue occur during the sectioning process, a picture of the brain
block surface (blockface image) is taken every time before sectioning. A pattern of
ARTag markers [148] (see Fig. ) helps to determine the position of the brain
block in two-dimensional space and to create an undistorted reference volume [149].

e Mounting: After sectioning, the brain slice is mounted onto a cooled glass slide
(see Fig. @3) and embedded in a solution of 20 % glycerin. No histological staining
is applied. The brain tissue is covered by a cover glass, sealed with lacquer, and
weighted for several hours to prevent the development of air bubbles (see Fig. @:)
If not otherwise stated, the brain sections are measured 1-2 days after embedding
to obtain optimal birefringence and diattenuation signals.

4A section thickness of approx. 60 pm (see Fig. @1) turned out to be most suitable for the polarimetric
measurements. A smaller section thickness would make the cutting and handling of whole brain cryo-
sections difficult and the smaller signals would require a more precise imaging system. A larger section
thickness, on the other hand, would lead to ambiguous signals so that tissue properties like the nerve
fiber orientation cannot be reliably determined.
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Fig. 4.2: Preparation of brain sections: (a) The frozen brain is attached to the object table
with freezing glue (tissue-tack) and cut with a cryostat microtome into histological sections
of about 60 pm thickness; the pattern of ARTag markers helps to determine the position of
the brain block. (b) The brain sections are mounted on glass slides and stored at -80°C.
(c) The brain sections are embedded in 20 % glycerin solution, covered by a cover glass,
sealed with lacquer, and weighted for several hours.

4.2 General Measurement Setup

The general measurement setup consists of a pair of two linear polarizers with orthogonal
transmission axes, a quarter-wave retarder, and a specimen stage mounted between
the polarizers. The fast axis of the retarder is oriented at —45° with respect to the
transmission axis of the first polarizer (cf. Fig. @b) The sample is illuminated by a
customized LED light source with green wavelength spectrum. The transmitted light
intensity is recorded by a high-resolution CCD camera. During a measurement, the
filters are rotated simultaneously around the stationary tissue sample. For each rotation
angle p = {0°,10°,...,170°}, an image is recorded which yields a series of 18 images.

In a standard 3D-PLI measurement [45, 46|, this setup is used to measure the bire-
fringence of brain tissue and to derive the spatial orientation of the nerve fibers from
the measured retardation signal (described later in Sec. . The setup for measuring
optical birefringence has already been described by Woob & GLAZER (1980) 150, [I51].

In the INM-1 laboratory, two state-of-the-art polarimeters are available (see Fig. @)
which enable polarimetric measurements with different optical resolutions and sensitiv-
ities: the Polarizing Microscope (PM) and the Large-Area Polarimeter (LAP) [45), 46).
In Chap. [ and Appx. [B] the optical resolution and the components of the optical sys-
tems will be characterized in more detail. This section provides a short overview of the
employed polarimeters.

Polarizing Microscope (PM) The PM has a higher optical resolution than the LAP.
The pixel size in object space is about 1.33 pm, which enables to map single axons
and to disentangle complex fiber constellations in small brain areas. The custom-made
microscope is equipped with a motorized specimen stage which performs a translational
scan of the brain section. The sample is measured in tiles of 2.7 x 2.7 mm? which are
put together after signal processing. To enable stitching, the tiles are measured with an
overlap of approx. 30 % on all sides.
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4 POLARIMETRIC MEASUREMENTS

(a) Polarizing Microscope (PM) (b) Large-Area Polarimeter (LAP)
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Fig. 4.3: Schematic setups of the employed polarimeters (PM and LAP), not to scale: The
specimen stage with the brain section is placed between a pair of crossed linear polarizers and
a quarter-wave retarder. During a measurement, the filters are rotated by discrete rotation
angles p. In the PM, the light comes from above, only the first linear polarizer can be
rotated, and the sample is measured tile-wise with a motorized specimen stage. In the LAP,
the light is passed through the system from below, all filters can be rotated individually
or be removed, and the specimen stage can be tilted around two axes. Further differences
are the pixel size in object space (px), the illumination wavelength of the light source (A1),
the optimal working wavelength of the retarder (Aet), and the required time for scanning
a whole human brain section (~ 18 x 13cm?). The displayed setups are used for 3D-PLI
measurements (see Sec. and measure the spatial orientation of the optic axis (fiber
axis) of the sample, which is defined by the in-plane direction angle ¢ and the out-of-plane
inclination angle «.
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4.3 General Signal Processing

In contrast to the LAP, the filters cannot be removed, only the first polarizer can be
rotated, and tilting of the sample is not possible. The PM can therefore only be used
for standard 3D-PLI measurements. However, the filters are of much higher quality
than in the LAP and the optimal working wavelength of the quarter-wave retarder
(Aret = 545nm) matches approximately the wavelength of the incident light (Ay =
550nm + 5nm). The optical components of the PM will be characterized in Sec.
and Appx. [B:I.] in more detail.

Large-Area Polarimeter (LAP) The LAP enables single-shot imaging of brain sections
up to 24 cm in diameter with a pixel size in object space between 21 ym and 64 pm. The
in-house developed system is equipped with a specimen stage that can be tilted up to
+8° around two axes, allowing a more precise determination of the fiber inclination angle
in 3D-PLI measurements (see Sec. . As all polarizing filters (polarizer, retarder,
analyzer) can be rotated individually or be removed from the imaging system, the LAP
can be used for a combined measurement of birefringence and diattenuation (see Sec. [1-4).

The polarizing filters in the LAP are of lower quality than in the PM and the wave-
length of the incident light (Ajy = 525 nm + 25 nm) does not perfectly match the optimal
working wavelength of the retarder (Aot = 568 nm) [I52], which influences the measured
signal and the derived tissue properties. The optical components and the non-ideal polar-
ization properties of the LAP will be characterized in Secs. [T]] and [7.2] and Appx. [B-1.2]
and in more detail.

4.3 General Signal Processing

During a standard measurement with the PM or the LAP, a series of 18 images is
recorded (one image for each rotation angle of the polarizing filters). To derive the
underlying tissue information, the image series is processed in several steps:

e Image Calibration: To compensate for inhomogeneities across the field of view,
the images are calibrated. For each rotation angle of the filters, a set of 60 cali-
bration images (without specimen) is taken and an averaged image is computed.
The measured images of the specimen are divided by the corresponding averaged
calibration image for each rotation angle and multiplied by the mode intensity of
all calibration images [I53]. To obtain a uniform background intensity after cal-
ibration, the intensity of the light source should not change between calibration
and specimen measurements.®

o Spatial Independent Component Analysis (ICA): To enhance the signal-
to-noise ratio for small signals and to reduce artifacts (like scratches, dirt, dust
particles), the calibrated images are decomposed into statistically independent
component maps. After decomposition, the tissue structures can be distinguished
from interfering signal sources, which can then be discarded [I53] [154]. Since the
ICA removes artifacts induced by rotating filters, it is particularly suitable for the
LAP in which all polarizing filters are rotated during a measurement.

5The calibration procedure only corrects for multiplicative errors in the measured light intensity (i.e.
inhomogeneous illumination, absorption, detection sensitivity, etc.). Differences between presumed
and actual polarization states (e.g. induced by a partially polarized light source, non-ideal polariza-
tion filters, or a polarization-sensitive camera as described in Sec. and Appx. are not
taken into account.
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4 POLARIMETRIC MEASUREMENTS

e Discrete Harmonic Fourier Analysis: The resulting series of N = 18 images
is analyzed by means of a discrete harmonic Fourier analysis. The intensity values
for each rotation angle p; € {0°,10°,...,170°} are described by a Fourier series for
each image pixel:

N/2
I(p) = ap+ Z (am cos(mp) + by, sin(mp)), (4.1)
m=1
1 & 2 & 2 &
a0 =+ S I(p), am = N > I(pi) cos(mps) b = N > I(pi) sin(mp;)
i=1 i=1 i=1

(4.2)

From the resulting Fourier coefficients {am, by, }, the averaged transmitted light
intensity (o< ap), the phase, and the amplitude of the measured birefringence or di-
attenuation signals are computed, which contain e. g. information about the spatial
orientation of the nerve fibers within the brain tissue. The formulas to compute
the parameter maps for the different polarimetric measurements will be introduced

in Sec. E4l

¢ Segmentation: Objects outside the tissue are removed from the resulting param-
eter maps using a parallelized semi-automated seeded region growing algorithm
[155] and manual masking.

e Stitching: For measurements with the PM, the different tiles need to be stitched
together to regain the full field of view. An in-house developed software tool is
used for the stitching. To avoid border effects caused by oblique illumination or
lens artifacts, the overlapping of the tiles is chosen to be about 30 % of the side
length of the tiles on all sides.

¢ Registration: As the polarimetric measurements are only able to analyze trans-
mitted light, the brains are cut into histological sections to measure the underlying
tissue properties. The cutting process might lead to tissue deformation and dis-
ruption. To regain the original three-dimensional volume, the parameter maps of
several consecutive brain sections are registered onto each other, using the aligned
blockface images (see Sec. as undistorted reference volume.

Image registration also becomes necessary when performing a pixel-wise compar-
ison between parameter maps obtained from different polarimetric measurements
or from measurements performed at different times. Due to the embedding in glyc-
erin solution, the brain section might slightly move over time or when changing the
measurement setup. Moreover, different types of filters introduce different parallax
effects.

The images are registered onto each other using in-house developed software tools
based on the software packages ITK, elastiz, and ANTs [I56H160] which perform
linear and non-linear transformations.

4.4 Signal Analysis for the Polarimetric Measurements
In the following, the signal analysis for the different polarimetric measurements (3D-PLI,

XP, DI) is described in more detail. Parts of this section have been published in MENZEL
et al. (2017) [3] Sec. 3.
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4.4 Signal Analysis for the Polarimetric Measurements

Figure [.Zh-c shows the setups for the polarimetric measurements. While the 3D-PLI
and DI setups measure the birefringence and diattenuation of the sample, the XP mea-
surement is used as a reference for the 3D-PLI and DI measurements to estimate the
impact of diattenuation on the measured birefringence signal (see Sec. ‘ While the
3D-PLI measurement can be performed both with the PM and the LAP (cf. Fig. ,
the XP and DI measurements can only be performed with the LAP because one or more
filters need to be removed from the light path.

To simplify notation in the following, the signal analysis is only described for the
setup of the LAP, which was used for the combined measurements of birefringence and
diattenuation presented in Chap.[)] Although the setup of the PM is different from that
of the LAP (only the first polarizer is rotated, the retarder is placed behind and not
in front of the sample, see Fig. ), the signal analysis is analogous for the 3D-PLI
measurement and the resulting formulas in Sec. 41| are the same.

To analyze the signals obtained from the three different kinds of measurement, an
analytical expression of the transmitted light intensity is computed with the Miiller-
Stokes calculus (see Sec. . For this purpose, the optical components of the LAP
are described by the Miiller matrix M (&,0, D, 7) of a rotating wave retarder and/or
diattenuator as defined in Egs. to , with rotation angle &, retardance §, di-
attenuation D, and average transmittance 7. To account for non-ideal optical properties
of the filters (described later in Sec. , the polarizer and the analyzer are considered
to be general diattenuators with rotation angles p and (p + 90°), diattenuations Dy =~ 1
and Dy = 1, and average transmittances 74 and 7y, respectively. The quarter-wave re-
tarder is considered as general retarder with rotation angle (p—45°), retardance v ~ 7/2,
and average transmittance 7.

The retardance of the linear polarizers and the diattenuation of the retarder are not
included in this model because the filter measurements of the LAP presented in Sec. [7.2.2]
have shown that they can be neglected.

To account for birefringence as well as for a possible diattenuation of brain tissue,
the brain section is described by the Miiller matrix of a general wave retarder and
diattenuator with retardance J, diattenuation D, and average transmittance 7. The fast
axis of the retarder and the axis of maximum?® intensity transmittance are both assumed
to be oriented along the fiber axis (see Secs. [3.2.3 and B.2.4). The three-dimensional
fiber orientation is defined in spherical coordinates by the in-plane direction angle ¢
and the out-of-plane inclination angle a (cf. Fig. ) Note that the Miller matrix
describes only the net effect of the brain tissue and that the parameters (p, §, D, 7) do
not necessarily correspond to local tissue properties.

With the above definitions and assumptions, the Miiller matrices M (&, d, D, 7) for the
optical components of the LAP read:

Polarizer: P(p, Dx, ) = M(p,0, Dy, %), (4.3)
Retarder: A(p,v,7A) = M(p—45°,v,0,7p), (4.4)
Brain Tissue: M (¢, 8, D, 7) = M/(p,d,D,1), (4.5)
Analyzer: Py (p, Dy, 7y) = M(p+90°0,Dy,7y). (4.6)

5The assumption that the axis of maximum intensity transmittance is oriented along the fiber axis
is arbitrary. If the axis of minimum intensity transmittance is oriented along the fiber axis, the
following considerations will still be valid when replacing the variable D by the variable (—D).

43



4 POLARIMETRIC MEASUREMENTS
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Fig. 4.4: (a-c) Schematic of the setups for the 3D-PLI, XP, and DI measurements for
the LAP: For the 3D-PLI measurement (a), the brain section is placed between a pair
of crossed linear polarizers (polarizer/analyzer) and a quarter-wave retarder. For the XP
measurement (b), only the crossed linear polarizers are used while for the DI measurement
(c) only the polarizer is used. For all measurement setups, the employed filters are rotated
simultaneously by discrete rotation angles p around the stationary specimen. (d-f) Ana-
lytically computed normalized light intensity profiles for the different measurement setups,
assuming a retardance § = arcsin(0.8), a fiber direction ¢ = 80°, and ideal filter properties
(Dx =Dy =1, 7« =7y =1/2; v = 71/2, 75 = 1): For the 3D-PLI and XP measurements, the
diattenuation of the brain tissue was neglected (D = 0). For the DI measurement, the tissue
diattenuation was assumed to be D = 4%. The phase ¢ of the intensity profiles (in red)
is a measure for the in-plane fiber direction, while the amplitude (in blue) is correlated to
the out-of-plane fiber inclination. (g) The transmitted light intensities are calculated using
the Miller-Stokes calculus, in which each optical element is represented by a Miiller matrix
M(&,6, D, ) as defined in Egs. to (258). (h) The three-dimensional fiber orientation
is defined in spherical coordinates by the in-plane direction angle ¢ and the out-of-plane
inclination angle a. A similar figure has been published in MENZEL et al. (2017) [3] Fig. 2.
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4.4 Three-Dimensional Polarized Light Imaging

The transmitted light intensity is computed by multiplying the above matrices and
evaluating the first entry of the resulting Stokes vector. To make the analytical expres-
sions computable, camera and light source are assumed to be ideal: the light emitted by
the LED is assumed to be completely unpolarized and the camera to be polarization-
insensitive, i.e. light source and camera are both described by the Stokes vector for
unpolarized light (§L =3 = kSﬁ"mpol).

The following three sections describe the setups and signal analysis for the 3D-PLI,
XP, and DI measurements. All parameters derived from the 3D-PLI measurement are
denoted by an index “P”, all parameters derived from the XP measurement by an index
“X”, and all parameters derived from the DI measurement by an index “D”.

4.4.1 Three-Dimensional Polarized Light Imaging (3D-PLI)

The 3D-PLI technique has been introduced by AXER et al. (2011) [45, 46]. The measure-
ment can be performed with the PM or the LAP, using all filters of the polarimeter (see
Fig. 4.3). The setup allows to measure the retardance of the birefringent brain sections
and to derive the spatial orientation of the nerve fibers [45, B6): The polarizer and the
quarter-wave retarder of the LAP transform the unpolarized light emitted by the light
source into circularly polarized light which is then transformed into elliptically polarized
light by the birefringent brain tissue. The amount of light that is transmitted through
the analyzer depends on the orientation of the analyzer axis with respect to the optic
axis of the brain tissue, indicating the predominant fiber orientation (¢, «) [51].

An analytical description of the transmitted light intensity can be derived by multi-
plying the matrices defined in Egs. to and evaluating the first entry of the
resulting Stokes vector (S{p):

S’},(p) = Py (pv Dy: 7'y) - M (‘:07 57 D, T) . A(ﬂ»'YaTA) - P (p7 Dy, 7—x) . gunpol (4~7)
= Ip(p) =77y Talo [1 + Dy Dy siny sin§ /1 — D? sin (2(p — ¢))
— Dy Dy cosvy (c032 (2(p = ¢)) + V1 = D? cos sin? (2(p — Lp)))

+ D (D cos~y — Dy) cos (2 (pfgo))}, (4.8)

where I denotes the intensity of the light source. Performing a discrete harmonic Fourier
analysis on the acquired intensity signal yields:

Ip(p) = agp + agp cos(2p) + bap sin(2p) + agp cos(4p) + byp sin(4p), (4.9)

1
apgp = TTxTy TA I() (1 - §Dx Dy cos7y <1 + \/ﬁ COS(S)) ) (410)

agp = T Tx Ty TA Io (D (Dx cosy — Dy) cos(2¢) — /1 — D? Dy Dy sin~y siné sin(2p)
(4.11)

bop = T T Ty Ta I (D (Dx cosy — Dy) sin(2¢) + V1 — D? Dy Dy siny siné cos(2y) )
(4.12

)
1
agp = =5 TTx Ty Th Iy Dy Dy cosvy ( cos 6) cos(4yp), (4.13)

Vi-p?
byp = —% T Tx Ty Ta Lo Dx Dy cosy ( -1 cos 5) sin(4y). (4.14)
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4 POLARIMETRIC MEASUREMENTS

The intensity signal Ip(p) is a measure of the fiber orientation as defined in Fig. .
In principle, the actual fiber direction angle ¢ could be derived from (bgp /asp). However,
this is not feasible because a4p and bgp are much smaller than agp and bep (| cosy| < 1,
for a quarter-wave retarder with v &~ 7/2), resulting in a low signal-to-noise ratio. For the
other Fourier coefficients, it is not possible to separate the actual fiber orientation (¢, «)
from the polarization properties of the filters (D, Dy, ) and from the diattenuation of
brain tissue (D). In Sec. the impact of the non-ideal polarization properties and the
tissue diattenuation on the derived fiber orientations will be investigated in more detail.
If the values for Dy, Dy, v, and D were known pixel-wise, the actual fiber orientation
could exactly be computed from the above Fourier coefficients (see Appx. .

Standard 3D-PLI Analysis In the standard 3D-PLI analysis [45], 46, 5], the spatial
fiber orientations (p, «) are derived from the measured Fourier coefficients assuming
ideal linear polarizers (Dx = Dy = 1, 7x = 7y, = 1/2), an ideal quarter-wave retarder
(y =m/2,7p = 1), and no diattenuation of brain tissue (D = 0). In this ideal case, the
Fourier coefficients of order four vanish:

I I I
app = 077'7 asp = 7077' sind sin(2¢), bep = OTT sind cos(2¢), (4.15)

and Eq. (4.8) simplifies to (see Fig. @d)

7]07'

Ip(p) = 1 <1 + sin § sin (2(p - 99))> (4.16)

The Fourier coefficients of order zero and two are used to derive different parameter

maps (see Fig. [f.5p-c and Fig. [L.8p):

o Transmittance (I1p): The transmittance represents the averaged transmitted
light intensity over all rotation angles p of the filters and is computed from the
Fourier coefficient of order zero:

IT’p = 2a0p. (417)

The transmittance is divided by the transmittance obtained from measurements
without brain tissue, yielding the normalized transmittance It x € [0, 1].

e Direction (pp): The direction describes the in-plane orientation angle of the
fibers (cf. Fig. {4, in red) and is computed from the phase of the intensity profile

(Fig. 41, in red):

atan2(—asp, bop)

; e [0,7) (4.18)

PP =
=&,

where the function atan2(z,y) denotes the angle (in radian measure) between the
positive x-axis and the point (x,y). The angle is positive for y > 0 and negative
for y < 0.

¢ Retardation (rp): The retardation is a measure of the birefringence of the brain
tissue and is computed from the peak-to-peak amplitude of the intensity profile
normalized by the transmittance Ip(p)/Itp (Fig. [L4d, in blue):

\JaZ, + b2
v R (4.19)

rp = |sindp| = s
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4.4 Three-Dimensional Polarized Light Imaging

For a non-birefringent, diattenuating sample (6 = 0, D # 0), the measured retar-
dation corresponds to the diattenuation of the sample (rp = |D|), assuming ideal
polarizing filters.

Determination of the Fiber Inclination (ap) According to Eq. , the out-of-plane
inclination angle « of the fibers (cf. Fig. @h, in blue) is related to the retardation
via: § o< cos? . As the retardance also depends on the illumination wavelength X, the
birefringence An, and the thickness d of the birefringent material, the fiber inclination
angle cannot easily be extracted.

In a first step, the measured retardation rp is normalized by the maximum measurable
retardation rp max, which is assumed to correspond to a region that is completely filled
with horizontal” (birefringent) fibers [@5]. From the normalized retardation, a modified
inclination angle ap is computed:

arcsin(r

ap = arccos ( (P)) . (4.20)
arcsin(rp max)

The determined inclination angle is always positive so that fibers with +« cannot be

distinguished (inclination-sign ambiguity). To date, there exist several approaches to

improve the determination of the fiber inclination angle:

e Transmittance Weighting: As gray matter regions contain less myelinated ax-
ons than white matter regions, the retardation signal in gray matter is much lower
than in white matter, which leads to an overestimation of the fiber inclination. To
improve the determination of the fiber inclination in gray matter, the maximum
retardation value is determined both in white and in gray matter and the above
normalization is performed for both regions separately.

Local variations in the density of myelinated fibers also lead to a misinterpretation
of the actual fiber inclination angle. As myelin has a high scattering coefficient
(see Sec. , the transmittance is a good measure for the local myelin density
and can be used to weight the retardation values [53].

Although transmittance weighting improves the determination of the fiber inclina-
tion, it does not solve the inclination-sign ambiguity and the derived fiber orienta-
tions are not completely reliable because the transmittance also depends on other
tissue properties like the fiber inclination (discussed later in Chap. .

o Tilting: The tilting stage of the LAP allows a more precise determination of
the fiber inclination because the fiber orientations can be measured under slightly
different angles [54}, B5]. The 3D-PLI measurement is first performed with a flat
tilting stage (as described in Secs. and and then repeated four times with
a specimen stage that is tilted by £8° around the x- and y-axis, respectively,
yielding 5 x 18 images in total. Before further signal processing, the image series
obtained from the tilted measurements need to be “untilted”, i.e. the perspec-
tive transformation needs to be inverted. As the fiber orientations were measured
under slightly different angles for every tilting position, the sinusoidal profiles of
the transmitted light intensity are slightly different. By performing a simultane-
ous least-squares fit to the intensity profiles of all oblique measurements for each

In this thesis, the terms horizontal or vertical are used to describe the fiber orientation with respect
to the section plane (xy-plane): horizontal fibers lie within the section plane (a &~ 0°), whereas
vertical fibers are oriented perpendicularly to it (a &~ 90°). To describe fibers with small inclinations
(o < 45°) or large inclinations (« > 45°), the terms flat or steep fibers are used, respectively.
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4 POLARIMETRIC MEASUREMENTS

image pixel, the fiber inclinations can be determined independently of the local
myelin density [I61]. Tilting also solves the inclination-sign ambiguity [162), 163]:
considering the decrease in absolute inclination after tilting, fibers with positive
and negative inclination can be distinguished.

However, the technique is currently not available for microscopic resolution, and
the reconstruction of inhomogeneous fiber configurations is still challenging and
subject of current research. For 3D-PLI measurements with the PM, transmittance
weighting is so far the only possibility to improve the determined fiber orientations.

Figure .5 shows the inclination map of a coronal human brain section.

(a) Transmittance I (b) Direction [ (c) Retardation rP (d) Inclination a,[’]
- 4 2 90

1cm

Fig. 4.5: Parameter maps of a coronal human brain section (cf. Fig.|3.1p) measured with the
LAP (resolution: 64 x 64 x 60 um?): (a) normalized transmittance It x, (b) in-plane direc-
tion angle pp, (c) retardation rp, (d) out-of-plane inclination angle ap. The measurements
and the signal processing were performed at INM-1, FZJ, Germany.

Reconstruction of the Fiber Orientation The in-plane direction angle ¢p and the
out-of-plane inclination angle ap are combined to a three-dimensional unit vector which
describes the spatial orientation of the nerve fibers (cf. Fig. f-dh). The so-called fiber
orientation map (FOM) encodes the fiber orientations in different colors (see Fig. [4.6)).

(a) Rat (b) Monkey

R o

Fig. 4.6: Fiber orientation maps of coronal brain sections obtained from 3D-PLI measure-
ments with the PM (a-b) and the LAP (c) for different species: (a) Wistar rat, (b) vervet
monkey, and (c¢) human (cf. Fig. 4.5)). The three-dimensional orientation of the nerve fibers
within the brain sections is encoded in an HSV color scheme: the hue represents the in-plane
fiber direction ¢p, the brightness value represents the out-of-plane fiber inclination ap (or-
thogonal fibers with ap = 90° appear in black). The fiber orientation (¢p,ap) was computed
for each image pixel as described in Sec. f:4:1] The measurements and the signal processing
were performed at INM-1, FZJ, Germany and published in ZILLES [47] (Copyright 2015,
with permission from Elsevier).
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4.4 Three-Dimensional Polarized Light Imaging

The FOMs shown in this thesis are color-coded in a Hue-Saturation-Value (HSV)
space: the hue represents the in-plane fiber orientation (H = 2 ¢p), the brightness value
represents the out-of-plane fiber orientation (V =1 — ap/90°), and the saturation is set
to the maximum (S = 1). In this color scheme (HSV black), regions with orthogonal
fibers (ap = 90°) or low birefringence signals are represented in black.

To reconstruct the three-dimensional fiber architecture of a whole brain volume, the
FOMs of several consecutive brain sections are registered onto each other (cf. Fig. @1)
and the fiber orientation vectors are combined to three-dimensional fiber tracts using
tractography algorithms (cf. Fig. [.7¢).

Fig. 4.7: 3D-reconstructed fiber orientations of a rat brain, obtained from 3D-PLI mea-
surements with the LAP (resolution: 64 x 64 x 60pm?3): (a) The fiber orientation maps
(FOMs) of 455 coronal rat brain sections (cf. Fig. [l.6h) were registered onto each other in
the z-direction as described in Sec. The clipping-box view shows that the reconstructed
fiber bundles (like the corpus callosum, yellow arrow) are consistent across several brain sec-
tions. (b) The region of the corpus callosum was masked in all FOMs for further evaluation.
(¢) The fiber pathways inside the corpus callosum were reconstructed by performing a fiber
tractography with seed points on the sagittal plane. The zoomed-in region shows the fiber
pathways that connect the two hemispheres (magenta). (Adapted from: SCHUBERT et al.
(2018) [164] Figs. 6a, 9 and 10a, licensed under CC BY 3.0)

4.4.2 Crossed Polars (XP) Measurement

The crossed polars (XP) measurement allows the determination of the direction
angle independently from Dy, Dy, v, or D and can therefore be used as a reference
for the actual fiber direction ¢. However, the XP measurement cannot replace 3D-PLI
because the direction angle can only be determined in a value range of [0°,90°) and the
measurement gives no information about the fiber inclination «.
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4 POLARIMETRIC MEASUREMENTS

The setup for the XP measurement is similar to the 3D-PLI measurement, but it does
not include the retarder (see Fig. £.4b). Due to the 90°-orientation of polarizer and
analyzer, a measurement without specimen would result in almost zero light intensity.
A calibration as described in Sec. [f.3]is therefore not possible. Instead, the series of raw
images obtained from the XP measurement is divided by the image of the light source
and by the polarization-independent filter inhomogeneities of polarizer and analyzer (see
Fig. 7b,d). As the filter inhomogeneities can only be determined for a circular region
around the rotation center of the filters, the images obtained in the XP measurement
need to be cropped to this region. The parallax effect induced by the analyzer is corrected
before the calibration.

For the XP measurement, the transmitted light intensity (cf. Fig. @e) and the cor-
responding Fourier coefficients read:

§§((p) = Py (P7 Dy7 Ty) M (80’ 0, D, 7') - Px (P» Dy, TX) : gunpol (4~21)

= Ix(p) =777y 1o {1 — Dy Dy + (1 —v/1—-D? cosé) sin? (2(p = ¢))
(4.22)
+ D (Dx — Dy) cos (2(p — go))}

= Ix(p) = aopx + azx cos(2p) + bex sin(2p) + agx cos(4p) + bax sin(4p), (4.23)

1
Tty Io (1 - 5D<Dy (14 V1= D2 cos 5)) : (4.24)

apx =

asx =777y Iy D (DX — Dy) cos(2¢), (4.25)
box = 775 7y Iy D (D — Dy) sin(2¢), (4.26)
aax = %rn 71 Dy Dy (1= /1= D2 coss) cos(dg), (4.27)
bix = —%TTX 7 Io Dy Dy (1 /1= D? cos 5) sin(4¢). (4.28)

For the XP measurement, one parameter map is computed (shown exemplary for a
sagittal rat brain section in Fig. [4.8p):

e Direction (¢x): The direction angle of the fibers is given by the minima of
the intensity signal (see Fig. , in red) and can be computed from the Fourier
coefficients of order four via:

atan2 ( — b4x, —a4x)
4
=¢ mod /2.

ox = e [0,7/2) (4.29)

4.4.3 Diattenuation Imaging (DI)

To measure the diattenuation D of the brain tissue, only the polarizer is rotated below
the stationary tissue sample (see Fig. [f.4c) [58]. For this setup, the transmitted light
intensity (cf. Fig. ) and the corresponding Fourier coefficients read:

S%(p) =M (‘pv 6> D~, T) : Px (p> DX7 Tx) : §u11p01 (4~30)
= Ip(p) =17 o (1 + D Dy cos (2(p — c,o))) (4.31)
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4.4 Three-Dimensional Polarized Light Imaging

agp + asp cos(2p) + bap sin(2p),

= Ip(p)
app = 7 Tx o,
agp = 7 7x I D Dx cos(2y),
bop = 7 7x Io D Dy sin(2¢p).

From the determined Fourier coefficients, two parameter maps are computed (shown
exemplary for a sagittal rat brain section in Fig. ):

o Direction (¢pp): The rotation angle for which the transmitted light intensity
In(p) becomes maximal (see Fig. 4], in red) is related to the direction angle of
the fibers and can be computed from the Fourier coefficients of order two via:

atan2 (bgD, CLQD)

= D= € [0,m). (4.36)

® D >0,
p+7/2,D <0.

As for the XP measurement, the determined direction angle does not depend on
Dy, Dy, v, or D3

o Measured Diattenuation (|Z]): The amplitude of the normalized intensity
profile (see Fig. [I.4f, in blue) is related to the diattenuation of the brain tissue and
can be computed by combining all three Fourier coefficients:

(/a2 + b2
Vv b (4.37)

Dx apD
=|D| > 0.

= [Dp|=

As the diattenuation of the polarizer (Dy) cannot be determined pixel-wise, |Dp)|
and Dy cannot be separated in a DI measurement. Therefore, the studies in Chap.[9]
investigate the amplitude of the diattenuation signal:

|9| = |Dp| Dy > 0. (4.38)

To avoid confusion in the following, the symbol D is referred to as tissue diatten-
uation and the symbol |2| as measured diattenuation.

Figure shows the parameter maps computed from the 3D-PLI measurement (trans-
mittance I p, direction angle pp, retardation rp), the XP measurement (direction angle
©x), and the DI measurement (measured diattenuation |2|, direction angle ¢p) for a
sagittal rat brain section (section no. 175). The diattenuation in brain tissue is much
smaller than the birefringence so that the measured diattenuation signal is much more
sensitive to noise than the measured retardation signal. The impact of noise on the
diattenuation signal and the impact of diattenuation on the 3D-PLI signal will be inves-
tigated in Chap. [9]in more detail.

8However, the direction angle ¢p obtained from the DI measurement is expected to be more error-prone
than the direction angle ¢x obtained from the XP measurement because asp and bep are much smaller
than asx and bsx leading to a smaller signal-to-noise ratio (the amplitude of the diattenuation signal
D is expected to be much smaller than the amplitude of the retardation signal sin?(5/2), cf. Fig. @‘
and f).
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4 POLARIMETRIC MEASUREMENTS

(a) 3D-PLI Tyansmittance Direction (3D-PLI)
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Fig. 4.8: Parameter maps of one sagittal rat brain section (section no. 175) obtained from
3D-PLI (a), XP (b), and DI (¢) measurements with the LAP, as described in Secs.

to (resolution in object space: 14pm/px). A similar figure has been published in
MENZEL et al. (2017) Fig. 14.



Two-PHOTON FLUORESCENCE
Microscory (TPFM)

HE imaging technique Two-Photon Fluorescence Microscopy (TPFM) uses non-
linear two-photon excitation to achieve deep tissue penetration and reduced photo-
damage, allowing to image the three-dimensional structure of biological specimens with
high in-depth resolution [I66]. In 2016, Irene Costantini and colleagues from the Eu-
ropean Laboratory for Non-Linear Spectroscopy (LENS) at the University of Florence,
Italy, developed a technique to measure the three-dimensional architecture of myelinated
axons with TPFM without using exogenous labeling. As the technique can be applied
to brain sections that have previously been measured with 3D-PLI, it can be used to
obtain detailed information about the underlying tissue structure and composition and
to validate the reconstructed fiber orientations in 3D-PLI measurements [56], [167].

This chapter introduces the TPFM technique used to measure the fiber architecture
of 3D-PLI brain sections: the preparation of the brain tissue (Sec. , the TPFM
measurement (Sec. , and the signal analysis and image processing (Sec. . Parts
of Sec. have been published in MENZEL et al. (2018a) [67].

5.1 Preparation of Brain Tissue

The brain sections were prepared for the 3D-PLI measurement as described in Sec. {1}
the formalin-fixated brain was deeply frozen, cut into sections of about 60 pm thickness,
embedded in a glycerin solution, and mounted on glass slides. After the 3D-PLI mea-
surement at Forschungszentrum Jiilich, the brain sections were sent to LENS, where
the cover slips were removed. The brain sections were then placed in a Petri dish filled
with phosphate-buffered saline (PBS) solution and gently washed for several months to
remove the glycerin. The time of washing depends on the species and on the size of the
brain section. After the washing, a new cover slip was placed on top of the brain section.
The washing of the glycerin-embedded brain sections is crucial for the TPFM mea-
surements because it increases the autofluorescence of the myelin sheaths. The increased
myelin autofluorescence is only observed for brain sections that have previously been
embedded in glycerin — not for non-embedded tissue. Finding an explanation for this
phenomenon is subject of ongoing research. Figure [5.1] shows on the left-hand side a
TPFM image of a mouse brain section without washing (i. e. still embedded in glycerin)
and on the right-hand side the same section after three weeks of washing with PBS. The
autofluorescence, i. e. the contrast of myelinated axons increases notably (see arrows).
To validate that the measured autofluorescence signal is caused by the myelin sheaths,
the same mouse brain section was measured with TPFM acquiring in the green channel
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Gl (‘91 in

(a)

(b) Glycerin & PBS

Fig. 5.1: TPFM image of nerve fiber bundles in a coronal mouse brain section: (a) em-
bedded in glycerin, (b) after three weeks of washing with PBS. The contrast of myelinated
axons increases notably (see arrows). (Source: COSTANTINI et al. (2017) [56])

the signal from the autofluorescence without exogenous labeling (Fig. [f.2h) and in the
red channel the signal from an exogenous dye specific for the myelin called fluoromyelin
(Fig. [5.2b).! The colocalization of the signal (in yellow) demonstrates that the aut-
ofluorescent regions (green) and the regions labeled by fluoromyelin (red) are identical
(Fig. ) Thus, the autofluorescence signal detected with TPFM is indeed produced
by the myelin sheaths of the axons.

(a) Autofluorescence (b) Fluoromyelin

Fig. 5.2: Myelinated nerve fiber bundles in a coronal mouse brain section measured with
TPFM: (a) autofluorescence signal without exogenous labeling, (b) fluoromyelin signal, (c)
merge of the two channels suggesting that the measured autofluorescence signal is produced
by the myelin sheaths surrounding the nerve fibers. (Courtesy of Irene Costantini [167])

(c) Merge

5.2 Microscopic Measurement

Imaging Principle In conventional fluorescence microscopy, a fluorescent molecule (flu-
orophore) is excited from the electronic ground state to an excited state by absorbing a
single photon (see Fig. ) This excitation process requires highly energetic photons,
i.e. light with short wavelengths (e. g. ultraviolet). In TPFM, the fluorophore is excited
by the simultaneous absorption of two less energetic photons (see Fig. ), i.e. light
with longer wavelengths (near infrared). To enable this two-photon excitation, a high
flux of photons is needed. As a result, the excitation only occurs in regions where the
light is most concentrated (i. e. near the focal plane). The longer excitation wavelength
also causes less tissue damage and less photobleaching so that in-vivo imaging with a
penetration depth of several millimeters becomes possible [I66]. However, due to the
scanning system, the technique is limited to small volumes of interest — imaging a whole
3D-PLI section is very time consuming.

!The measurements were performed by Irene Costantini (LENS, University of Florence, Ttaly).
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5.2 Microscopic Measurement

(a) One-Photon Excitation (b) Two-Photon Excitation
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Fig. 5.3: Jablonski diagram of one-photon excitation (a) and two-photon excitation (b)
(adapted from [166] Fig. 1)

Measurement Setup The TPFM measurements at LENS were performed with a custom-
made system [28]. The microscope is equipped with a mode-locked titanium-sapphire
(Ti:Sa) laser with a wavelength of 800 nm which is coupled into a scanning system based
on a pair of galvanometric mirrors (GM), see Fig. @ The laser is focused onto the
sample by a water-immersion 25 x objective lens (LD LCI Plan-Apochromat 25x/0.8
Imm Corr DIC M27). The lateral displacement of the sample is realized by a motor-
ized xy-stage (enabling tile-wise scanning of the sample). The axial displacement (along
the z-axis) is realized by a closed-loop piezoelectric stage. The fluorescence signals are
collected by two photomultiplier tubes (PMT), enabling to detect red fluorescence (e. g.
caused by hemoglobin in blood cells) as well as green fluorescence (e. g. caused by nerve
fibers) [56].

With this setup, a resolution of 0.244 x 0.244 x 1pm? is achieved. The sample is
measured in tiles of 250 x 250 pm?, with an overlap of 10 % to allow for stitching.

)

=

|

> | -~ TiS.
PMT <) i DM

DM

Fig. 5.4: Schematic drawing visualizing the TPFM measurement setup. The setup consists
of a titanium-sapphire (Ti:Sa) laser, a pair of galvanometric mirrors (GM), dichroic mirrors
(DM), photomultiplier tubes (PMT), a microscope objective, and a motorized specimen
stage. (Courtesy of Irene Costantini)
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5.3 Signal Analysis and Image Processing

To obtain a three-dimensional image of the sample, the measured tiles were stitched
with the software TeraStitcher, a tool for fast and automatic 3D-stitching of microscopy
images [I68]. For a 3D-PLI brain section with 60 pm thickness, this results in a series of
about 60 images. After stitching, the red fluorescence channel was subtracted from the
green fluorescence channel to separate the autofluorescence of the myelin sheaths from
the autofluorescence of the blood vessels in the red channel. The limited aperture of the
lens causes diffraction which leads to blurring of the resulting images. To sharpen the
contours and achieve a better resolution in the z-direction, the images were deconvolved,
taking into account the point spread function of the objective lens (2.6 pm in the z-
direction, 0.5pm in the x- and y-direction). The deconvolution was performed with
the Huygens software (Scientific Volume Imaging, the Netherlands, http://svi.nl)), a
processing package for fluorescence microscope images.

Figure shows the resulting images for a coronal mouse brain section (left hemi-
sphere). The image on the left shows the fiber orientation map measured with 3D-PLI.
Specific areas (1-4) of the same brain section were subsequently measured with TPFM
(3 x 3 tiles). Figures and B show a zoom into the resulting three-dimensional ar-
chitecture of the nerve fiber bundles. Applying a threshold and blurring to the TPFM
image stack, the fiber bundles can be separated from the surrounding tissue (Fig. [5.5C).
With 3D Structure Tensor Analysis [I69], a vector field can be computed which reflects
the orientations of the fiber bundles (cf. Figs. and E) and which enables a direct
comparison to the orientation vectors obtained from the 3D-PLI analysis.

(a) 3D-PLI (FOM) (b) TPEM

Fig. 5.5: Coronal section of the left hemisphere of a mouse brain measured with 3D-PLI
(a) and with TPFM (b): The image on the left shows the fiber orientation map (FOM)
measured with 3D-PLI (INM-1, FZJ, Germany). Specific areas (1-4) of the same brain
section were subsequently measured with TPFM (3 x 3 tiles). Figures A and B show a
zoom into the resulting image stack (Courtesy of Irene Costantini). Applying a threshold
and blurring, the fiber bundles can be separated from the surrounding tissue (Fig. C). The
extracted vector field (Figs. D and E) reflects the orientations of the fiber bundles (Courtesy
of Nicole Schubert).
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FINITE-DIFFERENCE TIME-DOMAIN
(FDTD) SIMULATION

INITE Difference Time-Domain (FDTD) algorithms are powerful tools for modeling

the propagation of electromagnetic waves in arbitrary-shaped structures and allow

the investigation of absorption and scattering of light. To model and better understand

experimental observations in 3D-PLI and DI measurements and to make hypotheses for

the experiment, the evolution of the electromagnetic field in brain tissue was solved by
a massively parallel 3D Mazwell Solver based on the FDTD method.

This chapter gives an introduction to the FDTD method. For a complete guidance on
FDTD techniques and applications, the reader is referred to TAFLOVE-HAGNESS [72].

As the name implies, the FDTD method computes the components of the electro-
magnetic field numerically by discretizing space and time and approximating Maxwell’s
curl equations by finite differences. The algorithm used in this study combines two
different algorithms: the classical Yee algorithm (introduced in Sec. and an uncon-
ditionally stable algorithm based on a product formula approach (introduced in Sec. .
The software (simulation input and output) is described in Sec.

The explanations follow TAFLOVE-HAGNESS [(2], DE RAEDT [I70], DE RAEDT et al.
[I71], DE RAEDT-MICHIELSEN [172], KOLE [I73], SHEN [I74], and WILTS [I75]. Passages
that refer to a certain textbook are labeled by separate bibliographic references. Parts
of Sec. have been published in MENZEL et al. (2016) [66] Sec. 4.1. Parts of Secs.
and [6.4) have been published in MENZEL et al. (2018a) [67].

6.1 Yee's Algorithm

The algorithm proposed by YEE in 1966 [L76] represents one of the first FDTD techniques
and is still very popular due to its accuracy, robustness, and flexibility ([72] p. 80). The
algorithm computes the electromagnetic field components on staggered grids of space
and time.

Discretization of Space The three-dimensional space is divided into a uniform cubic
lattice of points, the so-called Yee grid' [I76]. Each lattice point is assigned a compo-
nent of the electromagnetic field such that each component of the magnetic field His
surrounded by four components of the electric field E and vice versa (see Fig. ) A
sample is represented on the Yee grid by specifying the permittivity, permeability, and

1Depending on the purpose of the FDTD simulation and on the geometry of the simulated structure,
alternative finite-difference grids can be used (see [72] Chap. 3.7). The choice of the grid influences
the accuracy of the FDTD simulation.
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conductivity of the material for each point in the corresponding sub-lattice. The spatial
resolution is defined by the lattice spacing, i.e. the side length A of one unit cell in the
Yee grid ([72] Sec. 3.6.1). The spatial discretization must be sufficiently fine in order to
resolve the smallest geometric structure.?

Discretization of Time The propagation of the electromagnetic field in time is com-
puted iteratively using a leapfrog time-stepping scheme ([72] Sec. 3.6.1), see Fig. [.1b:
The components of the E-field at a given time ¢ are computed from the values of the
H-field at time (f — At/2) and from the values of the E-field at time (t — At), where
At is a globally defined time step [I70} [I75]. The components of the H-field at time
(t + At/2) are computed analogously from the values of the E-field at time ¢ and from
the values of the H-field at time (t — At/2). The iteration of the E-field and H-field
updates is repeated over and over again until the final time of the simulation is reached.

(a) (b)

(4, j+1, k+1) (i+1, j+1, k+1)

(i, j. k+ | in - -
e H H
; TE m | m+1 m+2
1& G_I; ‘ | mi1/2| mi3/2 Vt/At
If X
 H - - -

. Ey zy
(i, 3, b) E (i+1, §, k) x

Fig. 6.1: (a) Unit cell of the cubic Yee grid: Each component of the magnetic field His
surrounded by four components of the electric field E and vice versa. (After: YEE [I76]
Fig. 1) (b) Ilustration of the leapfrog time-stepping scheme. (After: WiLTs [I75] Fig. 1)
(The figures have been published in MENZEL et al. (2016) [66] Fig. 3b.)

Finite-Difference Approximation of Maxwell’s Curl Equations In linear, isotropic,
non-dispersive, lossy® materials, Maxwell’s curl equations (2.1)) and (2.2)) read (using the
material equations defined in Sec. [2.1.2)):

OE 1[5 = = 7

E = ; [V x H— (Jsource + USE)] ’ (61)
OH _ 1o = 7

5= [V % B+ (Vsource + o) (62)

The spatial and temporal derivatives of an arbitrary function uZ”J > evaluated at a
discrete point in space (i Az, j Ay, k Az) and at a discrete point in time (m At), can be

approximated by second-order central differences ([72] p. 62):

2The finite size of the Yee grid can generate artifacts like anisotropy, pseudo refraction, and imprecise
cancellation of multiple scattered waves [72].

3Originally, the Yee algorithm was set up for lossless materials with e = o = 0, but can be generalized
to lossy materials.
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6.2 Unconditionally Stable Algorithm

m m
m umy =™
6“¢,j,k itigk i1k

— 3
B = Az +0[(Az)’], (6.3)
Dupyy ulhiE =l
LR LR 255 3
5 = oy +0[(At)*]. (6.4)

The spatial derivatives with respect to y and z are analogous to Eq. . With these
approximations, the electric and magnetic field components can be interleaved in space
at intervals A/2 and in time at intervals A¢/2, thus allowing the implementation of a
leapfrog time-stepping algorithm. In Appx. [D.I] the finite-difference approximation is
shown exemplary for the x-component of the electric field.

Stability Criterion An algorithm is said to be numerically stable when a bounded input

also yields a bounded output. An unstable FDTD algorithm generates results which
increase ad infinitum as the time-stepping continues [I73].

The Yee algorithm is stable when the Courant stability bound is fulfilled ([72] p. 154):

At < 1 (Am,AyE,Az:A) A7

o\ + m cV3

where At is the time step used in the FDTD simulation, ¢ the velocity of light in free
space, and A the Yee mesh size. Thus, a finer spatial discretization also requires a
smaller time step in order to maintain numerical stability. The above inequality can be
written as:

(6.5)

cV3 At <1

c A ,

(6.6)

where C' denotes the normalized Courant factor ([72] p. 133).

As the numerical solution depends on the time step that is used for the integration of
Maxwell’s equations, the Yee algorithm is said to be conditionally stable, which might
limit its use for certain applications. For the simulations presented in Part m a combi-
nation of the Yee algorithm and an unconditionally stable algorithm based on a product
formula approach was used, which is described in the following.

6.2 Unconditionally Stable Algorithm (Product Formula
Approach)

In the last decades, several unconditionally stable FDTD techniques have been developed
(a state-of-the-art review is given by DE RAEDT [I70]). The technique presented here
uses a product formula approach to construct an unconditionally stable algorithm which
computes the electromagnetic field components only with a slightly higher computational
cost as compared to the conventional Yee algorithm.

The algorithm is a combination of several techniques: For the discretization of space,
the conventional Yee grid is used and the spatial derivatives in Maxwell’s equations are
expressed by central-difference approximations (see Sec. . Instead of also discretizing
time (as in the Yee algorithm) the formal solution of Maxwell’s equations in matrix form
is used to design an unconditionally stable algorithm based on the Lie-Trotter-Suzuki
product formula approach, which is explained in the following. The explanations follow
[I74] (Secs. 2.1, 2.2).
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Maxwell’s curl equations (6.1)) and can be written in matrix form:

8 Z] —Zm v X L Msource
t<\/ﬁg>_<lﬁu . f s ) (Wg) (\/fj 7 6.7)
\/E Ve X N P f /e /source
where E, H , J_‘source, and Mouree are functions of (7 t).

For linear, isotropic, non-dispersive, lossless materials (0, = oy, = 0) without electric
or magnetic current sources (Jsource = Msource = 0), this simplifies to:4

B
S = L (1), (6.8)

where ¥(t) and £ are represented by:

NI
w(t) = (\\;g) L (161 ﬂz ﬁ) . (6.9)

The formal solution to Eq. is given by:
w(t) = e“ W (0) = U(t) ¥(0), (6.10)

where U(t) = e** is the time evolution operator and ¥(0) the initial state of the electro-
magnetic field. The time evolution of the electromagnetic fields on the Yee grid can be
described by: @(t + At) = AL W () = U(AL) U(t), with time step At.

As the matrix £ is skew-symmetric (L = —L£), the matrix exponential is orthogonal
U®T =U(t)~"). Thus, the time evolution operator rotates the vector ¥(t) without
changing its norm:

WO[(0)) = (U@ P(0) |U(E) P(0)) = (2(0) | U UH) | #(0))
— (@ (0) | % (0)) (6.11)
& w0 = 12O (6.12)

Hence, the algorithm is unconditionally stable by construction. In physical terms, the
electromagnetic field energy, given by (¥ (t)|¥(t)), is conserved [I73].
The time evolution operator can be expressed by the series:
e N~ "
— — m
Uty =e“=">3%" L (6.13)
m=0

Usually, the matrix exponential cannot be calculated explicitly and an approximation has
to be made. The here presented algorithm uses the Lie- Trotter-Suzuki product formula

(Wedrd

UL+ +LN) _ tLi/m
e ngnoo <He ) . (6.14)

4For the more general case of lossy materials with electric and magnetic current sources, the reader is

referred to [I70].
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6.3 TDME3D Software

If the skew-symmetric matrix £ can be decomposed into a sum of skew-symmetric
matrices £; of which the matrix exponential can be easily computed, the product formula
approach can be used to construct an unconditionally stable algorithm.?

When the matrix £ is decomposed into two skew-symmetric matrices £ and L so
that £ = £ + Lo, a second-order approximation for the time evolution operator reads:°

U(t) = ell ny olL1/2 gl otL1/2 (6.15)

The error induced by this approximation is less than O(At?) for any time step At [I70].
More information on the decomposition of the matrix £ and on the properties of £
and Ly can be found in DE RAEDT [I70] Chap. 18.4.

6.3 TDME3D Software

The simulation studies presented in Part Were performed with the software TDME3D™
[1I78, [I79], a massively parallel three-dimensional FDTD Maxwell Solver developed by
Kristel Michielsen (Forschungszentrum Jilich GmbH, Germany) and Hans De Raedt
(University of Groningen, the Netherlands), Copyright EMBD (European Marketing
and Business Development BVBA).

The software solves Maxwell’s equations for arbitrary-shaped objects that are illu-
minated by arbitrary incident plane waves and that consist of linear, isotropic’, lossy
materials with known permeability, permittivity, and conductivity. For this purpose, a
combined algorithmic approach is used: For materials for which the light propagation is
described by Egs. and (in this study free space), Yee’s algorithm (Sec.
is employed to compute . To compute the interaction of the light with the polar-
ization of the material (in this study brain tissue), an unconditionally stable product
formula approach (Sec. is used. This results in a computationally efficient but con-
ditionally stable algorithm (independent of the material parameters) to study the light
propagation in brain tissue samples.

As solving Maxwell’s equations for large three-dimensional objects is very complex
and demanding on computing power (the Yee mesh needs to be sufficiently fine to re-
solve the geometric structure), the simulations were performed on JUQUEEN [2], a
supercomputer at the Forschungszentrum Jillich GmbH, Germany, which provides a
massively parallel computing architecture.

In the following, the input parameters and the output of the simulation tool are
described.

Simulation Input It is possible to define various input parameters. Here, only the
parameters that are relevant for the presented simulation studies are explained.

51f, for example, £ = £1 + L2 with £1 and L2 being skew-symmetric, the product formula approach

T -1
will be unconditionally stable: (e*41/™ ew?/m) = (ethr/m gtlz/m .
2 2
Bolf1/2 gtla otf1/2 (1 +iL+ 85+ ) (1 P+ L3+ ) (1 +iLi+ 55+ )
=14+1t(Ls +£2)+§(£%+L‘§+£1£2+L‘2£1)+--. ~; 't

"The optical properties of a material are defined by a (complex) refractive index that is independent of
the polarization of the incident light, i. e. it is not feasible to model molecular birefringence or diatten-
uation of nerve fibers. Nevertheless, the simulation software is a valuable tool to study birefringence
and diattenuation caused by the inner and outer fiber structure.
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62

o Light source: The sample is continuously illuminated by a plane wave with a

certain wavelength A and direction of propagation (¢, #). The light is coherent
and completely polarized (linear/circular polarization).

Sample: The geometry of the sample can be defined by various built-in functions
(e.g. grid of cylinders/helices). It is possible to simulate dielectrics or metals
(described by the Drude, Debye, or Lorentz model); the materials are specified by
a (complex) refractive index. Furthermore, the user can specify the size of the
simulation box (including absorbing boundaries) and the position of the detection
planes before and behind the sample at which the reflected and transmitted light
intensities are measured. The simulation volume should be chosen large enough to
avoid boundary effects.

Discretization of space and time: The spatial discretization of the simulation
volume is determined by the Yee mesh size A. The mesh size should be sufficiently
small to resolve all geometric structures and much smaller than the wavelength of
the light (A < A). For light in the visible spectrum (A = 390-700nm), the mesh
size should be A < 25nm. The temporal resolution of the simulation, the time
step At, is determined by the Courant factor (Eq. ) A smaller value of the
Courant factor increases the accuracy, but also leads to a longer computing time.
A reasonable choice is C' = 0.8. The duration of the simulation run is determined
by the number of periods. One period is defined as the wavelength divided by the
phase velocity of the electromagnetic wave. The number of periods that is needed
to reach a stationary solution depends on the z-dimension of the simulation volume
and on the characteristics of the sample.

Boundary conditions: In order to reduce computing time, the simulation volume
should be as small as possible, i. e. it should not be much larger than the structure
to be simulated. The finite size of the simulation volume requires a proper choice
of the boundary conditions in order to reduce artifacts. The simulation tool allows
the implementation of two different types of boundary conditions:

Periodic boundary conditions (PBC) imply that an object leaving the simulation
volume on one side re-enters the simulation volume on the other side. PBC can be
applied if the fiber configuration is periodic or translational invariant in the x/y-
direction (i.e. in the plane perpendicular to the incident light); the use of PBC in
the z-direction is not possible. In order to obtain an accurate solution, the periodic
structure should not be too small.

Uniazial perfectly matched layer absorbing boundary conditions (UPML) are used
in case PBC cannot be employed. The boundaries absorb light in order to suppress
numerical reflections of outgoing waves, which would otherwise contribute to the
transmittance or reflectance spectra. However, some of the light is always reflected
back into the simulation volume (the amount of reflected light depends on the
parameters of the UPML and on the angle under which the light impinges on the
boundaries). As the algorithm computes the electromagnetic field in the whole
simulation box, the scattering geometry should also be defined within the UPML
regions. The cut-off-region for plane waves at the borders of the simulation volume
is six times the reference wavelength.

For the simulation studies in Part [[V] UPML boundaries were used because they
enable to model more complex, non-symmetric structures.



6.4 Generation of Fiber Architectures

Simulation Output With the given input parameters, the Maxwell Solver simulates
the evolution of the electromagnetic field within the given sample and thus allows the
investigation of absorption and scattering of the electromagnetic wave. The reflected
and transmitted light waves (i.e. the electromagnetic field measured at the detection
planes in front of the sample and behind the sample) are given as a superposition of
plane monochromatlc waves Ek with different wave vectors k and amplitudes EO & (cf.
real part of Eq. (2 )7 defined by a set of real vectors {Ak, By, k}

Ey(7,t) = Eg, cos(k - 7 — wt + ¢) (6.16)
= Eoﬁk cos¢ cos(k -7 — wt) — Eﬂoﬂgc sing sin(k - 7 — wt). (6.17)
— Y
A By

Note that every index k denotes a different wave vector k and is not related to the wave
number k = 27/ (the wavelength of the transmitted light waves is the same as for the
ingoing light wave when the sample is surrounded by air).

6.4 Generation of Fiber Architectures

To study the polarimetric measurements of the brain sections with FDTD simulations,
the spatial nerve fiber architecture of the brain tissue needs to be modeled.

The software TDME3D provides several built-in functions to generate various artificial
fiber bundles, e.g. grids of helical tubes. The geometry of the grid is defined by grid
vectors, enabling to generate, for example, hexagonal grids of fibers with different inter-
fiber distances (cf. Sec. . The helix radius and the separation of the helix’s loops
can be defined by the user. To model more inhomogeneous fiber configurations, several
sub-grids with different grid and helix parameters can be defined.

The nerve fiber architecture, however, is much more complex. Fibers are diversely
distributed within bundles and typically do not follow simple geometric functions. Being
converted to an image series of gray values, any three-dimensional fiber architecture can
be used as input for TDME3D. To generate more realistic fiber bundles, Felix Matuschke
(INM-1, Forschungszentrum Jiilich, Germany) developed two algorithms that grow fibers
without overlap and which are described in the following.

6.4.1 Fiber Growing Algorithm (FGA)

The Fiber Growing Algorithm (FGA) generates densely packed fiber bundles with small
variations of fiber orientations. It consists of several steps:

1. A given number of circles (N fibers) with a user-defined distribution of radii ry,
are randomly uniformly distributed in the xy-plane. Every circle is initialized
with a random “speed” (maximum displacement of 0.1 pm per step) and a random
direction in the xy-plane (see Fig. [6.2h).

2. The circles move with the given “speed” in the given direction. When two circles
collide, the “speed” and direction of the circles change (assuming elastic collisions
with particle mass 72) until a solution is reached without overlapping circles in the

xy-plane (see Fig. @lb)

3. To ensure well-distributed fibers, the last step is repeated 250 times before the
circle positions are stored (see Fig. @c) To grow the fibers in the z-direction, the
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6 FINITE-DIFFERENCE TIME-DOMAIN SIMULATION

positions of the circle midpoints (zy,, yn) are stored for the next i time steps with
zi = 1Az (Az = 1um). The resulting list of coordinates (Zni, Yn,i, 2n,i) and the
fiber radii r,, characterize the architecture of the generated fiber bundle in 3D (see

Fig. 6-24).

Fig. 6.2: Illustration of the Fiber Growing Algorithm: (a) A number of circles (N =
700) with a user-defined distribution of radii (uniform distribution with r,, € [0.5,0.8] pm)
are randomly uniformly distributed in the xy-plane (in an area of 45 x 30 pm?). Every
circle is initialized with a random speed ¥,,; the circles collide assuming elastic collision (see
circles with dashed lines). (b) The circles move around until a solution is reached without
overlapping circles in the xy-plane. (c¢) The previous step is repeated 250 times until the
position of the circles is stored. (d) To generate a 3D fiber volume (30 x 30 x 30 um?®), the
position of the circles in the xy-plane (red square) is stored while incrementing the z-position
by 1pum per step.

The algorithm has several drawbacks: The cross-sections of the fibers in the xy-plane
are always circular and there exists no collision control in 3D (between the z-steps).
Therefore, the algorithm cannot be used to generate inhomogeneous fiber bundles with
various fiber orientations or crossings.
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6.4 Generation of Fiber Architectures

6.4.2 Volume Colliding Solver (VCS)

The

Volume Colliding Solver (VCS) is a more advanced algorithm that allows collision

control in 3D (similar to [I80, I81]). The algorithm takes an initial list of fiber midpoints

and

radii as input (e.g. randomly uniformly distributed fibers, generated by the Fiber

Growing Algorithm), varies the fiber midpoints randomly, and changes the fiber course
until no collisions are detected. The algorithm consists of several steps:

1.

From the initial list of fiber midpoints (i, Yn,i, 2n,;) and radii (r,,), a first set
of fibers (series of cylindrical fiber segments) is generated. The fiber segments are
divided iteratively until the length of each segment is between 2—-5 pm.

To each resulting fiber coordinate, a random displacement in z, y, z is added. The
maximum displacement = defines the degree of inhomogeneity of the resulting
fiber bundle and can be specified by the user.

. The resulting fiber segments are split or merged until the length of each segment

is again between 2-5 pm.

. To avoid sharp angles within fibers, the fiber coordinates are slightly changed such

that the angle between adjacent fiber elements is less than 20°.

. When the smallest distance between two fiber segments is smaller than the sum of

their radii (detected collision, see Fig. @in red), every fiber coordinate is exposed
to a small repelling force directed away from the other segment to avoid collision.
A drag force between the segments ensures that the segments do not move too far
apart from each other. The maximum fiber displacement per step is 0.1 pm.

. The last three steps are repeated until no more collisions (i. e. overlapping fiber

segments) are detected (cf. Fig. [.3k).

(a) 0 steps (41712 coll.) ||(b) 100 steps (11972 coll.)|| (c) 1250 steps (47 coll.)

Fig. 6.3: Illustration of the Volume Colliding Solver for two perpendicularly crossing, in-
terwoven fiber bundles (700 straight fibers generated by the FGA as in Fig. @7 oriented
alternately in the x- and y-direction): The fibers were divided into segments of 2-5pum. The
resulting fiber coordinates were assigned a random displacement (max. = = 1 pm), ensuring
that the maximum angle between adjacent segments was less than 20°. When a collision
(overlap) between two segments was detected (in red), the segments were moved further
apart and the previous step was repeated until no more collisions were detected. The figure
shows the resulting fiber configuration and the number of detected collisions after 0, 100,
and 1250 steps.
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CHARACTERIZATION OF THE
OprTIiCcAL SYSTEMS

EFORE studying the transmittance and diattenuation of brain tissue (see Chaps.
B and @7 the optical systems used for the polarimetric measurements were charac-
terized: the Polarizing Microscope (PM) and the Large-Area Polarimeter (LAP) (cf.
Sec. {.2).

First, the general properties of the respective light sources and imaging systems were
investigated for both optical systems (Sec. [7.1]). Then, the properties of the polarizing
filters in the LAP were studied (Sec. [7.2).

7.1 General Properties of the Optical Systems

The general properties of the polarimeters (setup, wavelength, pixel size) have already
been described in Sec. 22} In this section, the properties of the employed light sources
and imaging systems (objective lens, detector, optical resolution) are characterized in
more detail. For reasons of clarity, only properties needed to analyze and model the ex-
perimental observations are described. Further information about the optical systems of
PM and LAP (manufacturer information and exact specification of the optical elements)
can be found in Appx. B}

7.1.1 Light Source

As described in Sec. 22} the sample is illuminated by green light generated by a light
emitting diode (LED) which emits diffuse and mostly incoherent light (cf. Sec. .
In the following, the wavelength spectra of the light sources and the illumination angles
are specified for the PM and the LAP.

Wavelength spectrum The wavelength spectra of the light sources (see Fig. were
measured with a spectrometer (CAS140CT) from Instrument systems.! The measure-
ments were performed for a duration of 30 minutes and wavelengths between 299 nm
and 1100 nm in steps of 1 second and 0.8 nm [53].

e« PM: The green light is generated by a single white LED combined with a bandpass
filter. The wavelength spectrum has a peak wavelength at A ~ 550 nm and a full
width at half maximum (FWHM) of about 9nm (see Fig. [(.1lh). Assuming a

!The measurements were performed by Christoph Zahren (Institute of Energy and Climate Research,
Forschungszentrum Jiilich, Germany) and evaluated by Julia Reckfort (Institute of Neuroscience and
Medicine, Forschungszentrum Jiilich, Germany) [53].
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7 CHARACTERIZATION OF THE OPTICAL SYSTEMS

Gaussian frequency spectrum and using Eq. (2.15) with AXA = 9nm, the coherence
length is: L. ~ 22.33 pm.

. LAAP: The light is generated by a panel of green LEDs. The wavelength spectrum
(A &~ 529nm, FWHM = 34nm, see Fig. ) is much broader than for the PM,
resulting in a smaller coherence length: L, & 5.47 pm (computed from Eq. (2.15))

with A\ = 34 nm).

(a) PM (b) LAP

= 0.010 < , 0.5 -

=] 1 A= 550 nm 4 A% 529 nm

o 0.0081 0.4 j

= 0.006] 31

z | rwHMeo 037 PWHM 34 jfm

£ 0.004- 7 nm 0.21

z |

2 0.0021 0.1

= 0.000 SHMENNSE— - Y1 AN EN———
2 450 475 500 525 550 575 600 450 475 500 525 550 575 600

wavelength [nm)] wavelength [nm)|

Fig. 7.1: The green curves show the wavelength spectra of the light sources (a) in the PM
and (b) in the LAP (Adapted from RECKFORT [53]). The blue dotted curves show the
wavelength spectra resulting from a Gaussian fit to the corresponding frequency spectrum,
using [74] Eq. (6) with Ao = X and A\ = FWHM.

lllumination angles To ensure a homogeneous illumination, the sample is illuminated
under different angles. The maximum angle of incidence 6y,,x can be determined from
the schematic figures shown in Fig. [7.2

o PM: A Kohler illumination is used to generate a homogeneous illumination of
the sample by defocussing the image of the LED light source in the object (and
image) plane [55] (see Fig. [7.2h). The diameter of the light beam directly behind
the Kohler illumination (and the polarizer) is about 6 mm. The distance to the
sample is about 6 cm. Thus, the center of the sample is illuminated under angles
smaller than: @max = arctan(3mm/6 cm) ~ 2.86°.

e LAP: A diffuser plate is placed behind the LED panel (see Fig. [7.2b) to generate
a more uniform illumination. Figure [7:2p illustrates the positions of the optical
elements in the LAP. The distance between sample and light source (LED panel
with diffuser plate) is about: (5 + 54 7+ 16) cm = 33 cm. The width of the LED
panel is about 31 cm. Thus, the center of the sample is illuminated under angles
smaller than: 6,,, = arctan (15.5 cm/33 cm) ~ 25.16°. The refraction of light at
plane surfaces (e. g. polarizing filters) has been neglected in these calculations.

7.1.2 Objective Lens

Objective lenses focus the light rays to produce a real image and can be characterized by
magnification and numerical aperture (Eq. (2.18)). They determine the optical resolution
of the imaging system.

e PM: The microscope objective (Nikon TL Plan Fluor EPI P 5z) has a 5x mag-
nification and a numerical aperture NA ~ 0.15.
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Fig. 7.2: Schematic figures (not to scale) illustrating the homogeneous illumination of the
sample: (a) In the PM, a Kohler illumination is used to generate a homogeneous illumination
of the sample. For reasons of simplification, the rotating bandpass filter and the polarizer
in front of the sample (cf. Fig. are not included in the figure. (b) In the LAP, a
diffuser plate is placed behind the LED panel to generate a homogeneous illumination of
the sample. The homogeneous illumination in the PM and the LAP implies that the sample
is illuminated under different angles. The maximum angle of incidence (with respect to
the center of the sample) is denoted by Opax, respectively. The refraction of light on plane
surfaces (e.g. polarizing filters) has been neglected in the figures.

free working distance: 657.8 mip

_flange focal distance: 98.5 mm
| (971.7 mm) [500.0 mm| |

(48.7 mm) [17.5 mm]|

field of view: 58.3 mm
(166.6 mm) [180
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Fig. 7.3: Camera objective of the LAP (schematic system drawing, not to scale). The num-
bers have been computed with MachVis 5.0.6 (lens calculator for Qioptiq Machine Vision
lenses) by specifying the field of view and selecting a 2/3 inch sensor, a C-mount adapter,
and modular focus. The numbers without brackets refer to the camera objective with higher
resolution (Apo-Rodagon-N90), the numbers in brackets refer to the camera objectives with
lower resolution (round brackets: Apo-Rodagon-N50; square brackets: Lametar 2.8/25).
The flange focal distance refers to the distance from the mounting flange of the camera to
the sensor plane.
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7 CHARACTERIZATION OF THE OPTICAL SYSTEMS

e LAP: Three different camera objectives are used which enable different fields of
view and different resolutions. For smaller samples (rat brains), the camera ob-
jective with the smallest field of view is used: Apo-Rodagon-N90 (focal length:
f=90.1mm). For larger samples (vervet or human brains), the camera objectives
with larger fields of view are used: Apo-Rodagon-N50 (f = 50.2mm) and Lametar
2.8/25 (f = 25.0mm). The focal ratios of the objectives, i.e. the ratio of the focal
length f to the diameter W of the entrance pupil, were chosen to be the same for
all objectives:

F=_—=28.

= (7.1)

The effective numerical aperture of the camera objectives can be computed from
the diameter of the entrance pupil W = f/8 and the sample-to-lens distance AL

(cf. Fig. [7.2p):

i — w2 . f
NA =n sind =sin <arctan(AL)) = sin (arctan(lGAL>>, (7.2)

using n = 1 (refractive index of vacuum). The sample-to-lens distance is the dif-
ference between the total working distance and the lens-to-camera distance (cf.
Fig. [7.3]). The total working distance and the lens-to-camera distance were com-
puted from the respective fields of view using MachVis 5.0.6, a lens calculator for
Qioptiqg Machine Vision lenses (selecting a 2/3 inch sensor, a C-mount adapter,
and modular focus), see Fig. [7.3] The resulting sample-to-lens distances (AL)
were used to compute the numerical aperture (NA) of the camera objectives from
Eq. . The results are summarized in Tab.

H Apo-Rodagon-N90 ‘ Apo-Rodagon-N50 ‘ Lametar 2.8/25

focal length (f) 90.1 mm 50.2 mm 25.0 mm
field of view 58.3 mm 166.6 mm 180.0 mm
total working dist. 787.5 mm 564.5 mm 1051.1 mm
lens-to-camera dist. 112.2 mm 40.5 mm 62.0 mm
sample-to-lens dist. (AL) 675.3 mm 524.0 mm 989.1 mm
numerical aperture (NA) 0.0083 0.0032 0.0030

pixel size (2776 x 2080 px) 21 pm 60 pm 64 pm

Tab. 7.1: Properties of the camera objectives used for the LAP measurements (cf. Fig. 7.3

7.1.3 Detector

The transmitted light intensities in the PM and LAP are recorded by a camera. The
pixel size of the employed image sensor determines — together with the given field of
view — the pixel size in object space that can be achieved by the imaging system.

e PM: The transmitted light intensity is detected by a monochrome RETIGA-4000R
camera by QImaging which contains a Kodak KAI-04022-ABA image sensor (see
Fig. @a) The sensor consists of an interline transfer progressive scan CCD with
2048 x 2048 active pixels (see Fig.[7.4h). The active image size is 15.15 x 15.15 mm?.
The light is collected by an array of spherical microlenses which focus the light onto
subjacent photodiodes (see Fig. ) The effective pixel size in object space is
about 1.33 nm.
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Fig. 7.4: CCD image sensor of the PM (Kodak KAI-04022-ABA): (a) device architecture
(2048 x 2048 active pixels), (b) pixel architecture (square pixels with spherical microlens).
The figures were drawn according to the data sheet from August 2015, Rev. 2, provided by
Semiconductor Components Industries, LLC.!

e LAP: The transmitted light intensity is recorded by a different CCD camera (Az-
ioCam HRc by Carl Zeiss AG). The size of the sensor is 8.9 x 6.7mm? with a
pixel size of 6.45 pm. The pixel architecture is not specified by the manufacturer.
By moving the sensor along the vertical and horizontal axes (microscanning), the
CCD basic resolution (1388 x 1040 pixels) can be increased up to 4164 x 3120 pix-
els. For standard 3D-PLI measurements, 2776 x 2080 pixels are used. Depending
on the type and adjustment of the camera objective, this yields an effective pixel
size in object space of about 21 pm, 60 pm, or 64 pm (cf. Tab. .

7.1.4 Optical Resolution

To characterize the optical resolution of the imaging systems, a USAF-1951 resolution
target (military standard MIL-STD-150A) was measured? with the PM and the LAP,
and the image contrast was determined for different spatial frequencies, i. e. different line
widths (cf. Fig. [7-5).

USAF Resolution Target The target measured with the PM is a negative, high-
resolution USAF-1951 target (R5000091235-13345) manufactured by Edmund Optics
GmbH. The target measured with the LAP is a negative, low-resolution USAF-1951
target (R3L3S1N) manufactured by Thorlabs GmbH.

The USAF targets consist of a 1.5mm thick soda-lime glass plate covered by a
chromium layer of about 100 nm thickness which contains groups of equidistant lines.
Each element within one group contains three horizontal and three vertical lines with a
particular width [ and spacing [ (see Fig. [7.5a). The line width is related to the group
number (@) and the element number (E) via:

I [mm] = 2~ (GH1+55%), (7.3)

The resulting line widths for group numbers 3 and 4 (low-resolution target) and group
numbers 7 and 8 (high-resolution target) are listed in Tab.

!uw. onsemi . com/pub/Collateral/KAI-04022-D.PDF| (Status: 01.03.2018)
2The measurements were performed by Julia Reckfort and David GréBel (INM-1, Forschungszentrum
Jillich, Germany).
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Group
Element 3 ] 4 J...[ 718
1 62.50 | 31.25 3.91 | 1.95
2 55.68 | 27.84 3.48 | 1.74
3 49.61 | 24.80 3.10 | 1.55
4 44.19 | 22.10 2.76 | 1.38
5 39.37 | 19.69 2.46 | 1.23
6 35.08 | 17.54 2.19 | 1.10

Tab. 7.2: Width ! (in pm) of one line in the USAF resolution target for different group
numbers and elements. The line widths that were evaluated for the LAP (group numbers 3
and 4) and for the PM (group numbers 7 and 8) are highlighted in boldface. Line widths
for which the three lines within one element cannot be distinguished are marked in red.

Measurement and Evaluation To compute the image contrast for different line widths,
a 3D-PLI measurement (see Sec. was performed on the USAF targets. From the
transmittance images (cf. Figs. 7b)7 the horizontal and vertical line profiles were
evaluated for different line widths. For each group of three lines, a centered region was
selected (see yellow rectangles in Fig. ) and the intensity values were averaged along
the axis perpendicular to the lines. The image contrast was computed from the average
of the local minima (Ip,;,) and the average of the local maxima (Iax) of the resulting
line profile (see Fig. [7.5k) via:

~

C = max Imin (7 4)
Imax + Imin . .

(a) (b)

4
=S

3=

== 3000

max|

T uin
1234567891011
distance [px]

min

s=1

R
1234567891011
distance [px]

Fig. 7.5: USAF resolution target measured with the PM: (a,b) transmittance image, (c)
horizontal and vertical line profiles evaluated for a line width I = 1.95 pm (group 8, element
1). The contrast C of the lines was computed by averaging the local minima (i) and the
local maxima (Iymax) of the intensity profile, and using Eq. .

Different positions of the USAF target on the specimen stage yield different line profiles
because the camera position — and thus the position of the sensor pixels — changes with
respect to the specimen stage. To determine the image contrast independently of the
target position, the USAF chart was placed at 25 different positions on the specimen
stage and the horizontal and vertical line profiles were evaluated for each of the 25
measurements. For the measurement with the LAP, the USAF resolution target was
displaced by hand along the x- and y-axes of the specimen stage, using a ruler to align
the borders of the target with the x- and y-axes. For the measurement with the PM,
the USAF target was fixed and scanned in 5 x 5 tiles.
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7.1 General Properties of the Optical Systems

As the FDTD simulations described in Part [[V] were only performed for the smallest
possible pixel size of the LAP (px = 21 pm), the LAP measurements were only performed
for the objective lens with the highest possible resolution (Apo-Rodagon-N90).

For all measurements, it was ensured that the evaluated line profiles show three distinct
peaks. For smaller line widths, some line profiles do not show a middle peak due to the
small number of pixels per line. Line widths for which the three lines within one element
could not be distinguished in all 25 measurements are marked in red in Tab. [7.2}

Beyond this resolution limit, four subsequent line widths were chosen for further eval-
uation (and later comparison with FDTD simulations, see Sec. . The line widths
that were evaluated for the PM (group numbers 7 and 8) and for the LAP (group num-
bers 3 and 4) are highlighted in boldface in Tab.

Results The contrast values of all evaluated line profiles (25 horizontal and 25 vertical
profiles for 4 different line widths for PM and LAP) are displayed as histograms in
Appx. B2} The line profiles belonging to the median contrast values are shown in
Fig. [(-6h. Figure [7.0bp summarizes the median, minimum and maximum contrast values
for all evaluated line widths. Note that the median (and not the average) values are
shown to reduce the impact of possible outliers. Although horizontal and vertical line
profiles yield different contrast values for some line widths (see Fig. , they were both
taken into account when computing the median contrast values to enable a comparison
with the FDTD simulations in Sec. (When modeling the optical resolution of the
imaging systems, the lateral resolution was assumed to be the same in the horizontal
and vertical direction.)

(a) (b)

U] | € 1%] | Coun [9] | Conae (%] |
1.74 10.5 9.1 15.9
1.95 26.1 224 33.2
2.19 47.6 42.9 54.3

| —1.74 1.95 2.19—2.46 pm 2.46 68.7 61.6 71.5
24.80 16.1 12.7 18.9
27.84 27.8 20.7 31.9
31.25 39.5 33.3 43.8
35.08 48.8 46.0 54.9

[ —24.80—27.84—31.25—35.08 pm

Fig. 7.6: Horizontal and vertical line profiles evaluated from 25 measurements of a USAF
resolution target with the PM and the LAP (with Apo-Rodagon-N90 objective) for different
line widths I: (a) Line profiles belonging to the median contrast values C. (b) Median, min-
imum and maximum contrast values of all evaluated line profiles (horizontal and vertical).

As expected, the contrast values decrease with decreasing line width. According to
the Rayleigh criterion (see Sec. , the optical resolution limit is reached when the
contrast between two lines becomes less than 15.3% (cf. Fig. .3 This criterion is
fulfilled when the distance 2! between two lines becomes less than Ad, ~ 0.82 A\/NA or

Adic ~ 0.61 A/NA (see Eq. (2.17)).

3This model only considers the diffraction due to the circular aperture of the objective lens and does
not take the diffraction of the grating and the finite line width into account as in Appx. @
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7 CHARACTERIZATION OF THE OPTICAL SYSTEMS

Due to the limited number of detector pixels, the contrast values of the measured
line profiles are much less than the contrast values of analytically computed diffraction
patterns. Instead of defining the resolution limit in terms of contrast, it is therefore
assumed that the optical resolution limit is reached for line widths that show less than
three peaks (see Tab. in red). For the PM, this limit is reached for I = 1.55 pm,
which corresponds approximately to the optical resolution limit for coherent illumination
(I = Adc/2 ~ 0.41 - 550nm/0.15 ~ 1.5pm). For the LAP, this limit is reached for [ =
19.69 pm, which corresponds approximately to the optical resolution limit for incoherent
illumination (I = Ad;./2 =~ 0.305 - 529 nm/0.0083 ~ 19.4 pm). This is expected because
the coherence length of the PM is much larger than the dimensions of the lines (L. ~
22.33 um > 51), while the coherence length of the LAP is much smaller (L. ~ 5.47 pm <

1), cf. Sec.

7.1.5 Overview

Table [7.3] summarizes the general properties of the PM and the LAP that have been
determined in the previous sections. For the LAP, the properties are only listed for the
objective lens with the highest possible resolution (Apo-Rodagon-N90), which has been
used for the FDTD simulations in Part [Vl

| PM \ LAP \

wavelength spectrum ) ~ 550 nm ) ~ 529nm
FWHM ~ 9nm | FWHM ~ 34nm
Lo ~2233pm | Lo = 5.47pm

max. angle of incidence || Opax =~ 2.86° Omax ~ 25.16°

numerical aperture NA =~ 0.15 NA = 0.0083

detector px ~ 1.33 pm px ~ 21 pm
(microlenses)

optical resolution limit [ =1.55pm 1 =19.69 pm

Tab. 7.3: General properties of the PM and the LAP (with Apo-Rodagon-N90 objective):
wavelength spectrum of the employed light source (peak wavelength 5\7 full width at half
maximum (FWHM), coherence length L), maximum angle of incidence 0p,ax relative to the
surface normal of the specimen stage, numerical aperture (NA) of the objective lens, pixel
size in object space (px), and maximum width of lines [ that can no longer be distinguished
by the imaging system

7.2 Filter Properties of the Large-Area Polarimeter

In the following, the properties of the polarizing filters in the LAP are described in more
detail (polarization-independent inhomogeneities in Sec. polarization properties in
Sec. . More general filter properties and manufacturer information for the LAP
can be found in Appx. B:1.2

As the optical components of the PM cannot be measured individually, the character-
ization of the filter properties is only possible for the LAP. In any case, the filters in the
PM are much smaller than in the LAP and therefore expected to be of better quality.

The subsequent sections have previously been published in MENZEL et al. (2017) [3]
Appx. A.
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7.2 Filter Properties of the Large-Area Polarimeter

7.2.1 Polarization-Independent Inhomogeneities

One source for polarization-independent inhomogeneities in the LAP is a non-uniform
illumination of the light source. Filter inhomogeneities introduced in the fabrication
process can also cause inhomogeneities due to a non-uniform absorption of the light. In
addition, the sensitivity of the CCD camera chip might not be exactly the same for all
detector pixels.

The polarization-independent inhomogeneities of the LAP were investigated in sep-
arate measurements® of the light source and the filters (polarizer, retarder, analyzer),
see Appx. The resulting images (averaged transmitted light intensities) and the
corresponding histograms are shown in Fig. [T, Dust particles have been excluded from
the analysis.

(a) Light source
‘ T

13287 15577 0.4190 0.4240  0.9790 0.9864  0.4168 0.4205

Fig. 7.7: Images and histograms of light source, polarizer, retarder, and analyzer. Note that
the contrasts between images differ (the maximum measurable intensity values are depicted
in white, the minimum values in black, respectively). The figure has been published in
MENZEL et al. (2017) [3] Fig. 12.

The light source (Fig. [7.7h) shows regions with varying light intensity. The maxi-
mum measurable image contrast (Eq. ) is about 8 %. The polarizer and analyzer
(Fig. 7d) show patterns of large horizontal and vertical stripes, which are most likely
caused by the stretching of the polymer foils during the fabrication process. The maxi-
mum measurable image contrast is about 0.59 % for the polarizer and about 0.44 % for
the analyzer. The average transmittances of polarizer and analyzer (7 = (Imax + Imin)/2)
are about 42 % (7 &~ 0.422, 7y ~ 0.419). The quarter-wave retarder (Fig. [7.7c) shows
several scratches, but is still quite homogeneous. The maximum measurable image con-
trast is about 0.38 % and the average transmittance about 98 % (75 = 0.983).

The measurements have shown that the inhomogeneous illumination of the light source
(8% image contrast) is much more dominant than the polarization-independent inho-
mogeneities of the filters (0.4-0.6 % image contrast). In 3D-PLI and DI measurements,
this can be compensated by performing an image calibration as described in Sec.
However, the image calibration can only correct for multiplicative errors in the measured
light intensity (i. e. inhomogeneous illumination, absorption, detection sensitivity, etc.).
Differences between presumed and actual polarization states (e. g. induced by a partially
polarized light source, non-ideal polarization filters, or a polarization-sensitive camera
as described in Sec. are not taken into account.

4The measurements were performed by Julia Reckfort and Hasan Kése (INM-1, Forschungszentrum
Jiilich, Germany).
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7 CHARACTERIZATION OF THE OPTICAL SYSTEMS

7.2.2 Polarization Properties

Apart from polarization-independent inhomogeneities, the polarization properties of the
optical components in the LAP are expected to be non-ideal: The light emitted by the
LED light source might not be completely unpolarized and the sensitivity of the camera
might depend on the polarization of the incoming light. Furthermore, the degree of
polarization of polarizer and analyzer (Dx and Dy) is expected to be less then 100 %.
Previous studies have also shown that the working wavelength of the employed quarter-
wave retarder is not optimally adapted to the illumination wavelength of the LED light
source which induces a phase retardation v that is not exactly equal to 7/2 [I52].

To estimate the partial polarization of the light source, the polarization sensitivity
of the camera, and the non-ideal polarization properties of the filters, the polarization
properties of the optical elements were fitted to the intensity curves obtained in various
filter measurements (see Appx. . As the polarization effects are non-multiplicative
and influence each other, the polarization properties could only be determined as an
average over the field of view.

The study was executed in two steps: First, the polarization properties were mea-
sured® with different filter setups. Second, the polarization parameters were estimated
by fitting numerically computed light intensity profiles (obtained from modeling light
source, camera, and filters as generalized Stokes vectors and Miiller matrices) to the
measured light intensity profiles by minimizing the sum of squared differences.

The Stokes parameters (Eq. ) of light source {pr,, ¥, xL.} and camera {pc, e, Xc }
were fitted for Dy, Dy = {0.9, 0.905, 0.91, ..., 1} andy = {0.47,0.4057,0.41 7,...,0.6 7}.
The parameter ranges were chosen such that the whole range of possible values is en-
closed. The parameters Dy, Dy, and 7 were not used as fit parameters to reduce com-
puting time and to ensure a proper convergence of the algorithm.

The sum of squared differences (Eq. (B:2))) was found to be minimized for (see Tab.
in Appx. [B.3.2):

D, =098, Dy, =097, ~v=0497. (7.5)

Thus, the employed linear polarizers have a similar degree of polarization which is slightly
less than 100 %. The retardance of the quarter-wave retarder is slightly less than /2
(probably due to the wavelength discrepancy between light source and retarder [152]).
Inserting the best fit parameters for {pr,, ¥r, x1.} and {pec, Y., X} (see Tab. into
Eq. yields the following Stokes vectors for light source and camera (with I = 1):

1 1

= —5x 1073 = 8 x 1073

S It b <7l —1x107? (7.6)
—5x 1077 —5x 1074

Hence, about 0.5 % of the ingoing light is vertically linearly polarized (arctan(Sy,2/S,1)/2
~ 860); the bigger part of the light is unpolarized. The camera has a small preference for
horizontally linearly and left-handed circularly polarized light (0.8 % linear polarization
oriented at 6° and 0.05 % left-handed circular polarization).

®The measurements were performed by Julia Reckfort and Hasan Kose (INM-1, Forschungszentrum
Jiilich, Germany).
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TRANSMITTANCE OF INCLINED
NERVE FIBERS

HE polarization-independent transmitted light intensity obtained in a 3D-PLI mea-
T surement (transmittance) shows how much the light is attenuated when propagat-
ing through the brain tissue. Especially for the PM, which has no tiltable specimen
stage, the transmittance image is used to correct the measured birefringence signals for
local variations in the fiber density (transmittance weighting, see Sec. .

3D-PLI measurements and anatomical studies suggest that the transmittance of brain
sections depends not only on the tissue composition and fiber density, but also on the
polarization of light (diattenuation, see Chap. E[) and on the out-of-plane inclination
angle of the enclosed nerve fibers: regions with fibers oriented perpendicularly to the
section plane show lower transmittance values than regions with horizontally oriented
fibers, i.e. fibers lying within the section plane. The fiber inclination dependence of
the transmittance influences the transmittance weighting, but also provides additional
information about the fiber inclination and can help to improve the fiber reconstruction
with 3D-PLI. Therefore, this effect is worth to be studied in more detail.

This chapter presents different experimental studies that investigate the inclination
dependence of the transmittance: First, the transmittance was evaluated for flat and
steep fiber configurations in brains cut along different anatomical planes (Sec. . To
study the transmittance across several consecutive brain sections, the transmittance im-
ages were registered onto each other (Sec. . Finally, to quantitatively study the
transmittance for different fiber inclinations, the inclination of fiber bundles was deter-
mined from TPFM measurements and compared to the transmittance values measured
with 3D-PLI (Sec. B-3). Parts of Secs. to have been published in MENZEL et al.
(2018a) [67].

The studies were performed on healthy brains obtained from different species: rat
(Wistar, male, three months old), vervet monkey (African green monkey: Chlorocebus
aethiops sabaeus, male, between one and two years old), and mouse (C57BL/6, male, six
months old). All brains were obtained in accordance with legal and ethical requirements
and prepared as described in Sec. f.I] A 3D-PLI measurement with the PM was per-
formed® on the histological brain sections (of about 60 1m thickness) and the normalized
transmittance images (I N) were computed as described in Secs. and

8.1 Transmittance of Flat and Steep Fiber Configurations

One possibility to study the transmittance of flat and steep fiber configurations is to
compare brains that were cut along different anatomical planes (coronal, sagittal, and

horizontal plane, cf. Fig. )

'The 3D-PLI measurements were performed by David Gréfiel and Isabelle Mafoppa Fomat and pro-
cessed by Philipp Schlémer (INM-1, Forschungszentrum Jiilich, Germany).
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8 TRANSMITTANCE OF INCLINED NERVE FIBERS

(a)

at Brain

(b)

1mm
W

White matter structures:

ac — anterior commissure

aci — anterior commissure
intrabulbar part

cc — corpus callosum

cg — cingulum

cu — cuneate fasciculus

df — dorsal fornix

f -~ fornix

fi — fimbria

lo - lateral olfactory
tract

opt — optic tract
sm — stria medularis

Gray matter structures:

Cd - caudate nucleus
Hi - hippocampus
Th - thalamus

Cb - cerebellum

CPu - caudate putamen

Fig. 8.1: Coronal and sagittal sections through a rat brain (a) and a vervet monkey brain
(b): The upper two rows show the normalized transmittance images (It ), the third row
shows the retardation images (rp) obtained from 3D-PLI measurements with the PM. The
images in the second and third row show an enlarged view of the region surrounded by a
rectangle. The selected regions in yellow (green) belong to regions with steep (flat) fibers,
which appear dark (bright) in the transmittance and retardation images. White and gray
matter structures are labeled for reference. The figure has been published in MENZEL et al.

(2018a) [67] Fig. 1.
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8.1 Transmittance of Flat and Steep Fiber Configurations

Figure [8.1] shows a rat brain (a) and a vervet monkey brain (b) cut along the coronal
and the sagittal plane. The coronal (sagittal) section planes are indicated by blue (red)
lines in the respective other brain section for reference. Selected white and gray matter
structures are labeled according to rat [I82HI84] and vervet A7, 185 [I86] brain atlases.

The transmittance images (I n) were evaluated in white matter regions that have a
relatively homogeneous tissue composition and predominantly contain flat fibers (fiber
inclination o < 45°, see areas surrounded in green) or steep fibers (fiber inclination
a > 45°, see areas surrounded in yellow). The approximate orientation of the fibers is
known from the anatomy of the rat and the vervet brain as described in the atlases,
and is confirmed by the retardation images (|sind|) shown below the transmittance
images: regions with flat fibers (green) show larger retardation values than regions with
steep fibers (yellow). In ambiguous cases like the cingulum (cg), the underlying fiber
architecture was determined from additional TPFM measurements of the brain section.
As the sagittal plane is oriented perpendicularly to the coronal plane, the transmittance
of a certain brain region can be evaluated for flat fibers in one section plane and for
steep fibers in the other section plane.

Table shows the averaged? transmittance values and the standard deviation for
the evaluated green and yellow regions in Fig. BI] Regions belonging to the same fiber
structure were evaluated together (e.g. df = dfl U df2). For better comparison, the
values belonging to regions with flat (steep) fibers are surrounded by green (yellow)
frames.

Rat Vervet
Structure Coronal ‘ Sagittal Coronal ‘ Sagittal
ac - - - 0.11 +0.04
cc 0.33+£0.16 0.09 £0.04 0.24 £0.09 0.11£0.05
cg 0.15 £ 0.06 0.18 £ 0.09 0.08 £ 0.02 0.24 £ 0.09
df 0.10 £0.03 - -
f - - 0.13 £0.06 0.26 £0.10
0.25+0.10 0.15£0.07 - -
sm 0.08 £0.03 - -

Tab. 8.1: Mean transmittance values (I ) and standard deviation for the selected white
matter regions in Fig. B} For better comparison, the values are surrounded by frames
in the same color. Regions with flat fibers (green) show larger transmittance values than
regions with steep fibers (yellow). The fiber architecture in the cingulum (cg) might be
inhomogeneous so that a distinction between flat and steep fibers is not straightforward.
Therefore, the corresponding transmittance values are highlighted in italics. A similar table
has been published in MENZEL et al. (2018a) [67] Tab. 1.

In regions with flat fibers, the overall transmittance values are larger (green: 0.18 <
It N < 0.33) than in regions with steep fibers (yellow: 0.08 < It x < 0.15). Two regions
with flat and steep fibers which show large and small transmittance values in one section
plane (coronal or sagittal), respectively, show the opposite behavior in the corresponding
perpendicular section plane. Rat and vervet brains show a similar behavior. The differ-
ence is especially large when comparing the transmittance values in the corpus callosum
(cc) and in the cingulum (cg): In the coronal brain sections, the transmittance values in

?In this thesis, the term “averaged transmittance” is used to describe the average over all evaluated
pixel values in the transmittance image, and should not be confused with the average transmittance

7 defined in Eq. .
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8 TRANSMITTANCE OF INCLINED NERVE FIBERS

the cingulum are about 55-67 % less than in the corpus callosum. In the sagittal brain
sections, the transmittance values in the corpus callosum are about 50-54 % less than in
the cingulum.

Figure B:Zh shows the transmittance images of a coronal, horizontal, and sagittal rat
brain section. The enlarged views show the caudate putamen (CPu)— a region containing
several nerve fiber bundles (striatum fibers) with different orientations.

(a) Coronal Horizontal Sagittal
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2 0.008 0.012 0.008 — fibers
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0.000 0.000
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Fig. 8.2: (a) Normalized transmittance images of a coronal, horizontal, and sagittal rat
brain section obtained from a 3D-PLI measurement with the PM. The colored lines indicate
the section planes. The enlarged views show the region of the caudate putamen and the
maximum and minimum angles under which the striatum fibers are oriented with respect
to the section planes. (b) Retardation images of the enlarged views. The image contrast
was used to select regions with fibers and with surrounding tissue in the caudate putamen
(yellow). (c) Histograms of the transmittance values (It ) for the selected fiber regions
(pink) and the surrounding tissue (cyan) in the caudate putamen. For the coronal brain
section, the retardation image cannot be used to separate the fibers from the surrounding
tissue because the fibers are oriented almost perpendicularly to the image plane which leads
to a small retardation signal and a small image contrast. Therefore, the histogram was
computed over the whole selected region and the peak with lower (larger) transmittance
was assumed to belong to fibers (surrounding tissue). The figure has been published in
MENZEL et al. (2018a) [67] Fig. 9.
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8.2 3D-Reconstruction of Transmittance Images

The maximum and minimum inclination angles of the fibers within one section plane
can be estimated from the orientation of the fibers in the other two section planes: while
the coronal brain section (blue) contains mostly steep fibers with respect to the section
plane (45° < o < 85°), the horizontal (green) and sagittal (red) sections contain mostly
flat fibers (15° < a < 60° and 5° < a < 30°, respectively). Note that the given angles
for each section plane are only estimates obtained from the other two section planes and
do not necessarily apply to all striatum fibers in the displayed brain sections.

Although all brain sections were prepared and measured according to the same pro-
tocol, the embedding of the tissue might not be exactly the same (e.g. the thickness of
the embedding glycerin film might be different), which would cause differences in the
measured absolute transmittance values. In addition, the brain sections were obtained
from different brains so that the tissue properties might also be different. Therefore, a
direct comparison between the transmittance values obtained from different brain sec-
tions is not possible. To still enable a comparison between the transmittance values of
flat and steep fibers, the transmittance of the fibers was compared to the transmittance
of the surrounding tissue for each brain section, assuming that the transmittance in the
surrounding tissue (gray matter) does not show a strong inclination dependence.

To separate the striatum fibers from the surrounding tissue, the image contrast of
the retardation images (Fig. B:2b) was used (see yellow lines). Figure shows the
corresponding histograms of the transmittance evaluated in the regions with fibers (pink)
and with surrounding tissue (cyan). For the coronal brain section which contains mostly
steep fibers, the contrast in the retardation image is not large enough to separate the
fibers from the surrounding tissue. The histogram was therefore computed for the whole
caudate putamen (area surrounded by yellow line) and the peak with lower (larger)
transmittance was assumed to belong to fibers (surrounding tissue).

The histograms show that the contrast (cf. Eq. ) between the peak transmit-
tance values of surrounding tissue and flat fibers (horizontal and sagittal brain sections:
C ~ 14-20%) is much lower than the contrast between the peak transmittance val-
ues of surrounding tissue and steep fibers (coronal brain section: C = 62 %). Thus, the
transmittance values of steep fibers are lower than the transmittance values of flat fibers.

However, the observed differences in the transmittance might not only be caused by the
fiber inclination, but also by structural differences and tissue composition, e. g. a higher
fiber density for steep fibers. To study the inclination dependence of the transmittance
quantitatively, the exact underlying fiber architecture of the investigated brain section
needs to be known (see Sec. .

8.2 3D-Reconstruction of Transmittance Images

So far, single brain sections from different specimens were compared to each other. A
3D-reconstructed volume of the right hemisphere of a vervet brain (occipital lobe) was
used to study the transmittance across several consecutive brain sections. The volume
consists of 234 coronal sections that were measured with 3D-PLI and registered onto
each other® using in-house developed software tools based on the software packages
ITK, elastiz, and ANTs [I56HI60] which perform linear and non-linear transformations
(see Sec. [1-3)).

Figure [B-3] shows the 3D-reconstructed transmittance images along the coronal, hor-
izontal, and sagittal plane (a-c) and a detail of the 3D-volume (d). The brain was cut

3The measurements were performed in the laboratory of the Institute of Neuroscience and Medicine
(INM-1) at Forschungszentrum Jiilich GmbH, Germany. The registration of the brain sections was
performed by Martin Schober, Marcel Huysegoms, and Sascha Miinzing.

83



8 TRANSMITTANCE OF INCLINED NERVE FIBERS

along the coronal plane (xy-plane), the brain sections were registered onto each other
from posterior to anterior (in the positive z-direction). The white arrows point to the
sagittal stratum — a white matter structure that runs mostly perpendicularly to the im-
age plane (along the z-direction), as can be seen in the horizontal and sagittal planes.
The fiber structure appears darker than the background, as expected.

() Curonal (d)

1

T.N

0.8

Horizontal

Fig. 8.3: 3D-reconstructed normalized transmittance images (I ) of the right hemisphere
of a vervet brain (234 consecutive brain sections from the occipital lobe) obtained from
3D-PLI measurements with the PM. The brain was cut along the coronal plane (xy-plane),
the resulting brain sections were registered onto each other from posterior to anterior (in
the positive z-direction). (a-c) 3D-volume shown along the coronal (xy), sagittal (xz), and
horizontal (yz) plane. The colored lines indicate the position of the displayed xy-, xz-, and
yz-planes. (d) Detail of the 3D-volume. The white arrows point to the sagittal stratum —
a white matter structure with fibers that are mostly oriented perpendicularly to the image
plane (along the z-direction) and which appears dark in the transmittance images. The
figure has been published in MENZEL et al. (2018a) [67] Fig. 2.

8.3 Transmittance vs. Fiber Inclination in TPFM Images

The studies presented in Secs. and B2 show that the transmittance values in regions
with vertical or steep fibers are lower than the transmittance values in regions with
horizontal or flat fibers. However, the studies are only qualitative and do not take the
exact tissue composition into account. To quantify how the transmittance depends on
the fiber inclination, the same brain section was measured with 3D-PLI and with TPFM
(as described in Chap. E)[) to identify the underlying tissue structure.

The 3D-PLI measurement* was performed on a coronal section from the left hemi-
sphere of a mouse brain (Fig. shows the resulting fiber orientation map).

4The 3D-PLI measurement was performed in the laboratory of the Institute of Neuroscience and
Medicine (INM-1) at Forschungszentrum Jiilich, Germany.
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8.3 Transmittance vs. Fiber Inclination in TPFM Images

3D-PLI TPFM

(a) Fiber Orientation Map (c) Determination of Fiber Inclination
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Fig. 8.4: Transmittance vs. fiber inclination: A coronal section from the left hemisphere
of a mouse brain was measured both with 3D-PLI and with TPFM. The 3D-PLI measure-
ment was performed with the PM as described in Chap. [} the TPFM measurements were
performed as described in Chap. [f] for a region of 3 x 3 tiles in the caudate putamen without
washing out the glycerin: (a) fiber orientation map of the coronal mouse brain section, (b)
normalized transmittance image of the selected region in the caudate putamen, (c) single
tile of a contrast-enhanced TPFM image stack demonstrating the determination of the fiber
inclination angle «, (d) middle slice of the TPFM image stack for the selected region in
the caudate putamen, (e) averaged normalized transmittance values (I ) plotted against
the determined fiber inclination angles o. The inclination angles of 40 fiber bundles were
determined from the mid point positions of the cross-sections in the first and the last slice
of the TPFM image stack (see colored shapes in Fig. d), the transmittance values were eval-
uated in the middle of the corresponding fiber bundles (see colored shapes in Fig. b). The
blue (red) data points in the scatter plot belong to overlapping (not overlapping) regions
that are (are not) completely filled with nerve fibers, see blue (red) arrows in Figs. b,d. The
error bars indicate the standard error of the mean for the evaluated transmittance values.
A similar figure has been published in MENZEL et al. (2018a) [67] Fig. 10.
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8 TRANSMITTANCE OF INCLINED NERVE FIBERS

The TPFM measurements® were performed for a region of 3 x 3 tiles in the caudate
putamen which contains relatively steep fiber bundles with different fiber inclination an-
gles (see yellow square in Fig. @a) To enhance the contrast of the myelinated axons, the
glycerin solution is usually washed out before performing the TPFM measurement (see
Sec.[5.1)). However, the removal of the cover slip and the washing process might introduce
tissue deformations which makes it difficult to directly compare the fiber architectures
obtained from both measurements and influences the determined fiber inclinations. For
this reason, the TPFM measurements were performed without washing out the glyc-
erin and the fiber bundles were distinguished by hand from the surrounding tissue by
means of the different tissue structure. The resulting TPFM image stacks were stitched
together as described in Sec. (Fig. shows the middle slice).

To determine the inclination angle of the fibers, the cross-sections of the fiber bundles
were determined in the first and the last slice of the TPFM image stack (see colored
shapes in Fig. ) For each fiber bundle, the inclination angle o was computed from
the mid points (xy-coordinates) of the corresponding cross-sections and from the thick-
ness of the brain section in the z-direction (given by the number of slices in the TPFM
image stack), cf. Fig. . The corresponding transmittance values were evaluated in
the middle of the fiber bundles (see colored shapes in Fig. [B-4p).

The fiber inclination and transmittance values were evaluated for 40 fiber bundles in
the caudate putamen. The scatter plot in Fig. B4k shows the averaged transmittance
values plotted against the determined fiber inclination angles. The values in blue belong
to fiber bundles for which the cross-section of the bundle in the first and the last image
of the image stack overlap, i.e. regions that can be considered to be completely filled
with nerve fibers (see blue arrows in Fig. ,d). The values in red belong to fiber
bundles without overlap, i. e. regions that are not completely filled with nerve fibers (see
red arrows in Fig. ,d). As myelin has a large scattering coefficient, the attenuation
of light increases with increasing fiber density, which leads to larger transmittance values
for fiber bundles without overlap.

Although the values are broadly distributed, the scatter plot shows a clear tendency
towards a decrease in transmittance with increasing fiber inclination, also in regions
with similar myelin density (values in blue): while the transmittance values for flat
fibers (v < 50°) reach larger values (0.1 < ITn < 0.2), the transmittance values for
steep fibers (o > 60°) are small (It N < 0.05).

8.4 Discussion

In this chapter, various experimental studies have been presented that evaluate how
the transmittance of brain sections depends on the out-of-plane inclination angle «
of the enclosed nerve fibers. To investigate the inclination dependence independently
from the tissue composition and preparation, the studies were performed on various
species, subjects, and brain sections. The studies show that the transmittance decreases
significantly (by more than 50 %) with increasing fiber inclination.

To investigate the transmittance of flat fibers (v < 45°) in comparison to steep fibers
(o > 45°), the transmittance values were evaluated in mutually orthogonal anatomical
planes (see Sec. , This procedure has the advantage that the same structure (in
different brains) can be studied for horizontal and vertical fiber orientations and that
it is also possible to study larger structures (e.g. the corpus callosum) which fill the

5The TPFM measurements were performed by Irene Costantini in the European Laboratory for Non-
Linear Spectroscopy (LENS) at the University of Florence, Italy.
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8.4 Discussion

whole section thickness. The study of brain structures along different anatomical planes
clearly shows that flat fibers show larger transmittance values than steep fibers (the
transmittance of steep and flat fibers in one anatomical plane shows the opposite behavior
in the orthogonal plane). However, even when using TPFM measurements, the exact
orientation of the fibers within the bulk tissue cannot be reliably determined. In addition,
it is only possible to compare transmittance values within one brain section because
different brain sections from different specimens might not be comparable due to different
tissue structures and embedding.

As both scattering and absorption can contribute to the attenuation (transmittance)
of light, differences in the transmittance values might not only be caused by different
fiber inclinations, but also by a different tissue composition or density.

Myelin staining shows that regions like the cingulum (cg) or the stria medularis (sm)
are less myelinated than the corpus callosum (cc) [53), [I82]. Nevertheless, these regions
show lower transmittance values in the coronal section plane than the corpus callosum
(see Fig. [8.1h). This demonstrates that the differences in the transmittance values are
rather caused by the orientation of the nerve fibers and not by tissue absorption.

The studies presented in Secs. B] and [B:2] are only qualitative. To quantitatively
study the inclination dependence of the transmittance, the fiber inclination angles and
the tissue composition need to be known. The fiber inclination angle derived in a 3D-PLI
analysis might be influenced by other factors such as the fiber density. Therefore, TPFM
measurements were performed to determine the underlying tissue structure and the in-
clination angles of the fibers (see Sec. . However, the determination of the inclination
angles is only reliable for distinct fiber bundles with similar tissue structures. As flat
fiber bundles might not fill the whole section thickness, the transmittance values might
be larger due to a lower myelin density. The inclination dependence of the transmittance
can therefore only be studied for steep fiber bundles. In addition, the TPFM measure-
ments and the determination of the fiber inclinations by hand are very time consuming,
which makes it difficult to evaluate a large number of fiber bundles.

All studies have shown that the transmittance decreases with increasing fiber inclina-
tion. Steep fibers show much lower transmittance values (more than 50 % less) than flat
fibers. The inclination dependence of the transmittance should therefore be considered
in the transmittance weighting. However, to quantitatively describe the relationship
between transmittance and fiber inclination, further studies are needed to obtain proper
statistics.

As the transmittance does not depend on the polarization of light, the inclination
dependence of the transmittance is also interesting for other imaging techniques which
use unpolarized light.

To find an explanation for the observed effects and to model the inclination dependence
of the transmittance, FDTD simulations were performed (see Chap. . The simulations
account for scattering and (isotropic) absorption of light and can therefore be used to
study the attenuation (transmittance) of light.

The anisotropic attenuation of light (diattenuation) will be studied in Chaps. |§| and
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DIATTENUATION OF BRAIN TissUE

LTHOUGH there exist several studies that investigate the diattenuation of biological
tissue [59HG5, 6, T33HIAT] (see Sec. [3:2.4)), the diattenuation of brain tissue and
nerve fibers has not been addressed before.!

Diattenuation leads to polarization-dependent attenuation of light (see Sec. and
might therefore influence the birefringence values determined in a polarimetric mea-
surement. The error induced by diattenuation has been investigated in various studies
[68, 135, 137]. For the 3D-PLI measurement, the question arises to what extent the di-
attenuation of brain tissue influences the outcome of the polarimetric measurement and
what the consequences are to the interpretation of the measured signal and the resulting
nerve fiber orientations.

In other studies, diattenuation has been used to quantify tissue properties (e. g. thick-
ness [59], concentration of glucose [60, [61]) and to distinguish between healthy and
pathological tissue (cancerous tissue [62], burned/injured tissue [63, [64], tissue from
eye diseases [59, [65]). Hence, diattenuation might also provide interesting structural
information about the brain tissue and Diattenuation Imaging (DI) could be a useful
extension to 3D-PLIL.

In this chapter, various studies are presented that investigate the diattenuation of
brain tissue, its impact on the measured 3D-PLI signal, and whether the diattenuation
signal can be used to obtain additional information about the brain tissue structure.

For this purpose, brain sections of different species (mouse, rat, vervet, human) were
prepared, measured, and analyzed as described in Chap. @] To relate the measured
diattenuation signal to the measured birefringence signal, 3D-PLI and XP measurements
were performed in addition to the DI measurements. The XP measurements were used
as a reference for 3D-PLI to study the impact of diattenuation on the derived fiber
orientations. All measurements were performed with the LAP because it enables a
combined measurement of 3D-PLI, XP, and DI without removing the brain section
(cf. Fig. f4h-c). To account for the different numbers of employed filters, a different
exposure time was chosen for each type of measurement. The images were recorded with
the microscanning procedure of the camera sensor (see Sec. yielding 4164 x 3120
pixels. As the signal-to-noise ratio of the XP (DI) measurement is lower than for the
3D-PLI measurement (cf. Fig. [£.8), the image of the brain section was recorded 10 (20)
times for each filter position and averaged. After calibrating the images (see Sec. ,
a Fourier analysis was performed on the resulting image series and the parameter maps
(transmittance It p, direction angles {¢p, px,¢p}, retardation rp, and diattenuation
|2|) were computed from the Fourier coefficients as described in Secs. to

!A study about the diattenuation of brain tissue and its impact on 3D-PLI has been published in
MENZEL et al. (2017) [3].
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9 DIATTENUATION OF BRAIN TISSUE

To enable a pixel-wise comparison between the parameter maps, the Fourier coefficients
of order zero {app, aox, aop} were used to register the images of the 3D-PLI and XP
measurements onto the images of the DI measurement (see Sec. .

To estimate the impact of diattenuation on the polarimetric measurements, a numer-
ical study (Sec.[9.1) was performed prior to the experimental studies. The determined
error estimates were then taken into account in the experimental studies to quantify
the diattenuation of brain tissue and its impact on 3D-PLI: First, the diattenuation was
investigated for various freshly embedded brain sections from different species (Sec. .
To study how the diattenuation values change with increasing embedding time of the
samples, some brain sections were measured multiple times over several weeks (Sec. ,

Section [0.1) and parts of Secs. 0.2 and [0.4] have been published in MENZEL et al. (2017)
[3] Secs. 4 to 6. Parts of Secs. , and have been published in MENZEL et al.

(2018b) [6Y].

9.1 Impact of Diattenuation on the Polarimetric Measurements

The characterization of the filter properties in Sec. [7.2] has shown that the optical com-
ponents of the LAP are not ideal: the light source emits slightly linearly polarized light,
the camera is slightly sensitive to linearly and left-handed circularly polarized light, the
retardance of the quarter-wave retarder does not perfectly match the illumination wave-
length, and polarizer and analyzer have a degree of polarization of less than 100 %. As
the diattenuation of brain tissue is expected to be small (see Sec. , the measured
diattenuation signal might be influenced by these non-ideal polarization properties.

To predict the impact of the tissue diattenuation and the non-ideal polarization prop-
erties of the LAP on the reconstructed fiber orientations and the measured diattenuation,
a numerical study was performed. By combining the analytical model from Sec. .4 and
the polarization properties of the LAP defined in Egs. and , the errors on the
measured fiber orientation and diattenuation were estimated for the 3D-PLI, XP, and
DI measurements, using the formulas in Secs. f-4.1] to .43 and assuming arbitrary fiber
orientations and tissue diattenuations.

The numerical study has been published in MENZEL et al. (2017) [3] Sec. 4. The
complete results and more detailed information about the performed computations can
be found in Appx. [C:2

Figure 0.1 shows the maximum predicted difference between the fiber direction angles
{¢P, px,¢p} obtained from 3D-PLI, XP, and DI measurements and the actual fiber
direction ¢ plotted against the tissue diattenuation D > 0 for different fiber inclination
angles o. For D < 0, the curves in Fig. [0.Ih-c are rotated 180° around the origin,
the curves in Fig. 0.1k obtain an additional shift by +90° along the y-axis. As the
diattenuation values obtained from the LAP measurements in Secs. and are less
than 5 %, the curves are only shown for D < 0.05.

When interpreting the numerical results for steep fibers (a > 60°), it should be kept
in mind that large deviations of the measured direction angle have only a small influence
on the overall fiber orientation vector and that the diattenuation is expected to be small.
For vertical fibers, the diattenuation approaches zero; the curves for a = 90° are only
displayed as limiting cases.

The numerical study shows that the direction angle ¢x derived from the XP mea-
surement is nearly independent from the diattenuation of brain tissue and from the po-
larization properties of the LAP. The angle deviates only slightly from the actual fiber
direction ¢ for all tissue diattenuations and inclination angles < 90°. For |D| < 5%,
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Fig. 9.1: Predicted impact of the non-ideal polarization properties of the LAP (Egs.
and ) on the fiber direction angles {pp, px,¢p} obtained from 3D-PLI, XP, and DI
measurements (see Secs. to . The maximum difference between {¢p, px,¥p}
and the actual fiber direction angle ¢ is plotted against the tissue diattenuation D > 0 for
different fiber inclinations : (a) As the curves for different ¢ look identical, the curves are
only shown for an assumed fiber direction ¢ = 0°. (b) The curves are shown for ¢ = 45° for
which |¢x — ¢| becomes maximal. (c¢) The curves are shown for ¢ = 43° (133°) for which
the difference between ¢p and ¢ becomes maximal (minimal). For D < 0, the curves are
rotated 180° around the origin, the curves in Fig. ¢ obtain an additional shift by +90° along
the y-axis. The figures are adapted from MENZEL et al. (2017) [3] Figs. 3 to 5.

the absolute difference is less than 0.035° for o < 70° (see Fig. [9.1p). Hence, px is a
good reference value for the actual fiber orientation ¢ and can be used e. g. to determine
(¢p—) from 3D-PLI and XP measurements and to estimate the impact of diattenuation
on the fiber orientations derived in 3D-PLI.

In contrast to px, the direction angles derived from the 3D-PLI and DI measurements
(¢p and ¢p) depend on the polarization properties and on the tissue diattenuation.
Figure 0.1h shows that the absolute difference between pp and ¢ increases linearly with
increasing absolute tissue diattenuation (for |D| < 5%). For fibers with a < 60°, the
maximum difference is less than 3.7°. For steeper fibers, the difference is expected
to be even smaller because the diattenuation values are expected to be small. The
curves for the derived inclination angle ap are shown in Appx. [C.2.1} after correcting
the inclination angle with the maximum retardation value (cf. Eq. ), the absolute
difference between ap and « is less than 11.2° for all inclination angles < 90° and
|D| < 5% (see Fig.[C.1Ip). Thus, the diattenuation does not seem to have a large impact
on the fiber orientations (pp,ap) derived in a 3D-PLI analysis.

While the difference between pp and ¢ is mostly independent from ¢ and relatively
small, the difference between ¢p and ¢ strongly depends on the actual fiber direction
angle and becomes largest for small tissue diattenuations and flat fibers (see Fig. in
Appx. . This shows that ¢p is strongly influenced by the partially polarized light
source and the polarization sensitivity of the camera. The direction angle ¢p derived
from the DI measurement is broadly distributed around the actual fiber direction angle.
The maximum absolute difference between ¢p and ¢ decreases with increasing D (see
Fig. ): the difference is about 21° for D = 1 % and about 5° for D = 5%. For D < 0,
there is an additional shift by +90°.

Figure in Appx. shows that the measured diattenuation |2)| is also strongly
influenced by the non-ideal polarization properties of the LAP: without tissue diatten-
uation (D = 0), the measured diattenuation reaches values up to |2| = 0.85%. To
ensure that the measured diattenuation mostly corresponds to the actual tissue diatten-
uation, the experimental studies in Secs. and focus on values |Z] > 1%. In this
regime, the absolute difference between |2| and |D| is expected to be less than 0.3 % for

|D| < 5% (see Fig. in Appx. [C:2.3).
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9 DIATTENUATION OF BRAIN TISSUE

9.2 Study on Freshly Embedded Brain Sections

To investigate the diattenuation of brain tissue and its impact on the measured 3D-PLI
signal, an experimental study was performed on freshly embedded brain sections (one
day after tissue embedding) from different species. First, a combined measurement of
3D-PLI, XP, and DI was performed on five rat brain sections (Sec. to compare
the measured diattenuation signal to the 3D-PLI signal and to relate the results to the
predictions of the numerical study in Sec. 0.1} Brain sections from different species were
then used to study the diattenuation signal for different fiber orientations (Sec. [0-2:2)).
Finally, the results were compared to diattenuation measurements with higher optical
resolution, performed with a prototypic polarizing microscope realized on an optical

bench (Sec. [9.2.3)).

9.2.1 Diattenuation Signal Compared to 3D-PLI and XP Measurements

Five sagittal sections from the middle part of a healthy rat brain ( Wistar, male, three
months old) were selected for evaluation: sections no. 161, 162, 175, 177, and 185 (the
brain was cut from right to left, all sections are located in the left hemisphere). The LAP
measurements? (3D-PLI, XP, DI) were performed with the Apo-Rodagon-N90 objective
(see Sec. , yielding an effective object-space resolution of 14 pm / px (for 4164 x 3120
pixels). The resulting parameter maps for section no. 175 have already been shown in
Fig. The diattenuation maps |Z| of all five brain sections can be found in Fig.
in Appx. [C4

The signal analysis was performed for the complete rat brain sections. To ensure that
the diattenuation signal is mainly caused by the brain tissue and not by the polarization
properties of the LAP (cf. Sec. and Appx. , a special focus was placed on
regions with |2| > 1%.

The content of this study has been published in MENZEL et al. (2017) [3] Sec. 5.

9.2.1.1 Comparison of DI and 3D-PLI Signals

The five investigated rat brain sections accumulate in total to over 4,000,000 investigated
pixels. The averaged diattenuation is about (0.42 £ 0.34) %. Regions with |2| > 1%
represent only 6% of the tissue and yield an average of about (1.42 + 0.43) %. The
maximum measurable diattenuation signal (|2|max ~ 3.9%) was observed within the
optic tract.

The measured diattenuation signal is much smaller than the measured retardation
signal. Figure @ shows the measured diattenuation |Z| and the retardation rp exem-
plary for the rat brain section no. 175, the anatomical regions were labeled in Fig. B-1h
for the corresponding transmittance image. Some regions with relatively high diatten-
uation values (e.g. aci and fibers in the CPu) also show high retardation values, some
areas with low diattenuation values (e. g. gray matter regions) also show low retardation
values. However, the strength of the diattenuation signal does not correlate with the
strength of the retardation signal: The cyan (red) arrows indicate regions that show a
larger contrast in the diattenuation (retardation) image. The yellow arrows indicate the
region with the maximum diattenuation and retardation value in the displayed brain
section, respectively. The largest diattenuation signal was measured within the ante-
rior commissure intrabulbar part (|2|(aci) = 2.1%, |2|max(aci) = 3.5%), while the

2The measurements were performed by Julia Reckfort and Hasan Kose (INM-1, Forschungszentrum
Jiilich, Germany).
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9.2 Study on Freshly Embedded Brain Sections

largest retardation signal was measured within the cerebellum (rpmax(cb) = 0.78) and
not within the anterior commissure intrabulbar part (rpmax(aci) = 0.63).

(a)

0.02 (b)

(12| > 1%)

0.00
0.60

# pixels

Lmm 0,09

Fig. 9.2: Comparison of the amplitude (a) and phase (b) of DI signals {|2|, ¢p} and 3D-PLI
signals {rp, ¢p} obtained from LAP measurements (see Secs. and of five sagittal
rat brain sections measured one day after tissue embedding with an effective object-space
resolution of 14 um/px: (a) Measured diattenuation |Z| and retardation 7p shown exemplary
for the rat brain section no. 175. The yellow arrows indicate the region with the maximum
diattenuation and retardation value, respectively. The cyan (red) arrows indicate regions
with larger contrast in the diattenuation (retardation) image. (b) Histogram showing the
difference between the direction angles ¢p and ¢p for all investigated rat brain sections (bin
width = 0.5°). Due to the 180°-periodicity, the data range has been reduced to [—45°,135°).
To ensure that the diattenuation signal is mainly caused by the brain tissue and not by
the non-ideal polarization properties of the LAP (cf. Appx. or other artifacts, only
regions with 1 < |2| < 4% were used for evaluation. The highlighted regions show the
20-environments of the fitted Gaussian distributions: green (53.97 % of the selected pixels:
u = 2.1°,0 = 11.0°), magenta (19.06 % of the selected pixels: p = 91.1°,0 = 5.8°). The
figures have been adapted from MENZEL et al. (2017) [3] Figs. 7a and 8.

A comparison of the direction angles ¢p and ¢p determined from the DI and 3D-PLI
measurements reveals that the majority of the determined fiber directions are in good
correspondence: the histogram of (¢p — ¢p) in Fig. shows a distinct peak around
0°, highlighted in green. The peak can be described by a Gaussian distribution with
mean p = 2.1° and standard deviation ¢ = 11.0°. In certain brain regions, the fiber
direction derived from the DI measurement is shifted by 90°, see peak highlighted in
magenta. The peak can be described by a Gaussian distribution with g = 91.1° and
o =5.8°

The direction angle ¢p is computed from the maximum of the measured diattenuation
signal (cf. Fig. ) According to Eq. , @p only corresponds to the actual fiber
direction for D > 0. For D < 0, the actual fiber direction is given by the minimum of
the diattenuation signal (¢p = ¢ + 90°). Thus, in some brain regions (green area), the
transmitted light intensity becomes mazimal when the light is polarized in the direction
of the fibers. In other brain regions (magenta area), the transmitted light intensity
becomes minimal when the light is polarized in the direction of the fibers.

For further investigation, all pixels belonging to the green highlighted area in Fig.[0.2p
(pp — pp € [—19.9°,24.1°]) are denoted by DT and all pixels belonging to the area
highlighted in magenta (pp —¢p € [79.5°,102.7°]) are denoted by D~. The angle ranges
correspond to the 20-environments of the Gaussian peaks (the other direction angles
cannot be clearly assigned to DT or D7).
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9 DIATTENUATION OF BRAIN TISSUE

Figure in Appx. shows the regions of type D' and D~ for all five rat brain
sections (for |2| > 1%). The type of diattenuation is specific for certain brain regions:
some brain regions (ac, Cb, cu, opt, fi, part of cc) show diattenuation of type DT, while
other brain regions (aci, CPu, part of cg) show diattenuation of type D~ (cf. Figs. [C.5
and [B:1h). This behavior is consistent across the investigated brain sections.

9.2.1.2 Uncertainties of DI and 3D-PLI Direction Angles as a Function of
Diattenuation

To examine the accuracy of the determined fiber direction angles ¢p and ¢p, the direc-
tion angle px was used as a reference for the actual fiber direction angle ¢ (cf. Sec. .
While pp and pp have value ranges of [0°,180°), ¢x can only be determined in a value
range of [0°,90°) (see Sec. . When being compared to px, the direction angles
wp and @p were therefore reduced to a value range of [0°,90°). In regions with small
retardation values, the transmitted light intensity in the XP measurement is small due to
the 90°-orientation of the linear polarizers (cf. Fig. @), leading to a low signal-to-noise
ratio. Therefore, px was only evaluated in regions with retardation values rp > 0.1 (see
Appx. .

Figure [9.3p,b shows (¢p — ¢x) and (pp — ¢x) plotted against || for regions with
retardation values rp > 0.1. In Appx. [C:3] the same differences are plotted against rp
for regions with diattenuation |2| > 1 %.
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Fig. 9.3: Histograms of the direction angles {¢p, ¢p, px } determined from 3D-PLI, DI, and
XP measurements with the LAP (see Secs. to for five sagittal rat brain sections
measured one day after embedding with an effective object-space resolution of 14 pm/px: (a)
2D histogram showing the difference between ¢p and ¢x plotted against the measured di-
attenuation |Z|. The dashed cyan curves correspond to the maximum difference (pos./neg.)
as predicted by the numerical study (see Fig. 0.1, for a = 0°). (b) 2D histogram show-
ing the difference between pp and ¢x plotted against |2|. The number of bins in the 2D
histograms is 100 for both axes, respectively. The dashed vertical lines mark the region
(12| > 1%) for which the diattenuation signal is expected to be mainly caused by the brain
tissue and not by the non-ideal polarization properties of the LAP (cf. Appx. [C:2.3). (c)
Histogram showing the difference between ¢p and ¢x evaluated in regions (see Fig. @b)
with diattenuation of type DT (green) and D~ (magenta) according to the angle ranges
defined in Fig. [0-2b (bin width = 0.1°). The green and magenta dashed lines indicate the
respective mean values: 0.19° for D™ and —1.07° for D~. The highlighted areas contain
75 % of the respective data: [—2.45°,2.84°] for DT and [—3.27°,1.13°] for D~. To ensure a
sufficient signal-to-noise ratio for ¢x, only regions with retardations rp > 0.1 were selected
for evaluation (cf. Appx. @ The figures have been published in MENZEL et al. (2017) [3]
Figs. 10 and 11.
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9.2 Study on Freshly Embedded Brain Sections

Due to the low signal-to-noise ratio of the diattenuation signal, the direction angle ¢p
determined from the DI measurement is more error-prone than the direction angle ¢p
determined from the 3D-PLI measurement (the distribution in Fig. is much broader
than in Fig. [9.3p). With increasing tissue diattenuation, the mean absolute differences
between the determined direction angles (pp and ¢p) and the actual fiber direction
(represented by ¢x) decrease.

The difference between ¢p and ¢x behaves as predicted by the numerical study: The
mean absolute difference is large for regions with diattenuations |2| < 1% and decreases
with increasing diattenuation. The measured values for (pp — px) lie mostly between
the dashed cyan lines in Fig. 0.-3h, which indicate the maximum (positive/negative)
difference between ¢p and ¢ as computed in the numerical study (see Fig. [9.1f).

The difference between the direction angles ¢p and px shows a different pattern than
for ¢p (see Fig.[0-3b). In regions with almost zero diattenuation, (¢p—¢x) is very small.
With increasing diattenuation (0% < |Z| < 0.5%), the distribution broadens rapidly.
For |2| > 0.5%, the distribution narrows with increasing diattenuation. Taking into
account that steep fibers are expected to have lower diattenuation values (cf. Sec. 7
these results are also in accordance with the predictions of the numerical study (see
Fig. [9.1p): In regions with zero diattenuation, ¢p is equal to ¢ for all inclinations. In
regions with small diattenuation values, contributions from fibers of all inclinations are
expected, leading to a broad distribution of (¢p — ¢). With increasing diattenuation,
less contributions from steep fibers are expected, which causes the difference between
wp and ¢ to become smaller.

For 75% of the investigated rat brain pixels, (¢p — ¢x) lies within [—3.2°,2.49°].
Thus, the diattenuation of the brain tissue can be neglected in the 3D-PLI analysis, as
predicted by the numerical study.

Figure shows the histograms of (¢p — ¢x), computed separately for regions with
|2| > 1% and diattenuation of types DT and D~. On average, the fiber direction angle is
slightly overestimated in regions of type D' (mean difference: 0.19°) and underestimated
in regions of type D~ (mean difference: —1.07°).

This behavior has also been predicted by the numerical study: The diattenuation
effect in regions of type D~ can be described by replacing the variable D in all analytical
formulas by the variable (—D), which causes the graphs in Fig. to be rotated 180°
around the origin. (The 90°-shift of (¢p — ) is not visible for (¢p — px) because the
value range of px is reduced.) As a consequence, the values for (pp — ¢) are expected
to be positive for regions of type DT and negative for regions of type D~ (cf. Fig. )

Thus, the experimental results are in good accordance with the numerical results when
taking into account two different types of diattenuation, which can be described by a
positive and a negative tissue diattenuation, cf. Eq. 2:43): DT (D > 0) and D~ (D < 0).

9.2.2 Diattenuation Signal for Different Species and Fiber Orientations

To study how the diattenuation signal and the regions of type D+ and D~ depend on the
underlying fiber architecture, the measurements® (3D-PLI, XP, DI) were performed on
coronal and sagittal brain sections obtained from different species: mouse (C57BL, male,
three months old, perfusion fixation?), rat ( Wistar, male, three months old), and vervet
monkey (African green monkey: Chlorocebus aethiops sabaeus, male, between one and

3The measurements of the mouse and vervet brains were performed by David GréiBel and Isabelle
Mafoppa Fomat (INM-1, Forschungszentrum Jiilich, Germany).

4The brain was fixated by perfusing paraformaldehyde solution through the circulatory system of the
mouse so that the fixative reaches every corner of the natural vascular network.
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9 DIATTENUATION OF BRAIN TISSUE

two years old). The mouse and rat brains were measured with the Apo-Rodagon-N90
objective of the LAP with an effective object-space resolution of 14 pm / px. The vervet
monkey brains were measured with the Apo-Rodagon-N50 objective (see Sec. with
27pm /px. Figure 0.4] shows the measured diattenuation |2| for (a) a coronal mouse
brain section and a sagittal rat brain section (section no. 175) and (b) a coronal and
sagittal vervet section (cf. Fig. 1))
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Fig. 9.4: Diattenuation images of coronal and sagittal sections (a) through a mouse brain
(left) and a rat brain (right) measured with an effective object-space resolution of 14 pm/px
and (b) through a vervet monkey brain measured with 27 pm/px, cf. Fig. The mea-
sured diattenuation values |2| are shown in green for regions with diattenuation of type
DT (op — pp € [—20°,20°]) and in magenta for regions with diattenuation of type D~
(¢p — pp € [70°,110°]). The values for |2|, ¢p, and pp were obtained from 3D-PLI and
DI measurements with the LAP (see Secs. and one day after tissue embedding.
A similar figure has been published in MENZEL et al. (2018b) [68] Fig. 2.
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The diattenuation values are shown in green for regions with diattenuation of type
DT (pp — ¢p € [-20°,20°]) and in magenta for regions with diattenuation of type D~
(¢p — ¢p € [70°,110°]). The angle ranges account for the uncertainties of pp predicted
by the numerical study (max|pp — ¢| & 20° for |2| = 1%, cf. Fig. P.1k).

In Fig. B} the corresponding transmittance images were shown for the rat and the
vervet brain sections, and regions with flat and steep fibers were marked in green and
yellow, respectively. A comparison of Figs. B:] and [0.4] shows that regions of type
D~ (magenta) mostly belong to regions with flat fibers (coronal: cc, fi; sagittal: aci,
cg, CPu), while regions of type DT (green) mostly belong to regions with steep fibers
(coromal: cg, df, sm, CPu; sagittal: cc, fi).

To study the inclination dependence of the diattenuation in more detail, regions with
type Dt and D~ were compared to the fiber inclination angles determined in a 3D-PLI
analysis with tilting [55]. The 3D-PLI and DI measurements® were performed on another
coronal section of the vervet brain with the Lametar 2.8/25 objective of the LAP (see
Sec. and an effective object space resolution of about 43 pm / px. Figure[9.5 shows
the resulting diattenuation |2| and the inclination angle ap. Regions with diattenuation
of type DT (pp — @p € [—20°,20°]) and regions with steep fibers (60° < ap < 90°) are
marked in green, regions with diattenuation of type D~ (¢p — ¢p € [70°,110°]) and
regions with flat fibers (0° < ap < 30°) are marked in magenta. For better comparison,
only white matter regions were colorized.
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Fig. 9.5: Comparison of regions with different types of diattenuation (green: DT, magenta:
D) and regions with steep and flat fibers (green: a > 60°, magenta: o < 30°). The diatten-
uation |2| and the inclination angle ap were computed from DI and 3D-PLI measurements
performed with the LAP for a coronal section of a vervet monkey brain (cf. Fig. [0-4b) one
day after tissue embedding with an effective object-space resolution of 43 um/px. Regions
with steep fibers (o > 60°) mostly show diattenuation of type DT, while fibers with lower
inclination angles show both types of diattenuation (see areas surrounded in blue).

A comparison of the green and magenta regions in Fig. [0.5] shows that there exists
no bidirectional relation between the type of diattenuation and the fiber inclination:
while nearly all steep fibers (o > 60°) show diattenuation of type DT, fibers with
lower inclination angles show both types of diattenuation (see areas surrounded in blue).
Regions with type D~ are more likely to occur in regions with flat fibers (v < 30°).

5The measurements were performed by Hasan Kése (INM-1, Forschungszentrum Jiilich, Germany).
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9 DIATTENUATION OF BRAIN TISSUE

9.2.3 High-Resolution Diattenuation Measurement

As the filters in the PM cannot be removed, a routine measurement of the diattenuation
is only possible with the LAP, which has a much lower optical resolution (px > 20 pum)
than the PM (px =~ 1.33pm). To still enable a diattenuation measurement at higher
optical resolution, a prototypic polarizing microscope was used which is realized on
an optical bench. The overall setup is the same as for the PM (see Fig. , except
that a diffuser is placed behind the LED light source and that the rotating polarizer is
integrated in the Kohler illumination. The optical components are comparable to the
PM (see Appx. : The light source generates green light with a slightly different
wavelength spectrum (A = 532nm, FWHM = 10nm), the objective lens (Nikon Plan
Apo 4z 0.2 NA) has a slightly different magnification (4 x) and numerical aperture (NA
= 0.2), and the camera (SVS-Vistek EVO 4070) contains an image sensor (KAI-04070
by Truesense Imaging) with a slightly different size (15.2 x 15.2mm?) than in the PM.
The pixel size in object space is about 1.8 pm. The setup and optical components were
described in more detail by WIESE [55].

Directly after the LAP measurement of the coronal mouse brain section (see Fig. ),
the brain section was measured with the prototypic polarizing microscope for three differ-
ent areas of interest.® Due to a superior signal-to-noise ratio, repeated DI measurements
were not necessary. Figure [9.6] shows the measured diattenuation |Z| for all three areas
as well as the regions of type Dt and D~ for one selected area.

7

0.02

3 1 mm
0.00 .2 o 0.02

Fig. 9.6: Diattenuation images of a coronal mouse brain section (cf. Fig. 1) obtained
from DI and 3D-PLI measurements performed with the LAP (whole brain section) and with
a prototypic polarizing microscope realized on an optical bench [55] (areas A—C). The LAP
measurement was performed with an effective object-space resolution of 14 ym / px one day
after tissue embedding. The measurements with the microscope were performed with a
pixel size of about 1.8 pm two days after tissue embedding. The gray-scale images show the
measured diattenuation |2)|, the colored images show the diattenuation values belonging to
regions with diattenuation of type Dt (op — pp € [—20°,20°], in green) and regions with
diattenuation of type D~ (¢p — ¢p € [70°,110°], in magenta). The yellow arrows mark
the maximum diattenuation measured by the polarizing microscope. The figure has been
published in MENZEL et al. (2018b) [68] Fig. 5.

5The measurements were performed at Taorad GmbH, Aachen, Germany, with the help of Philipp
Schlémer (INM-1, Forschungszentrum Jiilich, Germany).
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9.3 Long-Term Study

The diattenuation images obtained from measurements with the prototypic polariz-
ing microscope show more detailed structures than the diattenuation images obtained
from the LAP measurements and the diattenuation values are much larger: While the
maximum diattenuation value measured with the LAP is less than 5% for all investi-
gated brain sections and resolutions (> 14 pm /px), the high-resolution diattenuation
measurement yields values up to |2| = 9.9% in a region of 10 x 10 pixels (see yellow
arrow in Fig. ), single pixels in this region reach values up to 25%. In the LAP
measurement, the maximum pixel value in the same region (also marked by a yellow
arrow) is only about |2| = 3.6 %.

Nevertheless, both the low- and the high-resolution diattenuation images show similar
features: high diattenuation values and diattenuation of type D™ or D™ occur in similar
regions, i.e. the same diattenuation effects are observed for different optical resolutions.

9.3 Long-Term Study

To obtain optimal birefringence and diattenuation signals, the brain sections are mea-
sured 1-2 days after embedding. While the retardation signal does not depend much
on the embedding time (time after mounting the brain section, cf. Sec. , the trans-
mittance of brain tissue fades out (cf. Fig. @b). This suggests that the diattenuation
signal (anisotropic attenuation of light) also changes with increasing embedding time.”
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Fig. 9.7: Transmittance, retardation, and diattenuation images of a sagittal rat brain section
(section no. 175) measured one day after tissue embedding and 16 months later with an
effective object-space resolution of 14 pm/px. Due to the lack of contrast in the transmittance
image, the tissue borders are surrounded by a black line. The values for It p, rp, and |Z|
were obtained from 3D-PLI and DI measurements with the LAP as described in Secs. L4l
and [433] The colored images show the diattenuation values belonging to regions with
diattenuation of type Dt (¢p — pp € [—20°,20°], in green) and regions with diattenuation
of type D~ (pp—¢pp € [70°,110°], in magenta). Subfigure (a) has been published in MENZEL
et al. (2018a) [67] Fig. 14.

"Preliminary studies that investigate the diattenuation with increasing embedding time have been
performed by Hasan Kose (INM-1, Forschungszentrum Jiilich, Germany) as part of his Master thesis.
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9 DIATTENUATION OF BRAIN TISSUE

Figure[0.7 shows the parameter maps for the sagittal rat brain section no. 175 one day
after tissue embedding (cf. Figs. and 0.4h) and 16 months later. After 16 months,
the regions with diattenuation of type D~ (magenta) have disappeared and only regions
with diattenuation of type DT (green) are left.

To study the development of the diattenuation with increasing embedding time of the
sample, a coronal vervet section (cf. Fig. [9.5)) was measured 1, 8, 18, 22, 30, 37, 51, and
87 days after tissue embedding.® Figure shows the colored diattenuation maps (D
in green, D~ in magenta) 8, 22, and 51 days after tissue embedding. The regions with
diattenuation of type DV increase with increasing time after tissue embedding, while the
regions with diattenuation of type D~ decrease. The yellow arrows mark a region that
is already of type DT directly after tissue embedding (i), a region that is still of type D~
after 51 days (ii), and a region that changes from D~ to D™ over time (iii). Figure
shows the corresponding values for (¢p — ¢p) and |2 for all eight measurements.
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Fig. 9.8: (a) Diattenuation images of a coronal vervet section (cf. Fig. measured
8, 22, and 51 days after tissue embedding with an effective object-space resolution of
43 pm/px. Diattenuation values | 2| that belong to regions with diattenuation of type DT
(¢p —p € [—20°,20°]) are shown in green, diattenuation values that belong to regions with
diattenuation of type D~ (¢p —¢p € [70°,110°]) are shown in magenta. The values for | 2|,
D, and pp were determined from 3D-PLI and DI measurements with the LAP as described
in Secs. and (b) Angle difference (pp — ¢p) and measured diattenuation |Z|
evaluated exemplary for three different regions (see yellow arrows): a region that is already
of type DT directly after tissue embedding (i), a region that is still of type D~ after 51 days
(ii), and a region that changes from D~ to DT over time (iii). A similar figure has been
published in MENZEL et al. (2018b) [68] Fig. 3.

For regions that only show diattenuation of type Dt (i) or D~ (ii), the phase of
the diattenuation signal remains relatively constant. The strength of the diattenuation
signal increases (i) or decreases (ii) with increasing time after tissue embedding. For

8The measurements were performed by Hasan Kose (INM-1, Forschungszentrum Jiilich, Germany) as
part of his Master thesis.
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9.3 Long-Term Study

regions that change from type D~ to DT (iii), the phase changes from (¢p ~ ¢p + 90°)
to (¢p &~ @p), while |2 first decreases and then increases after the phase change. This
suggests that the observed diattenuation signal is generated by two opposite effects: one
with positive sign (D > 0) and one with negative sign (D < 0).

In Fig. the measured diattenuation |Z)| is compared to the measured retardation
rp, exemplary for a coronal section of a human temporal lobe (male, 87 years old)
measured one day and three weeks after tissue embedding. The measurements were
performed with the Apo-Rodagon-N50 objective of the LAP and an effective object-
space resolution of about 40 pm/px.
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Fig. 9.9: (a-b) Retardation rp and measured diattenuation |2| for a coronal section of a
human temporal lobe measured one day and three weeks after tissue embedding with an
effective object-space resolution of 40 pm/px. (c-d) Corresponding diattenuation images and
(¢p —p) histograms in which the values belonging to regions with diattenuation of type D™
(pp — ¢p € [—20°,20°]) are shown in green and diattenuation values that belong to regions
with diattenuation of type D~ (¢p —¢p € [70°,110°]) are shown in magenta. The values for
rp, @p, |2| and ¢p were determined from 3D-PLI and DI measurements with the LAP as
described in Secs. and (e) 2D histograms showing the retardation plotted against
the measured diattenuation and the determined correlation coefficients (corr.). The dashed
vertical lines mark the regions (|2 %) for which the diattenuation signal is expected
to be mainly caused by the brain tissue and not by the non-ideal polarization properties of
the LAP (cf. Appx. [C.2.3). The number of bins is 100 for both axes. Subfigures (b-d) have
been published in MENZEL et al. (2018b) [68] Fig. 6.
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9 DIATTENUATION OF BRAIN TISSUE

After three weeks, much more regions show diattenuation of type Dt (green) and
the main peak of (pp — pp) is shifted from about 90° to 0°, as observed also for the
other brain sections. In addition, the correlation between retardation and diattenuation
increases: the correlation coefficient increases from about 0.3 to 0.7. This suggests that
the birefringence of the nerve fibers and the diattenuation of type DT observed after
long embedding time are caused by similar effects.

9.4 Discussion

In this chapter, the diattenuation of brain tissue and its impact on 3D Polarized Light
Imaging have been investigated. The diattenuation was explored in numerical and ex-
perimental studies by performing three different types of measurements: 3D-Polarized
Light Imaging (3D-PLI), crossed polars (XP) measurement, and Diattenuation Imaging
(DI). The diattenuation signals were evaluated for different species, fiber orientations,
and resolutions as well as for different times after tissue embedding. The studies re-
vealed that there exist two different types of diattenuation that are regionally specific
and partly depend on fiber orientation and embedding time.

Comparison between Numerical and Experimental Results The numerical study (see
Sec. estimated the impact of the non-ideal polarization properties of the LAP on
the tissue measurements based on a thorough characterization of the optical components
(in Sec. [7.2).

The general predictions of the numerical study were confirmed in the experimental
studies (see Sec. : The uncertainties of the direction angles pp and ¢x as a function
of diattenuation are compatible with the numerical results (cf. Figs. and [0:Ik). The
experimental observation that the histogram of (pp — px) shows a positive mean for
regions with diattenuation of type D" and a negative mean for regions with diattenuation
of type D~ (see Fig.[9.3c) can be explained by a different sign of the tissue diattenuation
D, as predicted by the numerical study (cf. Fig. )

Thus, the experimental results are in good accordance with the numerical results when
taking into account two different types of diattenuation (D* and D~). This shows that
the analytical description in Sec.[£.4]and the determined system parameters in Sec. [7.2.2]
can be used to model the experimental measurements and to make general predictions.

Strength of the Diattenuation Signal The experimental studies (Secs. and
quantified the diattenuation of brain tissue and its impact on 3D-PLI.

The diattenuation of the 60 pm thin brain sections was found to be relatively small:
|2| < 5% for measurements with the LAP (px ~ 14-43um), |2| < 10% for measure-
ments with the prototypic polarizing microscope (px ~ 1.8 pm). The order of magnitude
is the same as reported in other biological tissues [60, [61, [[34HT36), 138]. As the signal-
to-noise ratio for the microscopic measurement turned out to be much larger than for
the LAP, future diattenuation measurements should be performed with higher optical
resolution and with high-quality optical components.

In diattenuating brain tissue, the attenuation of light depends on the direction of
polarization relative to the fiber axis, which leads to different transmittance values for
nerve fibers with different inclinations. However, the diattenuation cannot explain the
low transmittance values for steep fibers described in Chap. [§ because the difference in
the transmittance values (> 50 %) is much larger than the measured diattenuation.

102



9.4 Discussion

The study in Sec. [0.2.1.2] also showed that the diattenuation has only a small impact
on the fiber orientations determined in 3D-PLI and that the diattenuation of brain tissue
can be neglected in the 3D-PLI analysis.

Comparison of DI and 3D-PLI Signals Due to the low signal-to-noise ratio of the
diattenuation signal measured with the LAP, the direction angle ¢p determined from
the DI measurement is more error-prone than the direction angle ¢p determined from
the 3D-PLI measurement (see Fig. @h,b). The error decreases with increasing tissue
diattenuation.

Despite the broad distribution of ¢p, the extremal transmittance is clearly correlated
with the orientation of the nerve fibers (see Fig. ): In some brain regions, the trans-
mitted light intensity becomes maximal when the light is polarized parallel to the fiber
axes (described by DT or D > 0). In other brain regions, the transmitted light intensity
becomes maximal when the light is polarized perpendicularly to the fiber axes (described
by D~ or D < 0). Presumably, differences in the fiber composition or structure of these
brain regions exist that cause the polarized light to be attenuated differently when pass-
ing through the brain tissue. These structural differences could concern the molecular
composition of the fibers (more/less myelin, different lipid composition, etc.) as well
as the macroscopic architecture of the fibers (long-range inter-cortical versus branching
fibers, different inter-fiber distances, etc.).

In freshly embedded brain tissue, the distribution of regions with diattenuation of type
Dt and D~ is related to the fiber inclination (see Fig. : regions with steep fibers
(ae > 60°) show almost exclusively diattenuation of type D, while both types D' and
D~ occur in regions with non-steep fibers (o < 60°).

The dependence of the diattenuation (DT and D) on the tissue structure and fiber
inclination was investigated by means of FDTD simulations presented in Chap. [[2]

Dichroism and Anisotropic Scattering for Samples with Increasing Embedding Time
As described in Sec. diattenuation can be caused by anisotropic absorption (dichro-
ism D) as well as by anisotropic scattering (Dg). Analytical considerations in Appx.
show that in regions where the diattenuation is only caused by dichroism (D = D),
the diattenuation does not change its sign for different fiber inclinations (see Fig.
and is expected to be approximately proportional to the retardation (for rp < 0.6 or
|Dk| < 0.02, see Fig. [A.2)).

In freshly embedded brain sections, there exist regions of both types DT and D~ (see
Fig.[9.4)) and the measured diattenuation and retardation signals show no distinct cor-
relation (see Fig. ) With increasing time after tissue embedding, the fraction of Dt
regions grows and the correlation between measured diattenuation and retardation in-
creases (see Sec. ; the blue dotted line in Fig. describes the predicted correlation
between retardation and dichroism (cf. Fig. orange curve).

This suggests that the diattenuation is caused both by dichroism and by anisotropic
scattering and that the scattering decreases with increasing time after tissue embed-
ding, i.e. the diattenuation of old tissue samples is mainly caused by dichroism which
is correlated with the retardation. A possible explanation for the decrease of scattering
is that the glycerin solution in which the brain sections are embedded (see Sec.
soaks into the brain tissue and into the myelin sheaths of the nerve fibers, which leads
to an equalization between the effective refractive indices of the myelin layers and the
surrounding tissue and thus to a reduced scattering for old tissue samples. As this model
does not include the molecular substructure, dichroism is not expected to change with
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9 DIATTENUATION OF BRAIN TISSUE

increasing embedding time — just as the birefringence of the nerve fibers (see Sec. m
and Fig. ) The transmittance increases significantly with increasing embedding
time (the attenuation vanishes, see Fig. )7 which suggests that the transmittance is
mostly caused by scattering outside the molecular substructure.

Transmittance and diattenuation caused by (anisotropic) scattering were further in-
vestigated by means of FDTD simulations presented in Part [[V]

As anisotropic scattering is expected to decrease with increasing time after tissue em-
bedding, the diattenuation of type DT observed in brain sections with long embedding
time (see Fig. 0-7d) is presumably caused by anisotropic absorption (dichroism) with
Dk > 0. This means that the absorption becomes maximal (the transmitted light in-
tensity becomes minimal) when the light is polarized perpendicularly to the fiber axis,
i.e. in the plane of the radially oriented lipid molecules in the myelin sheath.

Although the diattenuation effect has practically no impact on the measured 3D-PLI
signal, the diattenuation measurement is a valuable extension to 3D-PLI. By comparing
the fiber directions extracted from 3D-PLI and DI, two different types of diattenuation
effects can be distinguished that are specific to certain fiber architectures. The diatten-
uation effects are observed in different species, across several consecutive brain sections,
and for different optical resolutions. The phase ¢p and amplitude |Z| of the measured
diattenuation signal can be used as imaging modalities providing different contrasts and
structural information in addition to those obtained with 3D-PLI. Thus, Diattenuation
Imaging is a promising imaging technique and reveals different types of fibrous struc-
tures that cannot be distinguished with current imaging techniques. The purpose of DI
as additional imaging technique should be further investigated in the future.
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MODELING

0 model and explain the observed transmittance and diattenuation effects in 3D-PLI
T and DI (see Chaps. [§|and E[), a sophisticated simulation tool is needed. In previous
studies [51), 52], the in-house developed simulation software SIMPLI was used to model
the 3D-PLI measurement and signal analysis. However, the software is based on linear
optics (Jones matrix multiplication) and cannot be used to investigate more complex
effects like scattering. For this purpose, FDTD simulations (see Chap. E[) were used
which model the propagation of the polarized light wave through brain tissue.

This chapter describes how FDTD simulations can be used to model the 3D-PLI
and DI measurements: Section [[0.1] explains the simulation of the polarimetric measure-
ments, Sec. [[0.2] introduces the geometries of the simulated fiber configurations, Sec. [I0.3]
describes the implementation in TDME3D and the parameters used for the simulations
in the subsequent chapters, Sec. [[0.4] evaluates the simulation parameters in terms of
accuracy, and Sec. [[0.5] provides a final discussion of the simulation model.

10.1 Simulation of the Polarimetric Measurements

This section describes how FDTD simulations were used to model the polarimetric mea-
surements (3D-PLI and DI). Section introduces the model of the optical systems,
i.e. how the optical components of the employed polarimeters (PM and LAP) were mod-
eled. Section [I0.1.2] explains how the transmitted light intensities were derived from the
electric field vectors computed by the Maxwell Solver (TDME3D). Finally, in Sec.
the simulation procedure was tested on a well-defined sample (USAF resolution target).

Parts of Secs. and have been published in MENZEL et al. (2016, 2018a)
[66], 67]. Section has been published in MENZEL et al. (2018a) [67] Note 3.

10.1.1 Model of the Optical Systems

When modeling the optical components of the polarimeters, the limitations of the soft-
ware TDMES3D need to be taken into account: the simulated light wave is completely
polarized and coherent, the materials are characterized by isotropic refractive indices,
and size and resolution of the simulated geometries are limited due to finite computing
time.

Using completely polarized light for the simulations implies that the optical elements of
the polarimeters are assumed to be ideal (unpolarized light source, ideal polarizing filters,
no polarization-sensitivity of the camera). For the LAP, this assumption is reasonable
because the non-ideal properties of the optical elements have only a small impact on the
derived fiber orientation and diattenuation (in the regime of experimentally observed
diattenuation values 1% < D < 4%), as demonstrated in Sec. The optical elements
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10 MODELING

of the PM are more ideal than for the LAP (the employed filters are smaller and of
better quality), so that the impact of non-ideal optical elements is expected to be even
smaller than for the LAP.

Although the order of the optical elements in the PM is different than in the LAP,
the signal analysis is analogous. Therefore, only the setup of the LAP was considered
in the simulations. For the simulation of 3D-PLI, all filters were considered (polarizer,
quarter-wave retarder, analyzer), for the simulation of DI, only the first polarizer was
considered.

The following paragraphs describe how the different optical elements of the polarime-
ters (PM/LAP) were modeled in the FDTD simulations (see also Fig. [10.1]).

Light source The light source was modeled as a plane wave with a given wavelength and
a certain direction of propagation (i, #). The light is coherent and completely polarized.
To model the 3D-PLI measurement, the sample was illuminated by left-handed circularly
polarized light (corresponding to the polarization state behind the first polarizer and the
quarter-wave retarder). To model the DI measurement, the sample was illuminated by
linearly polarized light with a certain direction of polarization (corresponding to the
polarization state behind the rotating polarizer).

The LED used for the polarimetric measurements emits light with different wave-
lengths and angles of incidence (see Sec. . To model this incoherent and diffuse
light source, several simulation runs were performed with different wavelengths A and
angles of incidence (¢, 6), and the resulting intensities were added incoherently.

The intensities for different wavelengths were weighted according to the wavelength
spectrum of the respective light source (PM/LAP), see Fig. 7.1l The uniform illumina-
tion of the diffuse light source was modeled by equidistant angles of incidence, i.e. two
neighboring light rays have the same polar angular difference Ay. For light incident at a
certain polar angle ¢, the azimuthal angular distance A, between two neighboring rays
is then given by (see Appx. for derivation):

(10.1)

A, = 2arcsin (M> .

sin(#)

For example, the maximum angle of incidence in the PM is 6 ~ 3°, yielding A, =~ 60°
for Ay = 0 = 3°. Thus, to model the uniform diffuse light source of the PM, seven
simulation runs are necessary: {6 = 0°}, {6 = 3°, ¢ = {0°,60°,...,300°}}.

For most simulation studies, a different number 1 of p-angles was chosen:

e={0%Ap,...(n—1)-Ap} = nx Ap, Ap = 360°/7. (10.2)
In this case, the resulting intensities for 6 > 0° need to be weighted accordingly:

30 A
Ap-n Ay

(10.3)

The weighting for normally incident light (§ = 0°) is w = 1. To obtain normalized
intensity values, the weighted sum over all angles needs to be divided by > w;.

By adding the intensities of several simulation runs with different wavelengths and an-
gles of incidence, the light source was modeled by several wave pulses that have no con-
stant phase difference or frequency, i. e. are not coherent to each other (cf. Sec. .
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10.1 Simulation of the Polarimetric Measurements

As it is not feasible to simulate all possible wavelengths and angles of incidence, the
incoherent and diffuse light source could only be modeled to a certain extent.

Sample The optical properties of the sample are characterized by complex refractive
indices, independent of polarization (see Sec. . The maximum sample size and the
minimum mesh size are limited by computing time. For a mesh size A = 25nm, the
maximum sample size is about 1003 pm?3.

Analyzer In a 3D-PLI measurement, a rotating polarizer (analyzer) is located behind
the sample. The analyzer was represented by a rotated Jones matrix R(p) - P, - R(—p)
(see Egs. and ([2:52)). As the matrix only acts on the projection of the electric
field vector onto the xy-plane, it is also valid for non-normally incident (scattered) light.

Objective Lens In the experiment, the light is focused by a microscope (PM) or by a
camera (LAP) objective consisting of several lenses (cf. Sec. and Appx. . To
model the image formation, the optics of the imaging systems was represented by an
effective objective lens, respectively. The lens was assumed to be ideal and both sample
and detector were assumed to lie within the corresponding focal planes of the lens so
that the propagation of the electromagnetic wave between specimen and camera detector
could be neglected.

The numerical aperture (NA) of the lens was modeled by considering only waves with
directions of propagation k that fulfill:

0 < arcsin(NA). (10.4)

In this way, only waves with low spatial frequencies contributed to the computed light
intensity, leading to blurring of the resulting image.

To reduce sample size and computing time, the LAP-setup with the smallest pixel size
(px = 21 pm) was used for the simulations. To model the corresponding numerical aper-
ture of the LAP (NA = 0.0083), only k-vectors with angles 6 < 0.48° were processed.
For the PM (NA = 0.15), only k-vectors with angles 6 < 8.6° were processed.

Detector In the PM, the camera sensor contains an array of spherical microlenses
which bundle the light onto subjacent photodiodes (see Fig. [7.4b). Each photodiode
records the intensity of one particular image pixel. Assuming perfect microlenses and
photodiodes that are completely covered by one microlens, respectively, the microlenses
can be modeled by applying a moving average over the area of the microlens. Instead
of taking the magnification and the physical size of the microlenses into account, the
microlenses were modeled with a diameter corresponding to the pixel size of the PM
in object space (px = 1.331m), i.e. with radius r9 = px/2 = 0.665 um. For the LAP,
the pixel architecture is unknown and the simulations were therefore performed without
microlenses (rg = 0pm).

The finite size of the sensor pixels can be modeled by rasterizing the resulting light
intensities with spacing Az = px. As the position of the sensor pixels is fixed with
respect to the camera, a slightly different position of the sample leads to a different
rasterizing and thus to slightly different intensities of the recorded image pixels. To
still obtain the full image information, the transmitted light intensities were computed
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without rasterizing unless the simulated images were directly compared to experimental

data (see Sec. [10.1.3).

Figure summarizes how the different optical elements of the polarimeters (PM/LAP)

were modeled in the FDTD simulations.

Measurement (PM /LAP))

Simulation (PM /LAP/)

* pixel size:

px ~ 1.33 pm /21 pm)/

T * detector:

spherical microlenses
V/ .ﬁ [not specified|
T  sample size:
Gy

\V4

LED

¢ numerical aperture:
NA ~ 0.15 [0.0083]

e structures > 10 nm

« refractive index:
complex, (an)isotropic

* retardance: y ¥ 7/2
(elliptical polarization)

« partial polarization
(imperfect polarizers)

* LED light source

* wavelength:
A = 550 nm, [529nm|
FWHM = 9 nm /34 nm/

 coherence length:
L= 223 pm [5.5 pm/

« angle of incidence:
o = 0°- 360°,
6 < 3 [257

* rasterizing:
Az = 1.33 pm /21 pm/

* moving average:
E(r) * cire(r) ,
r<0.665pm /r — 0/

¢ numerical aperture:
0, < 8.63° [ 0.48°]

* sample size:
< (100% pm?) x 100 pm
¢ mesh size: 3-25 nm
« refractive index:
complex, isotropic
* retardance: y = /2

(circular polarization)

« completely polarized
light

* plane wave

» wavelength: fixed
A = {545, .., 555 nm}
[{496. .... 581 nm}|

* coherent light

* angle of incidence: fixed
(p = {007 6007"'}7
6 = {0°,.., 3° [25°] }

(3D-PLI) (DI)

Fig. 10.1: Model of the optical systems (PM/LAP): On the left-hand side, the optical
components of the polarimeters are characterized (cf. Tab. : light source (green), po-
larizer /retarder (dark gray), sample (light gray), objective lens/detector (blue). The figure
shows the setup for the 3D-PLI measurement (for the DI measurement, retarder and an-
alyzer are removed). The table and figure on the right-hand side show how the optical
elements were modeled in the FDTD simulations: The incoherent and diffuse light source
(LED) was modeled by performing several simulation runs with plane waves that have differ-
ent wavelengths (\) and angles of incidence (¢, #). The modeled light source emits coherent
light that is circularly or linearly polarized depending on the type of measurement (3D-PLI
or DI). The tissue sample was represented by an artificial fiber architecture, the rotating
analyzer by a rotated Jones matrix. A similar figure has been published in MENZEL et al.

(2018a) [67] Fig. 11.

Apparently, the Maxwell Solver is more suitable for modeling the optics of the PM
than of the LAP: the PM has a narrower wavelength spectrum, less diffuse and more

coherent light, and a smaller pixel size.
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10.1 Simulation of the Polarimetric Measurements

10.1.2 Computation of the Transmitted Light Intensities

This section describes how the vector data resulting from TDME3D was processed to
model the 3D-PLI and DI measurements. The computation of the transmitted light
intensities consists of several steps:

1.) Maxwell Solver: After passing the polarizing filters in front of the sample, the
light wave is left-handed circularly polarized (3D-PLI) or linearly polarized (DI). The
propagation of the light wave through the sample was computed by TDME3D. The
resulting light wave is represented by a superposition of monochromatic plane waves
with different wave vectors k and real amplitudes Eo,k (cf. Eq. ):

Ey(7,t) = Eq, cos(k - 7 — wt + ¢) (10.5)
= A, cos(k - 7 — wt) — By sin(k - 7 — wt), (10.6)

with fl‘k = E_’O?k cos ¢ and By, = Eo,k sin ¢.

Note that every index k denotes a different wave vector % and is not related to the
wave number k = 27/X (the wavelength of the transmitted light waves is the same as
for the ingoing light wave).

2.) Yee Shift: Before further processing, the electromagnetic field components were
shifted in the x,y,z-direction to the middle of the corresponding Yee cell, respectively

(cf. Fig. [6-1p):

Epx(Tt): y—=y+Ay/2, zw—z+Az/2, (10.7)
Epy(Fit): s—=ao+Ax/2, 2z 2+ Az/2, (10.8)
Ep (Fit): o+ Ax/2, y—y+ Ay/2, (10.9)

where Az = Ay = Az is the side length of the cubic Yee cell.
For each shift Aj in the direction j = {z,y, 2}, the vector components Aj; and By,;
were recomputed as follows (see Appx. for derivation):

Api = Ay cos(kj Aj) — By, sin(k; Aj), (10.10)
By = Ay sin(kj Aj) + By, cos(kj Aj). (10.11)

After performing the shifts specified in Eqs. ({10.7)) and ([10.9)), the resulting field vector
is given by:

El(7,t) = A cos(k - 7 — wt) — Bl sin(k - 7 — wt), (10.12)
with A} and Bj, being defined in Eqs. to (D.21)).

3.) Scattering Pattern: To study how much light is scattered under a certain angle
(wave vector k), the scattering pattern was computed, i. e. the intensity per wave vector
(cf. Eq. (2.14)) normalized by the ingoing light intensity (Ip) per image pixel (px):

o Bl AR |BP
L= -
Io/(#px)  Io/(#Dpx)

(10.13)
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4.) Rotating Analyzer:

e 3D-PLI: To model the 3D-PLI measurement, the electric field vector E,;(F, t) was
processed through a second linear polarizer (analyzer) rotated by angles p, yielding:

Ew(7t, p) = Ag(p) cos(k - 7 — wt) — By(p) sin(k - 7 — wt). (10.14)

The x- and y-components of E:k (7, t, p) were computed by multiplying E,’C (7, t) with
the Jones matrix of a rotated linear polarizer (R(p) - Py - R(—p), cf. Sec. 1

E:k7x(f', t,p)\ _ [cosp —sinp\ (0 0 cosp sinp\ [(Ej (7 1)

Eyy(7,t,p)) — \sinp cosp 0 1) \—sinp cosp Eky(r_’ t)
sin p (El,v,x(F’ t) sinp — By (7,t) cos p)

—cos p (B (7,1) sinp — B (1) cos p)

(10.15)

The z- component was computed by applying Maxwell’s equation in free space and

assuming Ek(r,t, p) = Eoi(p) el i(kT-wt+9) (plane monochromatic wave):?
AvEL(Ttp) = 0 & K-Ex(ft,p)=0 (10.16)
& Buiitp) = —5 (s Buaitp) + by By 7t p)
7% (E,’”(F7 t) sinp — By, ((7,t) cos p) .
’ (10.17)

e DI: For the DI measurement, there are no polarizing filters behind the sample and

no transformation is necessary. In this case holds: Ey(7,t,p) = E_",’c(f'7 t).

5.) Objective Lens: As mentioned in Sec. the objective lens was assumed to
be ideal and both specimen and detector were assumed to lie within the corresponding
focal planes of the lens. Thus, the progagation of the electromagnetic wave between
sample and detector was neglected and Ej, (7, t, p) was evaluated at the z-position of the
detection plane behind the sample (defined as z = 0):

7= (rs,my, 0)". (10.18)

To account for the numerical aperture (NA) of the objective lens, only k-vectors were
processed that fulfill Eq. (10.4):

ky

\/ K2+ EZ A+ k2

!The Jones matrix formalism introduced in Sec. assumes that the light is normally incident onto
the optical elements represented by the Jones matrices. The Jones matrix of the linear polarizer can
still be used for non-normally incident light because the polarizer acts only on the projection of the
electric field vector (polarization vector) onto the xy-plane.

2Note that on the Yee grid (within the sample), divEy(7,t) = 0 is not equivalent to k - Ly (7,t) = 0
because k and E are only defined on the grid points (cf. Sec. .

), = arccos < arcsin(NA). (10.19)
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10.1 Simulation of the Polarimetric Measurements

6.) Detector Microlenses: As discussed in Sec. [L0.1.1] the detector microlenses of
the PM can be modeled by applying a moving average over the area of the microlens
with radius rg = 0.665 pm:

1

og = 9 r< To

Ey (7, t, p) = Eg(F,t,p) * cire(r) , circ(r) = ¢ 7o (10.20)
0, r>nr.

7.) Intensity: In principle, the intensity detected by the camera sensor depends on the
angle of incidence of the incident light: I cos 6. For the PM and the LAP, the numerical
apertures are sufficiently small (NA = sin ), < 0.15 < cos 6 > 0.9886). Thus, the angle
dependence was neglected, which enables to represent the intensity I(7,p) in 3D-PLI
simulations as Fourier series in p, as described below.

With this assumption, the light intensity recorded by the camera is given by the
absolute squared value of the electric field vector. To compute the intensity at a certain
point 7 in the image plane, the electric field vectors were summed over k and averaged
over time (see Appx. for derivation):

dt

el

T
- oo 1 z 2
1) < |EFp) 2= o [| 0 (it
(U

= = 2
x ‘FT‘l {Ak(p) ¥ in(p)} x cire(r)] (10.21)
where FT~! denotes the inverse discrete Fourier transform:
FT /=Y fp o7 (10.22)
E

The discrete Fourier transform (FT) is defined analogously.
To save computing time, the convolution in Eq. 10.21: was replaced by a multiplica-
tion, making use of the convolution theorem (see Appx. |D.5|for derivation):

I(F,p) ‘FT’I{ (Xk(p)+i§k(p))-FT{eire(r)}})Q (10.23)
FT—l{ (Auto) +1Bulo)) '2J1(T‘LkXY)} BT
T0 Rxy

where the function Ji(x) is the Bessel function of the first kind of order one, with
kyy = (/K2 + k; and rg = 0.665 pm.
To simplify notation, the following abbreviations are defined:

= = = J1(rg ky 2 2
Eup) = (Aulo) +iBu() -2 200) ) —FT A (), (029)
T0 Rxy
5 Y .3 J1(7“()kx ) =, _ _ .
E,Q:( }C—HB,’C) QTXVY &M =FT &) (10.26)
The intensity is then given by:
I(7,p) o &7 P + € (7, p)? + |Eu(. p) . (10.27)
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o 3D-PLI: The x- and y-components of the electric field vector Ej (7, t, p) behind the
rotating analyzer were computed from Ej (7, t) = A), cos(k-F—wt)— B}, sin(k-F—wt)
according to Eq. (10.15). As the equation is linear in the x- and y-components
of Ej(F,t), the x- and y-components of {4}, B}, £} are transformed to {A(p),

Bu(p), Ek(p)} according to the same equation. As the Fourier transform is inde-
pendent from p, Eq. (10.15)) also holds for the x- and y-components of &'(7) and

E(7, p), yielding Fourier coefficients of order zero and two:

‘ ~X(F7 p)|2 + |‘§y(777 p)|2

= sin? p EL(7)? + cos? p [E)(7)* = sin peos p (EL(7) E/'(7) + €2 (7) €/(7))

=
=
|

(6P +18/1R) + 5 (161 ~ EPI) cos(2p)

Co (&)
S (8P &) + €2 E) sin(2p) (10.28)
dz
= ¢o(7) + ca(7) cos(2p) + do(7) sin(2p) , (10.29)

where the trigonometric identities (cos®z = & + 1 cos(2z), sinz cos z = § sin(2z))
have been used.

Similar analytical calculations (see Appx. yield Fourier coefficients of orders
zero, two, and four:

67, D)2 = eo(7) + ea(7) cos(2p) + fo(7) sin(2p)
+ eq(7) cos(4p) + fu(7) sin(4p), (10.30)

where e, (7) and f,,(¥) are functions of the inverse discrete Fourier transforms:

ky [k
X (F) =FT! {k—s,’m} , Xy(7) =FT! {k—ys,gﬂx} , (10.31)
_ —1 kx ! — —1 ky i
Yo(r) S FTTHC 28 o V(P =FT71 28 0 (10.32)

as described in Eqgs. (D.46]) to (D.50)).
Thus, the transmitted light intensity (7, p) can be written in terms of a Fourier
series:

I(7,p) o [&(T, p)I” + |E(7, p)* + |Eu(7. p)|”

ao(7) + a2(7) cos(2p) + ba(7) sin(2p)

+ a4(7) cos(4p) + ba(7) sin(4p), (10.33)
ao(7) = co(F) + eo(7),  az(F) = ca(7) + e2(7),
ba () = do(7) + f2(7),  as(F) = ea(r),  ba(F) = fa(7), (10.34)

where the Fourier coefficients a, (%) and by, (7) are computed from the six inverse
discrete Fourier transforms defined above: (), &(7), Xx(7), Xy (7), Yx(F), Yy (7).
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10.1 Simulation of the Polarimetric Measurements

For non-normally incident light (ky # 0 or ky # 0), the transmitted light intensity
contains Fourier coefficients of order four (cf. Eqgs. (10.30) to (10.32))). This explains
the experimental observation that Fourier coefficients of order four also contain
tissue information (see Appx. and suggests that these coefficients should also
be taken into account when analyzing the 3D-PLI signal.

o DI: As there is no polarizing filter behind the sample, we can write (7, p) =
E'(7) and the intensity can directly be computed from the inverse discrete Fourier
transform of &), as defined in Eq. (10.26):

I(7,p) o< [ELM + E (P + £, (10.35)

Using Eq. ([10.33]) for 3D-PLI and Eq. ([{10.35)) for DI, the light intensity was computed
for arbitrary rotation angles p and normalized? by the ingoing light intensity per pixel:
(7, p)
In(7, p) = 7 (10.36)
Io/(# px)

For the polarimetric measurements, the measured light intensities are normalized by
the light intensities measured without specimen to compensate for filter inhomogeneities
(see Sec. . This image calibration could be modeled by performing an additional
simulation run without sample. To save computing time, the simulated light intensities
were simply normalized by Iy (without considering the imaging system) and only relative
values were used for the comparison between measured and simulated light intensities.

Implementation Figure [10.2] summarizes the most important steps of computing the
transmitted light intensities for 3D-PLI and DI simulations (both for the PM and the
LAP). The computation was carried out in Python (version 2.7.6) using the NumPy
package (version 1.12.1) [I87, [I88]. To obtain the intensity at a certain pixel position
(x,y), the inverse discrete Fourier transform was computed in two dimensions by means
of the Fast Fourier Transform (FFT) [189]. To enable an efficient use of the FFT, the
number of grid points in x and y (Ny and Ny) were set to be a multiple of 2:

N, = 2™ > N,, (10.37)
N/ =2™ > N,. (10.38)

Simulation Output Figure [[0.3] shows the resulting images of a 3D-PLI and a DI
simulation. The scattering pattern I shows the normalized intensity per k-vector, i.e.
the intensity for different scattering angles 0° < 6, < 90°. The white circles represent
steps of Af, = 10°. To highlight the scattering peaks, the intensities are shown as log-
plot and the scale was adapted to the maximum and minimum values. When simulating
the PM measurement, only k-vectors within the inner circle (6 < 8.6°) were included
in the computation of the transmitted light intensity.

The Fourier coefficients (a; N and b; n) were derived from a single 3D-PLI simula-
tion according to Eqgs. and . Applying a standard 3D-PLI analysis (see
Sec. , the parameter maps (transmittance, direction, retardation, and inclination)
can be computed from the Fourier coefficients of order zero and two.

3A direct comparison between unnormalized light intensities is not always possible because the light
intensity changes with the dimensions of the Yee grid and with the properties of the incident light.
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TDME3D

{Ak, By, K}
Yee Shift (in j € {z,y,2})
PM Ay cos(kj Aj) — By sin(k; Aj), | {4}, By, k} LAP
Ag,i sin(kj Aj) + By, cos(k; Aj) | Egs. (D.16)—(D.21)

I

Scattering Pattern

_ A P+IB
Iy =

Microlenses & Aperture Aperture

£ = (4, +15;) -2 St otoum) £ = (4, +iB;)

0 = arccos (%) < 8.63° 0y = arccos (‘%) < 0.48°

3D-PLI l lDI
2D inverse FET 2D inverse FF'T

E(F) =FT &} co, C2, da E(F) =FT Y& )
E (M) =FT Y&} (Eq. (10:29)) E(M) = FTHE L}

_ —1
Xy (7) = FTHEL  ku/ks) Er) S FTHE,)

Xy(7) EFT_I{&;,Xky/kz} eo, €2, f2, €4, f1
Yi(7) = FT Y&, ke/ks} [ (Eas. (D46)-(D.50))
Yy(7) = FTHeE), ky/h)

!

Normalized Intensity Normalized Intensity
In(7, p) = ((co + €o) + (c2 + €2) cos(2p) In(®) = (|E(@)I? + 1€y (P
+ (d2 + f2) sin(2p) +1E,(™)1?) / (Io/ (# px))

+ eq cos(4p) + f1 sin(4p))/ (Io/(# px))

Fig. 10.2: Flow chart visualizing the computation of the transmitted light intensities for
simulated 3D-PLI and DI measurements: The electromagnetic field components behind
the sample (represented by a set of vectors {/Y;” By, l?}7 green box) are computed by
TDME3D and shifted to the middle of the respective Yee cell. The spherical microlenses of
the camera detector in the PM are modeled by applying a moving average over the area of the
microlens with radius 0.665 pm, the numerical aperture of the imaging system (PM/LAP)
is modeled by considering only waves with direction of propagation k that fulfill 0 <
arcsin(NA). Applying a 2D inverse discrete Fast Fourier Transform (FFT), the transmitted
light intensities are computed and normalized by the ingoing light intensity Iy per pixel (red
boxes). Parts of this figure have been published in MENZEL et al. (2018a) [67] Fig. 17.
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(a) 3D-PLI Simulation (b) DI Simulation
Transmitted Light Intensity (Normalized
Fourier Coefficients Scattering Pattern
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Fig. 10.3: Resulting images of a 3D-PLI and a DI simulation, shown exemplary for a
hexagonal grid of aligned helical horizontal fibers (see Sec. and Fig. . The
simulations were performed for the imaging system of the PM with normally incident light
and with the simulation parameters specified in Tab. (a) The scattering pattern Iy,
was computed from the transmitted light intensity per k-vector according to Eq. .
For the 3D-PLI simulation, the Fourier coefficients were computed from the normalized
transmitted light intensity according to Eqgs. and . The parameter maps
(transmittance, direction, retardation, and inclination) were computed from the Fourier
coefficients of order zero and two, as described in Sec. with ap = arccos(1/20p /7).
(b) For the DI simulation, the transmitted light intensity was computed for linearly polarized
light for different rotation angles p = {0°,10°,...170°}. The light intensity profile shows
the intensity of the middle pixel (marked by a black “x”). The strength of the diattenuation
|Zs| and the direction angle ¢p g were computed for each image pixel from the resulting
light intensity profile by applying the same Fourier analysis as for the measured DI signal

(see Sec. {4.4.3).
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For the DI simulation, only one rotation angle can be simulated per simulation run.
When modeling the DI measurement, the simulations need to be performed for all 18 ro-
tation angles (p = {0°,10°,...170°}). In this case, the same analysis as in Sec. can
be applied to the computed light intensities. The strength of the simulated diattenuation
signal |Zs| and the corresponding phase ¢p g are computed using Egs. and ,
assuming an ideal polarizer (Dyx = 1). Note that the index “S” is used to indicate that
the FDTD simulations only account for diattenuation caused by anisotropic scattering.

Thus, the introduced simulation procedure is able to model both the 3D-PLI and the
DI measurements, including all relevant parameter maps.

10.1.3 Simulation of the USAF Resolution Target

To test how well the simulation of the polarimetric measurements introduced in the
previous sections can actually model the optical properties of the imaging systems, sim-
ulated and experimental data were compared for a well-defined sample — the USAF-1951
resolution target (see Sec. [7.1.4)).

The geometric and optical properties of the USAF target were modeled both for the
high- and the low-resolution targets that were measured with the PM and the LAP. For
both samples, the normalized transmittance image (ITN x ag,n) was computed from a
simulated 3D-PLI measurement, as described in Sec.[[0.1.2] To enable a direct compari-
son between simulation and experiment, the line profiles of the simulated transmittance
images were determined for different detector pixel positions and the corresponding con-
trasts were compared to the contrasts of the measured line profiles (Figs. and
for different line widths.*

To figure out what is needed to efficiently model the optical properties of the PM
and the LAP, the simulations were performed for light with different wavelengths and
different angles of incidence (according to the wavelength spectrum and radiation of the
respective light sources, cf. Sec. .

Section [[0.1.3.]] introduces the simulation model of the high- and the low-resolution
USAF targets. The simulation results and the comparison of simulated and measured
line profiles are described in Sec. [[0.1.3.2] for the PM and in Sec. [[0.1.3.3 for the LAP.

10.1.3.1 Model of the USAF Resolution Target

The USAF targets used to determine the optical resolution of the PM and the LAP
consist of a 1.5 mm soda-lime glass plate (substrate) covered by a thin chromium layer
(coating), see Sec. According to manufacturer information, the thickness of the
chromium layer is about 100 nm for the high-resolution target (manufactured by Edmund
Optics GmbH) and 120nm for the low-resolution target (manufactured by Thorlabs
GmbH). The chromium layers were simulated with the given thicknesses. To reduce
computing time, the glass plate was simulated with a reduced thickness of 13.5 ym. As
the thickness is still much larger than the wavelength, the simulation results are expected
to be similar to simulations with 1.5 mm thick glass plate.

Figure [[0.4 shows the dimensions of the simulation model. The model represents three
lines of one element in the USAF resolution target: lines with width [ (yellow), spacing
(vellow), and height 51 (cyan). The distance between the group of lines and the borders
of the simulation volume is 4.51 (green). The x- and y-dimensions of the simulation

“Note that the values ag n obtained from a 3D-PLI simulation are derived for arbitrary rotation angles
p, while the transmittance image obtained from a 3D-PLI measurement is computed by a discrete
harmonic Fourier analysis over 18 different rotation angles.

118



10.1 Simulation of the Polarimetric Measurements

volume (141) were chosen to be as small as possible to reduce computing time, but large
enough to avoid boundary effects when evaluating the contrasts of the line profiles. The
targets were modeled for all evaluated line widths (cf. Tab. in boldface): the x- and
y-dimensions of the simulation model were scaled according to the line width, while the
dimensions in the z-direction remained unchanged.

As the lateral resolution of the modeled imaging systems was assumed to be the same
in the x- and y-direction, the simulations were only performed for the vertical lines of
the USAF target. When comparing simulation and experiment, the contrasts of the
simulated line profiles were compared to the measured contrasts determined both from
horizontal and vertical line profiles.

chromium layer

wu ()] ~

soda-lime glass

e

Fig. 10.4: Dimensions for the simulation model of the USAF target. The x- and y-
dimensions of the simulation model scale according to the line width [, the dimensions
in the z-direction remain unchanged. The simulation volume is surrounded by 1pm thick
UPML boundaries (gray).

13.5 pm

wrl 21

The 3D-PLI measurement of the USAF target was simulated with TDME3D (see
Sec. using UPML boundaries. The glass substrate was modeled as a dielectric,
while the chromium layer was modeled according to the polarization Drude model. The
refractive indices and absorption coefficients of the glass and the chromium layer were
chosen according to literature values (see Tab. , taking into account the different
peak wavelengths (A) of the light sources in the PM and LAP (cf. Sec. . Note that
the simulations were performed for slightly different wavelengths within the wavelength
spectrum so that the real and imaginary parts of the refractive index (n, k) might sightly
differ from the values given in the table. Although small variations in the refractive
indices might yield different total light intensities, the relative intensities (and thus the
contrast of the line profiles) remain similar so that these differences were not considered
in the simulations.

H PM (A = 550 nm) ‘ LAP (A = 5291nm) ‘ Reference ‘

Substrate: n = 1.5251 n = 1.5263 RUBIN et al. (1985)
soda-lime glass k=220x10""7 | xk=1.75x10"" | [190]

(1.5 mm thick) d=135pm d=135pnm

Coating: n = 2.7891 n = 2.6344 RAKIC et al. (1998)
chromium layer Kk =4.1976 Kk =4.1521 [191]

(= 100 nm thick) || d = 100nm d =120nm

Tab. 10.1: The table shows the real and imaginary parts of the complex refractive index
(' =n+ik) as well as the thickness (d) of substrate and coating used to model the high-
and low-resolution USAF targets for the PM and LAP measurements (for a peak wavelength
5\) The values for n and x were derived from the data in the given references and by making
use of the refractive index database (https://refractiveindex.info, ©2008-2017 Mikhail

Polyanskiy).
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10.1.3.2 Simulation of the PM Measurement

The USAF target was simulated for all line widths that were evaluated for the PM:
1 ={1.74,1.95, 2.19, 2.46} pm. The dimensions and refractive indices of the simulation
model were chosen as in Fig. [[0.4 and Tab. [[0.J] All simulations were performed for
a Yee mesh size of 25 nm, a Courant factor of 0.8, and 800 periods to ensure that the
obtained simulation results are close to the stationary solution.

The 3D-PLI simulations were performed as described in Sec. [[0.1.2} the transmittance
(ap,n) images were computed for a numerical aperture NA = 0.15 and microlenses with
a diameter of 1.33 pm.

To model the wavelength spectrum of the PM light source, the simulations were per-
formed for different wavelengths: A\ = {540, 545, 550, 555, 560} nm. The resulting trans-
mittance images were weighted according to the wavelength spectrum (see Fig.[10.5]) and
added together.

(a) Zo0.010 (b)

N; 0,005 B\ A [nm] | area (%]
£ ] 540 1.57
= 0.006 545 | 21.36
= 1 550 56.10
Z 0004 555 | 20.04
= 0,002 560 0.87
E 4

-200.000 BN DRI ARG RN AR

540 ' 545 ' 550 ' 555 ' 560 ' 565

A [nm]

Fig. 10.5: Modeling the wavelength spectrum of the PM light source (cf. Fig. ): (a) The
wavelength spectrum was sampled in steps of 5nm. The area under the curve belonging to
X = {540, 545, 550, 555, 560} nm was used to compute the contribution of these wavelengths
to the spectrum. (b) The table lists the fractions of the total intensity for these wavelengths,
which were used to compute the weighted sum of transmittance images representing the
wavelength spectrum of the PM.

To model the diffuse light source of the PM (max. angle of incidence: 6. ~ 3°, see
Sec. , the simulations were performed for light with different angles of incidence:
{6 =0°}, {6 = 3°, ¢ = 6 x 60°, 8 x 45°}, cf. Eq. ([0.2). The resulting transmittance
images were weighted as described in Sec. (using Eqgs. and with 6 =
Ay = 3°) and added together. To simplify notation in the following, the simulation run
for normally incident light is not explicitly mentioned and the short notation “n % A¢” is
used to refer to the weighted sum of the simulation runs: {6 = 0°}, {6 = 3°, o = nxAp},

cf. Eq. (10.2).

Model of the Light Source Modeling the light source of the PM for all five wavelengths
and all 8 % 45° angles of incidence would require 5 x 9 x 4 = 180 simulation runs for
all four line widths. To find out how many simulation runs are really necessary, the
transmittance images obtained from simulations with different wavelengths and angles
of incidence were compared to each other, exemplary for a line width [ = 1.74 pm.

For better comparison, the line profiles of the transmittance images were computed,
i.e. the middle pixel in the y-direction evaluated along the x-direction (cf. white line
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10.1 Simulation of the Polarimetric Measurements

in Fig. ) To compare the simulation results independently of the detector pixel
position, the line profiles were computed from the original transmittance images without
downsampling, i.e. before taking the detector pixels into account.

Figure shows the line profiles for normally incident light (§ = 0°) simulated for
different wavelengths (A = {540, 545, 550, 555, 560} nm). The line profiles for the other
line widths are shown in Appx. in Fig. [D-3h. The peak transmitted light intensities
vary between wavelengths. The simulations for different line widths yield different peak
intensities.

Figure [I0.Gp shows the line profiles for light with a wavelength A = 550 nm simulated
for different angles of incidence. The blue curve shows the line profile for normally
incident light (f = 0°). The green, red, and cyan curves show the line profiles for diffuse
light, computed from the weighted sum of several transmittance images with different
angles of incidence {4 % 90°, 6 % 60°, 8 % 45°}.

(a) (b)
045 0=0° A A = 550
= = 550 nm — o
0.40 - \ §=0
— 540 nm — 4% 90°
0.35 — 545 nm —6 % 60°
0.30 — 550 nm — 8 % 45°
) X 555 nm —¢={0°,60°
:32 0.25 \ — 560 nm i rot./mirr.
0.20 | |
0.15
0.10 |
0.05 \J \A
0.00 LAA WNAA
10 5 0 5 10 -10 -5 0 5 10
X [pm)] x [pm]

Fig. 10.6: Line profiles of the USAF target with line width { = 1.74um (cf. Fig.
simulated for the optics of the PM. The line profiles show the middle pixel in the y-
direction evaluated along the x-direction of the resulting transmittance images: (a) normally
incident light with different wavelengths, (b) diffuse light with different angles of incidence
and fixed wavelength (A = 550nm). The line profiles for diffuse light were generated by
computing the weighted sum of the transmittance images obtained from several simulation
runs with different angles of incidence, according to Egs. to . The notation
n % Agp indicates that the transmittance image was computed from the simulation runs:
{6 =0°}, {0 = 3°, ¢ = nx Ap}. While the first line profiles were generated from a complete
range of azimuthal angles (¢ € [0°,360°)), the line profile in magenta was generated from
only three simulation runs: {6 = 0°}, {6 = 3°, ¢ = 0°}, and {0 = 3°, ¢ = 60°}. The missing
p-angles were taken into account by rotating the resulting transmittance images by 180° or
by flipping the images with respect to the x- or y-axes.

For diffuse light, the outer peaks move closer to the center. While 4 % 90° yields a
different line profile than 6 % 60°, the line profiles for 6 % 60° and 8 % 45° look almost
identical. Thus, it is possible to model the diffuse light source by 6% 60° angles of
incidence, which requires seven simulation runs.

To further reduce computing time, the diffuse light source was modeled by only three
simulation runs: {6 = 0°}, {6 = 3°, » = 0°}, and {0 = 3°, ¢ = 60°}. The missing
p-angles were computed by exploiting the symmetry of the sample and the light source,
i.e. by rotating the resulting transmittance images by 180° or by flipping the images
with respect to the x- or y-axes. As the resulting line profile (magenta curve) is very
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similar to the line profile obtained from 8 ¥ 45° angles of incidence, all other simulations
for different wavelengths and line widths used only three simulation runs to model the
diffuse light source.

Figure [[0-7h shows the line profiles for diffuse light and different wavelengths for a line
width [ = 1.74 pm. (The line profiles for the other line widths can be found in Appx.
in Fig. @b) The weighted sum over all five wavelengths (according to the table in
Fig. ) yields a transmittance image that reflects both the diffuse light source of the
PM and the wavelength spectrum. The yellow curve (“spectrum”) in Fig. [10.7h shows
the corresponding line profile, the image in Fig. [[0.7p shows the transmittance image
from which the line profile was generated (white dashed line). A similar transmittance
image is obtained when summing only over three wavelengths (A = {545, 550, 555} nm).
This is expected because the outer wavelengths 540 and 560 nm make only a small
contribution to the overall transmitted light intensity (see Fig. [10.5).

@ . ()
#210 = 3°, 9 = {0°,60°} + rot./mirr. A
0.401 — 540 nm
0.350 : 545 nm
550 nm
0.30 555 nm
2 0.25 560 nm
She spectrum
0.20
0.15
0.10 [
0.05 | ; V x[pm] -0 -5 0 5 10
0.00 SN/ A s g
- 10 -5 5 10 0.0 0.1 0.2 0.3 0.4

0
X [pm]

Fig. 10.7: USAF resolution target with line width { = 1.74 pm (cf. Fig. [10.4) simulated for
the optics of the PM and diffuse light. The transmittance images were computed from three
simulation runs with different angles of incidence ({8 = 0°}, {0 = 3°, ¢ = 0°} {6 = 3°,
60°}), and by 180°-rotation or flipping of the simulated transmittance images: (a) line
profiles of the resulting transmittance images for different wavelengths A, (b) transmittance
image obtained from the weighted sum over all wavelengths (according to Fig. ). The
corresponding line profile (white dashed line) is shown as yellow curve in subfigure (a).

The studies of the line profiles for [ = 1.74 ym have shown that the light source of the
PM can efficiently be modeled by summing over three wavelengths with three angles of
incidence each. Thus, for all other line widths of the USAF target, the light source was
modeled by only nine simulation runs instead of 45.

Comparison of Simulated and Measured Contrasts So far, the transmitted light in-
tensities were evaluated without considering the detector pixels. To reproduce the line
profiles obtained in the PM measurement (cf. Fig. [7.6), the transmittance images need
to be downsampled.

As described in Sec. [[0.171] the finite detector pixels can be modeled by rasterizing
the transmittance images with spacing Az = 1.33pm (along the x- and y-axes). To
take different positions of the sample into account, the images were downsampled for all
possible 53 x 53 raster origins with A = 25nm: (zg,yo) € {0,25nm,...,1.325 um}.
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10.1 Simulation of the Polarimetric Measurements

Just as in the measurement (cf. Fig. , the line profiles were computed by selecting
the pixels in a centered region (—21 < y < 21) and averaging the corresponding inten-
sity values along the y-axis. For all line profiles, the local minima and maxima were
determined and the contrast was computed using Eq. .

Figure shows the line profile of the transmittance image without downsampling
(blue) and the line profiles of the downsampled transmittance images with minimum
contrast (green) and maximum contrast (red), exemplary for a line width [ = 1.74 pm.
The simulated contrast values (C = 48.3-65.1 %) are much higher than the measured
contrast values (C = 9.1-15.9%). This is also true for the other evaluated line widths
(see non-bold numbers in Tab. [[0.2).

More similar contrast values are obtained for all line widths when performing a moving
average over an area of 2.66 x 2.66 pm? (corresponding to 2 x 2 detector pixels in object
space) before rasterizing the resulting transmittance image. The green and red curves in
Fig. [I0-8p show the resulting line profiles with minimum and maximum contrast values
for | = 1.74pm. The simulated contrast values (Tab. in boldface) are comparable
to the measured contrast values (Tab. in italics) for all evaluated line widths. For
better comparison, the measured and simulated contrast values are represented in box-
and-whisker diagrams (see Fig. for all line widths.

(a) Rasterizing without Averaging (b) Averaging over 2 x 2 Pixels
0.40 — - -
= 483 % C.=156% — line profile
0.35(|¢c 65.1 % Ita 17.4 % __ downsampled
) o e (min. contrast)
0.30 — downsampled
0.25 (max. contrast)
%

S0.20
0.15 [
0.10 [
0.05 1 J
0.00

10 0 10 -10 -5 0 5 10

X [pm)] X [um]

S
ot

Fig. 10.8: Downsampled line profiles of the USAF resolution target (with line width [ =
1.74pm) simulated for the optics of the PM. The blue curves show the line profiles of
the original transmittance images without downsampling (cf. Fig. [[0.7b). The green (red)
curves show the downsampled line profiles with minimum (maximum) contrast, according
to Eq. @ (a) The downsampling was performed by rasterizing the transmittance image
with spacing Az = 1.33um along the x- and y-axes. (b) The downsampling was performed
by applying a moving average over 2.66 x 2.66 pm? before rasterizing the resulting image
with spacing 1.33 pm.

Apparently, the model of the optical system described in Secs. [[0.1.1) and [[0.1.2] is not
sufficient to model the optical resolution of the PM. The simulated contrast values of
the USAF resolution target are much larger than the measured contrast values. Only
when performing a moving average over 2 X 2 image pixels, the measured contrast values
can be reproduced. Applying a moving average can be considered as an effective model
for everything that is not taken into account in the current model of the optical system,
e.g. additional lenses or the exact sensor architecture in the PM (cf. Appx. .
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l [pm] ‘ é [%] ‘ Cmin [%] ‘ Cmax [%] ‘

55.1 48.3 65.1
1.74 16.2 15.6 17.4
10.5 9.1 15.9
78.1 62.0 85.2
1.95 31.9 26.2 33.0
26.1 22.4 38.2
87.1 81.0 92.7
2.19 46.8 42.6 51.5
47.6 42.9 54.3
94.4 91.6 97.0
2.46 65.0 59.3 71.4
68.7 61.6 71.5
« simulation without averaging
. simulation with averaging
« measurement

Tab. 10.2: Median, minimum and maximum contrast values C of the USAF resolution target
for different line widths [. The numbers in italics correspond to the contrast values obtained
from 25 measurements with the PM (see Fig. ) The straight numbers correspond to the
contrast values obtained from simulations of the USAF target for the optics of the PM. The
downsampling was performed by rasterizing the transmittance image with spacing 1.33 pm
along the x- and y-axes (non-bold numbers) or by applying a moving average over an area
of 2.66 x 2.66 nm? before rasterizing (bold numbers).

(a) Measurement (b) Simulation (with averaging)
80 80
70 70
60 El 60 IEI
50 50
X 10 = 10 =
S 30 [;| 30 E3
20 20
10 = 10 -
0 T T T 0 T T T
1.74 1.95 2.19 2.46 1.74 1.95 2.19 2.46
! [pm] ! |pm]

Fig. 10.9: Box-and-whisker diagrams for the contrast values of the USAF resolution target
measured with the PM for different line widths I. The blue lines indicate the median contrast
values, the boxes contain 25-75 % of the contrast values, the ends of the whiskers represent
the minimum and maximum contrast values: (a) measured contrast values (see Tab.
in italics), (b) simulated contrast values (the downsampling was performed by applying a
moving average over an area of 2.66 X 2.66 pm? on the transmittance images and rasterizing
with spacing Az = 1.33 pm along the x- and y-axes, see Tab. in bold).

As the average of the transmittance image is the same with and without averaging over
2 x 2 image pixels, the model of the optical system for the PM, described in Secs. [[0.1.1]
and [[0.1.2] can still be used when comparing only average values between simulation
and measurement.
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10.1 Simulation of the Polarimetric Measurements

10.1.3.3 Simulation of the LAP Measurement

The LAP light source has a much broader range of wavelengths and illumination angles
than the light source of the PM (see Sec. [T-L.1)).

To model the wavelength spectrum of the LAP light source, the transmitted light inten-
sities were computed for different wavelengths A = {496,...,581} nm (see Fig. [L0.10R)
and weighted according to the wavelength spectrum (see Fig. [[0.10b). The range of
wavelengths was chosen such that the minimum and maximum wavelengths yield 1/16t:
of the overall peak intensity.

(a) (b)

A [nm] | area [%]
529 Troax 496 1.38
502 1.96
508 4.55

I inax
lma 514 7.35
520 11.22
3 nax 529 32.04
540 14.20
548 12.63

1] .

14 max 560 8.60
e T

= R o Lax

475 500 525 550 575 600 625

A [nm]|

Fig. 10.10: (a) The wavelength spectrum of the LAP light source (see Fig. ) is less
symmetric than the wavelength spectrum of the PM. Therefore, the spectrum was not
sampled in equidistant steps, but with respect to the maximum intensity Iy,ax of the peak
wavelength. For this purpose, the wavelengths with intensities {1,3/4,1/2,1/4,1/8,1/16} Inax
were determined (blue numbers) and the wavelengths belonging to half of the intensity steps
(red lines) were used to define borders around these wavelengths (blue arrows). The intensity
steps were chosen such that the resulting wavelengths differ by 6-12nm. The corresponding
areas under the curve were used to compute the contribution of these wavelengths to the
spectrum. (b) The table lists the fractions of the total intensity for these wavelengths, which
were used to compute the weighted sum of transmittance images to model the wavelength
spectrum of the LAP light source.

To model the diffuse light source of the LAP (max. angle of incidence: Opax =~ 25°,
see Sec. , the transmitted light intensities were computed for light with different
angles of incidence 6 = {0°, ..., 25°} and weighted by the angular distance between
neighboring light rays.

Due to the large number of wavelengths and illumination angles, the light source of
the LAP is computationally more intensive to model than the light source of the PM.
In addition, the simulation volume of the USAF target needs to be much larger for
the LAP. For the largest evaluated line width (I = 35.08 pm), the simulation volume
according to Fig. would be about 490 x 490 x 17um?, which is about 200 times
larger than the largest simulation volume for the PM. In fact, the simulation volume
needs to be even larger because the small numerical aperture of the LAP (NA = 0.0083)
requires a sufficiently fine resolution in k-space. Even reducing the number of periods
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(e.g. to 200 periods) would not make a simulation of the USAF target for the LAP
in the same manner as for the PM feasible, especially when taking several wavelengths
and angles of incidence into account. The model of the USAF target in Fig. [[0.4] was
therefore reduced to two dimensions.

2D Simulation Model The 3D model of the USAF target was reduced to 2D (xz-plane
in Fig. using periodic boundary conditions in the y-direction (cf. Sec. @, i.e. the
slits in the USAF target were approximated as infinitely long lines. This approximation
is reasonable because the length of the slits (5 > 124pm) is much larger than the
wavelength (A < 581 nm). Note that the light source was also restricted to 2D so that
the angles of incidence were limited to the xz-plane (6 > 0°, ¢ € {0°,180°}).

The dimensions of the simulation volume in the z-direction were chosen as in Fig. [[0.4]
(z = 17pnm, with 13.5 pm glass plate and 120 nm chromium layer). The dimensions in
the x-direction were chosen to be much larger (x = 2600 pm) to achieve a sufficiently
fine resolution in k-space (A6 = 0.01°). The refractive indices used for the LAP sim-
ulations are listed in Tab. [[0.1] All simulations were performed for a Yee mesh size of
25nm, a Courant factor of 0.8, and 800 periods. The transmittance (ap,n) images, i.e.
the 2D transmittance profiles, were computed from simulated 3D-PLI measurements as
described in Sec. [[0.1.2] for a numerical aperture NA = 0.0083 without microlenses.

Figure [[0-17] shows the transmittance profiles for light with different wavelengths and
angles of incidence, exemplary for a line width { = 35.08 pm.

() (b)

o A= 529 nmm /\ /\ 0[]
: — 0.00

—0.25
031 /A / \ A — 0.50
t 075
— 1.00
0.2

T150 ~100 50 0 50 100 150 U150 100 -5 0 50 100 150

X [pm] X [pm)|

0N

Fig. 10.11: Transmittance profiles obtained from 2D simulations of the USAF resolution
target for the LAP (with line width { = 35.08 pm): (a) normally incident light (6 = 0°) with
different wavelengths X, (b) light with fixed wavelength (A = 529nm) and different angles
of incidence 6

Figure shows the transmittance profiles for normally incident light (6 = 0°)
and different wavelengths. While the x-positions of the peaks are only slightly different,
the peak intensities differ a lot between different wavelengths (they become maximal for
A =496 nm and minimal for A = 581 nm).

Figure shows the transmittance profiles for light with fixed wavelength (A =
529 nm) and different angles of incidence. With increasing 6, the peak intensities decrease
and the peak widths increase. For 8 > 0.75°, there exist no three distinct peaks. For
6 > 1°, the transmitted light intensities (ag ) are almost zero.
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Due to the small numerical aperture of the LAP, small changes in the angle of inci-
dence make already a great difference in the resulting transmittance profiles. The small
numerical aperture also implies that the discretization in k-space, which is caused by
the finite x-size of the simulation volume, has a large impact on the simulation results.
For this reason, the FDTD simulations should not only be performed for a broad range
of different angles and wavelengths, but also for an increased x-size, which would require
a lot of computing time. Therefore, the weighted sum over different wavelengths and
angles of incidence was studied analytically.

Analytical Solution The USAF resolution target (three slits with width/spacing )
was modeled as a 1D grating (see Fig. [10.12)) and the Fraunhofer diffraction pattern was
computed analytically for different wavelengths A and different angles of incidence 6.
The slits were considered to be a perfect grating with 100 % transmission within and
100 % extinction between the slits. The glass plate of the USAF target and the thickness
of the chromium layer were neglected in this model. To apply the theory of Fraunhofer
diffraction (see Sec. , it was assumed that the distance between the sample and
the light source is much larger than i/ and that the transmitted light intensity is
detected in the far-field, i.e. in the back focal plane of the objective lens.
1(6,)

AZ

x=0

Fig. 10.12: 1D grating consisting of three slits with width and spacing [, representing the
USAF resolution target for the LAP. The Fraunhofer diffraction pattern was computed
for light with different angles of incidence 6 and different wavelengths A. The numerical
aperture of the imaging system (NA) was taken into account by computing the transmitted
light intensity I(6x) only from k-vectors with angles 0y < 6yax = arcsin(NA).

Under these assumptions, the complex amplitude U of a light wave with wavelength
A and angle of incidence 6 that propagates through a 1D grating with N = 3 slits and
line width [ is given by (see Appx. for derivation):

2 I\ oigpr (1—eOikP!
U(gk))\,e,l X rkp Sin (kp 5) (§] p m s (1039)
p=sinf —sin. (10.40)
To account for the small numerical aperture of the LAP (NA = 0.0083), only k-
vectors with angles 6 < arcsin(NA) ~ 0.48° were considered. The transmitted light

intensity in real space, i.e. the transmittance profile I(x) o |U(z)|?, was computed from
U(f) < 0.48°) via an inverse discrete Fourier transform in 1D:

2
](Z‘),\’g’l x ‘FT”{U(G;C < 0.480))\’971}‘ . (10.41)
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Figure[[0.13 shows the analytically computed transmittance profiles for different wave-
lengths and angles of incidence, exemplary for a line width [ = 35.08 pm.

(a) (b)
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Fig. 10.13: Analytically computed transmittance profiles for the USAF resolution target of
the LAP with line width ! = 35.08 pm (Fraunhofer diffraction pattern of a 1D grating, see
Appx.[D7): (a) normally incident light (§ = 0°) with different wavelengths A, (b) light with
fixed wavelength (A = 529nm) and different angles of incidence 6. The black dashed lines
show the transmittance profiles obtained from the weighted sum over different wavelengths
(according to Fig. ) and the weighted sum over different angles of incidence (same
weighting for equidistant angles), respectively.

Figure shows the transmittance profiles for normally incident light (6§ = 0°)
and different wavelengths. With increasing wavelength, the peak intensities decrease
continuously and the outer peaks move slightly further apart. The black dashed line
shows the transmittance profile obtained from the weighted sum over all wavelengths
(according to the table in Fig. [L0.10p). The profile looks similar to the transmittance
profile of the peak wavelength A = 529 nm (yellow line).

Figure shows the transmittance profiles for light with fixed wavelength (A =
529 nm) and different angles of incidence. The black dashed line shows the transmittance
profile obtained by averaging all five angles of incidence. Compared to the transmittance
profile for normally incident light, the contrast is reduced (the minimum intensity values
between the peaks become larger).

Analytically computed and simulated transmittance profiles show exactly the same
behavior for light with different angles of incidence (cf. Figs. and ) The
transmittance profiles for light with different wavelengths look different (cf. Figs.
and ) However, when being normalized to the peak intensity, analytically com-
puted and simulated transmittance profiles look similar for different wavelengths. This
suggests that the differences are mostly caused by the glass substrate and by the dis-
cretization in k-space which inevitably occurs in the 2D simulations due to the finite
x-size of the simulation volume. As the normalized profiles of the 2D simulations look
similar to the analytical ones, the k-discretization and the glass substrate seem to influ-
ence mostly the total light intensity and not the contrast of the lines. This demonstrates
that the analytically computed Fraunhofer diffraction pattern can be used instead of the
2D simulations to model the transmitted light intensities for the USAF target measured
with the LAP.

To consider the whole range of wavelengths and illumination angles of the LAP light
source, the analytical transmittance profiles were computed for all combinations A\ =
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10.1 Simulation of the Polarimetric Measurements

{496, ...,581}nm and # = {0°,0.25°,...,25°}, weighted according to the wavelength
spectrum (see Fig. ), and added together.

To compare the contrasts of the analytically computed transmittance profiles to the
contrasts of the line profiles obtained from the LAP measurements (see Figs. [T.6land[B:2p),
the transmittance profiles were downsampled. For this purpose, the transmittance pro-
files were convolved with a rectangle function of width Az = 21 pm (corresponding to
the pixel size in object space) and sampled with spacing Az for different sampling po-
sitions 9 = {0, 25nm, ..., 20.975 pm}. Figure shows the transmittance profiles
for all evaluated line widths [ after the convolution (blue curves) and the downsampled
profiles with minimum (green) and maximum (red) contrast values. The contrasts C
were computed by averaging the local minima and maxima of the downsampled profiles

and using Eq. (7.4)).

(@) 1= 24.80 ym (b) = 27.84 ym
14 T 16
=19.1% ! - =30.29
12} Cmm /; : 14t (mm 30 0
C,.=255% C,.=370%
10t 12/
= 10f
28
£ 8
£ o \
H 6
4 n
2| 9l
0 ‘ h 0 ‘ ‘
-30 -20 -10 0 10 20 30 -30 -20 -10 0 10 20 30
x [y  [um]
(c) _ (d) _
[=31.25 ym = 35.08 ym
18 T T T T T 20 T T T T T
16 || G~ 441 % Con= 60-2%
C 55.3 % C =066.1 %
e 15
=12
=
10
z 10
Z g
2
g6
4 '5
2
0% : ‘ : 0 — ‘ ‘
-30 -20 -10 0 10 20 30 "-30 20 -10 0O 10 20 30
x [pm] X [pm]
) ) — downsampled line profile (min. contrast)
— line profile convolved with Az = 21 pm .
— downsampled line profile (max. contrast)

Fig. 10.14: Downsampled transmittance profiles of the USAF resolution target for different
line widths [ computed analytically from the Fraunhofer diffraction pattern of a 1D grating
considering the optics of the LAP: The blue lines show the profiles after convolution with a
rectangle function of width Az = 21 pm, the green (red) lines show the downsampled profiles
with minimum (maximum) contrast values. The contrasts C were computed by averaging
the local minima and maxima of the downsampled profiles and using Eq. .
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As expected, the analytically computed contrast values decrease with decreasing line
width. Table [[0.3] shows the median, minimum and maximum contrast values for all
evaluated line widths (bold numbers) in comparison to the measured contrast values
(italic numbers).

[ [pm] ‘ ¢ [%] ‘ Cinin [%)] ‘ Crax (%] ‘
21.4 19.0 25.5
24.80 16.1 12.7 18.9
33.3 30.2 36.9
2784 27.8 20.7 31.9
53.1 44.1 55.3
31.25 39.5 33.3 48.8
. 62.4 60.2 66.1
08— %% 76 57.9
. analytical solution
« measurement

Tab. 10.3: Median, minimum and maximum contrast values C of the USAF resolution
target for different line widths . The numbers in italics correspond to the contrast values
obtained from 25 measurements with the LAP (see Fig. [.6b). The contrast values in bold
were computed analytically from the Fraunhofer diffraction pattern of the USAF target
(1D grating) for the LAP. Downsampling was performed by convolving the transmittance
profiles with a rectangle function of width Az = 21 pm and sampling with spacing Azx.

For better comparison, all measured and analytically computed contrast values are

shown as box-and-whisker diagrams in Fig. [[0.15]

(a) Measurement

(b) Analytical Solution
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Fig. 10.15: Box-and-whisker diagrams for the contrast values of the USAF resolution target
measured with the LAP for different line widths [. The blue lines indicate the median
contrast values, the boxes contain 25-75% of the contrast values, the ends of the whiskers
represent the minimum and maximum contrast values: (a) measured contrast values (see
Tab. in italics), (b) analytically computed contrast values (see Tab. in bold).

For all line widths, the analytically computed contrast values are slightly larger than
the measured contrast values. For 24.8pym < [ < 31.251m, the maximum measured
contrast values correspond to the minimum contrast values obtained from the analytical
solution. Thus, the analytical solution shows similar tendencies as the measurement.
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10.2 Geometries of the Simulated Fiber Configurations

In general, it can be noted that the optics of the PM is more suitable to be modeled
with FDTD simulations than the optics of the LAP. Modeling the LAP light source
requires a lot of simulation runs with different wavelengths and angles of incidence, and
the optical resolution of the imaging system can only be studied analytically. While the
optical resolution of the PM can efficiently be modeled by three different wavelengths
and three angles of incidence each, yielding similar contrast values as in the measurement
(see Fig. , the optical resolution of the LAP can only be investigated analytically
and the resulting contrast values are less comparable to the measured contrast values,
even when taking a broad range of wavelengths and illumination angles into account.

10.2 Geometries of the Simulated Fiber Configurations

This section introduces the fiber configurations that were used for the simulations of the
transmittance and diattenuation effects presented in Chaps. [[I] and [[2}

To investigate which geometry parameters are responsible for the observed effects and
to understand which parameters are needed to reproduce the experimental observations,
a bottom-up approach was pursued: starting from a simple fiber configuration (hexago-
nal grid of straight fibers), the configurations were made more and more complex until
they looked more comparable to realistic nerve fiber architectures.

The majority of myelinated axons in the brain have diameters of 1 pm or less (see
Sec. . The fibers were therefore simulated with diameters of about 1 pm. This size
is small enough to simulate a large number of fibers in a volume < 1003 pm?3 and large
enough to include the inner fiber structure, e.g. the myelin sheath.

10.2.1 Hexagonal Grid of Fibers

Microscopy images of nerve fiber bundles show that the nerve fibers are densely packed
and have similar inter-fiber distances®, see Fig. . In a first simple model, the
fibers were therefore arranged on a hexagonal grid (densest circle packing) with equal
inter-fiber distances, see Fig. [[0.16b. The fiber diameters were chosen to be 1pm and
the inter-fiber-distances 0.4 pm, which allows to simulate also non-straight fibers without
collision control.

The fiber geometries were generated with built-in functions of TDME3D (see Secs.
and for different inclination angles. The configurations have different degrees of com-
plexity: First, the fibers were simulated as straight cylinders. In a next step, the straight
fibers were replaced by slightly undulated fibers described by a helix (see Fig. )
with small radius 7 = 0.2pm and long stride s = 9pm (see Fig. ) To break
the symmetry, the fibers were arranged in four different groups (see different colors in
Fig. [10.16p) and each group was assigned a different offset in the x-direction (0pm,
2.25 um, 4.5 pm, 6.75 pm), see Fig. . To further increase disorder, the four groups
were assigned four different strides (s = 3pm, 6 pm, 9 pm, 12 pm), see Fig. ,

5Note that inter-fiber distances might differ between native and fixated tissue.
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(b)

> N 4 g (
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Fig. 10.16: (a) Electron microscopy photomicrograph of a nerve fiber bundle (pyramidal
tract fibers) of a two-month-old rat (Adapted from: XIE et al. [I92] Fig. 2b, Copyright
(2014), with permission from Spandidos Publications). (b) Geometry of the hexagonal grid
of simulated (straight horizontal) fibers (diameter: 1pm, inter-fiber distance: 0.4um). The
different colors (blue, green, magenta, red) mark the four different groups of fibers used to
realize different fiber geometries (cf. Fig. .

(a) Aligned Helical Fibers (b) Unaligned Helical Fibers (c) Unaligned Helical Fibers (d)
(same offset, same strides) (different offsets, same strides) (different offsets, different strides)
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Fig. 10.17: Simulated geometries for the hexagonal grid of helical horizontal fibers: The
fibers were arranged in a hexagonal grid (see Fig. ) with different offsets in the x-
direction. All fibers follow a helix with radius r = 0.2 pm and stride s (d). In case of the
aligned helical fibers (a), all fibers have the same offset and the same stride (s = 9pm). In
case of the unaligned helical fibers, there exist four groups of fibers with different offsets
(0pm, 2.25 pm, 4.5 um, 6.75 pm) and same strides (b) or with different offsets and different
strides (s = 3pm, 6 pm, 9 pm, 12 pm) (c).

10.2.2 Bundle of Densely Grown Fibers

The fiber configurations presented in Sec. [[0.2.1] are highly symmetric and periodic and
can be described by simple geometric functions. Nerve fibers in brain tissue, however,
are diversely distributed and do not follow simple geometric functions. To generate more
realistic fiber bundles with densely packed fibers, the Fiber Growing Algorithm (FGA)
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10.2 Geometries of the Simulated Fiber Configurations

described in Sec. [6.4.1] was used. The algorithm generates bundles of densely grown
fibers with similar fiber orientations and without collisions.

To generate a densely grown fiber bundle, N = 700 fibers (circles) were distributed in
an area x X y = 45 x 30 pm? with randomly uniformly distributed radii » € [0.5, 0.8] pm.
The average radius (0.65 pm) was chosen to be large enough to still enable the generation
of bundles with larger fiber radius distributions (see Sec. [10.2.3.2). The number of fibers
was chosen to be as large as possible so that the algorithm still finds a solution in a
reasonable amount of time for z = 45um. To generate fiber bundles with different
inclination angles, the resulting bundle of densely grown fibers was rotated around the
y-axis with respect to the center position and cropped to a volume of 30 x 30 x 30 pm?>.

As the algorithm only finds a solution for which the fibers do not intersect (in the
xy-plane), fibers might still touch each other. As a consequence, the fiber architecture
might not be correctly represented in the simulations because there is no boundary
surface between touching fibers in the generated (discretized) fiber geometry. To avoid
this problem, the fiber radii were reduced by 5%, yielding fiber radii between 0.475 pm
and 0.76 pm. To simplify notation in the following, the fiber radius r is given in terms
of the initial radius (before reducing the radius by 5 %).

Figure shows the geometry for the horizontal bundle of densely grown fibers.

Fig. 10.18: 3D view and cross-sections through mid-planes for a horizontal fiber bundle: (a)
bundle of densely grown fibers generated by the FGA, (b) reference fiber bundle generated
by the VCS (see Sec. with maximum displacement of fiber midpoints = = 1pm).
For both fiber bundles, 700 fibers with radii r € [0.5, 0.8] pm were generated in a volume of
45 x 30 x 451m® and cropped to a volume of 30 x 30 x 30 pm®. Note that all fiber radii were
reduced by 5% to prevent fibers from touching each other. In addition to the geometry, the
volume fraction V is given (i.e. the volume filled by fibers divided by the total volume).

As the bundle of densely grown fibers was generated from a random distribution of
circles with random initial displacements, it is not feasible to give a complete description
of the geometry. To characterize the geometry of the underlying fibers, the volume
fraction and the fiber orientation dispersion were determined for the generated fiber
bundles.
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The volume fraction V is a measure of how densely the fibers are packed within the
generated fiber bundle. It is given by the volume filled by fibers divided by the total
volume (30 x 30 x 30 pm?). For all inclination angles a = {0°,10°,...,90°}, the volume
fraction was determined to be between 60.2 % and 60.6 %, i.e. the bundles of densely
grown fibers all have a similar fiber density.

The fiber orientation dispersion is a measure of how the fibers are distributed within
the volume, i.e. how the orientation of individual fibers differs from the predominant
direction of growing. It is given by the vector angle differences between the local ori-
entation vectors of the fiber segments (i.e. the vectors between two neighboring fiber
midpoints) and the predominant orientation of the fiber bundle (direction of growing).
The blue curve in Fig. [[0.19shows the corresponding histogram for the bundle of densely
grown fibers. To account for different lengths of fiber segments, the vector angle differ-
ence was weighted by the fraction of the total fiber length, i.e. the vector length divided
by the total length of fibers in the volume. To compute the fiber orientation dispersion
independently of the inclination angle, the fiber volume was evaluated before cropping
(45 x 30 x 4511m3). The fiber orientation dispersion for the bundle of densely grown
fibers follows a Rayleigh distribution® (dashed line) with mode around 10°.

0.10

[ Fiber Growing
[ reference bundle

fraction of total fiber length

50

vector angle [°]

Fig. 10.19: Fiber orientation dispersion for the bundle of densely grown fibers generated by
the FGA (blue histogram, cf. Fig.[10.18h) and for the reference fiber bundle generated by the
VCS with radii r € [0.5, 0.8] pm and a maximum displacement of fiber midpoints = = 1 pum
(red histogram, cf. Fig. ) The dashed lines show Rayleigh distributions® with mode
o fitted to the histograms with a least square fit (blue histogram: o = (10.00 % 0.06)°; red
histogram: o = (6.71 & 0.03)°).

5The Rayleigh distribution with mode o is fitted with a least square fit: = e_‘”2/(2”2)
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10.2 Geometries of the Simulated Fiber Configurations

10.2.3 Complex Fiber Bundles

The bundle of densely grown fibers contains fibers with similar orientations and similar
radii. More complex fiber configurations containing fibers with different orientations and
radii or crossing fibers were generated by the Volume Colliding Solver (VCS) described
in Sec. To still enable a comparison with the simulation results of the bundle of
densely grown fibers, the initial list of fiber midpoints and radii (step 1 in Sec.
was computed with the FGA (700 straight fibers distributed in an area of 40 x 30 ptm?,
cf. Sec. . To generate a bundle with similar properties as the bundle of densely
grown fibers, the same distribution of fiber radii was used (r € [0.5, 0.8] pm) and the
maximum displacement of the fiber midpoints (step 2 in Sec. was chosen to be
Z = 1pum. In the following, this configuration is referred to as the reference fiber bundle.
Figures and [I0.19) show the geometry and the fiber orientation dispersion of the
reference fiber bundle (in red) in comparison to the bundle of densely grown fibers. The
subsequent sections describe how different parameters of the reference fiber bundle were
varied to obtain different fiber configurations.

10.2.3.1 Different Fiber Orientation Distributions

To generate bundles with different fiber orientation distributions, the maximum dis-
placement = of the reference fiber bundle was varied: = = {0, 1, 2.5, 5, 7.5, 10} pm.
Figure [I0-20] shows the resulting fiber bundles for different =. The volume fraction V of
the fibers decreases (almost) linearly with increasing =, from about 60 % to 33 %.

E—0pm (V=597%)] [E—1pm (V=528 %) [E—25um (V- 492%)

X

V=374%

= = 7.5 pm (

Fig. 10.20: Horizontal fiber bundle (30 x 30 x 30 pm?3) with fiber radii » € [0.5, 0.8] pm
and different fiber orientation distributions (i.e. different maximum displacements = of
fiber midpoints) generated by the VCS. The volume fraction V of the fibers decreases with
increasing =. The red frame highlights the reference fiber bundle (cf. Fig. )
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The histograms of the fiber orientation dispersion follow a Rayleigh distribution (see
Fig. [[0:21h), the mode of the distributions increases (almost) linearly with increasing =

(see Fig. [10.21b).
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Fig. 10.21: Fiber orientation dispersion for bundles with different maximum displacements
Z of fiber midpoints (cf. Fig.[[0.20): (a) Histograms of the vector angle differences between
the local fiber orientation vectors and the predominant fiber orientation (x-axis). The red
histogram belongs to the reference fiber bundle (cf. Fig. b). The dashed lines show the
fitted Rayleigh distributions with mode o. The relative error of all fitted mode values is
below 0.9%. (b) Mode angle difference (o) for different maximum displacements =.

This demonstrates that the maximum displacement of fiber midpoints (£) is a good
parameter to characterize the fiber orientation distribution of the fiber bundle.

10.2.3.2 Different Fiber Radius Distributions

To generate fiber bundles with different fiber radius distributions, the reference fiber
bundle was initialized with the same average radius (rave = 0.65 pm) and different (ran-
domly uniform) radius distributions: Ar = rmax — rmin = {0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6,
0.7} pm. The average radius was chosen to be large enough so that the minimum radius
for Ar = 0.7pm (rmin = 0.3 pm) is still reasonable (cf. Sec. .6

Figure shows the resulting fiber bundles for different Ar. The volume fraction
is similar for different fiber radius distributions (V = 52.0-53.6 %).

The histograms of the fiber orientation dispersion follow a Rayleigh distribution with
similar mode values (o = 6.7-7.1°), see Fig.

SRecall that all fiber radii were reduced by 5% to prevent fibers from touching each other.
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Ar=0pm (¥=521%)| |Ar=0.1pm (Y= 52.0 %)

X

Ar= 0.2 pm (V= 52.2 %)

Fig. 10.22: Horizontal fiber bundle (30 x 30 x 30m?®) with an average fiber radius of
0.65pum and different fiber radius distributions (Ar = rpax — rmin) generated by the VCS.
The maximum displacement of fiber midpoints is = = 1 pm. The figure shows cross-sections
through the yz-mid-plane for different fiber radius distributions. The red frame highlights

the reference fiber bundle (cf. Fig. [10.18p), which is also shown as 3D image. The volume
fraction V of the fibers is similar for different Ar.
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Fig. 10.23: Fiber orientation dispersion for bundles with an average fiber radius of 0.65 pm
and different fiber radius distributions (Ar = max — Tmin, cf. Fig. . The dashed lines
show the fitted Rayleigh distributions with mode o = 6.7-7.1°. The relative error of all
fitted mode values is mostly below 0.6 %.
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10.2.3.3 Different Scales

To generate bundles with different fiber sizes, the reference fiber bundle was scaled by
factors of 1, 2, 2.5, 3, 4, and 5, yielding bundles with fiber radii from r € [0.5,0.8] pm
to r € [2.5,4.0] pm. After scaling, the fiber volume was again cropped to a volume of
30 x 30 x 30 pm?.

Figure [[0.24] shows the resulting fiber bundles for different scaling factors. The volume
fractions of the fiber bundles are similar for scaling factors 1 to 4 (V = 52.8-53.7%).
For a scaling factor of 5, the volume fraction is slightly less (V = 50.8 %).

x 1 (V= 52.8%) x 2 (V= 53.6 %) X 2.5 (V= 53.1%)

Fig. 10.24: Horizontal fiber bundle generated by the VCS with different scaling factors in a
volume of 30 x 30 x 30 um?®. The volume fraction V of the fibers is similar for scaling factors
1 to 4. For a scaling factor of 5, it is slightly smaller. The red frame highlights the reference

fiber bundle without scaling (cf. Fig. [10.18p).

10.2.3.4 Different Fiber Crossing Angles

To generate fibers with different crossing angles, a bundle of straight fibers oriented in
the x-direction (with N = 700 and r € [0.5, 0.8] pm) was generated with the FGA, as
described at the beginning of Sec.

To generate two separate crossing fiber bundles, the bundle of straight fibers was
divided in an upper and a lower bundle of thickness z/2, respectively. The upper bundle
was rotated around the z-axis about the center position by an angle +x/2, the lower
bundle was rotated by an angle —y/2, resulting in two separate bundles with crossing
angle x (cf. Fig. )

Crossing fiber bundles in the brain are not always separated. Often, the fiber bundles
are interwoven and form a complex meshwork. Therefore, fiber crossings were also
simulated for interwoven bundles. For this purpose, each fiber layer in the z-direction
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of the straight fiber bundle was rotated alternately by +x/2 (cf. Fig. [10.25p). Both the
separate and the interwoven fiber bundles were generated with different crossing angles
x = {0°,15°,...,90°}.

To study fiber crossings in all spatial directions, three mutually orthogonal, interwoven
fiber bundles were generated. For this purpose, the straight fiber bundle (oriented in the
x-direction) was divided in three types of alternating layers: one layer was rotated + 45°
around the z-axis, one — 45° around the z-axis, and one +90° around the y-axis, yielding
two horizontal fiber bundles in the xy-plane and one vertical fiber bundle oriented along
the z-axis.

The resulting bundles of straight crossing fibers were used as input for the VCS for
all three models of crossing fibers. To obtain a similar fiber orientation dispersion as for
the bundle of densely grown fibers, the maximum displacement of the fiber midpoints in
the VCS was chosen to be = = 1pm. For fibers with zero crossing angle (xy = 0°), the
reference fiber bundle was used (cf. Fig. [[0.18pb).

Figure [[0:25h,b shows at the bottom the resulting separate and interwoven fiber bun-
dles exemplary for a crossing angle x = 30° and x = 60°. Figure [[0.25¢ shows the three
mutually orthogonal fiber bundles.

(a) Separate Bundles (y = 30°)[(b) Interwoven Bundles (y = 60°)|| (c) Orthogonal Bundles

Fig. 10.25: (a-b) Separate and interwoven fiber bundles with crossing angle x: The upper
figures show the bundles generated by the VCS. The lower figures show the bundles after
being cropped to a volume of 30 x 30 x 30 pm®. The white dotted line indicates the border
between the upper and lower bundle of the separate crossing fibers. For xy = 0°, the bundles
correspond to the reference fiber bundle (cf. Fig. [10.18p). (¢) Three mutually orthogonal,
interwoven fiber bundles generated by the VCS and cropped to a volume of 30 x 30 x 30 pm3.
The white dotted lines indicate the main directions of the two horizontal fiber bundles in
the xy-plane, the third fiber bundle is oriented in the z-direction. All fibers were generated
with radii » € [0.5, 0.8] pm and a maximum displacement of fiber midpoints = = 1 pum. The
figure has been published in MENZEL et al. (2018a) [67] Fig. 15.

The volume fraction of the orthogonal fiber bundles is V = 31.6 %. Table shows

the volume fraction of the separate and interwoven fiber bundles for different crossing
angles. The volume fraction of the separate fiber bundles is similar for different crossing
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angles (V = 48.5-49.0 %). The volume fraction of the interwoven fiber bundles slightly
decreases with increasing crossing angle (from V &~ 46.5% for x = 15° to V =~ 40 % for
X = 60-90°).

x [°] H Separate Bundles ‘ Interwoven Bundles ‘

0 49.0 % 49.0 %
15 48.9 % 46.5 %
30 485 % 441 %
45 48.7 % 411 %
60 48.8 % 40.6 %
75 489 % 40.5 %
90 48.6 % 39.6 %

Tab. 10.4: Volume fraction of separate and interwoven fiber bundles with crossing angle x

10.3 Implementation of the Fiber Configurations in TDME3D

This section describes how the fiber configurations were implemented in TDME3D in
order to simulate the transmittance and diattenuation effects in Chaps. [[T and [[2] The
dimensions and refractive indices of the fibers are motivated in Sec. 0.3l All other
parameters used for the simulation with TDME3D are introduced in Sec.[[0.3.2} Finally,
in Sec.[[0.3.3] the simulation parameters are discussed in terms of computing time. Parts
of Secs. and have been published in MENZEL et al. (2018a) [67].

As computing time is always limited, it is necessary to find a compromise between
computing time and accuracy. The accuracy of the chosen simulation parameters will
be evaluated in the subsequent Sec. [[0.4}

10.3.1 Model of the Nerve Fibers

In order to model and better understand the observed transmittance and diattenuation
effects of brain tissue, the structure of the nerve fibers and of the surrounding myelin
sheaths needs to be considered.

The myelin sheath surrounds most of the axons in the white matter (see Sec. .
Figure shows again the layered structure of the myelin sheath: it consists of alter-
nating layers of cell membranes (lipid bilayers of about 5nm thickness) and cytoplasmic
or extracellular space (of about 3nm thickness). The effective refractive indices n of
the layers are given by literature values of cytoplasm, lipids, and glycerin solution (see
Eqgs. to ) As the extracellular membranes are not fused and swell in water (see
Sec. , it is assumed that the extracellular space is filled with the glycerin solution
used for embedding the brain sections (cf. Sec. [I1).

Due to limited resources, the molecular substructure of the layers cannot be included
in the simulation model, i.e. molecular birefringence or diattenuation (see Secs.
and need to be described by an effective analytical model instead. Simulating all
layers requires Yee mesh size of at most 3 nm, which would consume a lot of computing
time. As computing time is limited, a simplified model was used to represent the myelin
sheath (see Fig. [10.26c): Each cell layer (two lipid bilayers with separating cytoplasm)
was considered as one myelin layer with an effective refractive index ny, = 1.47 (blue),
the extracellular space was considered to be filled with glycerin solution (glycerin layer)
with a refractive index ngy = 1.37 (yellow). Assuming that the extracellular space in-
creases when being embedded in glycerin, the myelin and glycerin layers were assumed
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to contribute 3/4 and 1/4 to the overall myelin sheath thickness tgpeath, respectively.
The refractive index of the cytoplasmic layer was neglected in this model.

As mentioned in Sec. B.1.3] the myelin sheath thickness contributes approximately one
third to the overall fiber radius r. Hence, the myelin sheath thickness was chosen to be
tsheath = 0.35 7 and the radius of the inner axon 7, = 0.657. The refractive index of the
axon was chosen to be n,x = 1.35 (green), as motivated in Sec. The myelin sheath
was modeled as double myelin layers with thickness ¢, = 3/7 tsheatn €ach and a single
glycerin layer with thickness ¢tz = 1/7 tsheath Separating the myelin layers. The nodes of
Ranvier and the small space between axon and myelin sheath, the so-called periazonal
space (see Sec. , were neglected in this model.

For the 3D-PLI and DI simulations in Chaps. [II] and all fibers were simulated
with double myelin layers and with the refractive indices given above. The surrounding
medium was assumed to be homogeneous with a refractive index ngyr = ng = 1.37
(yvellow), which corresponds to the refractive index of gray matter as well as to the
refractive index of the surrounding glycerin solution (see Sec. .

In Sec. [[0.4:2] the accuracy of the model of double myelin layers will be discussed by
comparing the simulation results for fibers with different numbers of myelin layers.
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Fig. 10.26: Modeling nerve fibers: (a) Electron micrograph of nerve fibers in the CNS
(Source: QUARLES et al. [43] Fig. 4-7, Copyright (2006), with permission from Elsevier).
(b) Schematic representation of the myelin structure (cf. Fig.[8.2), consisting of several lipid
bilayers (5 nm thick cell membranes) interrupted by proteins (MBP/PLP) with a cytoplasmic
and extracellular space of about 3nm (Source: AGGARWAL et al. [94] Fig. 2, Copyright
(2012), with permission from Elsevier). (c) Each cell layer (two lipid bilayers with separating
cytoplasm) is considered as one “myelin layer” with an effective refractive index ny, = 1.47
(blue), the extracellular space is considered to be filled with glycerin solution (“glycerin
layer”) with a refractive index ng = 1.37 (yellow). The myelin and glycerin layers are
assumed to contribute 3/4 and 1/4 to the overall myelin sheath thickness tspeath, respectively.
(d) Nerve fibers are modeled with double myelin layers with thickness ty, = 3/7 tsheatn cach
and a single separating glycerin layer with thickness t; = 1/7 tsheath. The myelin sheath
thickness contributes approximately one third to the overall fiber radius (¢sheath = 0.357).
The inner axon is modeled with a refractive index n,x = 1.35. A similar figure has been
published in MENZEL et al. (2018a) [67] Fig. 16.
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10.3.2 System Parameters

For the implementation in TDMES3D, different input parameters need to be specified
(see Sec. ‘ The following list describes the system parameters that were used for
simulating the fiber configurations in the subsequent chapters.

¢ Boundary conditions: To enable the simulation of complex and non-symmetric
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fiber configurations, all simulations were performed with UPML absorbing bound-
aries (cf. Sec. [6.3). The boundaries were chosen to be 1 pm thick: thick enough to
prevent light from being reflected back into the simulation volume and thin enough
to let the majority of light pass through the sample.

Volume sizes: The sample size should be large enough to contain all relevant
geometric features and small enough to reduce computing time. All fiber config-
urations were generated in a volume z x y x z = 30 x 30 x 30 um®. The sample
thickness is relatively thin compared to the 60 pm thick brain sections used for
the polarimetric measurements and the field of view is relatively small (it con-
tains only about 22 pixels for the PM and about one pixel for the LAP with
the high-resolution objective). However, the sample size is sufficient to study the
transmittance and diattenuation for various fiber configurations. In Sec. [[0.4.4}
the accuracy of the simulation results will be investigated for different sample sizes.

As described in Sec. ] all brain sections are embedded in glycerin solution so
that they float between glass slide and cover slip. To account for this, 0.5 pum
thick layers of glycerin solution (with refractive index ng = 1.37) were added at
the bottom and on top of the sample, yielding a total medium with dimensions
zxyxz=30x30x 31 pm? (see Fig..

The dimensions of the simulation box were chosen to be z x y x z = 30 x 30 x 35 pm?
to leave some space for light source and detection planes. The light source (emitting
a plane monochromatic wave) was placed outside of the UPML boundaries and in
front of the sample at z = 1.2pm (see green dashed line in Fig. . The
detection planes at which the reflected and transmitted light waves are recorded

were placed just in front of and behind the sample at z = 1.5 pm and z = 33.5 pm,
respectively (see red dashed lines in Fig. [10.27)).

Discretization of space and time: All simulations were performed for 200
periods with Courant factor C' = 0.8. The Yee mesh size was chosen to be A =
25nm, which corresponds to the maximum possible mesh size for light in the
visible spectrum. The mesh size is just large enough to account for the double
myelin layers of the fibers (the glycerin layer for fibers with 0.5 pm radius is only
25nm thick). A larger number of periods and a smaller mesh size would increase
the accuracy of the simulation results, but also the computing time (cf. Sec. .
Sections and will discuss the simulation results for different numbers
of periods and different mesh sizes.

Material properties: Every medium in the sample was simulated as dielectric
with real refractive index (cf. Fig. : axon (green, nax = 1.35), myelin layers
(blue, ny, = 1.47), glycerin layer and surrounding medium (yellow, ng = ngur =
1.37). As the absorption coefficients of brain tissue are small (cf. Sec. [3.2.2)), they
were neglected in the simulations. Simulation runs with and without absorption
will be compared in Sec. [[0.4.2}
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All simulation parameters used for the TDME3D simulations in Chaps. [[1] and [[2] are
summarized in Tab. The properties of the light source (wavelength, direction of
propagation, and polarization) were specified for each simulation run individually and
are therefore not listed in the table.
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Fig. 10.27: Dimensions of the simulation box used for simulating the fiber configurations
by TDME3D in Chaps. [IT]and [I2] shown exemplary for the hexagonal grid of aligned helical
horizontal fibers (see Sec. [[0.2.1). All fiber configurations were simulated in a volume of
30 x 30 x 30 pm?, surrounded by a medium with dimensions 30 x 30 x 31 pm?® and a refractive
index ng = 1.37 (yellow). The sample was placed in a simulation box of 30 x 30 x 35 pm3,
surrounded by 1um thick UPML boundaries (gray). The fibers were modeled with double
myelin layers (see Fig. [10.26{d), i.e. two myelin layers (blue, n, = 1.47) with separating
glycerin layer (yellow, ng = 1.37) surrounding the inner axon (green, n,x = 1.35). The Yee
mesh size was chosen to be A = 25nm for all simulations. The light source (green dashed
line) was placed in front of the sample at position z = 1.2 pm. The detection planes which
record the reflected and transmitted light waves (red dashed lines) were placed between light
source and sample at position z = 1.5 pym, and behind the sample at position z = 33.5 pm.
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General Simulation Parameters

e Yee mesh size: A = 25nm

e Courant factor: C=038

e number of periods: 200

e MPI grid: 16 x 16 x 16

e core hours: ~ 4700  (built-in), ~ 7000-8000 (user-defined)
e wall time: ~ 1:08h (built-in), ~ 1:45-2:00h (user-defined)

e min. memory required: ~ 150 GB (built-in), ~ 260-360 GB (user-defined)
Simulation Box

e volume: z xyx z=30x 30 x 35 ym?>
e boundaries: UPML (1pm thick)
Surrounding Medium
e dimensions: zxyxz=30x30x 31 pm>
e refractive index: Ngurr = 1.37
Fiber Configuration
e volume: Xy xz=30x 30 x 30 pym?
o fiber radius: r ~ 0.5pm
® axon: rax = 0.657,  mna = 1.35
e myelin sheath: sheath = 0.357 =ty +1g +tm
e double myelin layers: tm = %tsheath, nm = 1.47
e single glycerin layer: lg = %tsheath, ng = 1.37

Tab. 10.5: Simulation parameters (see Sec. used for simulating the fiber configurations
by TDMES3D in Chaps. [[1] and [[2} The fibers were modeled with radius r and double
myelin layers with thicknesses t and refractive indices n (see Fig. [[0.26f,d). The fiber
configurations were generated in a volume of 30 x 30 x 30 m?, surrounded by a medium
with dimensions 30 x 30 x 31 pm?® and a refractive index of 1.37 (glycerin solution). The
sample was placed in a simulation box of 30 x 30 x 35 um?, surrounded by 1 pm thick UPML
boundaries (see Fig. . Apart from dimensions and refractive indices, the table also lists
more general simulation parameters and the expenses of one simulation run (using built-in
functions or user-defined fiber constellations, see Sec. [10.3.3)). The properties of the light
source (wavelength, direction of propagation, and polarization) are not listed in the table
because they were specified for each simulation run individually. A similar table has been
published in MENZEL et al. (2018a) [67] Tab. 2.

Simulation of the Polarimetric Measurements The simulations of the 3D-PLI and
DI measurements were performed as described in Sec. [[0.1} For the 3D-PLI simulation,
left-handed-circularly polarized light was used, for the DI simulation, linearly polarized
light. Depending on whether the imaging system of the PM or the LAP was modeled,
the simulations were performed for different (peak) wavelengths (A = 550 nm or 529 nm).

To save computing time, most simulations were performed for normally incident light
(6 = 0°). To model diffuse light, four additional simulation runs were performed with
¢ = {0°,90°,180°,270°} and 6 = 3° (PM) or § = 0.5° (LAP), and weighted as described
in Egs. to . In Sec. the simulation results for diffuse light will be
discussed for different angles of incidence.

For the DI simulation, each rotation angle p € {0°,10°,...,170°} of the polarizer
requires a separate simulation run (with light polarized in the direction p). To save
computing time, the diattenuation was approximated by Dg which is computed from
only two simulation runs (with light polarized in the direction p; and p; + 90°). When
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10.3 Implementation of the Fiber Configurations in TDME3D

aligning the longitudinal symmetry axis of the sample (projected onto the xy-plane) with
the x-axis of the system, Dg can be computed from the transmitted intensity of light
polarized along the x- and y-axes (analogously to Eq. (2.43)):

DT :Dg >0 < ¢pgs ~0°,
D™ :Ds<0 & ¢pg~90°.

I, 1
Dg = Y —1<Dg<1
S Ix+Iy > LS > {

(10.42)

This definition allows to directly relate the simulated diattenuation to the measured
diattenuation and to regions of type DT or D~ (cf. Chap. E[): Positive diattenuation
values (Dg > 0 < I, > I) correspond to regions of type DT (the transmitted light
intensity becomes maximal when the light is polarized parallel to the fibers, i.e. in the
x-direction). Negative diattenuation values (Dg < 0 < Iy < Iy) correspond to regions of
type D~ (the transmitted light intensity becomes maximal when the light is polarized
perpendicularly to the fibers, i.e. in the y-direction).

The magnitude of Dg is related to the strength of the simulated diattenuation signal
(|Ds| = |Zs]), while the sign approximately indicates the phase ¢pg (cf. Fig. [10.3p).
For uniaxial systems with single optic axis holds equality.

In Sec. [[0-4] the diattenuation images will be compared for a simulation with all 18
rotation angles and for a simulation with only p = 0° and p = 90°.

10.3.3 Estimation of Computing Time

The computing time needed for simulating a sample with TDME3D increases linearly
with the number of grid points (given by the volume size divided by the Yee mesh size),
the number of periods, and the number of simulation runs. Between 2015 and 2017,
14-19 million core hours per year have been granted on the supercomputer JUQUEEN
at Forschungszentrum Jiilich GmbH, Germany. For the presented simulation studies, a
large number of simulations was necessary: Various fiber configurations were simulated
for various wavelengths and angles of incidence. Beforehand, various test runs were
needed to identify interesting effects.

A combined simulation of 3D-PLI and DI (yielding transmittance and diattenuation
images) requires at least three simulation runs: one for 3D-PLI (with circularly polarized
light), and at least two for DI (with linearly polarized light along x and y). For the
simulation parameters defined in Tab. (Yee mesh size of 25 nm, simulation volume
of 30 x 30 x 35 pm?®, 200 periods, MPI grid of 16 x 16 x 16), a single simulation run requires
between 4700 and 8000 core hours: Using built-in functions in TDME3D (hexagonal grid
of fibers), consumes about 4700 core hours (wall time & 01:08 h, min. memory required =~
150 GB). Importing a user-defined fiber constellation as text file (fiber bundles generated
by the FGA or VCS), consumes about 7000-8000 core hours because generating the
medium from the text file requires additional computing time (wall time &~ 1:45h-2:00h,
min. memory required ~ 260-360 GB).

In Chaps. [[1] and [I2] different fiber configurations were simulated for different in-
clination angles and diffuse light to study the transmittance and diattenuation effects.
The transmittance and diattenuation curves were computed for 10 different inclination
angles. In the case of normally incident light, one 3D-PLI measurement and two DI
measurements were performed. In the case of diffuse light, four additional simulation
runs were performed per simulation run (¢ = {0°,90°,180°,270°}). Computing the
transmittance and diattenuation curves for a user-defined fiber bundle and diffuse light
requires already 3 x 10 x 5 x 8000 = 1.2 million core hours.
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Thus, it is necessary to find a compromise between computing time and accuracy
to enable the simulation of various fiber configurations. In the subsequent section, the
chosen simulation parameters will be evaluated in terms of their accuracy.

10.4 Evaluation of Simulation Parameters

The simulation model introduced in Sec. [[0.3] is a great simplification of the experi-
mental situation. The simulated results might therefore differ a lot from the measured
results. As the FDTD simulations are too complex, conventional error estimation is not
possible. To still estimate the accuracy of the simulation results, the hexagonal grid of
aligned helical horizontal fibers (see Sec. and Fig. was simulated for dif-
ferent simulation parameters. This fiber geometry was chosen because it is well-defined
and horizontal fibers are expected to produce the strongest birefringence and diattenu-
ation signals. In certain cases, the simulation parameters were also evaluated for more
complex fiber configurations, e.g. a bundle of densely grown fibers (see Sec. or
crossing fibers (see Sec. . As the simulation studies in the subsequent chapters
were mostly performed for the imaging system of the PM, only the optics of the PM was
considered for evaluation (peak wavelength A =550 nm, NA = 0.15, rg = 0.665 pm, cf.
Sec. .

The transmittance and diattenuation images were studied for different simulation
parameters: different sampling angles of the diattenuation signal (Sec. @, different
numbers of myelin layers (Sec. 7 different numbers of periods (Sec.[10.4.3)), different
sizes of the simulation volume (Sec. [[0.4.4)), different wavelengths (Sec. [[0.4.5), and
different angles of incidence (Sec. [[0.4.6). Parts of Secs. [[0.4.2.1) and [10.4:2.2 have been
published in MENZEL et al. (2018a) [67] Note 4.

To estimate the impact of the simulation parameters on the simulation results, only
one simulation parameter was varied while all other simulation parameters were chosen
as in Sec. m (see Fig. and Tab. . If not otherwise stated, the simulations
were performed for normally incident light with a wavelength of 550 nm.

To estimate the accuracy of the resulting transmittance and diattenuation images,
the absolute relative difference between the mean values (ARDM) and the relative mean
absolute difference (RMAD) between the images were computed:

ARDM = (image) — (ref.image)

10.4
(ref.image) ' (1043)

limage — ref.image|)

RMAD = {

10.44
|(ref.image)| (1044)

In this notation, the “image” refers to the transmittance or diattenuation image for which
the absolute relative difference is computed (obtained e.g. from simulation runs with
different Yee mesh sizes). The “reference image” is the transmittance or diattenuation
image used for comparison (obtained e.g. from the simulation run with minimum mesh
size). The symbol () represents the average over all image pixels.

The simulation studies in Chaps. [[1] and [[2 mostly investigate the mean values of the
transmittance and diattenuation images. Therefore, the ARDM is a direct measure for
the accuracy of these simulation results, while the RMAD is a measure for the reliability
of the ARDM as an error estimate.
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10.4 Evaluation of Simulation Parameters

10.4.1 Different Sampling of the Diattenuation Signal

Figure in Sec. shows the transmitted light intensities and parameter maps
for the hexagonal grid of aligned helical horizontal fibers oriented in the x-direction
obtained from a simulated DI measurement with 18 rotation angles. The strength of
the diattenuation |Zs| and the direction angle ¢p g were computed for each image pixel
from the amplitude and phase of the sinusoidal light intensity profile (see Fig.
in blue and green). To save computing time, |Zg| and ¢p g were approximated in the
subsequent simulation studies by Dg which is computed from only two simulation runs
(light polarized along the x- and y-axes) according to Eq. (see Fig. inred).
Figure [[0:28b shows the resulting diattenuation images and corresponding histograms
obtained from 18 simulation runs (blue) and from only two simulation runs (red).
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Fig. 10.28: DI simulation for the hexagonal grid of aligned helical horizontal fibers (cf.
Fig. [[0-3p) for the optics of the PM: (a) normalized transmitted light intensity In(p)
evaluated at the middle image pixel for 18 simulation runs with rotation angles p, (b)
images and histograms representing the strength of the diattenuation signal, (c) image
and histogram of the direction angle. The strength of the diattenuation signal |Zg| (blue)
and the phase ¢p g (green) were computed for each image pixel from the amplitude and
maximum of the sinusoidal light intensity profile. To save computing time, the strength
of the diattenuation was approximated by |Dg| (red) which was computed from only two
simulation runs with light polarized along the x-axis (p = 0°) and along the y-axis (p = 90°),

according to Eq. ((10.42)).

The histograms show a similar distribution of diattenuation values. The overall
diattenuation values |Dg| obtained from only two simulation runs are a bit smaller
than the diattenuation values |Zs| obtained from a simulation with 18 rotation angles
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(15| =~ 14.8%, |Dg| ~ 14.4%). The relative difference between the two diattenuation
images is about 2.7 %, both for ARDM and RMAD.

Figure shows the direction angle ¢p g for each image pixel and the correspond-
ing histogram. Most direction angles are between 80° and 100°, the average value is
about 89°. Thus, the diattenuation of the sample is negative for practically all image
pixels (cf. Eq. (10.42)).

The light intensity profile Ix(p) is sinusoidal for each image pixel (cf. Fig. [10.28h) and
on average (see Fig. [10.29n). As the position of the maximum is close to 90° for each
image pixel (¢pg =~ 80-100°), the amplitude |Zs| of the sinusoidal signal is similar to
the amplitude |Dg| computed from light polarized along the x-axis (p = 0°) and along
the y-axis (p = 90°). Further simulations of the hexagonal grid of aligned helical fibers
have shown that the light intensity profile is not only sinusoidal for horizontal fibers,
but also for inclination angles a@ > 0°. The position of the maximum is close to 90°
(for av < 45°) or close to 0° (for 45° < a < 90°) with a maximum deviation of 10°.
The inclination dependency of the diattenuation signal will be studied in more detail in
Chap.

Thus, the diattenuation can approximately be computed from only two simulation
runs with polarization parallel and perpendicular to the fibers instead of performing 18
simulations for all different rotation angles of the polarizer. The resulting diattenuation
values are only slightly underestimated. In the following DI simulations, the diattenu-
ation signal {|%s|, ¢p,s} was therefore approximated by Dg which was computed from
only two simulation runs using Eq. .

(a) Hexagonal Grid of Helical Fibers (b) 90°-Crossing Interwoven Fiber Bundles

10 X DI Simulation 0:35 X DI Simulation
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Fig. 10.29: Averaged transmitted light intensity Ix(p) obtained from a simulated DI mea-
surement for the optics of the PM with 18 rotation angles p (crosses) fitted by a sinusoidal
curve (blue line). The strength of the diattenuation |Zs| (blue arrow) and the direction
angle ¢p g (green arrow) are computed from the amplitude and maximum of the sinusoidal
curve. To save computing time, |Dg| (red arrow) is computed from the transmitted intensity
of light polarized along the x-axis (p = 0°) and along the y-axis (p = 90°) (red crosses):
(a) hexagonal grid of aligned helical horizontal fibers (see Fig. [[0.27)), (b) 90°-crossing
interwoven fiber bundles (cf. Fig. with x = 90°).

This approximation is only reasonable when the orientation of the fiber configuration
is well defined and when its projection onto the xy-plane is oriented along the x-axis.
For fiber configurations with several principal orientations such as crossing fibers, the
position of the maximum and minimum transmitted light intensities might not corre-
spond to p = 0° and p = 90° (cf. Fig. ) In such a case, more than two simulation
runs are necessary to determine the correct phase and amplitude of the light intensity
profile.
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10.4.2 Different Numbers of Myelin Layers

As described in Sec. B-1.3] the nerve myelin sheath is composed of many thin layers with
different thicknesses and refractive indices. Modeling all these layers requires a small Yee
mesh size (A < 3nm). When simulating configurations with several fibers, such small
mesh sizes are not feasible because the computing time increases with the number of grid
points. For this reason, the simulations were mostly performed for a larger mesh size
(A = 25nm) and the myelin sheath was modeled with only two layers (cf. Figs.
and .

To estimate the impact of the reduced number of myelin layers on the simulation
results, a straight single fiber with reduced simulation volume was simulated for different
numbers of myelin layers and for a realistic model of the myelin sheath. The hexagonal
grid of aligned helical horizontal fibers — in the following called hezagonal bundle — was
simulated for up to three myelin layers. More layers were not feasible because the mesh
size needs to be small enough to resolve the myelin layers, which cannot be simulated
with the given computing resources. To estimate the impact of discretization, fibers
with two myelin layers were also simulated for larger mesh sizes. To estimate the impact
of absorption, the hexagonal bundle was simulated with and without complex refractive
indices.

The different models of the myelin sheath used for the simulations are described in
Sec.M0.Z.2.71 The transmittance and diattenuation values obtained from the 3D-PLI and
DI simulations are presented in Sec. [[0.4:2.2 both for the single fiber and the hexagonal
bundle. In Sec. a more complex fiber bundle (bundle of densely grown fibers)
was simulated for double myelin layers with A = 12.5nm and 25 nm.

10.4.2.1 Model of the Myelin Sheath

Figure [[0.30h shows the dimensions of the simulation volume used to simulate the
straight single fiber which was modeled as a cylinder. The dimensions of the surrounding
medium (yellow) and the simulation box were chosen to be 2 x y x z = 10 x 10 x 3 pm?
and 10 x 10 x 6 1m?, including the 1 pm thick UPML boundaries (gray). The dimensions
for the hexagonal grid of aligned helical horizontal fibers are shown in Fig. [I0.27]

All fibers were modeled with a diameter of 1 pm, consisting of an inner axon (green)
with a diameter of 0.65um and a surrounding myelin sheath with thickness tgheath =
0.175um (cf. Fig. [[0.26d). The myelin sheath was simulated for different numbers L
of myelin layers (blue), separated by (L — 1) glycerin layers (yellow), see Fig. [[0-30p.
As motivated in Fig. [[0.26k, the glycerin layer thickness was chosen to be three times
thinner than the myelin layer thickness (tm = 3t;):

teheath = Ltm + (L —1)tg = 3Ltg + (L — 1) t, (10.45)
t
. 4??“11, for L > 2. (10.46)

To create a “realistic” model of the myelin sheath (see Fig. [10.26p), 22 lipid layers
of 5nm thickness (blue) were separated by 3nm thick alternating layers of cytoplasm
(green) and extracellular space filled with glycerin solution (yellow), yielding a myelin
sheath model consisting of 43 thin layers, see zoomed-in region in Fig. [[0-30p.

The Yee mesh size was chosen to be small enough to resolve all geometric features. For
most samples, the mesh size was chosen to be one third of the glycerin layer thickness:
A = tg/3. Fibers with two myelin layers (L = 2) were also simulated for larger mesh
sizes (A = tg/2 = 12.5nm and A = ¢; = 25nm). The realistic myelin sheath was
simulated for A = t; = 3nm.
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The single fiber was simulated for all numbers of myelin layers and mesh sizes shown
in Fig. [[0.30p. Due to the larger simulation volume, the hexagonal bundle was only
simulated for L = {0,1,2} with A = {12.5,25} nm and for L = 3 with A = 8nm.

(a) . 10 pm 10 pm

(b)

(A7833nm) (A*833nm) (A*833nm) (A*l?f)nm) (A*25nm)

realistic
(A*SSS nm) (A73nm) iﬁ

Fig. 10.30: Model of the myelin sheath for different numbers of myelin layers: (a) Dimen-
sions of the simulation volume used to simulate a straight single fiber. (b) Cross-section
through fibers with different numbers L of myelin layers and different Yee mesh sizes A.
All fibers were modeled with a diameter of 1pm, consisting of an inner axon (green) with
a diameter of 0.65 um and a surrounding myelin sheath with a thickness of 0.175um. The
myelin sheath is composed of alternating layers of myelin (blue) and glycerin (yellow), the
myelin layers are three times thicker than the glycerin layers (the glycerin layer thickness is
defined by the number of myelin layers, see Eq. ) The realistic model of the myelin
sheath contains 22 layers of 5 nm thick cell membranes (blue), interrupted by 3 nm thick al-
ternating layers of cytoplasm (green) and glycerin solution (yellow), yielding a myelin sheath
composed of 43 thin layers. The refractive indices are 1.35 for the axon/ cytoplasm (green),
1.37 for the glycerin solution (yellow), and 1.47 for the myelin layers (blue). A motivation
of the myelin sheath model and the refractive indices can be found in Fig. [[0.26] A similar
figure has been published in MENZEL et al. (2018a) [67] Fig. 18a-b.

Most simulations were performed with real refractive indices. The refractive indices
for axon/cytoplasm (green: n,x = 1.35), myelin (blue: ny, = 1.47), and glycerin (yellow:
ng = 1.37) were chosen as in Sec. To study the impact of absorption, the
hexagonal bundle {L = 2, A = 25nm} was also simulated with complex refractive
indices. The corresponding imaginary parts of the refractive indices were chosen as in
Sec. Kax = KH,0 = 3 X 1079, Ky = wywy = 4.4 x 1076, and kg = KgMm = 2.2X 1076,
assuming that the absorption of cytoplasm is similar to that of water, the absorption
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of myelin similar to that of white matter, and the absorption of the surrounding tissue
(everything outside the nerve fibers) similar to that of gray matter.

10.4.2.2 Single Fiber and Hexagonal Grid of Aligned Helical Fibers

Transmittance The transmittance images obtained from simulations with and without
absorption are almost identical (RMAD < 0.0015 %). To keep the simulation model as
simple as possible, all subsequent simulations were performed without absorption, i.e.
with real refractive indices.

Figure |TL3T| shows on the left-hand side the normalized transmittance images ag N
obtained from 3D-PLI simulations of the straight single fiber and of the hexagonal grid
of aligned helical horizontal fibers (hexagonal bundle) for different numbers L of myelin
layers and different Yee mesh sizes A (with respect to the glycerin layer thickness tg).
The graphs on the right-hand side show the corresponding transmittance profiles, i. e. the
middle pixels of the normalized transmittance images evaluated along the y-axis (white
dashed lines). The profiles with non-italic labels belong to the displayed transmittance
images. Note that the transmittance images for L = {0, 1,2} shown in Fig. belong
to fibers with the same small mesh size A = t;/3 = 8.33nm, while the transmittance
image surrounded by a red frame belongs to fibers with double myelin layers and a mesh
size A =ty = 25nm (used for the simulations in the following chapters).
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Fig. 10.31: Transmittance images aon and profiles obtained from 3D-PLI simulations
with different numbers L of myelin layers and different Yee mesh sizes A for the optics of
the PM: (a) straight single fiber (cf. Fig. [[0.30k), (b) hexagonal grid of aligned helical
horizontal fibers (hexagonal bundle, cf. Fig. [10.27). The images on the left-hand side show
the normalized transmittance images and the corresponding average values @g x. The graphs
on the right-hand side show the transmittance profiles (middle image pixels evaluated along
the y-axis, see white dashed lines). The profiles with non-italic labels belong to the displayed
transmittance images. For the single fiber, the mesh size is one third of the glycerin layer
thickness (A = t,/3 = 8.33nm) for L = {0, 1,2} and A =t; = 3nm for the realistic myelin
sheath, see Fig. [[0.30p. For the hexagonal bundle, the mesh size is half of the glycerin
layer thickness (A = 12.5nm for L = {0,1,2}). The star and the red frame highlight the
transmittance image obtained from a simulation with double myelin layers and a mesh size
A = t, = 25nm, which is used for the simulations in the subsequent chapters (cf. Tab. .
Subfigure (a) has been published in MENZEL et al. (2018a) [67] Fig. 18c.
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For the single fiber, the transmittance images with single and double myelin layers
look similar to the one with the realistic myelin sheath. For the hexagonal bundle, the
transmittance images with double myelin layers look much more similar to the one with
three myelin layers than the one with single myelin layer.

For a better comparison of the transmittance images, the relative differences (ARDM
and RMAD) were computed with respect to the reference transmittance image (single
fiber: realistic myelin sheath with A = 3nm, hexagonal bundle: three myelin layers with
A = 8nm), see Fig. The values surrounded in red belong to fibers with double
myelin layers and 25 nm mesh size (used for the simulations in the subsequent chapters).
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Fig. 10.32: Relative differences between the transmittance images ao n (with different num-
bers L of myelin layers and different Yee mesh sizes A, cf. Fig. [[0:30pb with glycerin layer
thickness t4) and the reference transmittance image (with maximum number of myelin layers
and minimum mesh size) obtained from 3D-PLI simulations for the optics of the PM: (a)
straight single fiber (cf. Fig. ) with realistic myelin sheath as reference, (b) hexagonal
grid of aligned helical horizontal fibers (hexagonal bundle, cf. Fig. with three myelin
layers as reference (L = 3, A = 8nm). The absolute relative difference of means (ARDM)
was computed using Eq. , the relative mean absolute difference (RMAD) was com-
puted using Eq. . The values surrounded in red belong to fibers with double myelin
layers (L = 2) and 25 nm mesh size, which were used for the simulations in Chaps. and
(cf. Tab.[10.5]). Subfigure (a) has been published in MENZEL et al. (2018a) [67] Fig. 18d.

For the single fiber (see Fig.[10.32h), the absolute relative differences are largest with-
out myelin layer and become much less for a single myelin layer. A fiber with two or
more myelin layers and a mesh size A = t,/3 yields similar transmittance values as the
fiber with realistic myelin sheath. With increasing mesh size, the relative differences
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increase. For a fiber with double myelin layers and a mesh size A = 12.5nm (25nm),
the differences are: ARDM ~ 1.2% (2.3%) and RMAD =~ 1.6% (2.8%). For a mesh
size of 25 nm, the differences are still smaller than for a fiber without or with a single
myelin layer.

For the hexagonal bundle (see Fig. [10.32p), the absolute relative differences between
the transmittance values for fibers without or with single/double myelin layers (A =
12.5nm) and the transmittance values for fibers with three myelin layers (A = 8nm)
decrease with increasing number of myelin layers. For a larger mesh size of 25nm, the
differences increase. For fibers with double myelin layers and a mesh size A = 12.5nm
(25nm), the differences are: ARDM ~ 2.1% (5.3%) and RMAD =~ 2.2% (5.4%). The
differences for fibers with double myelin layers and A = 25nm are still less than for
fibers with single myelin layer and A = 12.5nm. In comparison to fibers with realistic
myelin sheaths, these differences are probably underestimated.

Diattenuation The diattenuation images Dg obtained from simulations with and with-
out absorption are very similar (RMAD < 0.0032 %). All subsequent simulations were
therefore performed with real refractive indices.

Figure [[0.33] shows the diattenuation images and profiles for the straight single fiber
and the hexagonal grid of aligned helical horizontal fibers (hexagonal bundle) for different
numbers of myelin layers and different Yee mesh sizes.
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Fig. 10.33: Diattenuation images Dg and profiles obtained from DI simulations with dif-
ferent numbers L of myelin layers and different Yee mesh sizes A for the optics of the PM:
(a) straight single fiber (cf. Fig. [L0.30k), (b) hexagonal grid of aligned helical horizontal
fibers (hexagonal bundle, cf. Fig. [10.27). The images on the left-hand side show the diat-
tenuation images and the corresponding average values Dg. The graphs on the right-hand
side show the diattenuation profiles (middle image pixels evaluated along the y-axis, see
white dashed lines). The profiles with non-italic labels belong to the displayed diattenua-
tion images. For the single fiber, the mesh size is one third of the glycerin layer thickness
(A=ty/3=28.33nm) for L ={0,1,2} and A = t, = 3nm for the realistic myelin sheath, see
Fig. [[0.30b. For the hexagonal bundle, the mesh size is half of the glycerin layer thickness
(A =12.5nm for L = {0,1,2}). The star and the red frame highlight the diattenuation im-
age obtained from a simulation with double myelin layers and a mesh size A =t, = 25nm,
which is used for the simulations in the subsequent chapters (cf. Tab. .
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The diattenuation images for the single fiber show areas with positive and negative
values. The averaged diattenuation values are small (|Ds| < 1%) and change from
negative values (for L < 1) to positive values (for L > 2). The diattenuation values for
the hexagonal bundle are mostly negative. The averaged diattenuation value for fibers
with three myelin layers (Dg ~ —20.2%) is strongly underestimated for fibers without
myelin sheath and overestimated for fibers with single myelin layer.

Figure shows the relative differences (ARDM and RMAD) of the diattenuation
images, with the reference image being the image with maximum number of myelin layers
and minimum mesh size (single fiber: realistic myelin sheath with A = 3 nm, hexagonal
bundle: L =3 with A = 8nm).
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Fig. 10.34: Relative differences between the diattenuation images Dg (with different num-
bers L of myelin layers and different Yee mesh sizes A, cf. Fig. [[0:30pb with glycerin layer
thickness t5) and the reference diattenuation image (with maximum number of myelin layers
and minimum mesh size) obtained from DI simulations for the optics of the PM: (a) straight
single fiber (cf. Fig. ) with realistic myelin sheath as reference, (b) hexagonal grid of
aligned helical horizontal fibers (hexagonal bundle, cf. Fig. with three myelin layers
as reference (L = 3, A = 8nm). The absolute relative difference of means (ARDM) was
computed using Eq. (10.43), the relative mean absolute difference (RMAD) was computed
using Eq. . The values surrounded in red belong to fibers with double myelin layers
(L = 2) and 25 nm mesh size, which were used for the simulations in the subsequent chapters

(cf. Tab. .
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10.4 Evaluation of Simulation Parameters

Due to the small diattenuation values, the relative mean absolute differences (RMAD)
for the single fiber are very large (see Fig. in orange) and cannot be used for
comparison. The absolute relative difference of the mean values (ARDM) for mesh sizes
A =tg/3 is about 8.3 % for double myelin layers and about 2-3 % for a fiber with more
myelin layers. For double myelin layers, the difference changes with increasing mesh size:
ARDM ~ 2.8% (26.6 %) for A = 12.5nm (25nm). The differences for a fiber without
myelin layers or a single myelin layer are much larger.

For the hexagonal bundle, the relative differences (ARDM and RMAD) show a similar
behavior. For fibers with double myelin layers and A = 12.5nm (25nm), the differences
are: ARDM = 10.4% (28.8%) and RMAD =~ 14.7% (36.7%). As fibers with double
myelin layers yield very different diattenuation values than fibers with three myelin
layers, a hexagonal bundle with realistic myelin sheaths would probably yield even more
different results.

10.4.2.3 Bundle of Densely Grown Fibers

Figure[[0.35 shows the transmittance and diattenuation images for the horizontal bundle
of densely grown fibers (cf. Fig. [10.18n) simulated with double myelin layers and a Yee
mesh size of 25 nm and 12.5 nm.

(a) Transmittance (b) Diattenuation
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Fig. 10.35: Transmittance images ag n (a) and diattenuation images Dg (b) of a horizontal
bundle of densely grown fibers (see Fig. [10.18p) simulated for the optics of the PM with
double myelin layers, normally incident light (6 = 0°), and Yee mesh size A. The 3D-PLI
and DI simulations were performed as described in Sec. For A = 25 nm, the simulation
parameters defined in Tab. were used. For A = 12.5nm, an MPI grid of 32 x 32 x 32
was chosen, consuming about 205700 core hours.

Although the transmittance and diattenuation images look very similar for A = 25nm
and A = 12.5nm, there exist pixel-wise differences (transmittance: RMAD = 63.1 %,
diattenuation: RMAD = 50.6 %). The absolute relative differences between the average
values are much less (transmittance: ARDM ~ 3.8 %, diattenuation: ARDM =~ 0.6 %).
The averaged diattenuation values are much more similar than those of the hexagonal
bundle (transmittance: ARDM ~ 3.11 %, diattenuation: ARDM = 20.55%). Thus, for
more complex fiber configurations, simulations with 25 nm Yee mesh size might already
give a good estimate not only for the averaged transmittance, but also for the averaged
diattenuation values.

Due to limited computing resources, the following simulations were performed for
fibers with double myelin layers and 25 nm mesh size. In exceptional cases, a mesh size
of 12.5 nm was considered, especially when interpreting simulated diattenuation results.
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10.4.3 Different Numbers of Periods

The simulations in Chaps. [[1] and [[2 were performed for 200 periods with Courant factor
C = 0.8. To study how the number of periods influences the stability and accuracy of
the simulation results, the 3D-PLI and DI simulations for the hexagonal grid of aligned
helical horizontal fibers (cf. Fig. were performed with 100, 200, 400, and 600
periods. The resulting transmittance images agn and diattenuation images Dg were
compared to the images obtained with 600 periods.

After 600 periods, a steady-state solution is reached (the intensity of the wave function
does not change with increasing number of periods). Figure shows the relative
differences (ARDM and RMAD) for the transmittance and diattenuation images (with
600 periods as reference).
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Fig. 10.36: Relative differences between simulations with 100, 200, and 400 periods and
a simulation with 600 periods for the hexagonal grid of aligned helical horizontal fibers
(cf. Fig. and Tab. for the optics of the PM: (a) difference between transmit-
tance images ag,n, (b) difference between diattenuation images Ds. The absolute relative
difference of means (ARDM) was computed using Eq. , the relative mean absolute
difference (RMAD) was computed using Eq. . The values surrounded in red belong
to simulations with 200 periods, which were used for the simulations in the subsequent
chapters.

The differences decrease with increasing number of periods. For 200 (400) periods,
the differences are: ARDM ~ RMAD = 3.7% (0.07%) for the transmittance images,
and ARDM ~ 1.7 % (0.01 %) and RMAD =~ 2.3 % (0.08 %) for the diattenuation images.

Thus, simulations with 400 periods yield almost the same results as simulations with
600 or more periods. A good compromise between computing time and accuracy are 200
periods which yield an estimated error of 3.7 % or less.

10.4.4 Different Volume Sizes

To reduce computing time, the fiber configurations in Chaps. [[T] and [I2] were simulated
for a reduced simulation volume of 30x30x 30 pm?3. To estimate the impact of the volume
boundaries on the simulation results, the hexagonal grid of aligned helical horizontal
fibers (cf. Fig. was simulated for larger volumes of 40 x 40 x 30 pm® and 50 x
50 x 30pm3. To ensure a stable solution for larger sample sizes and enable a direct
comparison, all simulations were performed with 400 periods.

Figure [I0.37 shows the resulting transmittance and diattenuation images. The middle
areas with size 15 x 15um? show similar patterns. The averaged transmittance values
for the small volume (30 x 30 m?) and the large volume (50 x 50 um?) are similar
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10.4 Evaluation of Simulation Parameters

(ARDM = 0.2 %). The absolute relative difference between the corresponding averaged
diattenuation values is also small (ARDM = 0.5%). A pixel-wise comparison (RMAD)
is not possible due to the different image sizes.

Thus, the reduced simulation volume of 30 x 30 x 30 um® can be used to study the
transmittance and diattenuation effects.

(a)
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Fig. 10.37: Transmittance images ag n (a) and diattenuation images Dg (b) of a hexagonal
grid of aligned helical horizontal fibers (cf. Fig. computed from simulations with dif-
ferent volume sizes in the xy-plane for the optics of the PM. All simulations were performed
with 400 periods to ensure a stable solution for larger sample sizes. The dashed lines mark
the middle area with size 15 x 15 pm?.

10.4.5 Different Wavelengths

The wavelength spectrum of the PM (see Fig. [(.Ih) contains slightly different wave-
lengths (:\ = 550nm, FWHM = 9nm). The study of the USAF resolution target in
Sec. [[0.1-3:2 has shown that the transmitted light intensities might differ for different
wavelengths. To study how to model the PM light source for a configuration of fibers,
the 3D-PLI and DI simulations for the hexagonal grid of aligned helical horizontal fibers
were performed with A = {540,545, 550,555,560} nm and the transmitted light inten-
sities were summed over different numbers of wavelengths, weighted according to the
table in Fig. [[0.5p.

Figure @ shows the transmittance apx and diattenuation Dg images and line pro-
files obtained from the weighted sum over one, three, and five wavelengths. Figure[T0.39]
shows the averaged transmittance and diattenuation values obtained for the different
wavelengths as well as the values obtained from the weighted sum over the whole wave-
length spectrum (orange stars).

As the contribution of the outer wavelengths (A = 540 nm and 560nm) to the spec-
trum are small (cf. Fig. [10.5p), the weighted sums over three and five wavelengths yield
similar results, especially for the transmittance images. The values obtained from a
single simulation with wavelength A = 550 nm are different (see Fig. in red). The
averaged transmittance and diattenuation values differ for different wavelengths (see
Fig. in blue): they become maximal for A = 540 nm and minimal for A\ = 555 nm.
The absolute relative differences between the mean values for a single wavelength (1 x)
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and the weighted sum over the wavelength spectrum (5 x) are ARDM = 1.5% for the
transmittance and 17.1 % for the diattenuation. Thus, the diattenuation is much more
susceptible for differences in the wavelength than the transmittance and should — in
certain cases — also be studied for three different wavelengths.
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Fig. 10.38: Transmittance aon (a) and diattenuation Dg (b) of a hexagonal grid of aligned
helical horizontal fibers (cf. Fig. and Tab. computed as the weighted sum over
different numbers of simulation runs with different wavelengths: A = 550nm (1 x), A\ =
{545,550,555} nm (3 x), and A\ = {540,545, 550, 555,560} nm (5 x) weighted according to
the wavelength spectrum of the PM (see Fig. ) The images on the left-hand side show
the transmittance and diattenuation images and the respective average values, the graphs
on the right-hand side show the corresponding line profiles (middle image pixels evaluated
along the y-axis, see white dashed lines). The red frame marks the images obtained from
simulations with a wavelength A = 550 nm, which was used for most simulations in the
subsequent chapters.
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Fig. 10.39: Averaged transmittance values apn (a) and averaged diattenuation values Dg
(b) of a hexagonal grid of aligned helical horizontal fibers (cf. Fig. and Tab.
computed for different wavelengths A (blue) for the optics of the PM. The orange star
marks the values obtained for the wavelength spectrum of the PM, i.e. the weighted sum
over the transmitted light intensities obtained for A = {540, 545, 550, 555, 560} nm, weighted
according to Fig. [[0-5p. The values surrounded in red were obtained from simulations with
a wavelength A\ = 550 nm, which was used for most simulations in the subsequent chapters.
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10.4.6 Different Angles of Incidence

In the PM, the sample is illuminated by slightly different angles of incidence, see
Sec. [[.I.]] To save computing time, most simulations in the following chapters were
performed for normally incident light. The USAF simulations in Sec. [[0.1.3.2} however,
have shown that diffuse light might yield different transmitted light intensities. To study
how many angles of incidence are needed to efficiently model the PM light source, the
simulations of the hexagonal grid of aligned helical fibers (cf. Fig. and Tab.
were performed for light with different angles of incidence (6, ¢).

Figure [T0.40] shows the images and line profiles of the transmittance agn and diat-
tenuation Dg for normally incident light (¢ = 0°) and diffuse light ({# = 0°}, {6 = 3°,
© =nx Ap}, with n € {4,6,8,12}, Ap = 360°/n) computed from the weighted sum
over simulation runs with different angles of incidence, according to Eqs. to
with § = Ay = 3°. Just as in Sec. the weighted sum is referred to as “nx Ap”

to simplify notation.
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Fig. 10.40: Transmittance ag n (a) and diattenuation Dg (b) of a hexagonal grid of aligned
helical horizontal fibers (cf. Fig. and Tab. computed as weighted sum over dif-
ferent angles of incidence for the optics of the PM: normally incident light (¢ = 0°) and
diffuse light ({6 = 0°}, {0 = 3°, ¢ = n x Ap}), referred to as n* Ap, with weighting
according to Egs. to . The images on the left-hand side show the transmittance
and diattenuation images and the respective average values, the graphs on the right-hand
side show the corresponding line profiles (middle image pixels evaluated along the y-axis,
see white dashed lines). Line profiles with non-italic labels belong to the displayed images.
The red frame marks the images obtained from simulations with normally incident light,
which was used for most simulations in the subsequent chapters.

The transmittance and diattenuation values for normally incident light differ a lot
from the values for diffuse light.

For better comparison, Fig. 7b shows the relative differences (ARDM and RMAD)
between the transmittance and diattenuation images with 12 % 30° as reference. The
differences between normally incident and diffuse light are especially large for the diat-
tenuation images. For normally incident light, the relative differences are larger than
100 %. For diffuse light with 4 % 90° angles, the differences are still 20.0 % (ARDM) and
31.5% (RMAD), they become less for more angles of incidence.
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Figure [[0-4Tk shows the averaged diattenuation values for § = 3° plotted against the
angle . The diattenuation values become minimal for ¢ € {0°,180°} and maximal for
o € {90°,270°}. Thus, the diffuse light source needs to be represented by at least 4 * 90°
angles.
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Fig. 10.41: (a-b) Relative differences between simulations with different angles of incidence
(normally incident light (§# = 0°) and diffuse light ({0 = 0°}, {8 = 3°, ¢ = 1 X Ap}),
referred to as n % Ayp) and a simulation with 12 % 30° for the hexagonal grid of aligned helical
horizontal fibers (cf. Fig.[[0.27]and Tab. for the optics of the PM: (a) difference between
transmittance images ag n, (b) difference between diattenuation images Dg. The weighting
was performed according to Egs. ((10.1)) to . The absolute relative difference of means
(ARDM) was computed using Eq. (10.43), the relative mean absolute difference (RMAD)
was computed using Eq. . The values surrounded in red belong to simulations with
normally incident light (# = 0°), which was used for most simulations in the subsequent
chapters. (c) Averaged diattenuation values Dg for different angles of incidence (6 = 3°, ).

Figure [[0.42] shows the transmittance and diattenuation images for the horizontal
bundle of densely grown fibers (cf. Fig. [10.18a) simulated with normally incident and
diffuse light (4 % 90°).

(a) Transmittance (b) Diattenuation
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Fig. 10.42: Transmittance images ao n (a) and diattenuation images Dg (b) of a horizontal
bundle of densely grown fibers (see Fig. ) simulated for the optics of the PM for
normally incident light (6§ = 0°) and diffuse light ({6 = 0°}, {6 = 3°, ¢ = 4 x 90°}),
referred to as 4% 90°, with weighting according to Egs. to . The 3D-PLI and
DI simulations were performed as described in Sec. with the simulation parameters
specified in Tab. @

Although the images for normally incident and diffuse light show pixel-wise differences
(transmittance: RMAD = 19.9 %, diattenuation: RMAD = 26.9 %), the absolute relative
differences between the average values (transmittance: ARDM ~ 1.8 %, diattenuation:
ARDM = 6.7 %) are much less than for the hexagonal bundle.

Thus, for more complex configurations, simulations with normally incident light might
already give a good estimate for the averaged transmittance and diattenuation values.
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10.5 Discussion

In this chapter, a framework has been developed that allows to model 3D-PLI and DI
measurements by FDTD simulations: the optical components of the employed polarime-
ters (PM and LAP) are modeled and the transmitted light intensities of the polarimetric
measurements are derived by processing the electric field vectors obtained from the Max-
well Solver. A comparison of simulated and experimental data for a well-defined sample
(USAF resolution target) has shown that the light source of the imaging system can
sufficiently be modeled by a few numbers of wavelengths and angles of incidence, and
that the simulations are more suitable to model the optics of the PM. In addition, a sim-
plified nerve fiber model has been developed (double myelin layers) and the simulation
parameters have been evaluated by means of accuracy and computing time.

In the subsequent Chaps. [[1] and [[2} the developed simulation model will be used to
study the transmittance and diattenuation for different fiber configurations.

Limitations of the Simulation Model When interpreting the simulation results, the
limitations of the simulation model need to be taken into account.

First of all, the molecular substructure of the myelin layers cannot be included in the
simulation model because memory is limited and the software TDME3D does not allow to
specify anisotropic refractive indices. As the transmittance is not much influenced by the
substructure (cf. Sec. , it can be investigated quantitatively by FDTD simulations as
described in Chap. [[I] The diattenuation can only be investigated qualitatively: the DI
simulations in Chap. [[2] only model the diattenuation caused by anisotropic scattering
outside the molecular substructure, the molecular diattenuation was described by an
effective analytical model of dichroism instead (see Sec. [3.2.4)).

Second, the simulations can only be performed for completely polarized and coherent
light. The incoherent and diffuse light source was modeled by a weighted sum over
simulation runs with different wavelengths and angles of incidence (see Sec. 7
neglecting dispersion. Due to limited computing resources, the number of simulation
runs is limited so that the light source can only be modeled to a certain extent. The
limited computing time also implies that simulations can only be performed for small
sample sizes and that possible boundary effects need to be considered when interpreting
the simulation results.

Because of these limitations, the Maxwell Solver is more suitable for modeling the
imaging system of the PM than of the LAP:

The light source of the PM has a much narrower wavelength spectrum, more coherent
light, and smaller illumination angles than the LAP (cf. Sec. and can therefore
be modeled more efficiently. While the polarizing filters in the LAP are non-ideal (cf.
Sec. and the wavelength mismatch of the retarder generates light that is not perfectly
circularly polarized, especially for larger angles of incidence, the polarizing filters in
the PM are more ideal so that a simulation with completely polarized light is a good
approximation. In addition, the pixel size in the PM (px &~ 1.33 pm) is much smaller
than in the LAP (px > 21pm) so that the underlying fiber architecture can also be
resolved in small simulation volumes of 30 x 30 x 30 pm3. Finally, the optical resolution
of the simulated imaging system could be tested for the PM on a model of the USAF
resolution target (cf. Sec. , while the imaging system of the LAP could only be
tested analytically (cf. Sec.[10.1.3.3).
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As the FDTD simulations are more suitable for modeling the imaging system of the
PM, the evaluation of the simulation parameters in Sec. [[0.4] and most of the simulation
studies in the subsequent chapters were only performed for the PM.

Averaging The purpose of the FDTD simulations is to study the transmittance and
diattenuation effects observed in 3D-PLI and DI measurements. To this end, the simu-
lation results should rather describe the overall effects and not depend on details in the
fiber architecture or on the detector pixel position. Therefore, the simulation studies
in the subsequent chapters mostly deal with averaged values of the transmittance and
diattenuation images.

The simulations of the USAF target in Sec. [[0.1.3.2] have shown that the optical
resolution of the PM can only be modeled when performing a moving average over 2 x 2
image pixels. As the average of the images is the same with and without averaging over
2 x 2 pixels, the model of the optical system described in Secs. [[0.1.1] and [[0.1.2] can still
be used for the PM simulations.

Accuracy of the Simulation Results FDTD simulations are deterministic: the same
input always yields the same output. There exist several reasons why the simulated
results might differ from the experimental results:

In order to use the simulation results to make general statements about a certain fiber
configuration, it is necessary to repeat the simulations with slightly different geometry
parameters to ensure that the simulated effects do not depend on the very details of the
simulated geometry (e. g. the exact course of a single fiber within a fiber bundle). As the
FDTD simulations are computationally very intense, it is not possible to repeat the sim-
ulations many times with randomly generated parameters to obtain sufficient statistics
for a proper error estimation. This problem is comparable to the experimental situation:
due to the limited number of body donors and time consuming tissue preparation, it is
to date not possible to study the same brain structure in many different brains.

In addition, the simulation model is a great simplification of the experimental sit-
uation, which induces systematic errors. The simplifications are not only due to the
limitations of the simulation software and the limited computing time (see above), but
also due to imprecise or unavailable knowledge about the structural and optical tissue
properties (cf. Sec. which makes the generation of a realistic fiber model (ground
truth) impossible.

To still estimate the accuracy of the simulation results in Chaps. [[1] and [I2] individ-
ual simulation parameters were varied while the other parameters remained unchanged
(see Sec. [10.4). By comparing the simulation results of a more complex model to the
simulation results of the simplified model, the stability and reliability of the model was
investigated. As the simulation results cannot be compared to the ground truth, the
estimated accuracies are only rough estimates.

The studies in Sec. [[0.4] have shown that simulations with larger sample sizes and
more periods yield similar results as a simulation with 30 x 30 x 30 pm?® sample size
and 200 periods (see Secs. and . Thus, the simulations in the subsequent
chapters were performed for this volume size and number of periods.

As simulations with and without absorption yield comparable results, the simulations
were performed with real refractive indices to simplify the simulation model. The simu-
lated transmittance effects in Chap. [[T] are therefore only caused by attenuation of light
due to scattering and not due to tissue absorption.
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Simulations with different wavelengths yield different results, especially for the di-
attenuation (see Sec. [10.4.5). For this reason, the DI simulations in Chap. were in
exceptional cases also performed for three different wavelengths (A = {545, 550,555} nm).

Simulations with normally incident and diffuse light also yield different results, espe-
cially for the diattenuation and simple fiber configurations (see Sec. [10.4.6)). For more
complex configurations, normally incident light might already give a good estimate. To
ensure stable results especially for the simulated diattenuation, the simulations were in
interesting cases also performed for diffuse light ({8 = 0°}, {0 = Omax, ¢ = 4 x 90°}).

The number of myelin layers has the largest impact on the accuracy of the simulation
results (see Sec. . Due to limited computing resources, a comparison between
simulations with double myelin layers and simulations with realistic myelin sheath is only
possible for a single fiber. While the simulated transmittance values are still comparable
for different numbers of myelin layers, the simulated diattenuation values for double
myelin layers and a mesh size of 25nm differ by more than 25% from the realistic
case. For the hexagonal grid of aligned helical fibers, the difference is about 30 % when
comparing the results to a model with three myelin layers and smaller mesh size. In
comparison to the realistic case, the difference is expected to be even larger. For a mesh
size of 12.5nm, the difference can be reduced by about one half. For a more complex
fiber configuration (bundle of densely grown fibers), the averaged diattenuation values
for simulations with 25 nm and 12.5 nm mesh size differ by only 0.6 % (see Sec. .
In exceptional cases, the DI simulations were performed for a reduced mesh size. When
interpreting the simulated diattenuation results, it should be considered that a reduced
number of myelin layers also leads to a reduced form birefringence and reduced scattering.

In addition, the cubic Yee grid used for the FDTD simulations is not optimal for the
cylindrical geometry of the nerve fibers (curved surfaces are approximated by staircases).
In future studies, it should be tested whether alternative meshes (e.g. hexagonal grids)
are more suitable and reduce discretization artifacts.

The simulated transmittance values can in principle be considered to be more reliable
than the simulated diattenuation values: While the simulated diattenuation was only
approximately computed by Dg and does not account for anisotropic absorption (dichro-
ism), the transmittance can exactly be computed from only one simulation run and the
influence of a possible anisotropy of the refractive index is negligible. In addition, for
the selected simulation parameters, the accuracy of the simulated transmittance values
is expected to be higher than the accuracy of the simulated diattenuation values.
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TRANSMITTANCE OF SIMULATED
FiBER CONFIGURATIONS

HIS chapter studies the transmittance of various simulated fiber configurations in
T order to model and better understand the observed transmittance effects described
in Chap.[§

The measurements in the experimental studies were executed with the PM, which has
a narrow wavelength spectrum and small angles of incidence. If not otherwise stated, the
simulations were therefore performed for a single wavelength A = 550 nm and normally
incident light with a Yee mesh size A = 25 nm. In interesting cases, the simulations were
repeated for other wavelengths (A = {545,555} nm), a smaller mesh size (A = 12.5nm),
and different angles of incidence (§ = 3°, ¢ = {0°,90°,180°,270°}) to demonstrate
the robustness of the simulated transmittance effects. The fiber configurations were
simulated according to the geometries defined in Sec. [[0.2] The implementation of the
fiber configurations in TDME3D was described in Sec. [[0-3] the simulation parameters
were specified in Tab. [[0.5]

To study the transmittance and the impact of scattering, the 3D-PLI measurements
were simulated as described in Sec. [[0-]] and the transmittance images and scattering
patterns were computed for all simulated fiber configurations. The scattering patterns
were computed according to Eq. . The transmittance images were computed by
determining the Fourier coefficients of order zero ag x(7) from the normalized transmitted
light intensity profiles In(7, p), cf. Egs. and . To study the effect of the
numerical aperture, the transmittance images were not only computed for the imaging
system of the PM (numerical aperture: NA = 0.15, microlenses: ro = 0.665 pm), but also
for the case without lenses (NA =1, ro = Opm). As the approximation I & I cos 6y, is not
valid for NA = 1, the resulting transmittance images do not represent any measurement
results and were only used as a reference.

To model and understand the inclination dependence of the transmittance described in
Sec. 7 various fiber bundles were simulated for different inclination angles (Sec. .
To explore how the transmittance depends on the fiber structure and organization, hor-
izontal fiber bundles with different fiber properties (different fiber orientations, radii,
myelin sheath thicknesses, refractive indices, and sizes) were simulated (Sec. [11.2). Fi-
nally, the transmittance was studied for horizontal crossing fiber configurations with
different crossing angles and compared to the transmittance of vertical fiber configura-

tions (Sec. [11.3).

Parts of Secs. [T.1.2] [[T.1.3] [[1.3 and [[I.4] have been published in MENZEL et al.
(2018a) [67].
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11 TRANSMITTANCE OF SIMULATED FIBER CONFIGURATIONS

11.1 Transmittance of Inclined Fiber Bundles

The experimental studies in Chap. [§ have shown that the transmittance decreases with
increasing inclination angle of the nerve fibers. To model this phenomenon, the scattering
patterns and transmittance images were computed for different simulated fiber bundles
(oriented along the x-axis) with different inclination angles' (rotated around the y-axis):
a = {0°,10°...,90°}. If not otherwise stated, the simulations were only performed
for normally incident (non-diffuse) light with a wavelength of 550 nm and a mesh size
of 25nm to save computing time. To better understand which geometric features are
responsible for the observed effects, the inclination dependence of the transmittance
was first studied for simple fiber configurations (hexagonal grid of fibers in Sec.
before looking at more complex models (bundle of densely grown fibers in Sec.
and inhomogeneous fiber bundles in Sec. .

11.1.1 Hexagonal Grid of Fibers

The hexagonal grid of fibers was generated for different fiber geometries as described
in Sec. [[0:2.1} straight fibers, aligned helical fibers, unaligned helical fibers with same
strides, and unaligned helical fibers with different strides. Figure [[T.Th shows the cross-
sections through the xz-mid-plane of the corresponding fiber models that were used for
the simulation by TDME3D. All simulations were performed with normally incident
light.

Figure [[T-Ib shows the resulting scattering patterns Ij, exemplary for some inclination
angles a = 0°,30°,60°,90°. The corresponding transmittance images can be found in
Appx.

Both transmittance images and scattering patterns show certain symmetries and pe-
riodicities caused by the underlying fiber configurations. The scattering patterns show
distinct peaks: the lower the symmetry of the simulated bundle, the higher the number
of peaks. For intermediate inclination angles (30° < o < 60°), more light is scattered in
the direction of the fibers (i.e. in the positive x-direction), especially for less symmetric
fiber bundles (unaligned helical fibers with different strides).

To study the inclination dependence of the transmittance, the average value of the
transmittance images (o) was plotted against the fiber inclination () for the different
fiber geometries of the hexagonal grid (see Fig. [11.2]).

The resulting transmittance curves show multiple local minima and do not follow
a smooth curve. In the case of straight and aligned helical fibers (Fig. ,b), the
averaged transmittance for flat fibers (o < 30°) depends less on the numerical aperture
(NA) than for steeper fibers (a > 40°). For the imaging system of the PM (NA =
0.15), the averaged transmittance values for horizontal and vertical fibers are similar.
While straight fibers show minimum transmittance values at o = 10° and 50°, the
transmittance for aligned helical fibers only becomes minimal at o = 50°. In the case
of unaligned helical fibers (Fig. 7d)7 the averaged transmittance depends for all
inclination angles on the numerical aperture. For NA = 0.15, the averaged transmittance
values for vertical fibers are lower than for horizontal fibers. In the case of unaligned
helical fibers with different strides (Fig. ), the averaged transmittance decreases

!The inclination of a fiber bundle is defined by the principal (average) orientation of the fibers within
the bundle, i.e. horizontal or vertical bundles contain fibers with an average inclination of « ~ 0°
or a = 90°, respectively. The inclination angles of single fibers (or fiber segments) might of course
differ from the overall inclination of the fiber bundle.
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11.1 Transmittance of Inclined Fiber Bundles

with increasing inclination angle so that the transmittance of vertical fibers is much less
than the transmittance of horizontal fibers.

Straight Aligned Helical Unaligned Helical
(a) same strides different stride

a=30°

a = 60°

a=90°

Fig. 11.1: (a) Cross-sections through the xz-mid-plane of a hexagonal grid of fibers simu-
lated by TDME3D with different geometries (cf. Sec. : straight fibers, aligned helical
fibers, unaligned helical fibers with same strides, and unaligned helical fibers with different
strides. (b) Scattering patterns (I) computed from a simulated 3D-PLI measurement of
the hexagonal grid of fibers with different geometries and different inclination angles « (for
normally incident light with A = 550 nm and simulation parameters specified in Tab. .
Note that the value ranges differ between images.
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11 TRANSMITTANCE OF SIMULATED FIBER CONFIGURATIONS

(a) (b)
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Fig. 11.2: Averaged transmittance o~ plotted against the fiber inclination angle o for a
hexagonal grid of fibers with different geometries (cf. Sec. [[0.2.1): (a) straight fibers, (b)
aligned helical fibers, (c) unaligned helical fibers with same strides, (d) unaligned helical
fibers with different strides. The red/blue lines correspond to the transmittance images
that were computed for normally incident light with A = 550 nm and simulation parameters
specified in Tab. for the imaging system of the PM/without lenses.

11.1.2 Bundle of Densely Grown Fibers

Even in the case of unaligned helical fibers with different strides, the transmittance
images of the hexagonal grid of fibers show some artifacts due to grid symmetries. To
break the symmetry and make the fiber bundle more realistic, a bundle of densely grown
fibers (see Sec. was simulated for different inclination angles. Figure shows
(exemplary for an inclination angle of 45°) a 3D view and cross-sections through the
mid-planes of the fiber model that was used for the simulation by TDME3D.

Figure@b shows the resulting transmittance images ag n for some inclination angles
a = {0°,20°,...80°} and the scattering patterns for all inclination angles. The images
show less symmetries and periodicities than the hexagonal grid of fibers. The maxi-
mum and minimum transmittance values are broadly distributed over the transmittance
images and the scattering patterns show no distinct peaks.
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11.1 Transmittance of Inclined Fiber Bundles

‘aox ~ 0.1350

v
»

‘aox ~ 0.1302

‘aon ~ 0.3681

‘aox~ 0.3483

Gox & 0.4587 Gox ~ 0.0372
Fig. 11.3: (a) 3D view and cross-sections through mid-planes for the bundle of densely
grown fibers (cf. Sec. simulated by TDME3D with an inclination angle of o = 45°.
(b,c) Transmittance images (ag,n) and scattering patterns (I) computed from a simulated
3D-PLI measurement for different fiber inclination angles « (for normally incident light with
A = 550nm and simulation parameters specified in Tab. . The transmittance images
were computed for the imaging system of the PM (with numerical aperture NA = 0.15) and
for the case without lenses (NA = 1). Note that the value ranges differ between images. A
similar figure has been published in MENZEL et al. (2018a) [67] Fig. 12.
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11 TRANSMITTANCE OF SIMULATED FIBER CONFIGURATIONS

For flat fibers, the light is mostly scattered under angles perpendicular to the principal
axis of the fiber bundle (i.e. along the y-axis). For intermediate inclination angles, the
light is scattered more and more in the direction of the fibers (i.e. in the positive x-
direction). For an inclination angle of 70°, the light is broadly scattered in almost all
directions.

The blue and red lines in Fig. [[T.Zh show the corresponding transmittance curves,
i.e. the average values of the transmittance images (@o~) plotted against the inclination
angle («). To enable a better comparison between horizontal and vertical fibers, the
lower figure shows the transmittance curves divided by the averaged transmittance of
the horizontal fiber bundle (a = 0°), respectively.

(a) ny = 1.47 (“fresh” tissue) (b) ny = 1.39 (“old” tissue)
0.57 0.57
D——.—.—"—.\'_/O—.\'—__{
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s .1 | NA-=o015(PM) |
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| L[]«»———‘,’bof"‘\{g_’\/ 1.0
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Fig. 11.4: Averaged transmittance aox plotted against the fiber inclination angle o for a
bundle of densely grown fibers (cf. Sec. [[0.2.2): (a) The refractive index of myelin corre-
sponds to given literature values of lipids (n, = 1.47). (b) The refractive index of myelin
is reduced (ny, = 1.39) to model tissue with long embedding time. The red and green
lines correspond to the transmittance images that were computed for the imaging system
of the PM. The blue and yellow lines correspond to the transmittance images that were
computed without lenses. In addition to normally incident light (blue and red lines), the
transmittance curves in (a) are also shown for diffuse light (yellow and green lines) with
angles of incidence {0 = 0°} and {6 = 3°, ¢ = {0°,90°,180°,270°}}, weighted according to
Eqgs. to . To enable a better comparison between horizontal and vertical fibers,
the lower figures show the transmittance curves normalized by the averaged transmittance
of the horizontal fiber bundle, respectively. A similar figure has been published in MENZEL
et al. (2018a) [67] Fig. 13a-b.
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11.1 Transmittance of Inclined Fiber Bundles

The transmittance curves are much smoother than the curves for the hexagonal grid
of fibers (cf. Fig. . The averaged transmittance decreases with decreasing numerical
aperture. For NA = 0.15, the transmittance decreases significantly between oo = 30° and
a = T70°. The transmittance for fibers with 70° inclination is about 90 % less than the
transmittance for horizontal fibers. For steeper fibers, the transmittance values increase,
but are still less than for the horizontal case — as observed in the 3D-PLI measurement.

Simulations with different wavelengths (A = {545,550, 555} nm) and a smaller Yee
mesh size (A = 12.5nm) yield very similar transmittance curves (see Fig. in
Appx. . Therefore, all subsequent simulations were performed for A = 550 nm
and A = 25nm.

Diffuse Light So far, normally incident light (§ = 0°) was used for the simulations.
To see whether the results are also valid for a diffuse light source, the simulations were
repeated for light with non-normal incidence, considering the illumination angles in
the PM ({6 = 0°}, {0 = 3°, ¢ = {0°,90°,180°,270°}}). The transmittance images
were computed from the weighted sum of the resulting light intensities according to
Eqgs. to .

The resulting transmittance curves are shown in Fig. [L1.4h (yellow and green lines).
Apparently, the curves for normally incident and diffuse light are very similar. The
maximum relative difference between the averaged transmittance values is less than 9 %
(for @ = 50°). Therefore, all subsequent simulations were performed with normally
incident light, which reduces the computing time by 80 %.

Long Embedding Time The refractive indices used for the simulations have been de-
rived in Sec. [B:2]] assuming that the brain tissue is measured one day after tissue
embedding (in the following referred to as “fresh” tissue). Over time, the glycerin solu-
tion (with refractive index ng = 1.37) presumably soaks into the myelin sheaths, which
reduces the effective refractive index of myelin (ny, = 1.47). To study the transmittance
effect for brain tissue that is measured a long time after tissue embedding (in the fol-
lowing referred to as “old” tissue), the simulations were repeated with a reduced myelin
refractive index (ny, = 1.39).

Figure [[T-4p shows the resulting transmittance curves. The transmittance values are
much higher than for “fresh” tissue (with ny, = 1.47), i.e. the fiber bundle becomes
more transparent. For NA = 0.15, about 36 % of the light is transmitted for horizontal
fibers (in the case of “fresh” tissue, it is less than 14%). In addition, the minimum
transmittance value is shifted to slightly larger inclination angles (between o = 70° and
80°). The minimum transmittance is only about 35 % less than the transmittance for
horizontal fibers (in the case of “fresh” tissue, it is about 90 % less). Another difference
is that the transmittance for horizontal and vertical fibers is almost the same.

11.1.3 Inhomogeneous Fiber Bundles

The bundle of densely grown fibers contains fibers with similar orientations. To see
whether the decrease in transmittance can be reproduced for more inhomogeneous fiber
constellations, two fiber bundles generated by the VCS (see Sec. were simulated
with normally incident light for different inclination angles: a fiber bundle with very
different fiber radii (Ar = 0.7 pm, cf. Fig. and a fiber bundle with very different
fiber orientations (£ = 10 pm, cf. Fig. [10.20)).

Figure shows the resulting transmittance curves. The curves for the bundle with
broad fiber radius distribution (Ar = 0.7pum, = = 1pm) look similar to the curves for
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11 TRANSMITTANCE OF SIMULATED FIBER CONFIGURATIONS

the bundle of densely grown fibers (with Ar = 0.3um), cf. Fig. and . The
curves for the bundle with broad fiber orientation distribution (Ar = 0.3 pm, £ = 10 pm)
look different: while the transmittance in Fig. [[I.4h becomes minimal at o = 70° and
the averaged transmittance for vertical fibers is only about 25 % less than for horizontal
fibers, the transmittance values in Fig. [[T.5b decrease monotonically with increasing
fiber inclination and become minimal for vertical fibers (the transmittance for vertical
fibers is more than 80 % less than for horizontal fibers).

(a) broad radius distribution (b)  broad orientation distribution
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Fig. 11.5: Averaged transmittance o n plotted against the fiber inclination angle « for in-
homogeneous fiber bundles: (a) bundle with broad fiber radius distribution (Ar = 0.7 pm,

see Sec. [10.2.3.2)), (b) bundle with broad fiber orientation distribution (5 = 10pum, see
Sec. [10.2.3.1)). The red/blue lines correspond to the transmittance images that were com-
puted for normally incident light for the imaging system of the PM/without lenses. To
enable a better comparison between horizontal and vertical fibers, the lower figures show
the transmittance curves normalized by the averaged transmittance values of the horizontal
fiber bundle, respectively. Subfigure (b) has been published in MENZEL et al. (2018a) [67]
Fig. 13c.

11.2 Transmittance of Horizontal Fiber Bundles with Different
Fiber Properties

To study in more detail how the transmittance depends on the fiber configuration and

structure, the transmittance was computed for horizontal fiber bundles with different

fiber properties (different fiber orientations, fiber radii, myelin sheath thicknesses, re-
fractive indices, and fiber sizes). To enable a comparison with the simulation results in
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11.2 Transmittance of Horizontal Fiber Bundles with Different Fiber Properties

Sec. [IT.1}, the fiber bundles were generated with the VCS by varying the fiber properties
of the reference fiber bundle (Fig. [[0.18b) as described in Sec.

For all simulated fiber bundles, the scattering patterns and transmittance curves were
computed. The scattering patterns and averaged transmittance values belonging to the
reference fiber bundle are highlighted with a red frame and a star, respectively. All
simulations were performed with normally incident (non-diffuse) light with a wavelength
of 550 nm and a mesh size of 25 nm.

11.2.1 Different Fiber Orientation Distributions

Figure [[I.6p shows the scattering patterns for horizontal fiber bundles with different
fiber orientation distributions, i.e. bundles generated with different maximum displace-
ments = in the VCS (cf. Fig. [10.20). With increasing fiber orientation distribution, the
scattering broadens.

(2) E=0um (b) E=0um
n10®
z
1\ y
X L»x 10°
E=10 ym SE=5um
108

10°

Fig. 11.6: (a) 3D views and (b) scattering patterns (i) for horizontal fiber bundles with
different fiber orientation distributions (i.e. bundles generated with different maximum dis-

placements = in the VCS, cf. Fig. |[10.20]). The red frame highlights the scattering pattern
of the reference fiber bundle (see Fig. [10.18p).

Figure [[I.7] shows the corresponding transmittance curves for NA = 1 and 0.15. For
NA = 0.15, the transmittance values for non-straight fibers (= > 0) are similar.

0.57
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Fig. 11.7: Averaged transmittance ag x of a horizontal fiber bundle plotted against the fiber
orientation distribution (i.e. the maximum displacement = used to generate the bundle by
the VCS, cf. Fig. [10.20)). The red/blue lines correspond to the transmittance images that
were computed for the imaging system of the PM/without lenses. The stars mark the values
for the reference fiber bundle (cf. Fig. [[0.18p).
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11 TRANSMITTANCE OF SIMULATED FIBER CONFIGURATIONS

11.2.2 Different Fiber Radius Distributions

Figure shows the scattering patterns for bundles with equal average fiber radius
(ravg = 0.65 nm) and different fiber radius distributions Ar = rmax —7min (cf. Fig.[10.22).
The scattering patterns look similar for different Ar: the light is scattered in directions
perpendicular to the predominant fiber orientation (i.e. along the y-axis).

Ar=0.1 ym Ar=0.3 ym

0.5 ym Ar=0.6 ym Ar= 0.7 ym

10°

Fig. 11.8: (a) Cross-sections through yz-mid-plane and (b) scattering patterns (Ij) for
horizontal fiber bundles with equal average fiber radius (rave = 0.651m) and different fiber

radius distributions Ar = rpax — Tmin (see Fig. [10.22)). The red frame highlights the scat-
tering pattern of the reference fiber bundle (see Fig. [10.18p).

Figure [T1.9) shows the corresponding transmittance curves for NA = 1 and 0.15. For
NA = 0.15, the averaged transmittance decreases with increasing fiber radius distri-
bution. The averaged transmittance value for fibers with very different fiber radii
(Ar = 0.7pm) is about 25 % less than the averaged transmittance value for fibers with
same radii (Ar = 0).
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Fig. 11.9: Averaged transmittance ag x of a horizontal fiber bundle with equal average fiber
radius (rave = 0.65 nm) plotted against the fiber radius distribution Ar = rmax — rmin (cf.
Fig.[10.22). The red/blue lines correspond to the transmittance images that were computed
for the imaging system of the PM /without lenses. The stars mark the values for the reference

fiber bundle (cf. Fig. )
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11.2 Transmittance of Horizontal Fiber Bundles with Different Fiber Properties

11.2.3 Different Myelin Sheath Thicknesses

To study the effect of the myelin sheath thickness on the transmittance, the reference
fiber bundle was simulated with different myelin sheath thicknesses (relative to the fiber
radius 7): fsheath = {0,0.2,0.3,0.4,0.5,0.6} r. The relative thicknesses of the two myelin
layers (tm = %tsheath) and of the separating glycerin layer (t; = %tsheath) were not
changed.

Figure [[T-I0p shows the scattering patterns for different myelin sheath thicknesses.
The scattering patterns look similar for different tgpeatn: the light is scattered in direc-
tions perpendicular to the predominant fiber orientation (i.e. along the y-axis). For
thinner myelin sheaths, the scattering angles become smaller.

() taa =0 1 (b) taean=0r 0.3r

taean=0.21 Laneaty

10%

10°

Fig. 11.10: (a) Cross-sections through yz(xz)-mid-planes and (b) scattering patterns (1)
for a horizontal fiber bundle (see Fig. ) with different myelin sheath thicknesses tsheatn
(in terms of the fiber radius ). The red frame highlights the scattering pattern belonging to
the myelin sheath thickness that was used for all other simulations in this chapter (fsheath =
0.357). Note that the value ranges differ between upper and lower images.

Figure [[T.I1] shows the corresponding transmittance curves for NA = 1 and 0.15.
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Fig. 11.11: Averaged transmittance agn of a horizontal fiber bundle (see Fig. [10.18p)
plotted against the myelin sheath thickness tspeatn relative to the fiber radius r. The red/blue
lines correspond to the transmittance images that were computed for the imaging system of
the PM/without lenses. The stars mark the myelin sheath thickness that was used for all
other simulations in this chapter (fsheath = 0.357).
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11 TRANSMITTANCE OF SIMULATED FIBER CONFIGURATIONS

For NA = 0.15, the averaged transmittance strongly decreases with increasing myelin
sheath thickness. The averaged transmittance value for fibers with a thick myelin sheath
(tsheath = 0.67) is about 75 % less than the averaged transmittance value for unmyeli-
nated fibers (tsheath = 0).

11.2.4 Different Myelin Refractive Indices

With increasing time after embedding the brain section (cf. Sec. , the surrounding
glycerin solution presumably soaks into the myelin sheaths, which causes the effective
refractive index of myelin (ny, = 1.47) to become more similar to the refractive index
of the surrounding tissue (nsyr = 1.37). To study how the transmittance changes with
increasing embedding time of the tissue sample, the reference fiber bundle was simulated
for different myelin refractive indices ny, between 1.47 and 1.37.

Figure [[1.12] shows the resulting scattering patterns for different myelin refractive
indices. The light is scattered in directions perpendicular to the predominant fiber
orientation (i.e. along the y-axis). When the refractive index of myelin becomes similar
to the one of the surrounding glycerin solution, the scattering angles become smaller.

Ny =147

np=1.45 N = 1.43

108

10°

103

10°

Fig. 11.12: Scattering patterns (I) for a horizontal fiber bundle (see Fig. ) with
different myelin refractive indices n,,. The red frame highlights the scattering pattern be-
longing to the myelin refractive index of tissue directly after embedding (n,, = 1.47) that
was used for all other simulations in this chapter. Note that the value ranges differ between
upper and lower images.

Figure [[T-13] shows the corresponding transmittance curves for NA = 1 and 0.15.
With decreasing ny, (i.e. when the refractive indices of myelin and surrounding glycerin
solution become more similar with increasing time after tissue embedding), the averaged
transmittance values increase and the transmittance curves for NA = 1 and NA = 0.15
become more similar.
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Fig. 11.13: Averaged transmittance agn of a horizontal fiber bundle (see Fig. [10.18b)
plotted against the myelin refractive index ny,. The red/blue lines correspond to the trans-
mittance images that were computed for the imaging system of the PM/without lenses. The
stars mark the myelin refractive index of tissue directly after embedding (n,, = 1.47) that
was used for all other simulations in this chapter.

11.2.5 Different Scales

So far, the simulations were performed with small fiber diameters around 1 pm. To study
how the transmittance depends on the size of the fibers, the reference fiber bundle was
scaled by factors of 1, 2, 2.5, 3, 4, and 5, cropped to a volume of 30 x 30 x 30 um?, and
discretized into voxels of 25° nm? (see Fig. .

Figure [[T.14] shows the resulting scattering patterns for different scaling factors. The
light is scattered in directions perpendicular to the predominant fiber orientation (i.e.
along the y-axis). The scattering increases with increasing scaling factor.

10°

Fig. 11.14: (a) Cross-sections through yz-mid-plane and (b) scattering patterns (I) for
a horizontal fiber bundle with different scaling factors (see Fig. . The red frame
highlights the scattering pattern belonging to the reference bundle without scaling. Note
that the value ranges differ between images.
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11 TRANSMITTANCE OF SIMULATED FIBER CONFIGURATIONS

Figure [[T-I5] shows the corresponding transmittance curves for NA = 1 and 0.15. For
NA = 0.15, the averaged transmittance decreases with increasing scaling factor, i. e. with
increasing size of the fibers, up to 60 % (for a scaling factor of 4).
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Fig. 11.15: Averaged transmittance @ n of a horizontal fiber bundle (see Fig. plotted
against the scaling factor. The red/blue lines correspond to the transmittance images that
were computed for the imaging system of the PM/without lenses. The stars mark the values
for the reference fiber bundle without scaling.

11.3 Transmittance of Horizontal Crossing vs. Vertical Fibers

As both the birefringence and the diattenuation of horizontal 90°-crossing and vertical
fibers are small, these fiber configurations cannot easily be distinguished in a standard
3D-PLI or DI measurement. The simulation results in Sec. [[I.1} however, suggest that
horizontal fibers have higher transmittance values than vertical fibers. To investigate
whether the transmittance can be used to distinguish between horizontal crossing and
vertical fibers, the transmittance of horizontal crossing fibers was studied for different
crossing angles and the results were compared to the transmittance of vertical fibers.

The horizontal crossing fibers were generated as separate and interwoven fiber bundles
with different crossing angles y = {0°,15°,...,90°} as described in Sec. For
X = 0°, the reference fiber bundle (see Fig. [L10.18p) was used. The vertical fiber bundle
was generated by rotating the reference fiber bundle by 90°.

Figures and show the transmittance images (aon) and the scattering
patterns (Ij) for the 90°-crossing fibers (separate and interwoven bundles with o =
0°) and for the vertical fibers with @ = 90°. Both the transmittance images and the
scattering patterns look similar for separate and interwoven 90°-crossing fiber bundles.
The averaged transmittance values for the interwoven fiber bundles are a bit larger than
those for the separate fiber bundles. For NA = 0.15, the averaged transmittance of the
vertical fiber bundle is lower than for the horizontal crossing fibers and the scattering
pattern looks different.

Figure [[I.I7] shows the scattering patterns for the vertical fibers and the horizon-
tal crossing fibers (separate and interwoven bundles) for different crossing angles x =
{0°,30°,60°,90°}. The scattering patterns for separate and interwoven crossing fiber
bundles look similar for all crossing angles. The underlying fiber configuration, i.e. the
crossing angle of the fibers, is clearly visible in all scattering patterns. The scattering
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11.3 Transmittance of Horizontal Crossing vs. Vertical Fibers

patterns of the horizontal crossing fibers look clearly different from the scattering pattern
of the vertical fibers.
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Fig. 11.16: (a) 3D views, (b) transmittance images (agn), and (c¢) scattering patterns
(Ix) for 90°-crossing fibers (separate and interwoven bundles, cf. Sec. [[0.2.3.4)), orthogonal
fiber bundles (see Fig. [[0.25f), and vertical fibers (reference fiber bundle, cf. Fig. [[0.18p).
The interwoven fibers were simulated for two horizontal fiber bundles with o = 0° (oriented
along ¢ = +45°) as well as for a horizontal fiber bundle (¢ = +45°) and a vertical fiber
bundle with a = 90°. The transmittance images were computed from a simulated 3D-PLI
measurement for the imaging system of the PM (with numerical aperture NA = 0.15) and
for the case without lenses (NA = 1). Note that the value ranges differ between images.
Parts of this figure have been published in MENZEL et al. (2018a) [67] Fig. 4a-b.
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11 TRANSMITTANCE OF SIMULATED FIBER CONFIGURATIONS

To enable a direct comparison between horizontal crossing and vertical fibers, the
interwoven 90°-crossing fibers were rotated 90° around the principal axis of one fiber
bundle with ¢ = 45°, yielding a horizontal bundle oriented along ¢ = 45° and a vertical
fiber bundle with o = 90° (see Fig. third row). The transmittance images and
the scattering pattern differ a lot from those of the horizontal 90°-crossing fibers (see
Fig. second row). For NA = 0.15, the averaged transmittance is much lower.

The forth row in Fig. [T.10] shows the transmittance images and scattering pattern
for three mutually orthogonal, interwoven fiber bundles (see Fig. ) The fiber
configuration is similar to the horizontal 90°-crossing, interwoven fiber bundles, but one
third of the fibers is oriented in the z-direction. This configuration also leads to much
lower transmittance values for NA = 0.15.
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Fig. 11.17: Scattering patterns (I;) for vertical fibers and horizontal crossing fibers (sep-
arate and interwoven fiber bundles) with different crossing angles x (cf. Fig. [L11.16)). The
red frame highlights the scattering pattern of the horizontal reference fiber bundle (see
Fig. ) Parts of this figure have been published in MENZEL et al. (2018a) [67] Fig. 4a.

The solid curves in Fig. [IT.18|show the averaged transmittance values of the horizontal
crossing fibers (separate and interwoven bundles) for different crossing angles, simulated
for the imaging system of the PM (NA = 0.15). The densely dotted lines show the
averaged transmittance values for various fiber constellations that contain vertical or
steep fibers: the vertical reference fiber bundle in magenta, the three mutually orthogonal
fiber bundles in cyan, the interwoven 90°-crossing fibers with one horizontal and one
vertical fiber bundle in dark green (see last three rows in Fig. , a vertical fiber
bundle with broad fiber orientation distribution in blue (cf. Fig. with = = 10 pm),
and fiber bundles with broad fiber radius distribution (cf. Fig. with Ar = 0.7 pm)
and inclinations of 90° (orange) and 70° (light green).

The transmittance curves of horizontal crossing fibers are similar for separate and
interwoven fiber bundles. While the averaged transmittance of the separate crossing
fibers corresponds more or less to the averaged transmittance of the horizontal reference
fiber bundle (marked with a star at x = 0°), the transmittance values of the interwoven
crossing fibers slightly increase with increasing crossing angle (by max. 11 %).

For all simulated fiber bundles that contain vertical or steep fibers, the averaged
transmittance values (densely dotted lines) are less than for the horizontal crossing fibers
(solid lines). For interwoven crossing fibers, the transmittance value is reduced by more
than one half when one of the fiber bundles is oriented along the z-direction (see green
lines) or when the horizontal crossing fibers are combined with a vertical fiber bundle
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11.4 Discussion

(orthogonal fiber bundles). For fibers with broad fiber orientation distribution or steep
fibers with a = 70°, the difference between the transmittance values is especially large:
the transmittance is about 80-90 % less than for the horizontal crossing fibers.

0.20

0.1611 — interwoven crossing fibers (a = 0°)
0.1497 — separate crossing fibers (a = 0°)

0.1228 — reference fiber bundle (a = 90°)

Z
<5 0107 — broad fiber radius distribution (a = 90°)
— orthogonal fiber bundles
0.0708 — interwoven crossing fibers (a = 90°)
0.05
0.0289 — broad fiber orientation distribution (a = 90°)
0.00 — broad fiber radius distribution (a = 70°)

0 10 20 30 40 50 60 70 80 90
10

Fig. 11.18: The solid lines show the averaged transmittance values @gx of horizontal cross-
ing fibers (separate and interwoven bundles, cf. Sec. plotted against the crossing
angle x, simulated for the imaging system of the PM. The red star marks the averaged
transmittance of the horizontal reference fiber bundle (cf. Fig. [10.18b). The densely dotted
lines show the averaged transmittance values for fiber constellations that contain vertical or
steep fibers: the vertical reference fiber bundle (cf. Fig. [[0.18p), fiber bundles with broad
fiber radius distribution (cf. Fig. with Ar = 0.7 pm) and inclinations o = 90° and 70°,
three mutually orthogonal fiber bundles (see Fig. ), the interwoven 90°-crossing fibers

with one horizontal and one vertical fiber bundle (see third row in Fig. [11.16p), and a verti-
cal fiber bundle with broad fiber orientation distribution (cf. Fig. [10.20} with = = 10 pm).

A similar figure has been published in MENZEL et al. (2018a) [67] Fig. 4d.

11.4 Discussion

The experimental studies in Chap. [§ have shown that the transmittance of brain sections
decreases with increasing inclination angle of the enclosed nerve fibers. To study how the
transmittance depends on the fiber inclination angle and on the tissue composition, the
transmittance and scattering patterns have been simulated in this chapter for various
fiber configurations with different inclination angles and fiber properties.

The transmittance is a measure of how much the light is attenuated when it passes
through the brain tissue, i. e. it depends on (isotropic and anisotropic) tissue absorption
and scattering. The absorption coefficients in brain tissue are small (see Sec. and
the diattenuation study in Chap. Elhas shown that the anisotropic absorption (dichroism)
is also small (Dk < 5%). Therefore, tissue absorption was neglected when modeling the
observed transmittance effects. The increased transparency of tissue samples with long
embedding time (see Fig. [9.7h) also suggests that the transmittance is mainly caused
by scattering outside the molecular substructure of the myelin layers (see Sec. . As
TDMES3D is able to model (isotropic and anisotropic) light scattering of fiber configu-
rations and myelin layers, the transmittance effect can be investigated quantitatively in
terms of FDTD simulations.

Transmittance vs. Fiber Inclination The inclination dependence of the transmittance
was studied for hexagonal grids of fibers as well as for more complex fiber bundles (bundle
of densely grown fibers and inhomogeneous fiber bundles), see Sec.
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11 TRANSMITTANCE OF SIMULATED FIBER CONFIGURATIONS

Although the hexagonal grid of fibers shows artifacts due to grid symmetries, the
transmittance curves (Fig. already show some features of the more complex fiber
bundles: The transmittance curve for the aligned helical fibers shows a global minimum
at a = 50° (the transmittance curve for the bundle of densely grown fibers shows a global
minimum at o = 70°, cf. Fig. [11.4h). In the case of unaligned helical fibers, the trans-
mittance decreases with decreasing numerical aperture (also for horizontal fibers). For
different strides, the averaged transmittance value decreases with increasing inclination
angle (just as for the bundle with broad fiber orientation distribution, cf. Fig. ).

The transmittance curves for the bundle of densely grown fibers and for more inho-
mogeneous fiber bundles (see Figs. and are much smoother than those for
the hexagonal grid of fibers. A comparison of the transmittance curves for NA = 1 and
NA = 0.15 shows that the decrease in transmittance with increasing fiber inclination is
caused by the limited numerical aperture of the microscope objective in the PM. The
camera only detects light with small scattering angles (6 < 8.6°). For steep fibers, the
light is scattered almost uniformly in all possible directions (cf. Fig. ) so that the
transmitted light intensity recorded by the camera becomes minimal. The DI simula-
tions in Chap. [[2] will show that this effect is mainly caused by isotropic and not by
anisotropic scattering (diattenuation) because linearly polarized light shows a similar
decrease in the transmitted light intensity, independently of the direction of polarization
(see Fig. [[2:3p).

For better comparison, Fig. [[I.19) shows the normalized transmittance curves for the
bundle of densely grown fibers (“fresh” tissue with n,, = 1.47 and “old” tissue with n,, =
1.39, cf. Fig. and the normalized transmittance curves for more inhomogeneous
fiber bundles (broad fiber radius/orientation distribution, cf. Fig. in one plot (for
NA = 0.15).

1.24
1.0%

I 0.8
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E 0.6-
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Z 047
S 1|~ densely grown fibers (fresh)
0.2 different radii (fresh)
||~ different orientations (fresh)

0.0 —e— densely grown fibers (old)

0 10 20 30 40 50 60 70 80 90
al]
Fig. 11.19: Averaged transmittance Gon plotted against the inclination angle « for various
fiber bundles simulated for the imaging system of the PM with normally incident light
and single wavelength (see Secs. [11.1.2] and [11.1.3): a bundle of densely grown fibers (for
“fresh” and “old” tissue), a bundle with broad fiber radius distribution (Ar = 0.7 pm), and
a bundle with broad fiber orientation distribution (= = 10pm). The transmittance curves
were normalized by the averaged transmittance of the horizontal fiber bundle, respectively.

Bundles with similar fiber orientations (densely grown fibers and different radii) yield
similar transmittance curves (purple and orange lines); the inclination angle for minimum
transmittance (« = 70°) corresponds to the critical angle of total internal reflection of
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11.4 Discussion

the myelin sheath (6. = 66.7-68.7°, see Appx. . This also holds for “old” tissue (blue
line), for which the critical angle of total internal reflection is slightly larger (6. = 76.2—
80.3°, see Appx. . Total internal reflection would cause the light to be captured
within the myelin sheaths, which would provide a classical explanation why the light
intensity detected by the camera is minimal for fiber inclinations 6. < a < (90° —
0r). However, it should be noted that the myelin sheath thickness is smaller than the
wavelength so that the observed effects cannot necessarily be explained in terms of
geometrical optics.

While the transmittance curves of bundles with similar fiber orientations show a mini-
mum at steep inclination angles (o = 70-80°), the transmittance curve of the bundle with
broad fiber orientation distribution (red line) decreases monotonically with increasing
inclination angle and becomes minimal for vertical fibers. The fiber orientation disper-
sion (magenta histogram in Fig. ) shows that the mode angle difference between
the local fiber orientation vectors and the predominant orientation of the fiber bundle
is about 25°. Thus, a vertical fiber bundle contains many fibers with inclination angles
between 60° and 70°, which explains why the minimum transmittance is shifted to larger
inclination angles.

For “fresh” tissue (with n,, = 1.47), the minimum transmittance values are similar
for all types of bundles: the transmittance for steep fibers is up to 80-90% less than
the transmittance for flat fibers. For “old” tissue (with ny, = 1.39), the transmittance
is only reduced by about a third.

Slightly different wavelengths, a smaller Yee mesh size, and different angles of incidence
yield similar simulation results (for the bundle of densely grown fibers, see Fig. )
This shows that the simulation results do not depend on details in the simulated imaging
system and can be considered as stable.

With the FDTD simulations, the inclination dependence of the transmittance could be
investigated in more detail and the relationship between transmittance and inclination
angle could be studied for different fiber architectures. This knowledge can help to
obtain additional information about the fiber inclination.

Transmittance vs. Embedding Time The simulations in Sec. [[1.2:4] show that the
transmittance increases with decreasing myelin refractive index ny, (see Fig. . This
suggests that the transmittance of brain tissue increases with increasing embedding time
of the tissue sample, assuming that the embedding glycerin solution soaks into the myelin
sheaths of the nerve fibers and that the effective refractive index of myelin becomes more
similar to the refractive index of the surrounding tissue.

Transmittance vs. Homogeneity The simulation results presented in Sec. [[1.2] show
that the transmittance depends not only on the fiber inclination and the refractive index
of the myelin sheath, but also on the homogeneity of the simulated fiber bundles: The
transmittance of horizontal fibers decreases with increasing myelin sheath thickness and
fiber size (see Figs. and [[T.15)). It also decreases for a larger distribution of fiber
radii (see Fig. , but much less. All these effects are significantly weaker than the
observed inclination dependence of the transmittance.

The transmittance images obtained in a 3D-PLI measurement are used to correct the
retardation images of the PM for varying myelin densities (transmittance weighting).
The simulations have shown that the transmittance depends not only on the amount of
myelin in the measured brain section, but also on the fiber inclination and — to some
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11 TRANSMITTANCE OF SIMULATED FIBER CONFIGURATIONS

extent — on the tissue homogeneity. These effects should be taken into account in the
transmittance weighting.

Transmittance of Horizontal Crossing vs. Vertical Fibers The simulations of crossing
fibers in Sec. [[1.3] have shown that the transmittance for horizontal fibers is mostly inde-
pendent of the crossing angle (see solid curves in Fig. . This is also in accordance
with the finding that the transmittance of horizontal fibers does not depend much on
the fiber orientation distribution (see Fig. [L1.7)).

As the transmittance of horizontal crossing fibers is similar to the transmittance of
horizontal parallel fibers, the transmittance of horizontal crossing fibers is also expected
to be larger than the transmittance of steep fibers due to the inclination dependence of
the transmittance. The simulations in Sec. have shown that the transmittance for
vertical fibers is significantly less than for horizontal crossing fibers, especially for bundles
with broad fiber orientation distribution. For bundles with similar fiber orientations, the
transmittance becomes minimal for steep fibers with an inclination of 70° (see Fig.[11.18)).
Also for the same fiber configuration (interwoven 90°-crossing fibers), the transmittance
values become much lower when one of the fiber bundles is oriented along the z-direction
and not in the xy-plane.

In standard 3D-PLI and DI measurements, horizontal crossing and steep fibers cannot
easily be distinguished because they both yield similar birefringence and diattenuation
values. The transmittance could help to distinguish between these fiber configurations.

A decrease in transmittance is also observed when combining two horizontal crossing
fiber bundles with a vertical fiber bundle (see orthogonal fiber bundles in Figs. [11.16
and . Thus, it is not only possible to distinguish horizontal crossing from vertical
fibers, but also to detect vertical fibers within fiber crossings, which cannot be achieved
by the current 3D-PLI analysis even when using a tiltable specimen stage [I61].

Horizontal crossing and vertical fibers do not only yield different transmittance values,
they also yield different scattering patterns. When studying the scattering pattern of
a sample, it is even possible to determine the crossing angle of the fibers within one
measured tissue voxel (see Fig. . Apparently, the scattering pattern contains valu-
able information about the underlying fiber configuration which cannot be accessed in
a standard 3D-PLI or DI measurement. The scattering pattern could be measured e. g.
by means of dark-field microscopy or simply by changing the position of the light source
or the camera with respect to the sample and measuring the intensity of light scattered
under a certain angle.
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DIATTENUATION OF SIMULATED
FiBER CONFIGURATIONS

HIS chapter studies the diattenuation of various simulated fiber configurations in or-
T der to model and better understand the diattenuation effects described in Chap. [
As TDME3D can only assign an isotropic complex refractive index to a medium (see
Sec. , the molecular diattenuation, i.e. the diattenuation caused by the substructure
of the myelin layers (e. g. lipid molecules), was described by an effective analytical model
of dichroism (Dy, see Sec. , while the FDTD simulations model the diattenuation
caused by anisotropic scattering (Dg) of all other structures. The simulation results
presented in this chapter should therefore always be considered in addition to a possible
dichroism of brain tissue (cf. Sec. [0-4).

The considerations and simulations in Chap. [[0] have shown that TDME3D is more
suitable to model the optical system of the PM than of the LAP. To save computing
time, most of the simulations were therefore performed for the system parameters of the
PM, i.e. for normally incident light with a wavelength of 550 nm, a mesh size of 25 nm,
and a numerical aperture of 0.15. In interesting cases, the simulations were repeated for
other wavelengths (A = {545,555} nm), a smaller mesh size (A = 12.5nm), and different
angles of incidence (6 = 3°, ¢ = {0°,90°,180°,270°}) to demonstrate the validity of the
simulated diattenuation effects.

As the polarizing filters of the PM cannot be removed, a routine diattenuation mea-
surement is only possible for the LAP which has a lower resolution than the PM. Mea-
surements with a prototypic polarizing microscope (see Sec. , however, suggest that
the observed diattenuation effects are similar at higher resolution. To show that the sim-
ulated diattenuation effects for the PM are similar for the LAP, additional simulations
were performed for the system parameters of the LAP. This chapter only presents the
simulation results for the PM. The full study for the LAP can be found in Appx. [D.12]

The diattenuation was computed from a simulated DI measurement (see Sec. . If
not otherwise stated, the diattenuation was approximated by Dg which is computed from
only two simulation runs with light polarized along the x-axis (Ix) and light polarized
along the y-axis (Iy), as described in Sec.

I~ I,

Dg = ,
ST I+ 1,

(12.1)

where the x-axis corresponds to the longitudinal symmetry axis of the fibers in the xy-
plane. Apart from the diattenuation image Dg, the averaged diattenuation value Dg
and the standard deviation opg were computed for all simulated fiber configurations.
To facilitate the comparison with the experimental results, positive diattenuation values
Dg > 0 were marked in green (representing regions of type D) and negative diattenu-
ation values Dg < 0 were marked in magenta (representing regions of type D).
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12 DIATTENUATION OF SIMULATED FIBER CONFIGURATIONS

The simulations of the diattenuation effect were performed for the same fiber config-
urations as the simulations of the transmittance effect in Chap. [[I} The geometries of
the simulated fiber configurations have been characterized in Sec. [I0.2} The implemen-
tation of the fiber configurations in TDME3D was described in Sec. [[0.3} the simulation
parameters were specified in Tab. [[0.5]

The structure of this chapter is analogous to Chap. [[I} The diattenuation was first
studied on simulated fiber configurations with different inclination angles (Sec. [12.1)).
Then, the diattenuation was investigated for a horizontal fiber bundle with different
fiber properties (Sec. [12.2)). Finally, the diattenuation of horizontal crossing fibers was
compared to the dlattenuatlon of vertical fibers (Sec. . Parts of Secs. [[2.1.2] [[2.1.3]
and [I2.2] have been published in MENZEL et al. (2018b) [h?%]

12.1 Diattenuation of Inclined Fiber Bundles

The experimental studies in Sec. [0.2.2] suggest that the diattenuation effect depends to
some extent on the inclination angle of the nerve fibers in the measured brain section.
To better understand this phenomenon, the diattenuation images were computed for
different simulated fiber bundles (oriented along the x-axis) with different inclination
angles (rotated around the y-axis): a = {0°,10°,...,90°}. If not otherwise stated,
the simulations were only performed for normally incident (non-diffuse) light with a
wavelength of 550 nm and a Yee mesh size of 25 nm to save computing time.

To investigate which geometric features are responsible for the observed diattenuation
effects, the inclination dependence of the diattenuation was first studied for simple fiber
configurations (hexagonal grid of fibers in Sec. before looking at more complex
models (bundle of densely grown fibers in Sec. and inhomogeneous fiber bundles

in Sec. [12.1.3)).

12.1.1 Hexagonal Grid of Fibers

Figure [I2:Ip shows the diattenuation images Dg for a hexagonal grid of aligned helical
fibers (cf. Fig. [10.27) with different inclination angles.
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Fig. 12.1: (a) Histograms and (b) diattenuation images Dg for a hexagonal grid of aligned
helical fibers with different inclination angles . The diattenuation was computed for the
imaging system of the PM for normally incident light with A = 550nm and simulation
parameters specified in Tab. Positive diattenuation values (representing regions of
type DT) are displayed in green, negative diattenuation values (representing regions of type
D7) are displayed in magenta.
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12.1 Diattenuation of Inclined Fiber Bundles

Depending on the inclination angle, the diattenuation is positive or negative: for flat
fibers (a < 40°) the diattenuation is mostly negative (magenta), for steeper fibers (50° <
a < 70°) it becomes mostly positive (green), and for vertical fibers the diattenuation
values are positive as well as negative. The histograms in Fig. [2.Ih show that the
diattenuation values are broadly distributed around the average value Dg with standard
deviations op g between 0.05 and 0.2.

Figure shows the averaged diattenuation values Dg plotted against the inclination
angle for different geometries of the hexagonal grid (cf. Sec. : (a) straight fibers,
(b) aligned helical fibers, (c¢) unaligned helical fibers with same strides, and (d) unaligned
helical fibers with different strides.
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Fig. 12.2: Averaged diattenuation Dg plotted against the fiber inclination angle a for a
hexagonal grid of fibers with different geometries (cf. Sec. [10.2.1)): (a) straight fibers, (b)
aligned helical fibers, (c) unaligned helical fibers with same strides, and (d) unaligned helical
fibers with different strides. The diattenuation curves were computed for the imaging system
of the PM with normally incident light and A = 550 nm.

While the averaged diattenuation values for straight fibers alternate between positive
and negative values for different inclination angles, the other geometries show a transition
from negative to positive diattenuation values. For aligned helical fibers, the averaged
diattenuation is negative for flat fibers (o < 45°) and positive for steep fibers (45° < a <
80°) with maximum values |Dg| < 15 %. The diattenuation for vertical fibers (o > 80°)
is much less (|Ds| < 1.7%). The negative diattenuation for unaligned helical fibers is
slightly stronger than for aligned helical fibers (about max. —24 % for same strides and
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12 DIATTENUATION OF SIMULATED FIBER CONFIGURATIONS

—18% for different strides). While the diattenuation for unaligned helical fibers with
same strides becomes positive for steep fibers (about +26 % for a = 70°), it remains
mostly negative for different strides.

12.1.2 Bundle of Densely Grown Fibers

To study the inclination dependence of the diattenuation for a more realistic fiber bundle,
the DI measurement was simulated for a bundle of densely grown fibers (see Sec.
for different inclination angles. Figure [12.3p shows the (normalized) transmitted light
intensities I, and Iy for the horizontal fiber bundle. Figure @b shows the averaged
transmitted light intensities I, and I, plotted against the inclination angle a.
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Fig. 12.3: (a) Normalized transmitted light intensities for the horizontal bundle of densely
grown fibers obtained from a DI simulation for the imaging system of the PM (A = 550 nm,
NA = 0.15) with rotation angles p = 0° and p = 90°, i.e. with light polarized along the
x-axis (Iy) and with light polarized along the y-axis (Iy). (b) Averaged transmitted light
intensities I and I, plotted against the inclination angle « of the fiber bundle. Subfigure
(b) has been published in MENZEL et al. (2018a) [67] Fig. 19a.

For flat fibers (o < 60°), the transmitted light intensity is maximal when the light
is polarized perpendicularly to the direction of the fiber bundle (Iy > Ii). For steep
fibers (a > 70°), the transmitted light intensity is maximal when the light is polarized
parallel to the direction of the fiber bundle (Ix > I;). The difference between I and
I, decreases with increasing inclination angle. The curves show a similar behavior as
the transmittance curve for the bundle of densely grown fibers (cf. Fig. for NA =
0.15).

Figure shows the diattenuation images (Dg = (Ix — Iy)/(Ix + Iy)) for the bun-
dle of densely grown fibers with different inclination angles. Regions with maximum
and minimum diattenuation values are more homogeneously distributed than for the
hexagonal grid of fibers. The diattenuation is mostly negative (magenta) for fibers with
small inclination angles (o < 50°) and becomes more positive (green) for steeper fibers
(o > 60°). The histograms in Fig. [12.4h show that the diattenuation values are al-
most symmetrically distributed around the average value (—22 % + 12 % for o = 0° and
—17% £ 19% for a = 50°). Thus, the average Dg and the standard deviation op g are
good parameters to describe the diattenuation images.
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12.1 Diattenuation of Inclined Fiber Bundles

The solid curve in Fig. [[2.5h shows the corresponding averaged diattenuation values
Dsg plotted against the inclination angle. For flat fibers (o < 50°), the averaged diat-
tenuation is between —17% and —22%. For fibers with larger inclination angles, the
diattenuation values increase and finally reach positive values (max. +10 % for a = 80°).
For vertical fibers (o = 90°), the averaged diattenuation is approximately zero.

Simulations with different wavelengths (A = {545,550, 555} nm) and a smaller Yee
mesh size (A = 12.5nm) yield very similar diattenuation curves (see Fig. in
Appx. . Therefore, all subsequent simulations were performed for A = 550 nm
and A = 25nm.

(a) a=0 a=0 a=10° a=20° a=30° o= 40°

x Dy ~-2230 % Ds~-2038% Dgn-2154% Dgn~-19.72%  Dg~-19.41 %
a—50° a—60° a=T70° a= 80 a=90°

-1-05 0 05 1 ~1721% Dy ~-455%  Dy~384%  Dgm1030%  Dg~053 %

Fig. 12.4: (a) Histograms and (b) diattenuation images Dgs for a bundle of densely grown
fibers with different inclination angles c. The diattenuation was computed for the imaging
system of the PM for normally incident light with A = 550 nm and simulation parameters
specified in Tab. Positive diattenuation values (representing regions of type D) are
displayed in green, negative diattenuation values (representing regions of type D) are
displayed in magenta. The figure has been published in MENZEL et al. (2018b) [68] Fig. 7.

Diffuse Light So far, the simulations were only performed for normally incident light.
To investigate whether the same diattenuation effects can also be observed for non-
normal incidence, the simulations were repeated for the diffuse light source of the PM
{0 = 0°}, {0 = 3°, ¢ = {0°,90°,180°,270°}}, weighted according to Egs. ((10.1))
to ) The densely dotted curve in Fig. shows the resulting diattenuation
curve. The absolute averaged diattenuation values are a bit smaller than for normally
incident light (between —15 % and —21 % for a < 50°, and +8 % for @ = 80°), but the
diattenuation curves are still similar. To save computing time, all other simulations were
therefore only performed for normally incident light.

Long Embedding Time To model the diattenuation effect for brain tissue measured
a long time after tissue embedding (referred to as “old” tissue), the simulations were
repeated with a reduced myelin refractive index (nm = 1.39) to account for glycerin
solution soaking into the myelin sheaths. The dash-dotted curve in Fig. [2.5h shows
the resulting diattenuation curve. The inclination dependence of the diattenuation is
similar to the one for brain tissue measured directly after embedding (referred to as
“fresh” tissue), but the absolute averaged diattenuation values are much smaller (about
—2.3% for o < 40 % and max. +1.6 % for a = 80°).
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12 DIATTENUATION OF SIMULATED FIBER CONFIGURATIONS

Comparison between PM and LAP To save computing time, most simulations were
performed for the system parameters of the PM. To investigate whether the inclination
dependence of the diattenuation Dy is similar for the LAP, the simulations were repeated
for the system parameters of the LAP both for normally incident and diffuse light.
As discussed in Chap. [I0, the diffuse and incoherent light source of the LAP can be
modeled by several simulation runs with different wavelengths (A = {496, ...,581} nm)
and different angles of incidence (Onax < 25°, ¢ = 1 x Ay). Additional simulations of
the LAP with NA = 0.0083 (see Appx. show that the simulated diattenuation
values Dg for the horizontal bundle of densely grown fibers are similar for different
wavelengths and different angles of incidence. Due to the small numerical aperture,
most of the transmitted light intensity is generated by light with angles # < 0.5°. Thus,
the simulations of the LAP were only performed for the peak wavelength (A = 529 nm)
and both for normally incident light and diffuse light with angles {# = 0°}, {6 = 0.5°,
¢ = {0°,90°,180°,270°}}, weighted according to Egs. to . The resulting
diattenuation curves are shown in Fig. [I2.5pb.

(a) (b)

PM (A =550 nm, NA = 0.15) LAP (1 =529 nm, NA = 0.0083)
0.154 0.154
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Fig. 12.5: Averaged diattenuation Dg plotted against the fiber inclination angle o for the
bundle of densely grown fibers (cf. Sec. . The diattenuation curves were computed
for the imaging system of the PM (a) and of the LAP (b) with A = 25nm. The solid and
densely dotted curves were computed for normally incident and diffuse light ({0 = 0°}, {6 =

Omax, » = {0°,90°,180°,270°}}, weighted according to Egs. to ), respectively,
assuming a measurement directly after tissue embedding (n,, = 1.47). The diffuse light for
the PM was computed with 0, = 3°, the diffuse light for the LAP with 6,,x = 0.5°. The
dash-dotted curve was computed for normally incident light assuming a measurement long
time after tissue embedding (ny, = 1.39).

The diattenuation curves are similar to those obtained for the system parameters of
the PM. The absolute averaged diattenuation values Dg are larger (about —25% for
a < 60 % and max. +15 % for @ = 80°) and the transition to positive diattenuation values
is more abrupt. As the diattenuation curves for the PM and the LAP are similar, all
other simulations of the DI measurement were only performed for the system parameters
of the PM and for normally incident light to save computing time.
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12.2 Diattenuation of Horizontal Fiber Bundles with Different Fiber Properties

12.1.3 Inhomogeneous Fiber Bundles

To study the diattenuation effect on more inhomogeneous fiber bundles, a fiber bundle
with a broad fiber radius distribution (Ar = 0.7 um, cf. Fig. [10.22)) and a fiber bundle
with a broad fiber orientation distribution (5 = 10pm, cf. Fig. [10.20)) were generated
by the VCS and the DI simulations were performed for different inclination angles of the
bundles.

The resulting diattenuation curves are shown in Fig. [[2.6] The curves for the bundle
with broad fiber radius distribution (Ar = 0.7 pm, = = 1 pm) look similar to the curves
for the bundle of densely grown fibers (with Ar = 0.3um), cf. the solid lines in Figs.
and . The negative diattenuation is a bit stronger (max. —26 % for a = 0°)
and the positive diattenuation is a bit weaker (max. +8 % for o = 80°).

For the bundle with broad fiber orientation distribution (Ar = 0.3pm, = = 10 pm),
the negative diattenuation for flat fibers and the positive diattenuation for steep fibers
are much weaker (max. —12% for & = 0° and +1.2% for a = 80°).

0.157
® broad radius distribution

0.101 -#-- broad orientation distribution
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0.004

& 0051 ' /
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-0.151
-0.201 —

-0.251 —

-0.30
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Fig. 12.6: Averaged diattenuation Dg plotted against the fiber inclination angle « for a
bundle with broad fiber radius distribution (Ar = 0.7 pm, = = 1pm, cf. Fig. [10.22]) and a
bundle with broad fiber orientation distribution (Ar = 0.3 pm, = = 10pum, cf. Fig. [10.20).
The diattenuation curves were computed for the imaging system of the PM with normally
incident light.

12.2 Diattenuation of Horizontal Fiber Bundles with Different
Fiber Properties

To study in more detail how the strength of the diattenuation signal depends on the fiber
configuration and structure, the DI measurement was simulated for horizontal fiber bun-
dles with different fiber properties (different fiber orientations, fiber radii, myelin sheath
thicknesses, myelin refractive indices, and fiber sizes). The fiber bundles were generated
with the VCS by varying the fiber properties of the reference fiber bundle (Fig. [10.18p).
For all simulated fiber bundles, the averaged diattenuation value Dg was computed and
plotted against the varied fiber parameter (see Fig. . The diattenuation values be-
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12 DIATTENUATION OF SIMULATED FIBER CONFIGURATIONS

longing to the reference fiber bundle are marked by a star in the diattenuation curves.
All simulations were performed for the system parameters of the PM and with normally
incident light with A = 550 nm and A = 25 nm.

12.2.1 Different Fiber Orientation Distributions

Figure [[2.7h shows the diattenuation curve for horizontal fiber bundles with different
fiber orientation distributions, i.e. bundles generated with different maximum displace-
ments = in the VCS (cf. Fig. [10.20). The negative diattenuation becomes weaker with
increasing = the averaged diattenuation Dg increases from about —22% for 5 = 1 pm
to about —12% for = = 10pum. Note that the volume fraction increases linearly with

increasing = (see Fig. [10.20)).

12.2.2 Different Fiber Radius Distributions

Figure [[277b shows the diattenuation curve for horizontal fiber bundles with equal aver-
age fiber radius (ravg = 0.65 pm) and different fiber radius distributions Ar = rax — Tmin
(cf. Fig. [10.22). The averaged diattenuation Dg becomes more negative with increasing
Ar (from about —20% for Ar =0 to about —26 % for Ar = 0.7 pm).

12.2.3 Different Myelin Sheath Thicknesses

To study the effect of the myelin sheath thickness on the diattenuation, the reference
fiber bundle was simulated with different myelin sheath thicknesses tgsheatnh relative to
the fiber radius r (the relative thicknesses of the two myelin layers and the separating
glycerin layer remained the same): tspeath = {0,0.2,0.3,0.4,0.5,0.6} r.

Figure [[2.7c shows the resulting diattenuation curve for different myelin sheath thick-
nesses. With increasing myelin sheath thickness, the diattenuation Dg becomes more
negative (from about —23% for tgeath = 0.27 to about —29% for tgpeath = 0.67).
For unmyelinated fibers (tsheath = 0), the averaged diattenuation is still negative, but
relatively small (Dg ~ —1.25%).

12.2.4 Different Myelin Refractive Indices

To study how the diattenuation changes with increasing embedding time of the tissue
sample (i.e. when the embedding glycerin solution soaks into the myelin sheaths of the
nerve fibers and the refractive indices of myelin and surrounding tissue equalize), the
reference fiber bundle was simulated for different myelin refractive indices ny, between
1.47 (corresponding to the refractive index of lipids and used for all previous simulations)
and 1.37 (corresponding to the refractive index of the embedding glycerin solution).

Figure [I2.7d shows the resulting diattenuation curve for different myelin refractive
indices. The negative diattenuation approaches zero with decreasing myelin refractive
index (from about —21.7% for n,, = 1.47 to about —0.7 % for n,, = 1.37).

12.2.5 Different Scales

To study how the diattenuation depends on the size of the fibers, the reference fiber
bundle was scaled by factors of 1, 2, 2.5, 3, 4, and 5, cropped to a volume of 30 x 30 x
301m?, and discretized into voxels of 25% nm? (see Fig. [10.24)).

Figure [[27¢ shows the resulting diattenuation curve for different scaling factors. The
negative diattenuation becomes weaker with increasing scaling factor. For scaling factors
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12.2 Diattenuation of Horizontal Fiber Bundles with Different Fiber Properties

of 1 and 2, the averaged diattenuation is Dg < —20%. For a scaling factor of 5, the
averaged diattenuation is only about —8 %.

(a) Different Fiber Orientation Distributions (b) Different Fiber Radius Distributions
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Fig. 12.7: Averaged diattenuation Dg for horizontal fiber bundles with different fiber prop-
erties (cf. Sec. : (a) different fiber orientation distributions, i.e. different maximum
displacements = (see Fig. , (b) different fiber radius distributions Ar = ryax — Fmin
(see Fig. [10.22), (c¢) different myelin sheath thicknesses tgheatn relative to the fiber radius r

the horizontal reference fiber bundle (see Fig. [[0.18b). The diattenuation values belonging
to the reference fiber bundle are marked by a star. The diattenuation curves were computed
for the imaging system of the PM with normally incident light and A = 550 nm, A = 25 nm.
Similar subfigures (b-¢) have been published in MENZEL et al. (2018b) [68] Fig. 8.
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12 DIATTENUATION OF SIMULATED FIBER CONFIGURATIONS

12.3 Diattenuation of Horizontal Crossing vs. Vertical Fibers

Just like the transmittance, the diattenuation was also investigated for vertical fibers
and horizontal crossing fibers (separate and interwoven bundles) with different crossing
angles x = {15°,30°,...,90°} (cf. Sec. .

As the crossing fibers are oriented along two principal directions (p = +x/2) in
the xy-plane, the value for Dg, which is derived from light polarized along the x-axis
(p = 0°) and from light polarized along the y-axis (p = 90°), might not be a good
approximation for the diattenuation of the crossing fibers (cf. Fig. [[0.29b in Sec. [T0.4.1]).
The transmitted light intensity In(p) was therefore computed for at least four rotation
angles (p = {0°,45°,90°,135°}). From the resulting Fourier coefficients ag, a2, and by
(computed from Eq. with N = 4), the strength |Zs| and the phase ¢pg of the
simulated diattenuation signal were determined using Eqgs. and .

The averaged transmitted light intensities In(p) of the separate and interwoven fiber
bundles follow a sinusoidal curve for all crossing angles. Figure [[2.8] shows the resulting
values for |Zs| and ¢p g plotted against the crossing angle x of the fibers (magenta lines).
For reference, the averaged diattenuation value of the vertical fiber bundle is shown as
a green dotted line in Fig. [[2.8h.
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Fig. 12.8: Simulated diattenuation signal for horizontal crossing fibers (separate and inter-
woven bundles, cf. Sec. for different crossing angles x (magenta lines): The strength
|Zs| (a) and the phase ¢p g (b) of the diattenuation signal were computed from a Fourier
analysis of the averaged transmitted light intensity In(p) with p = {0°,45°,90°,135°} us-
ing Egs. and ({37). The green dotted line shows the averaged diattenuation of the
vertical reference fiber bundle (see Fig.[10.18b). The value for the horizontal reference fiber
bundle is marked by a magenta star. The simulations were performed for the imaging system
of the PM with normally incident light and A = 550 nm, A = 25nm.

For separate fiber bundles, the phase of the diattenuation signal does not change a
lot with the crossing angle (¢p g ~ 90°, for x < 75°). For interwoven fiber bundles, the
phase increases with increasing crossing angle (¢p g =~ 90° for x = 15°, ¢p g =~ 105° for
X = 75°), see Fig. [12.8b. For 90°-crossing fibers, the phase is about 18° for separate
bundles and 134° for interwoven bundles.

As the simulated diattenuation is rather negative (45° < ¢pg < 135°), the values for
|Z5| are shown with a negative sign (see Fig. ) The strength of the diattenuation
signal | Zg| decreases with increasing crossing angle, both for the separate and interwoven
fiber bundles. While the diattenuation is almost zero for the vertical fiber bundle and for
90°-crossing separate bundles, it is about —3.7 % for 90°-crossing interwoven bundles.
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12.4 Discussion

12.4 Discussion

The experimental studies in Chap. [J]have shown that brain tissue exhibits two different
types of diattenuation (D' and D™) which are regionally specific and depend on fiber
inclination and embedding time. To model and better understand these effects, the
diattenuation signal has been investigated in this chapter by means of FDTD simulations
for various fiber configurations with different inclination angles and fiber properties.

As discussed in Sec. diattenuation can be caused by anisotropic absorption (dichro-
ism D) as well as by anisotropic scattering (Dgs). The experimental studies suggest that
both Dk and Dg contribute to the measured diattenuation of brain tissue (see Sec. ,
As the simulation model does not include the molecular substructure of the myelin lay-
ers, molecular diattenuation was described by an analytical model of dichroism instead
(see Sec. . Diattenuation caused by other structures (like fiber configurations or
myelin layers) was treated as anisotropic scattering and studied by the FDTD simula-
tions presented in this chapter.! As TDME3D is not designed to model dichroism and
there exists no analytical description of anisotropic scattering, both effects were treated
separately, neglecting mutual interdependencies. In contrast to the transmittance effect,
it is therefore only possible to gain a qualitative understanding of the combined diatten-
uation effect. When comparing the simulation results to experimental data, it should
also be kept in mind that most simulations were performed for the imaging system of
the PM while the diattenuation was measured with the LAP.

Analytical considerations in Appx. [A-4.3 have shown that the dichroism of brain tissue
is approximately proportional to the retardance (see Eq. ) The long-term study in
Sec. suggests that the dichroism causes positive diattenuation Dk > 0 (maximum
absorption for light polarized in the plane perpendicular to the fibers, i.e. in the plane
of the myelin lipids). Thus, Dg is expected to become maximal for horizontal in-plane
fibers and to decrease with increasing fiber inclination angle (see Fig. [A7T).

The diattenuation caused by anisotropic scattering (Dgs) was studied by FDTD simu-
lations presented in this chapter. For fiber configurations with one principal orientation
(oriented along the x-axis when projected onto the xy-plane), the amplitude and phase
of the diattenuation signal {|Zs|, ¢p s} were approximated by Dg which is computed
from only two simulation runs with light being polarized along the x- and y-axes of the
sample (| Ds| = |Zs|, Ds > 0(D") = ¢ps =~ ¢p, Ds <0(D~) = ¢ps =~ ¢p +90°).

Diattenuation vs. Fiber Inclination The inclination dependence of Dg was studied for
hexagonal grids of fibers as well as for more complex fiber bundles (bundle of densely
grown fibers and inhomogeneous fiber bundles), see Sec. m

The hexagonal grids of fibers show artifacts due to symmetries (the diattenuation
curves show several local minima and maxima), but they also show some features of the
more complex fiber bundles: For aligned helical fibers, the averaged diattenuation Dg
is negative for flat fibers and positive for steep fibers — just as for the bundle of densely
grown fibers (cf. Figs. and ) When breaking the symmetry by introducing
different offsets with respect to the fiber position, the diattenuation curves become a bit
more similar to the one of the more complex fiber bundles: While the bundle of unaligned
helical fibers (with same strides) has averaged diattenuation values between —18 % and
—24 % for inclination angles o < 40° and about +26 % for aw = 60° (see Fig. )7 the

n the following, the term “anisotropic scattering” will only be used to describe diattenuation caused
by structures included in the simulation model (i. e. no molecular substructures), while “dichroism”
refers to the effective model used to describe diattenuation caused by everything else that is not
included in the simulation model (e. g. lipid molecules).
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12 DIATTENUATION OF SIMULATED FIBER CONFIGURATIONS

bundle of densely grown fibers and the bundle with broad fiber radius distribution have
averaged diattenuation values between —17 % and —26 % for inclination angles a < 50°
and about +10% for oo = 80° (see solid curves in Figs. and . The averaged
diattenuation for the bundle of unaligned helical fibers with different strides (Fig. [[2:211)
remains mostly negative — just as for the bundle with broad fiber orientation distribution
(see dashed curve in Fig. [12.6)).

The simulations of the more complex fiber bundles (Secs. and have
shown that the averaged diattenuation Dg is negative for non-steep fibers, positive for
steep fibers, and almost zero for vertical fibers. For bundles with similar orientations
(densely grown fibers and different radii), the values range from Dg = —26 % to 10 % (see
solid curves in Figs. and . For bundles with very different fiber orientations,
the range is much narrower (Ds ~ —12.4% to 1.2%, see dashed curve in Fig. [12.6)).
For “old” tissue with reduced myelin refractive index (n, = 1.39), the values are even
smaller (Dg ~ —2.2% to 1.6 %, see dash-dotted curve in Fig. [12.5).

To estimate the combined diattenuation effect of Dg and Dy, Fig. shows the cor-
responding diattenuation curves Dg in direct comparison to the dichroism Dk plotted
against the fiber inclination angle «: For regions with non-steep fibers (o < 65°), both
types DT and D~ might be observed, depending on whether Ds < 0 or Dk > 0 dom-
inates. Regions with steep fibers should only show diattenuation of type DT because
both Ds and Dk are positive. As expected, regions with vertical fibers (o = 90°) show
small diattenuation values (|Dg|,|Dk| < 1).
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Fig. 12.9: (a) Diattenuation caused by anisotropic scattering (Ds) plotted against the
inclination angle « for various fiber bundles simulated for the imaging system of the PM with
normally incident light and A = 550 nm, A = 25nm (see Secs. and : a bundle
of densely grown fibers (for “fresh” tissue with ny, = 1.47 and “old” tissue with n,, = 1.39),
a bundle with broad fiber radius distribution (Ar = 0.7 pm), and a bundle with broad fiber
orientation distribution (£ = 10pm). (b) Diattenuation caused by anisotropic absorption
(dichroism D) plotted against the inclination angle a, computed analytically using Dk =
tanh (0.05 cos? o) (see Appx. . Positive diattenuation values (representing type DT)
are shown on a green background, negative diattenuation values (representing type D~) are
shown on a magenta background.

Different angles of incidence yield similar diattenuation curves for the bundle of densely

grown fibers — both for the imaging system of the PM and of the LAP (see Fig.[12.5]). As
slightly different wavelengths and a smaller Yee mesh size also yield comparable results
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12.4 Discussion

(see Fig. )7 the simulation results do not depend on details in the simulated imaging
system and can be considered as stable.

As the simulated diattenuation curves for the PM and the LAP are similar, the simu-
lation results can be used to make predictions for diattenuation measurements with the
LAP as well as for diattenuation measurements with the prototypic polarization micro-
scope.

The transmitted light intensities Iy and Iy show a similar inclination dependence as
the transmittance obtained from 3D-PLI simulations (cf. Figs. and ) This
confirms that the observed inclination dependence of the transmittance is mainly caused
by isotropic scattering and not by anisotropic scattering (diattenuation).

Diattenuation vs. Embedding Time With increasing time after embedding the brain
section, the surrounding glycerin solution presumably soaks into the myelin sheaths of
the nerve fibers which reduces the effective refractive index of myelin. The simulations for
different myelin refractive indices (Sec. confirm the assumption that anisotropic
scattering |Dg| decreases with increasing time after tissue embedding (when the differ-
ence between the refractive indices decreases). As dichroism Dk > 0 is expected to
be less time-dependent than scattering, the net observed diattenuation is expected to
become more positive with increasing embedding time of the tissue samples.

Diattenuation of Horizontal Crossing vs. Vertical Fibers The simulations of horizon-
tal 90°-crossing and vertical fibers have shown that these fiber configurations cannot
be distinguished by means of their diattenuation values, especially in the case of two
separate crossing bundles: the diattenuation images are similar and the averaged diat-
tenuation values are almost zero. The strength of the simulated diattenuation signal for
horizontal crossing fibers shows a similar behavior with respect to the crossing angle as
the dichroism Dk (see Appx.[A.4.4)). The total diattenuation is therefore expected to
follow a similar function and to approach zero with increasing crossing angle.

The phase of the simulated diattenuation signals shows a different behavior for sep-
arate and interwoven crossing fiber bundles. For separate crossing fibers, the phase
(¢p,s =~ 90°) is mostly independent of the crossing angle: the transmitted light intensity
becomes maximal for light polarized along the y-axis and minimal for light polarized
along the x-axis, i.e. the diattenuation signal is symmetric with respect to the main
fiber directions ¢ = +x/2. For interwoven crossing fibers, the phase increases with
increasing crossing angle: for 90°-crossing fibers (¢pg ~ 134°), the transmitted light
intensity becomes maximal for light polarized along one fiber axis (¢ = —x/2) and min-
imal for light polarized along the other fiber axis (¢ = +x/2), i.e. the diattenuation
signal is not symmetric with respect to the main fiber directions. This suggests that the
diattenuation for interwoven crossing fibers depends on details in the underlying fiber
configuration (e. g. on the orientation of the first fiber layer). In order to distinguish sep-
arate from interwoven crossing fiber bundles by means of their diattenuation signal, the
diattenuation of interwoven crossing fibers needs to be studied in more detail to better
understand how the phase of the signal is affected by the underlying fiber architecture.

Diattenuation vs. Homogeneity The simulations in Sec. [2.2] have shown that the
diattenuation caused by anisotropic scattering depends on the fiber structure and or-
ganization. The negative diattenuation values Dg for horizontal fiber bundles become
stronger with increasing distribution of fiber radii and with increasing myelin sheath
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12 DIATTENUATION OF SIMULATED FIBER CONFIGURATIONS

thickness (see Fig. ,c). They become weaker with increasing fiber size and with in-
creasing distribution of fiber orientations (see Fig. [[2.7p,e). (Note that the latter effect
might also be caused by a decreasing volume fraction.) Thus, the diattenuation of type
D~ is expected to be especially large if the brain tissue is measured directly after em-
bedding and if it contains regions with horizontal fiber bundles that consist of relatively
straight fibers with different fiber radii (and small average fiber radius) surrounded by
thick myelin sheaths.

This suggests that Diattenuation Imaging can be used to obtain information about the
structure and composition of brain tissue which cannot be obtained with other imaging
techniques like 3D-PLI.
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COMPARISON OF EXPERIMENTAL
AND SIMULATION STUDIES

N this chapter, the results from the experimental studies in Part [[I]] are compared
I to the results from the FDTD simulation studies in Part [V] The findings of the
simulation studies are used to explain the effects observed in the experimental studies
and to make predictions which are then validated on experimental data. Moreover, it is
demonstrated how the predictions can be used to improve the analysis of the measure-
ments. The studies concerning the transmittance effect (Chaps. [§ and are discussed
in Sec. m The studies concerning the diattenuation effect (Chaps. |§| and are
discussed in Sec. [[3:2] The chapter ends with an overall discussion in Sec. [[3.3]

Parts of Sec. [[3.1] have been published in MENZEL et al. (2018a) [67]. Parts of Sec.
have been published in MENZEL et al. (2018b) [68].

13.1 Transmittance Effect

The experimental studies in Chap.[§ have shown that the transmittance of brain sections
measured with 3D-PLI decreases with increasing out-of-plane inclination angle « of the
enclosed nerve fibers. The measured transmittance of steep fibers (a > 45°) is more than
50 % less than the transmittance of flat fibers (o < 45°). Although this effect has clearly
been demonstrated in various measurements (Secs. to , the experimental data is
not sufficient to raise any statistics. It can only serve as an indication for the inclination
dependence of the transmittance and cannot be used for quantitative comparisons.

The FDTD simulations revealed that the decrease in transmittance is caused by
isotropic scattering of light which increases with increasing fiber inclination: due to the
finite aperture of the objective lens in the imaging system, scattering reduces the light
intensity detected by the camera and thus the measured transmittance (see Sec. .
In the following paragraphs, the findings of the simulation studies are compared to the
findings of the experimental study.

Transmittance vs. Fiber Inclination The simulations were able to reproduce the ob-
served inclination dependence of the transmittance when modeling the nerve fibers with
double myelin layers (cf. Sec. [10.3.1)) and with slightly different fiber diameters and ori-
entations (e.g. bundle of densely grown fibers, cf. Sec. . Figure compares
the scatter plot from the combined 3D-PLI/TPFM measurement (averaged normalized
transmittance plotted against the nerve fiber inclination, cf. Fig. ) to the simulated
transmittance curves for the bundle of densely grown fibers and for a bundle with very
different fiber orientations (cf. dark purple and red lines in Fig. . Note that Figs.
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13 COMPARISON OF EXPERIMENTAL AND SIMULATION STUDIES

[[37Th and b can only be compared qualitatively because the measured and simulated
light intensities were normalized in different ways and the TPFM measurements were
performed for ca. 50 pm thick brain sections while the simulations were only performed
for a volume thickness of 30 pm due to limited computing time.
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Fig. 13.1: (a) Averaged normalized transmittance It n determined from a 3D-PLI mea-
surement with the PM plotted against the inclination angle « of fiber bundles in the cau-
date putamen determined from a TPFM measurement of a coronal mouse brain section (cf.
Fig. @) Transmittance values derived from regions that are mostly filled with fibers, i.e.
with a similar myelin density, are highlighted in blue. (b) Averaged normalized transmit-
tance ao N plotted against the fiber inclination angle for a bundle of densely grown fibers (i)
and a bundle with broad fiber orientation distribution (ii) simulated for the imaging system
of the PM, cf. Fig.[ITI.I9 For better comparison, the transmittance curves were normalized
by the averaged transmittance values of the horizontal bundles, respectively.

The simulated transmittance curves show a similar behavior as the measured transmit-
tance values in the scatter plot, especially for the bundle with different fiber orientations.
The simulation results are also consistent with the measured transmittance values of flat
and steep fibers in Sec. the simulated transmittance of steep fiber bundles is up to
80-90 % less than the transmittance of flat fiber bundles.

Transmittance vs. Embedding Time The simulations do not only model the observed
inclination dependence of the transmittance, they also provide an explanation for the
increasing transparency of tissue samples with increasing embedding time (cf. Fig. @a)
Assuming that the surrounding glycerin solution soaks into the myelin sheaths of the
nerve fibers with increasing time after tissue embedding, the high refractive index of
myelin becomes more similar to the lower refractive index of the surrounding tissue.
The simulations show that the transmittance increases with decreasing myelin refractive
index (see Fig. 7 i.e. the brain section becomes more transparent with increasing
time after tissue embedding.

Transmittance vs. Homogeneity The simulations in Secs. [[T.2.3] and [[T.2.5 suggest
that the transmittance decreases not only with increasing fiber inclination, but also
with increasing fiber size and myelin sheath thickness. As the fiber dimensions cannot
easily be determined, these predictions cannot be validated by experimental data.
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13.1 Transmittance Effect

Transmittance of Horizontal Crossing Fibers The FDTD simulations cannot only be
used to explain the observed transmittance effects. They can also be used to make
predictions for the experiment.

The simulations of a horizontal fiber bundle with different fiber orientation distribu-
tions (Sec. and the simulations of crossing fiber bundles with different crossing
angles (Sec. suggest that the transmittance for flat fibers is mostly independent
of the crossing angle between the fibers. This prediction was verified in experimental
measurements of a crossing fiber region:

Figure shows the transmittance and retardation images for the optic chiasm of a
hooded seal — a region that contains fibers with crossing angles of about 90° in the image
plane (cf. Fig. ). While the retardation values in the region with crossing fibers
(region B) are broadly distributed between small and large values (the birefringence
signals of crossing fibers cancel out), the transmittance values in this region show a
similar distribution as in a region with mostly parallel fibers (region A), see histograms
in Fig.[[3.:2d. The peak transmittance value of region B is lower than in region A because
the number of fibers in the crossing region (two crossing bundles) is larger than in the
region with parallel fibers (one bundle). Thus, the transmittance depends on the tissue
density, but not on the crossing angles of the fibers — as predicted by the simulation.
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Fig. 13.2: Optic chiasm of a hooded seal: (a) brain tissue before sectioning, (b) transmit-
tance and retardation images of the middle brain section obtained from 3D-PLI measure-
ments with the PM, (c) schematic drawing of the optic chiasm consisting of optic tract (o.t.)
and optic nerves (o.n.), (d) normalized histograms of the transmittance and retardation im-
ages for a region with mostly parallel fibers (blue) and a region with nearly 90°-crossing
fibers (red). More information about the sample can be found in DOHMEN et al. [52] (Figs.
(a) and (c) were adapted from Figs. 1B and 5B0). The figure has been published in MENZEL
et al. (2018a) [67] Fig. 5.

Combined Analysis of Transmittance and Retardation The FDTD simulations in
Chap. [[] suggest that the transmittance of brain tissue can be leveraged to obtain
additional information about the underlying nerve fiber architecture and to improve
the 3D-PLI analysis: as the transmittance depends on the fiber inclination and not on
the in-plane crossing angle of the fibers, it should be possible to distinguish between
horizontal crossing and vertical fiber configurations.
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13 COMPARISON OF EXPERIMENTAL AND SIMULATION STUDIES

So far, the transmittance images are only used for transmittance weighting and as a
reference for tissue segmentation. The three-dimensional orientation of the nerve fibers
is computed from the retardation and direction images (cf. Sec. . By this means,
regions with vertical fibers, regions with horizontal crossing fibers, and regions with a
low myelin density (e.g. gray matter regions with a small number of myelinated axons)
cannot be distinguished from each other because they all yield small retardation values.
Figure [13.3 demonstrates how a combined analysis of retardation (rp = |sindp|) and
transmittance (I7 ) allows to distinguish between these fiber configurations.
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Fig. 13.3: Normalized transmittance image (It n) and retardation image (rp = |sindp|)
of a coronal section through the right hemisphere of a vervet brain (cf. Fig. B-3p). The
images demonstrate how a combined analysis of retardation and transmittance images can
help to distinguish between horizontal crossing fibers and vertical fibers: The transmittance
in the region with maximum retardation (orange ellipse) is used as a threshold value (It =
I1 N(rpmax)). Regions with small retardation values and notably lower transmittance values
(I, < Lret, yellow arrows and regions surrounded by a yellow line) are expected to contain
vertical (steep) fibers. Regions with small retardation values and similar transmittance
values (It N & Iief, cyan arrows) are expected to contain horizontal (flat) crossing fibers.
Regions with small retardation values and larger transmittance values (It n > Iref, magenta
arrows) belong to regions with low myelin density, i.e. regions with a large amount of
unmyelinated axons or surrounding tissue. The figure has been published in MENZEL et al.
(2018a) [67] Fig. 6.
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13.2 Diattenuation Effect

As the transmittance depends on absorption, the region with maximum absorption
was determined as a reference: The retardance of brain tissue increases with decreasing
fiber inclination and with increasing thickness of birefringent tissue components (dp
dAn cos® a, cf. Eq. ) Assuming that a brain section contains all possible nerve
fiber configurations, the region with maximum retardation signal rpmax (orange ellipse)
is therefore expected to contain mostly horizontal parallel fibers (o ~ 0°) with a high
fiber density (max. d An). Due to the high fiber density, the region is also expected
to cause a maximum of absorption. Regions with even lower transmittance values are
therefore expected to contain steep fibers which increase the scattering and thus the
attenuation of light.

By comparing the transmittance values (I1 ) of regions with small retardation values
to the transmittance of the region with maximum retardation (Iref = I1 N (7P,max)), the
regions can therefore be classified into three categories (see Fig. [13.3):

o ITn < Ier: regions with notably lower transmittance values are expected to
contain vertical fibers (see yellow arrows and regions surrounded by a yellow line),

o ItN ~ I: regions with similar transmittance values are expected to contain
horizontal crossing fibers (see cyan arrows),

o It N > Ier: regions with notably larger transmittance values have a lower myelin
density (see magenta arrows).

For regions with slightly lower or larger transmittance values, an unambiguous classi-
fication is not possible. Provided that the region with maximum retardation has the
largest tissue absorption, lower transmittance values can only be caused by steep fibers.
Similar transmittance values, however, could also be caused by a small number of steep
fibers, and larger transmittance values could be caused by a small number of horizon-
tal crossing fibers (or a smaller number of steep fibers). A classification by means of
retardation and transmittance values can therefore only serve as an indication of the
underlying fiber architecture and should always be considered in addition to individual
tissue characteristics.

A comparison with brain atlases and 3D-reconstructed images (cf. Fig. shows that
the classification of regions in Fig. (coronal vervet section) is reasonable. Thus, by
including the transmittance image in the 3D-PLI analysis,’ the reconstruction of the
brain’s nerve fiber architecture can significantly be improved without need for additional
measurements.

This example demonstrates that FDTD simulations are not only a valuable tool to
explain and model the effects observed in 3D-PLI measurements, but also to make pre-
dictions and to improve the measurement procedure and analysis.

13.2 Diattenuation Effect

Diattenuation can be caused by anisotropic absorption (dichroism) and by anisotropic
scattering (see Sec. . The experimental studies in Chap. El have shown that brain
tissue exhibits two different types of diattenuation which are regionally specific and de-
pend on the time after embedding the tissue sample: In some regions, the transmitted
light intensity becomes maximal when the light is polarized in the direction of the nerve

! As the transmittance depends on the tissue preparation, the combined analysis of transmittance and
retardation should only be performed section-wise.
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13 COMPARISON OF EXPERIMENTAL AND SIMULATION STUDIES

fibers (D). In other regions, it becomes maximal when the light is polarized perpen-
dicularly to the nerve fibers (D). The fraction of regions with diattenuation of type
D~ decreases with increasing time after tissue embedding.

To model and better understand the observed diattenuation effects, the anisotropic
scattering (Dg) was studied by means of FDTD simulations in Chap. The dichroism
Dk was described by an analytical model, assuming that dichroism only causes positive
diattenuation and does not depend on the embedding time (see Appx. [A.4.3).

Diattenuation vs. Fiber Inclination The experimental studies in Sec. [0.2.2 have shown
that freshly embedded brain tissue with non-steep fibers (o < 60°) show both types of
diattenuation, while steep fibers mostly show diattenuation of type D (cf. Fig. [9.5)).

The simulations of densely grown and inhomogeneous fiber bundles in Secs. [[2.1.2]
and confirmed that two types of diattenuation (D™ and D™) can be observed and
that the diattenuation depends indeed on the fiber inclination: regions with non-steep
fibers (o < 65°) show both types DT and D~ (depending on whether Dk > 0 or Dg < 0
dominates), regions with steep fibers (65° < a < 90°) are expected to only show type
D™ because both Ds and Dk are positive, and regions with vertical fibers (o &~ 90°)
show small diattenuation values (see Fig. [[3.4h).

To directly compare the predictions of the simulation studies to the experimental
data, the diattenuation maps of a coronal vervet brain section (measured 8 days and
51 days after tissue embedding, cf. Fig. [9.8n) were evaluated in regions with different
fiber inclinations (see Fig. [[3:4b). The fiber inclinations (shown in Fig. [[3:dc) were
determined from a 3D-PLI measurement with tilting (cf. Fig. @b) In order to better
compare the regions of type D' and D~ to the fiber inclination, the brain sections on
the right only show the white matter regions without any weighting. Regions of type
D™ and regions with fiber inclinations > 65° are shown in green, while regions of type
D~ are shown in magenta.

As predicted by the simulation studies, regions with steep fibers (ap > 65°) only
show diattenuation of type DT: nearly all green regions in Fig. are also green in
Fig. (see red circles). Regions with lower fiber inclinations show both types Dt
and D~ (see yellow circles). Regions with flat fiber inclinations are most likely to show
diattenuation of type D~ (see cyan circles).

All these observations can be explained by the combined model of analytically com-
puted and simulated diattenuation curves (the dashed vertical lines in Fig. mark
the inclination angles of the evaluated regions). However, the magnitude of Dk can
only be estimated and the magnitude of Dg depends on details of the underlying fiber
architecture that cannot easily be determined (e. g. | Dg| decreases with increasing fiber
orientation distribution, see dark purple and red curves in Fig. ) Thus, without
additional information about the underlying fiber structure and architecture, the model
cannot clearly predict whether Dk or Dsg dominates in a certain brain region. This
makes a classification into regions of type Dt or D~ difficult for non-steep fibers.

Diattenuation vs. Embedding Time The experimental studies in Sec. have shown
that the diattenuation of type D~ decreases with increasing time after tissue embedding.
Figure [[34p shows that this behavior also depends on the fiber inclination: In regions
with steep fibers, which are already of type D7 for freshly embedded tissue, the strength
of the measured diattenuation |2| does not change much with the embedding time
(see red circles). In regions with intermediate fiber inclinations, the diattenuation of
type D~ decreases with increasing time after tissue embedding (magenta regions turn
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13.2 Diattenuation Effect

into green) and the diattenuation of type DT increases (dark green regions turn into
brighter green, see yellow circles). Regions with flat fiber inclinations might still show
diattenuation of type D~ for tissue samples with long embedding time, but the strength
of the diattenuation becomes much less (see cyan circles).
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Fig. 13.4: (a) Diattenuation caused by anisotropic absorption (dichroism Dg) and by
anisotropic scattering (Dg) plotted against the inclination angle . The curve for Dk was
computed analytically, the curves for Dg were computed from FDTD simulations for a
bundle of densely grown fibers (“fresh” and “old” tissue), a bundle with broad fiber radius
distribution, and a bundle with broad fiber orientation distribution for the optics of the PM
(adapted from Fig. . Positive diattenuation values (representing type D) are shown
on a green background, negative diattenuation values (representing type D) are shown
on a magenta background. (b) Diattenuation images of a coronal vervet brain section
measured 8 and 51 days after tissue embedding (adapted from Fig. [9.8h). Diattenuation
values || that belong to regions with diattenuation of type DT (pp —¢p € [—20°,20°]) are
shown in green, diattenuation values that belong to regions with diattenuation of type D~
(¢p — @p € [70°,110°]) are shown in magenta, regions that cannot clearly be assigned are
shown in black. The images on the left were weighted with the measured diattenuation |2,
the images on the right show the regions of type Dt and D~ in the white matter without any
weighting. (c) Corresponding inclination angles ap obtained from a 3D-PLI measurement
with tilting (cf. Fig. [0-5b). The image on the right only shows the inclination angles in the
white matter and regions with ap > 65° are marked in green. The dashed vertical lines in
(a) and the colored circles in (b) and (c) highlight regions with flat, intermediate, and steep
fiber inclinations: o = 5° (cyan), o = 40° (yellow), and o = 75° (red). A similar figure has
been published in MENZEL et al. (2018b) [68] Fig. 4C-D.

The FDTD simulations provide an explanation for this behavior: The simulations
in Sec. (cf. dark purple and blue curves in Fig. ) revealed that anisotropic
scattering | Dg| decreases with increasing time after tissue embedding, assuming that the
embedding glycerin solution soaks into the myelin sheaths of the nerve fibers and reduces
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the difference between the effective refractive indices (cf. transmittance vs. embedding
time). Assuming in addition that dichroism (Dg > 0) does not depend much on the em-
bedding time of the sample, this explains why the fraction of regions with diattenuation
of type D~ decreases with increasing time after tissue embedding.

Strength of the Diattenuation Signal The diattenuation of brain tissue was found to
be relatively small: the maximum diattenuation values measured with the LAP are less
than 5% (see Secs.[0.2]and [9.3). The FDTD simulations for the bundle of densely grown
fibers yield larger diattenuation values (max. Dg = 15% for the simulated optics of the
LAP, see Fig. [12.5p, without taking Dk > 0 into account). However, the diattenuation
values are expected to become much less when considering a bundle with broad fiber
orientation distribution (max. Dg ~ 1.25%, see dark red curve in Fig. [[3-4h) and the
diattenuation also depends on other tissue properties like fiber size, radius distribution,
or myelin sheath thickness (see Secs. [12.2.2] [[2.2.3] and [12.2.5)). Taking these effects into
account, the diattenuation caused by anisotropic scattering Ds is compatible with the
small diattenuation values observed in the experiment.

Measurements with a prototypic polarizing microscope (see Sec. have shown
that imaging systems with higher optical resolution reach diattenuation values up to
10 %. These values are in accordance with the maximum diattenuation values obtained
from DI simulations for the optics of the PM (max. Dg ~ 10 %, see Fig. [[3:4h).

The simulated diattenuation curves for the PM and the LAP show a similar behavior
(see Fig. [12.5)). This agrees with the experimental observation that the measurements
with the LAP and with the prototypic polarization microscope yield similar diattenuation
effects (the maximum diattenuation values and diattenuation of type DT or D~ occur
in the same brain regions, cf. Fig. .

Diattenuation vs. Homogeneity The simulations of horizontal 90°-crossing and ver-
tical fibers (see Sec. are compatible with the experimental observation that these
fiber constellations cannot be distinguished by means of their diattenuation values.

The FDTD simulations of horizontal fiber bundles with different fiber properties (see
Sec. suggest that the diattenuation of type D~ is especially large in regions with
horizontal fiber bundles that consist of relatively straight fibers with different fiber radii
(and small average fiber radius) surrounded by thick myelin sheaths. This explains why
regions like the corpus callosum show large negative diattenuation values in coronal
brain sections (see Figs. and ) However, to really compare the predictions of
the simulation studies to experimental data, the exact underlying tissue structure needs
to be known (like the fiber radius distribution or myelin sheath thickness), which would
require additional microscopy studies.

The FDTD simulations do not only give an explanation for the observed diattenua-
tion effects and correctly model the behavior of DT and D~ regions for different fiber
inclinations and embedding times. They also confirm that the diattenuation depends on
the fiber structure and organization and can be used to obtain additional information
about the structure and composition of brain tissue. This makes Diattenuation Imaging
a valuable technique in extension to 3D-PLI.
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13.3 Overall Discussion

This chapter provided a cross-validation of the experimental and simulation studies in
Parts [[T]] and [[V] The comparison of experimental and simulation results in Secs. [[3-]]
and [[3:2 has shown that the simulations cannot only be used to model and explain the
transmittance and diattenuation effects in brain tissue, but also to make valuable pre-
dictions and to improve the measurement procedure and analysis.

The experimental studies in Chap. [§] clearly show that the transmittance decreases
with increasing fiber inclination. In future studies, the transmittance values and the
corresponding inclination angles should be evaluated for a larger number of fiber bundles,
especially in regions with flat fibers, to obtain better statistics and to enable a more
profound comparison between experimental and simulated data (cf. Fig. .

The diattenuation measurements with the LAP have a low signal-to-noise ratio which
makes a clear distinction between regions of type Dt and D~ difficult in regions with
low diattenuation signals. To obtain more reliable diattenuation values, future measure-
ments should be performed with higher optical resolution and better optical components
(cf. measurements with prototypic polarizing microscope in Sec. . To learn more
about how the diattenuation (DT and D™) is related to the underlying tissue structure,
additional measurements (e. g. electron microscopy studies) are needed that provide in-
formation such as the fiber radius or the myelin sheath thickness.

Concerning the simulation results, it should be noted that the FDTD simulations are
more suitable to study the transmittance than the diattenuation of brain tissue: The
transmittance is mostly determined by isotropic tissue properties and was measured
with the PM. The diattenuation, however, was mostly measured with the LAP and can
only be partly modeled by TDMES3D because the diattenuation is not only caused by
regular fiber configurations or myelin layers, but also by the molecular substructure of
the myelin layers which cannot be included in the simulation model (cf. Sec. . In
addition, the simulated diattenuation values turned out to be more sensitive to small
changes in the simulation model than the simulated transmittance values (cf. Sec. [[0.4),
and the simulated diattenuation values were only approximately computed from only
two simulation runs while the transmittance is a direct result of the Fourier transform

(cf. Sec. [10.1.2)).

Despite these limitations, both the transmittance and the diattenuation of brain tissue
could successfully be modeled and explained by the simulation studies.

Following a bottom-up approach (starting from a straight cylindrical fiber and ending
with more complex fiber configurations), it was possible to identify the simplest possible
model that describes the observed effects: the transmittance as well as the diattenuation
effects were reproduced when modeling the nerve fibers with double myelin layers and
with slightly different radii and orientations (bundle of densely grown fibers). This shows
that a relatively simple fiber model can already reproduce the observed transmittance
and diattenuation effects, but it is necessary to break the symmetry by slightly random
variations of the fiber direction.

While the simulation results for the hexagonal grid of helical fibers are especially sensi-
tive to changes in wavelength, Yee mesh size, and angle of incidence, the simulations for
the bundle of densely grown fibers yield similar results for different wavelengths, mesh
sizes, and angles of incidence (cf. Appx. [D-11]). The simulation results for slightly differ-
ent fiber radii or slightly different refractive indices are also similar. This demonstrates

209
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that the simulation results do not depend on details in the simulation model and can be
regarded as stable and reliable.

The dependence of the transmittance and diattenuation on the embedding time of the
sample can be explained by the same model: the surrounding glycerin solution soaks
into the myelin sheaths, which causes the effective refractive index of myelin to become
more similar to the refractive index of the surrounding solution. Under this assumption,
the simulations were able to model both the increasing transparency of brain tissue and
the decreasing diattenuation of type D~ with increasing time after tissue embedding.
Molecular birefringence or dichroism are not affected in this model (this explains why the
retardation does not depend much on the embedding time of the sample, cf. Fig. )

In contrast to the inclination dependence and the time behavior, the simulated depen-
dence of the transmittance and diattenuation on the tissue homogeneity (cf. Secs.
and cannot easily be compared to experimental data. To obtain reliable informa-
tion about the fiber sizes and myelin sheath thicknesses, microscopy measurements with
higher resolution (e.g. electron microscopy studies) are required. The layered structure
of the myelin sheath leads to multiple (anisotropic) scattering, which might have a large
impact on the resulting transmittance and diattenuation values. In the simulations, the
nerve fibers were only modeled with double myelin layers. Simulations of fibers with
several myelin layers (see Sec. have shown that especially the simulated diatten-
uation values are sensitive to changes in the number of myelin layers. The dependence
of the transmittance and diattenuation on the myelin sheath thickness can therefore not
be precisely determined. Future simulations should study the impact of the number of
myelin layers in more detail, also for inclined nerve fiber configurations. The number of
myelin layers in the investigated brain sections could be determined e.g. by means of
X-ray diffraction measurements.

210



CoONCLUSION AND OUTLOOK

Three-dimensional Polarized Light Imaging (8D-PLI) reconstructs the brain’s nerve fiber
architecture by transmitting polarized light through histological brain sections and mea-
suring their birefringence. Preliminary measurements have shown that the polarization-
independent transmitted light intensity (transmittance) depends on the out-of-plane an-
gle (inclination) of the nerve fibers. Furthermore, the optical anisotropy that causes the
birefringence leads to polarization-dependent attenuation of light (diattenuation), which
might provide additional information about the underlying fiber architecture. The aim
of this thesis was to investigate the transmittance and diattenuation effects in more de-
tail, and to develop ideas how these effects can assist the nerve fiber reconstruction with
3D-PLI. For this purpose, analytical considerations, experimental studies, and simula-
tion studies were performed.!

In order to study the inclination dependence of the transmittance, brains from dif-
ferent species were cut along different anatomical planes and measured with a high-
resolution Polarizing Microscope. The transmittance images obtained from the 3D-PLI
measurements were evaluated in combination with Two-Photon-Fluorescence Microscopy
to identify the underlying fiber inclinations.

While the transmittance can be obtained from standard 3D-PLI measurements, the
measurement of the diattenuation requires a different setup. In this thesis, a measure-
ment protocol has been developed that enables to measure the diattenuation of brain
tissue even with a low signal-to-noise ratio: Diattenuation Imaging (DI). In addition to
a thorough characterization of the optical components, a complete analytical description
of the imaging system was provided, considering non-ideal filter properties and tissue
diattenuation, using the Miiller-Stokes calculus. To estimate the impact of the tissue
diattenuation and the non-ideal system components on the polarimetric measurements,
numerical simulations were performed. To estimate the accuracy of the measurement
results, a measurement with crossed polarizers was performed in addition to the 3D-PLI
and DI measurements.

In order to model and explain the observed transmittance and diattenuation effects,
the propagation of the polarized light wave through the brain tissue was simulated by
a Maxwell Solver based on the Finite-Difference Time-Domain (FDTD) method, which
is particularly well suited to study the scattering of light. In this thesis, a simulation
procedure has been developed that considers the optical components of the employed
polarimeters and models the polarimetric measurements (3D-PLI and DI) by FDTD
simulations so that the transmittance and diattenuation of brain tissue can be studied
in more detail. To test the simulation procedure and the applicability of the simulation

"Parts of this chapter have been published in MENZEL et al. (2017, 2018a, 2018b) [3, 67, 68].
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results, simulated and measured transmitted light intensities were compared for a well-
defined sample (USAF resolution target), and the simulation parameters were evaluated
in terms of accuracy and computing time.

Following a bottom-up approach (starting from a straight fiber and ending with more
complex fiber configurations), the transmittance and diattenuation effects were simu-
lated for various fiber configurations. The simulations were not only used to model and
explain the observed effects, but also to make predictions which were then validated on
experimental data. The combination of analytical modeling, experimental studies, and
FDTD simulations allows to learn more about the structure of brain tissue and to an-
swer neuroscientific questions. The following paragraphs summarize the most important
results.

FDTD Simulations The FDTD simulations proved to be a valuable and reliable tool
in many aspects: they allow to better understand the interaction of polarized light
with brain tissue, to find explanations for the observed transmittance and diattenuation
effects, to make general predictions, and to improve the measurement procedure and
analysis.

Both the transmittance and the diattenuation effects could be reproduced when mod-
eling the nerve fibers as cylinders with double myelin layers and with slightly different
radii and orientations. Thus, a relatively simple fiber model is already sufficient to repro-
duce the observed effects, but it is necessary to break the symmetry by slightly random
variations of the fiber direction.

The dependence of the transmittance and diattenuation on the embedding time of the
tissue samples could be reproduced by gradually matching the refractive index of myelin
to the refractive index of the surrounding solution. This supports the hypothesis that
the embedding solution of the brain tissue soaks into the myelin sheaths with increasing
time after tissue embedding.

Transmittance Effect The experimental studies revealed that the transmittance of
brain sections in 3D-PLI measurements significantly decreases with increasing out-of-
plane inclination angle of the nerve fibers (by more than 50 %). The FDTD simulation
studies could model this effect and show that the decrease in transmittance is caused
by polarization-independent (isotropic) light scattering and by the limited numerical
aperture of the imaging system.

More importantly, the simulations indicated that the transmittance of flat fiber config-
urations does not depend on the crossing angle between the fibers. In standard 3D-PLI
or DI measurements, regions with horizontal crossing fibers, regions with vertical fibers,
and regions with low fiber density cannot be distinguished because they all yield low
birefringence and diattenuation signals. Applying the predictions obtained from the
simulation studies to experimental data, it was demonstrated that a combined analysis
of transmittance and retardation images enables to distinguish between these regions.
The simulations also revealed that the transmittance can be used to detect vertical
fibers in regions with horizontal crossing fibers, which is to date not even possible with
a tiltable specimen stage.

As the transmittance image is always generated during a standard 3D-PLI analysis,
the classification of horizontal crossing and vertical fiber regions is also possible for past
measurements without need for additional measurements. The transmittance effects
have been shown to depend mostly on (isotropic) scattering and not on the polarization
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of light so that the results are also relevant for other transmission microscopy techniques
that use unpolarized light.

Finally, the simulations of the transmittance have demonstrated that the scattering
patterns provide unique information about the underlying fiber architecture and could
for example be used to determine the crossing angle of in-plane crossing fibers.

Diattenuation Effect The experimental studies revealed that the diattenuation of brain
tissue is relatively small (less than 10 %) and has practically no impact on the measured
3D-PLI signal. Nevertheless, the diattenuation measurement proved to be a valuable
extension to 3D-PLI: The phase and amplitude of the measured diattenuation signal
can be used as complementary imaging modalities providing different contrasts and
structural information in addition to those obtained with 3D-PLI. By comparing the
fiber directions extracted from 3D-PLI and DI, two different types of diattenuation
can be distinguished that are specific to certain fiber structures and configurations: in
some brain regions, the transmitted light intensity becomes maximal when the light is
polarized parallel to the nerve fibers (DT), in other brain regions, it becomes minimal
(D7). Measurements with a prototypic polarizing microscope have shown that higher
optical resolution and high-quality components lead to a significantly higher signal-to-
noise ratio. Thus, a new microscope should allow for a combined measurement of 3D-PLI
and DI to reliably determine regions of type Dt and D~.

The FDTD simulations could successfully model the diattenuation and show that
diattenuation of type D~ is caused by anisotropic scattering of light which decreases
with increasing time after tissue embedding, while diattenuation of type DT can be
caused both by anisotropic scattering and by anisotropic absorption (dichroism). In
addition, the simulations confirmed that steep fibers (with inclination angles > 65°)
only show type DT, while non-steep fibers show both types DT and D~ depending on
whether anisotropic scattering or dichroism dominates. The simulations further revealed
that the diattenuation depends not only on the fiber inclination, but also on the tissue
composition. This makes Diattenuation Imaging a promising imaging technique that
reveals different types of fibrous structures which cannot be distinguished with current
imaging techniques.

Outlook The transmittance and diattenuation effects were clearly demonstrated in the
experimental studies, and could successfully be modeled and explained by the simula-
tion studies. The results can for example be used to classify different brain regions. In
future studies, more experimental data should be generated to obtain better statistics
and to enable a quantitative description of the observed effects. This would e. g. allow
to include the inclination dependence of the transmittance in the correction of the mea-
sured birefringence signals. Particularly interesting would be microscopy measurements
with higher optical resolution (e. g. electron microscopy studies) that provide information
about the inner tissue structure (distribution of fiber radii, myelin sheath thicknesses,
fiber orientations, etc.) and help to better understand how the transmittance and diat-
tenuation (D' and D~) depend on the tissue homogeneity. A more detailed knowledge
of the structure and the optical properties of brain tissue would also help to create a
more realistic fiber model and enable an even better comparison between simulation and
experiment.

The simulations suggest that especially the simplified model of the myelin sheath
(double myelin layers) might have an impact on the simulated transmittance and di-
attenuation values. In future simulation studies, it would be interesting to study the
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impact of the myelin layers and the myelin sheath thickness (g-ratio) in more detail and
to take different fiber inclinations into account.

As the scattering patterns turned out to provide interesting information about the
underlying fiber architecture, future simulations should study the scattering patterns of
various fiber configurations to find out whether the patterns can for example be used
to distinguish between crossing (X) and kissing (DC) fibers or between interwoven and
separate crossing fibers. In addition, measurement techniques should be explored that
enable to measure the scattering pattern of the brain sections.

To date, the diattenuation of brain tissue can only be partly modeled because the
simulations only account for anisotropic scattering outside the substructure of the myelin
layers. The molecular diattenuation was effectively described by a simple analytical
model of uniaxial dichroism. One possibility to study the impact of dichroism in more
detail is to replace the analytical model by a more advanced model in which the optical
properties (dichroism and birefringence) of each tissue voxel are described by a matrix
(e. g. Jones matrix, cf. [66]). However, dichroism and anisotropic scattering would still be
considered separately, neglecting any interdependencies. If the TDMES3D software could
be further developed to allow the definition of relative permittivity tensors (anisotropic
refractive indices), the total diattenuation and birefringence of the brain tissue (including
the molecular structure) could be studied.

A more advanced simulation tool that enables a direct comparison between simulated
and experimental data could be used to estimate the probability of certain fiber con-
figurations and to assist the fiber reconstruction with 3D-PLI: Simulations of various
fiber configurations could help to relate a certain (simulated) measurement output to a
certain fiber configuration (e.g. by using machine learning). This knowledge could then
be applied to the analysis of experimental data.

The overall aim of future work should be to bring theory, simulation, and experiment
together and to integrate the simulation results into the image analysis of 3D-PLI. As a
first step, the transmittance should become part of the standard signal analysis to enable
the distinction between brain regions with horizontal crossing and vertical fibers. The
combined analysis of transmittance and retardation images should also be applied to past
3D-PLI measurements in order to validate and — if necessary — correct the reconstructed
fiber orientations.
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SUPPLEMENTARY MATERIAL FOR
PorLArRIZATION OPTICS

THIS chapter provides supplementary derivations and analytical considerations for
the theoretical background on polarization optics presented in Chap. 2}

A.1 Derivation of the Wave Equation

The following derivation can be found in [69] (Sec. 1.2) and [70] (Sec. 7.1).
For a homogeneous medium with no free charges or currents, it follows from Maxwell’s
equations (with pe = py =0 and J = M = 0):

32
ot? - v2 02

2
V x (V x £) ELE9 *“gt(v <) 28 0 el 1

E. (A1)

Using V - E = 0 and the vector identity V x (V x E) = V(V - E) — V2E yields:
2

5 == @) 10

Vx(VxE)=-VE= ——__E. A2

x (V x E) i (A-2)

A similar equation can be derived for the magnetic field vector, starting from V x (ﬁ x H ).

Thus, the electric and magnetic field vectors obey the wave equation (2.9)) of the form:
9 1 0%u

A.2 Plane Waves in Homogeneous Materials

The explanations follow BORN-WOLF [69] (Sec. 1.4.1).

Plane waves are functions of the variable u = §- 7 — vt, where § = k/k is the unit
vector in the direction of phase propagation and v the phase velocity of the wave. When
the electromagnetic wave is a plane wave (cf. Eq. ) and propagates through a
homogeneous medium with J=M= 0, it follows from Maxwell’s equations and
and material equation (2.6):

= _ H

VXE:ﬂL% & FxXE =+4uwH, (A4)

- . 0D =

VxH:a— & FxH =-vD, (A.5)
ot

where the prime denotes differentiation with respect to the variable w.
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Integrating with respect to u, neglecting the additive constants of integration (i.e. a
field constant in space), and writing §= k/k = kv/w yields:

p--Lixa, (A.6)
w
. 1 - =
H=—FxE. (A7)
wht

Thus, the electrlc flux density D and the magnetic field H are oriented perpendlcularly to
the wave vector k. In isotropic media (with D x E) the electric field E, the magnetic

field H , and the wave vector k form a right-handed orthogonal triad of vectors, as
described in Sec. 22131

A.3 Derivation of the Refractive Index Ellipsoid for Uniaxial
Materials

Appendix [A73T] derives the equations of the refractive index ellipsoid from Sec. 2:3.1] for
non-absorbing uniaxial birefringent materials. The case of absorbing uniaxial birefrin-
gent (dichroic) materials is considered in Appx.

A.3.1 Uniaxial Non-Absorbing Materials

The explanations follow BORN-WOLF [69] (pp. 793, 796, 806) and PAJDZIK-GLAZER
[162] (Sec. A.1).
The electric flux density for a plane monochromatic wave can be written as (see

Appx. :
5 @9

1
w

??‘l
Pji
S
??‘l
=
=1
&5l
.
|
=4
~
N
e
=

defining k=ks= “5 and using the vector identity: k x (k x
Writing @ = po pr and ¢ = 1/, /oo yields:

D= 6(;:2 (E — 35 E)). (A.9)

In _anisotropic media, the electric flux density D and the electric field E are connected
via D = €0 & F (see Sec. . By choosing an appropriate coordinate system in which
the coordinate axes commde Wlth the principal axes of the electric flux density, the three
components (i = 1,2,3) of D can be written as: D; = €g € 1;, where ¢, ; are the principal

relative permittivities. Thus, Eq. (A.9)) simplifies to three homogeneous linear equations
in F;:

Bi=1 .
n® — fr€rg

(A.10)
Multiplying the first equation by s, the second by sz, the third by s3, summing the
resulting three equations together, and dividing both sides by (3- E) yields the Fresnel
equation of wave normals S

2
oo T2 T a2 (A-11)
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where n; = ,/fir €; are the principal refractive indices.
Multiplying both sides of Eq. (A.11)) by n? and subtracting (s? + s3 + s3 = 1) yields:

3
1
0=> s Z 1 (A.12)
i=1 1—-0%
3 2,2
=y o (A.13)
P

Multiplication by n?/c? yields (with v = ¢/n and v; = ¢/n;):
§2 52 o2

+
2 2 2 2 2 2
— vy Ve —vy VT — U3

=0. (A.14)

v

For uniaxial birefringent media, the principal phase velocities v; are given by:

V1 =V =V, U3=UE. (A.15)
Multiplying Eq. ([A.14) by (v — v2)2(v? — v3) results in:
(52 4+ s2)(v? — ) (12 —v?) + 2(vE —v?)2 = 0. (A.16)

If the wave vector k = k5 makes an angle § with the optic axis, one can write s34 s3 =
sin? @ and s2 = cos? 0, yielding the equation:

(v* —v2) [(v? — v})sin? 0 + (v? — v2) cos? 0] = 0. (A.17)

This equation has two solutions for the phase velocity in an anisotropic medium:

v? =0, (A.18)
v? = v2 cos? 6 + v sin? 6. (A.19)
Writing v = ¢/n yields:
n?=n2, (A.20)
1= n? 02320 n? 31211249 (A.21)
n2 ng

Thus, in uniaxial birefringent media, there are two refractive index surfaces: The first is
a sphere with radius n, and corresponds to the ordinary wave; it describes the ordinary
refractive index n, which is independent of the direction of propagation. The second is an
ellipsoid with semi-axes of length n, (parallel to the optic axis) and ng (perpendicular to
the optic axis) and corresponds to the extraordinary wave; it describes the extraordinary
refractive index ne(#) which depends on the angle § between the optic axis and the wave

vector. Equation (A.21)) can be transformed into Eq. (2.33)).
A.3.2 Uniaxial Absorbing Materials

The explanations follow BORN-WOLF [69] (Sec. 15.6.1).
In anisotropic absorbing materials with high symmetry, the principal axes of birefrin-
gence and dichroism are aligned (cf. Sec. [2.4.1)), i.e. the directions of the principal axes
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of the relative permittivity tensor €, (describing refraction) and the conductivity tensor
& (describing absorption) are coincident ([69] p. 840). In this case, the real refractive
index n can be replaced by a complex refractive index n':

n=n+ik=n(l+ik), (A.22)

where & = k/n. With n/, a complex phase velocity v’ can be defined:

,  C c LA
v n' n(l+1iR) v i) ( )
= v? = v?(1-2iR), (A.24)

assuming weak absorption! (A < 1) and performing a first order Taylor expansion in
# = 0. The complex phase velocities of the ordinary and extraordinary wave (v, v., and
vf;) are defined in a similar manner.

Using the formal substitution v — v" and v; — v}, Fresnel’s equation of wave normals
can be written in the form of Eq. . For uniaxial systems, this equation has two
solutions for the complex phase velocity, analogous to those related to non-absorbing

uniaxial systems (see Appx. :

v =2 (A.25)
v = v/ cos® 0 + v sin? 6. (A.26)

Using the approximation defined in Eq. , the real part of the two solutions yields
Egs. (A.18)) and (A.19). The imaginary part yields:

R = Fo, (A.27)

Rio cOs? 8 + viig sin? 6. (A.28)

The first equation describes the absorption of the ordinary wave (R,), which is indepen-
dent of the direction of propagation. The second equation describes the absorption of
the extraordinary wave (%q(6)), which depends on the angle  between the optic axis
and the wave vector.

The absorption coefficient is related to & via (cf. Eq. (2:29)):
_4mn ATk

A.4 Birefringence and Dichroism for Uniaxial Absorbing
Materials

This section studies the birefringence and dichroism for uniaxial systems with small bire-
fringence and absorption (JAn| < n, £ < n). In this case, the birefringence (anisotropic
refraction) and the dichroism (anisotropic absorption) can be described by a complex
retardance, where the complex refractive indices of ordinary and extraordinary wave are
given by Egs. @, , and .

In Appx. @ and approximate formulas (used for Egs. and ) are
derived which relate the refractive index and absorption of the extraordinary wave to
the birefringence and dichroism of the material. Appendix[A-4:3|studies the relationship

!Brain tissue has small absorption coefficients (see Sec. [3.2.2).
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between birefringence and dichroism, in particular the inclination dependence of dichro-
ism and its relation to the retardation signal. Appendix [A-4-4] finally, investigates the
dichroism of two crossing fiber bundles.

A.4.1 Approximation of Birefringence

The following derivation has been published in MENZEL et al. (2015) [51] Appx. A.

When light passes through a birefringent medium, it is split into an ordinary and an
extraordinary wave which both experience different refractive indices (see Sec. .
The refractive index n, that the extraordinary wave experiences when passing through
the medium under an angle € with respect to the optic axis is given by Eq. :

1 1,1,
ROE = n—gcos 0+ %sm 0, (A.30)

1 1 11N L,
& - ——5=|—5— — |sin“0 A3l
e~ (g ) w0 .

where n, is the ordinary refractive index and ng = ne(0 = 90°) the principal extraordi-
nary refractive index of the medium.

If the birefringence |An| = |ng — n,| is small? compared to the values of the refractive
indices n, and ng, a Taylor expansion can be applied to the function

f(An) = RS

2
ng

1t (A.32)

1
B % nZ  (no+ An)?

in An =0:

AU 2
flAn)=>" 0 (An)t = £(0) + f/(0) An+ ... = 0+ —An+ .. (A.33)
=0 o
The same expansion can be done for (1/n2 — 1/nc(0)?) in (|An(0)| = |n.(6) — no| < 1).
Thus, a first order Taylor expansion of Eq. (A.31) yields (after dividing both sides of
the equation by the common factor 2/n3):

An(#) ~ An sin? 4. (A.34)

Thus, when light passes through a birefringent medium of thickness d, the extraordi-
nary wave experiences a phase shift with respect to the ordinary wave that depends on
the angle 6 between the wave vector and the optic axis as described in Eq. (2.37)).

A.4.2 Approximation of Dichroism

The following derivation has been published in MENZEL et al. (2018b) [68] Note 1.
In materials with k < n, the absorption of the extraordinary wave is given by
Eq. (A.2§). Writing & = k/n, v = ¢/n, and Ak = kg — K, yields:

n3 n3
ke(0) = —5 Ko cos? f + —5 KE sin? 9 (A.35)
n3 ng,
_ (no + An(0))? 9 (no + An(0))3 2
= o Ko cOs” 0 + o+ Any (Ko + Ak) sin” 6. (A.36)
—_————
f1(An(0)) f2(An(0), An)

2For brain tissue |An| < n (see Sec. .
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Similar to Appx. a first order Taylor expansion (in 2D) can be applied to fi
and fo in {An(f) =0, An = 0}:

£1 (An(6)) = £(0) + f'(0) An(6) + ... (A.37)
=1+ ni An(0) + ... (A.38)

fo (An(6), An) = £(0,0) + T £(0,0) An(0) + % F0,0)An+...  (A.39)
=14 2 (an(0) - An)+ ... (A.40)

Inserting Eqgs. and (|A.40) into Eq. (A.36]) and using Eq. yields:

Ke(0) ~ (1 + %An sin? 0> Ko cos? 0 + (1 - iAn cos? 9) (ko + Ar)sin?  (A.41)

Mo

= Ko + (1 — iAn cos? 0) Ak sin? 6. (A.42)
(e}
For materials with small birefringence (|An| < n), the term in round brackets in
Eq. becomes close to one® so that ke(f) ~ #o + Ak sin? 6.
Thus, in uniaxial absorbing materials with small birefringence (|An| < n) and weak
absorption (k < n), the dichroism (anisotropic absorption) depends on the angle 6
between the wave vector and the optic axis, just like the birefringence:

AK(0) = ke(0) — ko ~ Ak sin20, Ak = kg — ko. (A.43)

A.4.3 Relationship between Birefringence and Dichroism

This section studies the relationship between birefringence (retardation |sind|) and
dichroism in uniaxial absorbing materials: The diattenuation (describing dichroism and
anisotropic scattering) is represented in terms of attenuation coefficients (Appx.|[A.4.3.1)).
This notation is then used to derive an expression for the inclination dependence of
dichroism (Appx. and thus to relate dichroism to retardation (Appx.[A.4.3.3).
Parts of Appx. [A.4.3.1] and [A.4.3.2 have been published in MENZEL et al. (2018b) [65]
Note 1.

A.4.3.1 Diattenuation in Terms of Attenuation Coefficients
The diattenuation of a material is defined via Eq. (2.39)):
Imax - Imin
Dl="—+—+ A.44
| ‘ Imax + -[min ( )

with Inax and Iy, being the maximum and minimum transmitted light intensities for
light polarized in orthogonal directions. For light propagating through a diattenuating
material of thickness d, the maximum and minimum transmitted light intensities can be

written as (cf. Eq. (2.28)):

Tinax = Ip e~ ¢#min, (A.45)
Innin = Iy e~ @#Hmax (A.46)

3The refractive index of brain tissue (n > 1.3, see Sec. [3.2.1)) is much larger than the birefringence of
biological tissue (|An| < 0.01, see Sec. [3.2.3)). In this case, the term in round brackets is > 0.97.
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with Iy being the ingoing light intensity and pimax and fimin the maximum and minimum
attenuation coefficients of the material. Thus, the diattenuation can be written as:

e~ @ Hmin _ g—d pmax e (Bmax—pimin)/2 _ g—d (ftmax—fimin)/2

1Dl = o~ @hmin 4 o—Afmax @ d (Hmax—fmin)/2 + g—d (Hmax—fmin)/2 (A.47)
= tanh (d W) . (A.48)
In a similar manner, the average transmittance in Eq. (2.40) can be written as:
_ Imax + [min _ e_dumi" +e_dumax (A49)
21, 2

maxtimiy €% (Hmax—Hmin)/2 | o—d (ttmax—ftmin) /2

= o tmeain © te (A.50)
2

—ed pmaxitain cosh (d Hmax = [min ; Mmin) . (A.51)

These are the equations given in Eqs. (2.41]) and ([2.42]).

A.4.3.2 Inclination Dependence of Dichroism

In case of no anisotropic scattering, the diattenuation is caused by dichroism (anisotropic
absorption). The dichroism Jk is defined in analogy to the retardance § (Eq. (2.36)) as:

A
oK = QL)\dAn(G) = ? (ne(G) - Ho) ?A/{ sin? 0 = 0K max sin? 6. (A.52)

Defining the absorption coefficient of the ordinary wave (K, = 4mwko/A) and of the
extraordinary wave (K, = 4mke/)), the diattenuation and average transmittance for

dichroic materials (uaty = K) can be written as (see Eqgs. (2.44)), (A.48) and (A.51)):

Dy = tanh <§(KO - Ke(e))) B2 onn (?(no - ne(e))) Es2 o (= 0K max sin*6),

(A.53)
;o (K0+§e(9—)) cosh <g (Ko — Ke(a))) o (Koﬁ_{ie(e)) cosh (G 512 6).
(A.54)

To estimate the diattenuation caused by anisotropic absorption (dichroism) for an
inclined nerve fiber, a coordinate system is chosen in which the light propagates in the
z-direction and the brain tissue lies in the xy-plane. The optic axis (oriented in the
direction of the nerve fiber) makes an angle 6 with the z-axis, i.e. the out-of-plane
inclination angle of the fiber is: a = 90° — 6 (cf. Fig. in light blue).

The long-term study of the diattenuation signal in Chap. [f]suggests that diattenuation
caused by anisotropic absorption is positive (see Sec. : Dk > 0 < 0K max < 0.

Figure [A-1] shows the dichroism Dy plotted against the fiber inclination angle a for
different 0k max < 0. The curves were used in Sec. [[2:4 to estimate the impact of
anisotropic absorption (dichroism) on the diattenuation for different fiber configurations,
in addition to simulated anisotropic scattering.
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0.09 — 6 Kmax 0'050
0.08 — 6 =-007
0.07- 8=~ 0.100

0 10 20 30 40 50 60 70 80 90

Fig. A.1: Diattenuation caused by anisotropic absorption (dichroism Dg) plotted against
the fiber inclination angle . The curves were computed analytically using Eq. (A.53) with
0 = (90° — o) and assuming different values for 0k max-

A.4.3.3 Retardation vs. Dichroism

According to Eqs. (A.34) and (A.43), An(f) and Ax() are proportional to each other
(for |An| < n and kK < n):

An(0) & Ax(0) 5 0. (A.55)

Thus, in materials without anisotropic scattering, the retardation |sind| is related to
the diattenuation Dk via:

1sin 8] B2 | sin(m ai)| E2E |G (m tanh ! (D)), (A.56)
=|sind| =~ m|Dgkl|, forsmall m|Dg|, (A.57)

with m > 0 being the proportionality factor between retardance ¢ and dichroism dx. In
brain tissue, the retardation is usually much larger than the diattenuation (|sind| > 0.7,
|Dk| < 0.1), yielding proportionality factors m > 7.

Figure [A-2] shows the retardation plotted against the diattenuation for different pro-
portionality factors m = {10, 20, 30,40, 50}. The diattenuation caused by anisotropic ab-
sorption is approximately proportional to the retardation for |sin d| < 0.6 or | Dx| < 0.02
(see black dotted lines). The curves were used in Sec. @to explain the increasing correla-
tion between retardation and diattenuation with increasing time after tissue embedding.
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1.0
0.91
0.8
0.74 —
0.69—
0.54
0.4+
0.31
0.2
0.1

0.0 T T
0.00 0.01

33338

|sin &

0.04 0.05

0.02 0.03

D

Fig. A.2: Retardation |sind| plotted against the diattenuation caused by anisotropic ab-
sorption (dichroism Dg). The curves were computed analytically using Eq. and
assuming different proportionality factors m. The dichroism is approximately proportional
to the retardation for |sind| < 0.6 or |Dk| < 0.02 (see black dotted lines).

A.4.4 Dichroism of Crossing Fiber Bundles

To study the diattenuation of crossing fiber bundles, both anisotropic scattering (Dg) and
anisotropic absorption (dichroism Dxk) need to be considered. In Sec. anisotropic
scattering was simulated for several crossing fiber bundles.

This section investigates the dichroism of two crossing identical fiber bundles in the xy-
plane with crossing angle x < 90° (see Fig. in the absence of anisotropic scattering
(D = Dg). The fiber bundles are assumed to be uniaxial with the optic axis oriented
along the corresponding fiber axis, the principal axes of birefringence and dichroism are
coincident. Due to the absence of anisotropic scattering, the attenuation of light can be
computed separately and each fiber bundle ¢ € {1,2} can be represented by a Miiller
matrix M; (0, Dk, 7) with retardance §, dichroism Dk, and average transmittance 7 (see

Eq. ([2:56)).

M1(67 DKvT)

X

M2(5, DKa T)

Fig. A.3: Schematic drawing of two crossing fiber bundles (optic axes) in the xy-plane
with crossing angle x. The fiber bundles (with retardance §, dichroism Dk, and average
transmittance 7) are described by Miiller matrices M7 and Mo, as defined in Eq. .

The transmitted light intensity In(p, x) was computed as described at the beginning
of Sec. @ and Sec. assuming an ideal linear polarizer (Dyx = 7 = 1) and replacing
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the tissue matrix M(p,d, D, 7) in Eq. by the rotated matrices Mi(x/2,d, Dk, T)
and Ma(—x/2,9, Dk, 7) of the two fibers:

Sh(p,x)

1
= In(p,x) =72 |1+ D% cos(2x) + Dx <§(cos(2p —3x) + cos(2p + X))

+cos(2p — x) — /1 — D% cos§ sin(2x) sin(2p — X))}

= M2(_X/27 67 DK7 T) . Ml(X/27 57 DK,T) . PX(P» 17 1) : Sunpol

—

(A.58)

(A.59)

The transmitted light intensity can be written as a Fourier series with Fourier coeffi-
cients agp, asp, and bop:

= In(p,x) = aop(x) + a2p(x) cos(2p) + bap(x) sin(2p),

aop(x) = 72 (1 4 Di cos(2x)) ,

asp(x) = 7° Dk (% cos(3x) + gcos(x) +4/1 — D% cosé sin(2x) sin(x)), (A.62)

; \/1— D% cos§ sin(2x) COS(X)). (A.63)

1
bap(x) = 7° Dk <§ sin(

3x) + —sin(x) —

(A.60)

(A.61)

To study the dichroism caused by two crossing fiber bundles, the amplitude |Dp k|(x)
and the phase ¢p K (x) of the intensity profile In(p, x) were determined using Egs.
and . Figure @a,b shows the resulting graphs for fiber bundles with different
retardances (6 = {0,7/8,...,7/2}) and Dx = 5% > 0, i.e. the absorption of light
was assumed to become maximal when the light is polarized perpendicularly to the
fiber axis (in the plane of the lipid molecules). Figure @c shows the maximum phase
plotted against the retardation |sind|. When the order of the fiber bundles in Fig. @
is reversed, the graphs for ¢p x are mirrored about the x-axis.
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Fig. A.4: Diattenuation caused by anisotropic absorption (dichroism) of two in-plane cross-
ing fiber bundles (see Fig.@ with dichroism Dk = 5 %, retardance ¢, and crossing angle x.
The amplitude |Dp k| and the phase ¢p k of the transmitted light intensity profile Ip(p, x)
(see Eq. ) were computed analytically using Eqgs. and : (a) |Dp x| plot-
ted against x for different 6, (b) ¢p k plotted against x for different d, (¢) maximum ¢p g
plotted against the retardation |sind|. When the order of the fiber bundles in Fig. [A73]is
reversed, the graphs for ¢p x are mirrored about the x-axis.

The resulting dichroism |Dp k| of the two crossing fiber bundles decreases with in-
creasing crossing angle and reaches zero for 90°-crossing fibers (see Fig. @a) Assuming
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that one fiber bundle has a maximum thickness of 30 ym, retardation values less than
0.7 are expected (the maximum retardation measured for a 60 pm thin brain sections is
less than |sind| = 0.9). In this case (§ < m/4), the curves look similar to the curve of
|Zs| for the simulated separate crossing fibers in Fig. [[2.8h.

The resulting phase is close to zero for small fiber crossing angles or small retardation
values (see Fig. @b)7 i.e. the transmitted light intensity becomes maximal when the
light is polarized in the x-direction (p = 0°). With increasing retardation, the phase is
shifted to larger values for larger crossing angles. For 90°-crossing fibers with maximum
retardation (|sind| = 1), the phase reaches 45°, i.e. the transmitted light intensity
becomes maximal when the light is polarized in the direction of the first fiber bundle
(see light blue cylinder in Fig. . For more realistic retardation values (| sind| < 1),
the phase for 90°-crossing fibers is always zero. The maximum phase value increases
with increasing retardation of the fiber bundles (see Fig. [A-4k). For retardation values
less than 0.7, the phase is still less than 5° (see red dashed lines).

Thus, the diattenuation signal caused by anisotropic absorption (dichroism) of two
crossing fiber bundles is expected to be sinusoidal, with an amplitude that approaches
zero with increasing crossing angle and a maximum transmitted intensity for light that
is polarized along the mean fiber direction of the two bundles (x-axis in Fig. .

A.5 Total Internal Reflection

Total internal reflection occurs when light propagates from one medium with high re-
fractive index m into another medium with lower refractive index no and if the angle of
incidence (6;) is larger than the critical angle of total internal reflection (f.).

According to Snell’s law of refraction (Eq. ), the critical angle for total internal
reflection (6, = 6;) is given when the exit angle reaches 6y = 90° (cf. Sec. R2.1):

n1 sin(f.) = ng sin(90°) (A.64)
& 6, = arcsin <@) . (A.65)
ny

In the following, the concept of total internal reflection is applied to a (straight)
nerve fiber* consisting of an inner axon with lower refractive index (n,, = 1.35) and
a surrounding myelin sheath (single layer) with higher refractive index (n,, = 1.47),
embedded in a glycerin solution with lower refractive index (ng = 1.37), cf. Sec.
The fiber is inclined by an angle o with respect to the tissue surface. When the fiber
inclination angle a becomes larger than the critical angle 6. of total internal reflection,
light under normal incidence is “guided” within the myelin sheath (see Fig. [A.5)):

. Nax \ . 1.35 _ 5

0.1 = arcsin <E) = arcsin (—1.47> =66.7°, (A.66)
surr . 1. o

0c2 = arcsin (n—u) = arcsin <1—Z;) = 68.7°. (A.67)

For a reduced myelin refractive index ny, = 1.39, the corresponding critical angles of
total internal reflection are 6.1 = 76.2° and 6.2 = 80.3°, respectively.

4 As the myelin sheath thickness is smaller than the wavelength, results obtained from geometrical optics
do not necessarily hold. However, as discussed in Sec. [[T.4] the concept of total internal reflection
can still be used to model the observed inclination dependence of the transmittance.
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n, = 1.
n s

ax

Fig. A.5: Schematic drawing of total internal reflection: Light under normal incidence is
“guided” within the myelin layer (blue) when the inclination angle a of the straight fiber
becomes larger than the critical angle 6. of total internal reflection, which is defined by the
refractive indices of myelin (1), axon (nax), and the surrounding glycerin solution (ng).

Figure shows the critical angle of total internal reflection plotted against the
difference in refractive indices (nq — ng), using ns = ng = 1.37.

65 1
0.00 0.02 0.04 0.06 0.08 0.10

Fig. A.6: Critical angle of total internal reflection 6. plotted against the difference in
refractive indices (ny — ng), where ng = ng = 1.37 belongs to the medium with lower
refractive index (surrounding glycerin solution) and n; to the medium with higher refractive
index (myelin)
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OprT1icAL PROPERTIES OF THE
OprTIiCcAL SYSTEMS

In this chapter, the optical properties of the optical systems (PM and LAP) are described
in more detail. Appendix [B-I] provides a detailed description of the optical components.
Appendix[B:2shows the line profiles that were obtained from measurements of the USAF
resolution target used for determining the optical resolution of the optical systems. Fi-
nally, Appx. [B-3.1 and [B-3-2] describe how the polarization-independent inhomogeneities
and the polarization properties were characterized for the LAP.

B.1 Optical Components of the Optical Systems

This section lists all manufacturer information and additional background information
for the PM and the LAP. A more detailed characterization of the PM and the LAP
can be found in RECKFORT [53]. Parts of Appx. have previously been published
in MENZEL et al. (2017) [3] Appx. A.

B.1.1 Polarizing Microscope (PM)

The PM (LMP-1) is custom-made by Taorad GmbH, Germany. In contrast to the LAP,
the filters cannot be removed, only the first polarizer can be rotated, and tilting is not
possible. As a consequence, the optical components cannot be characterized individually.
However, the components of the PM were thoroughly characterized by the manufacturer
and are expected to be of better quality than those of the LAP.

Equipped with a motorized specimen stage in x/y (Mdrzhduser, Germany) and a
motor along the z-axis to change focal position, the PM enables a tile-wise translational
scanning of the brain section. Each tile is about 2.7 x 2.7 mm?2, including an overlap of
0.75-1 mm at the borders for stitching. The pixel size in object space is about 1.33 yum,
allowing to map single axons. The measurement of a whole human brain section takes
about 24 hours and produces about 800 GB of data.

Figure [B-I] shows all optical components that are incorporated in the PM.

Light Source The PM is equipped with a single white LED (IntraLED 2020+, operated
at 24 W). The light is guided through a bundle of optical fibers, producing a broad
angular distribution. To ensure a homogeneous illumination of the sample, a Kohler
illumination is used (cf. Fig. [7.2h). Inhomogeneities induced by the light source were
determined to be relatively small [53]. The light is filtered by a bandpass filter which is
integrated in the rotating linear polarizer and generates wavelengths between 540 and
560 nm. According to manufacturer information, the resulting wavelength spectrum is
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A = (550 &+ 5) nm. The wavelength spectrum of the PM was characterized in separate

measurements (see Sec. [7.1.1]).

Polarizing Filters The filters are high
quality, standard filters for polariza-
tion microscopy with diameters of about
2.54cm. The polarization efficiency of
the polarizers is indicated as 99.8 %.
The employed quarter-wave retarder is
optimized for a wavelength of 545 nm,
which is similar to the illumination
wavelength.

Objective and Tube Lens The objec-
tive lens (TL Plan Fluor EPI P 5z, man-
ufactured by Nikon) has a numerical
aperture NA ~ 0.15 and a 5X magni-
fication.

An infinity tube lens unit (MXA
20696/70g) for CFI60 objectives
(Nikon) is placed between circular ana-
lyzer and camera.

Camera The PM is equipped with
a Monochrome Retiga 4000R camera,
manufactured by QImaging. The cam-
era is a digital CCD camera with high
sensitivity which enables bright-field
imaging. It contains a Kodak KAI-
4022-ABA-CD-BA image sensor with
2048 x 2048 active pixels and an active
image size of 15.15 x 15.15mm? with a
pixel size of 7.4pm. The sensor con-
tains an array of telecentric spherical
microlenses which focus the light onto
subjacent photodiodes (cf. Fig. [7-db).

O white LED

& optical fibers
y

~ Kohler
illumination
(¢f. Fig. 7.20)

% rotating bandpass
(p L filter & polarizer
< (motorized)

/ y specimen stage

Nikon { mier

: INICTOSCH
Plan H C o '(‘Ope
Fluor i objective
5%

i circular analyzer
(7/4 retarder
i & polarizer)

- N

tube lens

mirror

camera

Fig. B.1: Schematic figure (not to
scale) of the optical components incor-
porated in the PM

B.1.2 Large-Area Polarimeter (LAP)

The LAP is an in-house developed system consisting (from bottom to top) of a light
source, a linear polarizer, a quarter-wave retarder, a two-axes tiltable specimen stage,
and a second rotating linear polarizer (analyzer), cf. Figs. @a and @1 Each filter
can be rotated individually or be removed from the imaging system [45, 46], allowing to
perform 3D-PLI as well as DI measurements (see Sec. @) and to fully characterize all
optical elements.

The LAP enables single-shot imaging of whole human brain sections with a pixel size
in object space between 21 pm and 64pm. A measurement of a whole human brain
section (including four tilts) takes about 15min and produces about 2 GB of data.
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Light Source The customized light source (FZJ SSQ300-ALK-G provided by iiM,
Germany) contains a matrix of 36 x 36 LEDs (NSPG 510S, Nichia corporation) which
illuminates an area of approximately 30 x 30cm?. The emitted light is expected to
be incoherent and unpolarized with a wavelength of (525 &+ 25)nm (for an operating
temperature of 25°C and a current of 20mA) [I52]. The wavelength spectrum and
the polarization of the light source were characterized in separate measurements (see
Secs. and and Appx. .

To create a more uniform illumination, a diffuser plate was placed on top of the LED
panel. The plate is 6 mm thick and consists of transparent thermoplastic acrylic glass
(PMMA). Despite the diffuser plate, the illumination is not completely homogeneous.
The inhomogeneities of the illumination were characterized in separate measurements
(see Sec. and Appx. [B:3.]).

To ensure a constant brightness, the LED panel is powered by a constant current source
combined with a water-cooling system in order to stabilize the operating temperature.

Polarizing Filters The polarizing filters were manufactured by ITOS, Germany. They
are large-area circular filters with a diameter of 23.9cm and consist of polymer foils.
Inhomogeneities that might be introduced in the fabrication process and during usage
were characterized in separate measurements (see Sec. and Appx. [B:3.])).

The two linear polarizers (XP38) are about 0.18 mm thick and consist of dichromatic
polymer films, i. e. films containing long chains of polymer molecules that are oriented in
the same direction. The filters are covered on both sides with cellulose acetate butyrate
(CAB) and laminated between two glass plates for mechanical stabilization. According
to the manufacturer, the filters are optimized for a broad wavelength spectrum (A = 400
700 nm), transmit 38 % of the light, and have a polarization efficiency larger than 99.98 %.
The degree of polarization was determined in separate measurements (see Sec. m
and Appx. .

The quarter-wave retarder (WP140HE) consists of a 75 pm thin layer of polycarbon-
ate sheet which induces the birefringence. According to manufacturer information, the
retarder transmits more than 90 % of the light. The range of use is indicated as A = 450~
660 nm and the induced retardation as (142 £+ 5) nm. Thus, the quarter-wave retarder
has a working wavelength of 568 nm, which is larger than the wavelength of illumination.
The wavelength discrepancy (i. e. the retardance 7 of the wave retarder) was determined
in separate measurements (see Sec. and Appx. |B.3.2)).

Camera The employed RGB-camera (AzioCam HRc by Carl Zeiss AG, Germany) con-
sists of a 2/3-inch CCD sensor (8.9 x 6.7 mm?) with a pixel size of 6.451m and a spectral
sensitivity of A = 400-700 nm. The polarization sensitivity of the camera was determined
in separate measurements (see Sec. and Appx. A

To achieve a higher sampling resolution, the sensor chip is moved during the measure-
ment (microscanning procedure). Without microscanning, 1388 x 1040 px are recorded.
In a standard 3D-PLI measurement, the scanning rate is increased so that 2776 x 2080 px
are recorded. In a DI measurement, 4164 x 3120 px are recorded to account for the small
diattenuation signal.

Depending on the sample size and the desired field of view, different camera objectives
with different focal lengths can be mounted (see Tab. [T.1): Lametar 2.8/25 (JENOP-
TIK - Laser, Optik, Systeme GmbH): f = 25mm; Apo-Rodagon-N50 (Rodenstock):
f = 50.2mm; Apo-Rodagon-N90 (Rodenstock): f = 90.1mm. All objective lenses are
combined with Linos Modular Focus, the focal ratio is chosen to be F' = 8.
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B.2 Contrasts Measured with the USAF Resolution Target

Figure[B-2)shows the histograms of the contrast values C obtained from 25 measurements
of the USAF resolution target (see Sec. for different line widths [.
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Fig. B.2: Histograms of the contrasts C obtained from 25 measurements of the USAF
resolution target with the PM and the LAP (see Sec. [7.1.4). The contrasts were computed
for different line widths ! from the horizontal and vertical line profiles of the transmittance
images (cf. Fi .[). The arrows mark the columns that contain the median contrast values
C (cf. Fig. ).

For small line widths in the PM, the vertical line profiles yield larger contrast values
than the horizontal line profiles. One possible explanation is that the detector pixels in
the camera of the PM are not identical in construction in the x- and y-direction and
that this difference becomes visible for structures (line widths) of this size. However,
when modeling the optical resolution of the imaging systems for the FDTD simulations
(see Sec. , the lateral resolution is assumed to be the same in the horizontal and
vertical direction. Therefore, all contrast values (derived from horizontal and vertical
line profiles) were considered when comparing simulation and measurement.
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B.3 Characterization of the Filter Properties in the LAP

This section describes how the filter properties of the LAP described in Sec. [7.2] were
determined. It has previously been published in MENZEL et al. (2017) [3] Appx. A.

B.3.1 Polarization-Independent Inhomogeneities

To study the polarization-independent inhomogeneities of the LAP (see Sec. 7 im-
ages of the light source and each filter were acquired in separate measurements.! For all
measurements, the same exposure time was used.

As the effects of light source and camera cannot be separated, they were investigated
conjointly. To determine the inhomogeneities caused by an inhomogeneous illumination
and a varying sensitivity of the camera pixels, all filters were removed from the setup and
an image of the light source was acquired. The photon noise was reduced by repeating
the measurement 50 times and averaging the intensity for each image pixel.

The filter inhomogeneities (i.e. the inhomogeneous light absorption of the polymer
foils) were measured separately for each filter by removing the other filters from the
imaging system and rotating the filter by 18 discrete rotation angles in counter-clockwise
direction. To reduce photon noise, each measurement was repeated 20 times. To separate
the inhomogeneities caused by light source and camera from the inhomogeneities of the
filters, every acquired filter image was divided by the averaged image of the light source.
Any remaining pixelated structure was compensated by applying a Gaussian filter with
an adequate kernel size. To avoid an influence of a temporal light intensity change of
the different LED diodes, the measurement of the light source (as described above) was
performed just before every filter measurement.

To separate the light attenuation induced by the filter inhomogeneities from the light
attenuation induced by polarization effects (e. g. a partially polarized light source), the
images of each image series (p = {0°,10°,...,170°}) were digitally rotated in clockwise
direction by the corresponding rotation angle p so that all images have the same virtual
angle position (p = 0°). For this purpose, the rotation center of the images was deter-
mined by identifying in each image series the point that is rotationally invariant. Then,
the images were cropped to a circular region around the determined rotation center with
a maximum possible diameter of 2914 px and the images were rotated by applying a
bilinear interpolation. The resulting 18 images were averaged pixel-wise for each image
series.

As a measure for the inhomogeneities of light source and filters, the maximum and
minimum intensity values of the averaged images were determined and the image con-
trast was computed via: C = (Imax — Imin)/(Zmax + Imin), respectively. The average
transmittance of the filters was computed via: 7 = (Imax + Imin)/2. Note that Ijax and
Inin are here the maximum and minimum intensity values of the image and should not
be confused with the maximum and minimum transmitted light intensities observed in
a DI measurement.

It has been observed that a pixelated structure remains in the background when
dividing the filter images by the image of the light source. To compensate for this effect,
a Gaussian blur was applied to the normalized images with ¢ = 10 px (for polarizer and
analyzer) and o = 5 px (for the retarder).

The resulting images and histograms of light source, polarizer, retarder, and analyzer
are shown in Fig. [7.7

!The measurements were performed by Julia Reckfort and Hasan Kése (INM-1, Forschungszentrum
Jilich, Germany).
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B.3.2 Polarization Properties

To study the polarization properties of the LAP (see Sec. 7 various filter measure-
ments were performed and the resulting light intensity profiles were fitted by numerically
computed intensity profiles to estimate the polarization parameters of the system.
In contrast to the polarization-independent inhomogeneities (Sec. and Appx.|B.3.1)),

a pixel-wise determination of the polarization parameters is not possible because the po-
larization effects are non-multiplicative and influence each other. For this reason, the
polarization properties of the optical elements could only be determined as an average
over the field of view. In principle, the polarization properties could be determined
pixel-wise by using a high-quality reference (light source or filters). However, high-
quality filters of comparable sizes are commercially not available and illuminating such
large-area filters with a highly polarized light source (e.g. laser) is not possible with
reasonable experimental effort.

1) Filter Measurements: The filter measurements were performed using different combi-
nations of polarizer, retarder, and analyzer.? Some of the filters were rotated by discrete
rotation angles p = {0°,10°,...,170°}, while other filters were kept at a fixed angle
position. Table [B]] lists all executed measurements and the respective angle positions
of the filters.

Polarizer: Pc(¢ = p)

‘ Retarder: A(§ = p —45°) ‘ Analyzer: Py(§ = p+90°)

P, p=1{0°,10°..,170°} = =
P, P, p=1{0°,10°,...,170°} = p = {270°,280°,...,90°}
P, A p=10°,10°,...,170°F | p={0°,10°,...,170°} -

AP, - p=10°,10°,...,170°} | p={270°,280°,...,90°}
A P, (270°) - p=1{0°,10°,...,170°} p = 270°

P, A(0°) p=1{0°,10°,...,170°} p=0° E

P, A(10°) p=10°,10°,...,170°} p=10° -

P, A(30°) p=10°,10°,...,170°} p=30° -

P, A(60°) p=1{0°,10°..,170°} p = 60° -

P, A(80°) p=1{0°,10°,...,170°} p=80° =

A(0°) Py B p=0° p = {270°,280°,...,90°}
A(10°) Py - p=10° p = {270°,280°,...,90°}
A(30°) Py - p=30° p = {270°,280°,...,90°}
A(60°) Py = p=60° p = {270°,280°,...,90°}
A(80°) Py - p=80° p = {270°,280°,...,90°}
P (0°) P, p=0° = p = {270°,280°,...,90°}
P, P,(270°) p=1{0°,10°...,170°} = p = 270°

P,(0°) A P, (270° p=0° p=1{0°,10°,...,170°} p = 270°

Tab. B.1: Configuration of the filter measurements to determine the polarization properties
of the optical components: The angle position £ of the filters (polarizer/retarder /analyzer)

is defined in terms of the rotation angle p as described in Sec. 4]

All filter measurements were repeated three times, averaged, and divided by the (av-
eraged) image of the light source, which was recorded 50 times before every filter mea-
surement. To avoid fringe effects from absorbing elements at the image border, the
intensity was averaged over a circular region with a diameter of 2914 px around the ro-
tation center of the filters for each rotation angle p, and the standard deviation o(p) was

2The measurements were performed by Julia Reckfort and Hasan Kose (INM-1, Forschungszentrum
Jiilich, Germany).
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determined. The resulting intensity values I(p) were divided by the averaged intensity
T over all rotation angles. As the intensities were averaged over the rotation center,
the polarization-independent inhomogeneities (described in Sec. add the same at-
tenuation to the signal for each rotation angle and could therefore be neglected when
computing the normalized light intensity profiles.

2) Fitting of Polarization Parameters: As the polarization properties of light source
and camera are unknown, they were modeled as generalized, normalized Stokes vectors

(Sp, and S.) as defined in Eq. (2.55) with I = 1:

1 1
g _|m cos(21r,) cos(2 x1) g _ | P cos(2 ) cos(2 xc) (B.1)
pr, sin(24r) cos(2xL) |’ ¢ pe sin(2¢) cos(2xc) | ’
pL sin(2 x1,) Pe sin(2 xc)

The filters (polarizer, retarder, analyzer) were described by the Miiller matrices (P,
A, Py) as defined in Egs. , and . To enable a direct comparison with the
measured normalized light intensity profiles, the average transmittance of each optical
element was set to one (7x =7y =7, =1).

By multiplying the Stokes vectors with the corresponding Miiller matrices (using the
rotation angles specified in Tab. and evaluating the first entry of the resulting
Stokes vectors, the transmitted light intensity was computed for each filter measurement.
The computations were performed using distributed computing on desktop computers
consuming about 500 core hours.3

The modeled intensity profiles Iioqel(p) were fitted to the measured intensity profiles
Ieas(p) for each rotation angle (p; = {0°,10°,...,170°}) by minimizing the sum of
squared differences Ay between the measured and the modeled intensity profiles. To
account for random errors (e. g. read-out noise or a varying sensitivity between camera
pixels), the differences were normalized by the determined standard deviation o(p;). To
ensure a fair weighting of high and low signal amplitudes, the differences were divided by
the measured signal amplitude (Imeas max —Imeas min) for each of the k filter measurements
defined in Tab. BTt

2
AZ = Z (Imeas(Pj) - Imodel(pj)) ) (BQ)

ok 0'2(/73') (Imeas,max - Imeas,min)2 k

To find the global minimum of Ay, the sum of squared differences was minimized
numerically using a differential evolution algorithm [I93]. The Stokes parameters of light
source {pr,, ¥, x.} and camera {pc, ¥, xc} were fitted for Dy, Dy = {0.9, 0.905, ..., 1}
and v = {0.47,0.4057,...,0.67}. The parameters Dy, Dy, and 7 were not fitted
to reduce computing time and to ensure a proper convergence of the algorithm. The
parameter ranges were chosen such that the whole range of possible values was enclosed.

Figure shows the (normalized) light intensity profiles of the filter measurements
(solid curves) as well as the modeled light intensity profiles (dashed curves) that were
computed for each filter measurement from the determined polarization parameters for
which the sum of squared differences Ay, is minimized (see best fit in Tab. . The
relative difference between the curves is mostly less than 5% of the measured signal
amplitude, which demonstrates that the fit of the polarization parameters is good.

3The computations were performed by Daniel Weigand (Institute of Quantum Information, RWTH
Aachen University, Germany).
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Fig. B.3: Normalized light intensity profiles: The solid curves show the profiles obtained
from the filter measurements described in Tab. Bl The dashed curves show the modeled
profiles computed from the polarization parameters defined in Tab. B2} first row. The
angle p is the rotation angle of the rotating filters in the measurement. The figure has been

Pl

published in MENZEL et al. (2017) [3] Fig. 13.

pll

Table shows the computed polarization parameters for the best fit (Asgmin =
2138.52) as well as the average, the standard deviation, and the relative standard de-
viation (divided by the average) of the polarization parameters belonging to the best
20 fits (with Ay = 2138.52,...,2154.68). The relative standard deviation is mostly
less than 1%, except for x1, which is consistent with zero. This demonstrates that the
fitted polarization parameters are stable and can be used as estimates to describe the

polarization properties of light source, filters, and camera.

‘ [ Dx [ Dy [~/ [ » [ ¥ | XL | pe | e | xe |
[ Best Fit [[ 0.98000 | 0.97000 [ 0.49000 | 0.00513 [ 1.49472 | —5 x 10—° [ 0.00822 | 3.07458 [ -0.03068 |
Average 0.98075 | 0.96900 [ 0.49000 | 0.00513 | 1.49469 [ 3 x 10~° [ 0.00822 | 3.07457 | -0.03065
Std. Dev. 0.00438 | 0.00369 | 0.00284 | 0.00006 | 0.00011 8 X 10~° | 0.00006 | 0.00004 | 0.00032
Rel. Std. Dev. || 0.00446 | 0.00381 | 0.00579 | 0.01234 | 0.00007 32 0.00738 | 0.00001 | 0.01053

Tab. B.2: Fitted polarization properties of filters, light source, and camera: The parameters
in the first row minimize the sum of squared differences (As;min = 2138.52). The other
parameters show the average, standard deviation, and relative standard deviation (divided

by the average) for the best 20 fits with Ay = 2138.52,...,2154.68.
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SUPPLEMENTARY MATERIAL FOR
DIATTENUATION STUDIES

HIS chapter contains additional material for the diattenuation studies presented in
Chap. 9 Appendices to have been published in MENZEL et al. (2017) [3]
Secs. 4, B, and D.

C.1 Correction of the 3D-PLI Fiber Orientations

The tissue diattenuation and the non-ideal filter properties influence the fiber orien-
tations derived from a 3D-PLI measurement (cf. Sec. [1.4.1). If the diattenuation of
polarizer and analyzer (Dyx and Dy), the retardance of the quarter-wave retarder (v),
and the tissue diattenuation (D) were known pixel-wise, the actual retardance ¢ of the
brain tissue could be computed from the Fourier coefficients in Egs. to :

E+/E? +4F-G)H -G
& = arccos ( \/ ;(G(f ) I )> ) (C1)
asp + byp 2 1
EEQ.TCOS’Y Dnym 1—§cos’y Dy Dy |, (C2)
a3p + B3 1 ’ 2
Fz%(l_imw Dny> = D(cosy Dy=Dy)", (C3)
0P
G =sin’y D2 Dg (1-D?), (C.4)
2 b2 .
= ,M cos’y D2 D2 (1 - D?). (C.5)
dagp

Using the determined value for 4, the actual fiber inclination angle o could be computed
via Egs. (3.8)) and . The actual fiber direction angle ¢ could be computed using §
and Eqgs. and ({£.12). As a pixel-wise measurement of the filter properties is not
feasible (see Sec. , this procedure is not used in the standard 3D-PLI analysis.

C.2 Computation of the Diattenuation Impact on the
Polarimetric Measurements

To enable predictions and error estimates for the experimental diattenuation studies
in Secs. and a numerical study was carried out to investigate the influence
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of the tissue diattenuation and the non-ideal polarization properties of the LAP on the
measured fiber orientation and diattenuation. The main results are presented in Sec.
This section gives more detailed information on how the numerical study was performed
and provides error estimates for all parameters (derived fiber direction, derived fiber
inclination, and measured diattenuation) for the whole range of actual fiber orientations
and tissue diattenuations. The content of this study has been published in MENZEL et
al. (2017) [3] Sec. 4.

For each measurement setup (3D-PLI, XP, DI), the expected transmitted light in-
tensities were numerically computed by multiplying the corresponding Miiller matrices
and Stokes vectors (see Sec. and considering the polarization properties of the LAP
defined in Sec. (Dx = 0.98, Dy = 0.97, v = 0.49 ; S, 5. * §u,1p01). For reasons
of simplification, the average transmittance of each filter and the intensity of the light
source were set to one (7x = 7y = 7y = 7 = Ip = 1). To account for image calibration
(see Sec. , the resulting intensity profiles of the 3D-PLI and DI measurements were
divided by the intensity profiles obtained from a matrix multiplication without tissue
matrix M. The image calibration for the XP measurement uses transmittance images
of the filters and the light source (cf. Sec. and is already taken into account by
setting the average transmittances and the intensity of the light source to one.

The numerically computed intensity profiles were analyzed as described in Secs. 4.1
to respectively, and the direction angles (¢p, ¥x, ¢p), the inclination angle (ap),
and the measured diattenuation (|2|) were computed from the determined Fourier co-
efficients. The inclination angle ap was derived from Jp assuming that horizontal
fibers (with o = 0°) act as an ideal quarter-wave retarder, i.e. ép = (7/2) cos® ap
(cf. Eq. ) To account for the correction with the maximum retardation value, the
modified inclination angle &p was computed using Eq. with 7p max = 7/2.

The impact of the non-ideal polarization properties was estimated by comparing the
derived parameters (fiber orientation and diattenuation) to the actual fiber orientation
(¢, @) and tissue diattenuation D.

The resulting curves are shown in Appx. [C:2.1]t0 [C:2:3] To enable a comparison with
the experimental studies in Secs. [0.2] and a special focus was placed on the range
ID| < 5%.

As the polarization properties of light source, camera, and filters could only be de-
termined as an average over the ﬁeld of view (see Sec. H 7.2.2) and Appx. E local
deviations of Dy, Dy, 7, SL, and S were not included in the computation. When com-
paring the numerical results to the results of the experimental study, the curves should
therefore only be considered as a reference.

For steep fibers, large deviations of the measured direction angle have only a very small
influence on the overall fiber orientation vector and the tissue diattenuation is expected
to be very small. Therefore, the curves for steep fibers should only be considered for small
diattenuation values. For perfectly vertical fibers, the direction angle is not defined and
the tissue diattenuation is expected to be zero due to the radial symmetry. The curves
for o = 90° are therefore limiting cases and only shown for reasons of completeness.

C.2.1 Impact on the 3D-PLI Measurement

Figure [C.1] shows the predicted impact of the non-ideal polarization properties of the
LAP on the measured inclination angles ap, é@p, and the direction angle @p for different
tissue diattenuations D > 0 and fiber inclinations a.. As the curves are mostly indepen-
dent of ¢, the curves are only shown for an assumed fiber direction ¢ = 0°. For D < 0,
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the curves for (ap —a) are mirrored about the y-axis, the curves for (¢p — ) are rotated
180° around the origin.
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Fig. C. 1 Predicted impact of the non-ideal polarization properties of the LAP (specified
in Egs. a on the fiber orientation (¢p, ap) derived from a 3D-PLI measure-
i

ment (see Scc Thc plots show the difference between (pp, ap) and the actual fiber
orientation (¢, for different « and tissue diattenuations D > 0. In addition to the incli-
nation angle ap = arccos(y/20p/7), the modified inclination angle &p was computed from
Eq. with 7p max = m/2. The fiber direction was assumed to be ¢ = 0°: (a) Difference
between ap and «. (b) Difference between ap and a. (c) Difference between pp and ¢.
(d) Enlarged view of (¢) for D < 5%. For D < 0, the curves for (ap — ) are mirrored
about the y-axis, the curves for (¢p — ¢) are rotated 180° around the origin. The figure has
been published in MENZEL et al. (2017) [3] Fig. 3.

Figure shows that for fibers with smaller inclination angles (o < 30°), the mea-
sured inclination angle ap is overestimated (ap > «) for all tissue diattenuations. For
fibers with larger inclination angles (o > 30°), the measured inclination angle is un-
derestimated (ap < «) and the predicted difference between a and ap increases with
increasing absolute tissue diattenuation. For |D| < 5%, the maximum deviation from
the actual fiber inclination is predicted to be about 25° for fibers with v = 0°. After
correcting with the maximum retardation value, the measured inclination angle ap is
underestimated (ap < «) for all inclination angles (see Fig. |C.1p). The difference be-
tween a and &p increases with increasing absolute tissue diattenuation. For |D| < 5%,
the predicted difference is less than 11.2° for all inclinations < 90°. Thus, the correction
with the maximum retardation value improves the determination of the inclination angle
ap and should be included in the 3D-PLI analysis.

Figure [C-Ik shows the predicted influence of the non-ideal system components and the
tissue diattenuation on the measured direction angle ¢p. The measured direction angle
is expected to be overestimated (pp > ¢) for all D > 0 and underestimated (pp < ¢)
for all D < 0. The absolute difference between pp and ¢ increases with increasing
absolute tissue diattenuation and fiber inclination. The maximum difference is 45° for
|D| =1 or o = 90°. For small tissue diattenuations |D| < 5%, the absolute difference
between ¢p and ¢ increases linearly with |D| (see Fig. [CI[d). For fibers with o < 60°,
the maximum absolute difference is less than 3.7°. For steep fibers, the diattenuation
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values are expected to be small, resulting in even smaller differences. The impact of the
diattenuation is therefore expected to be negligible in the 3D-PLI signal analysis.

C.2.2 Impact on the XP Measurement

Figure [C:2] shows the predicted impact of the non-ideal polarization properties of the
LAP on the measured direction angle ¢x for different tissue diattenuations D > 0 and
fiber inclinations a. The actual fiber direction was set to ¢ = 45° such that |px — ¢|
becomes maximal. For D < 0, the curves are rotated 180° around the origin.

(a) (b)
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Fig. C.2: Predicted impact of the non-ideal polarization properties of the LAP (specified
in Egs. (7.5) and (7.6)) on the direction angle px derived from an XP measurement (see
h.4.2).

Sec. The plots show the difference between ¢x and the actual fiber direction ¢
plotted against the tissue diattenuation D > 0 for different fiber inclination angles a. The
actual fiber direction was set to ¢ = 45° such that [px —¢| becomes maximal. (a) Difference
between ¢x and ¢. (b) Enlarged view of (a) for D < 5%. For D < 0, the curves are rotated
180° around the origin. The figure has been published in MENZEL et al. (2017) [3] Fig. 4.

As can be seen in Fig. [C:2h, the direction angle px determined from the XP measure-
ment is expected to deviate only slightly from the actual fiber direction ¢ for all tissue
diattenuations and inclinations < 90°. For a < 70°, the difference is less than 0.08°.
For |D| < 5%, it is even less than 0.035° (see Fig. [C.2b). As the direction angle ¢x is
nearly independent from the diattenuation of the brain tissue and from the polarization
properties of the optical components, it is a good reference value for the actual fiber
direction .

C.2.3 Impact on the DI Measurement

Figure [C.3| shows the predicted impact of the non-ideal polarization properties of the
LAP on the measured diattenuation |Z| and direction angle ¢p for different tissue di-
attenuations D > 0, fiber directions ¢, and inclinations a. For D < 0, the curves for
(¢p — ¢) are rotated 180° around the origin and shifted by +90° in the y-direction.

As can be seen in Fig. [C.3h, the measured diattenuation |2| depends on the fiber
orientation (¢, a) as well as on the diattenuation D of the brain tissue. For regions with
no tissue diattenuation (dark blue curve), the measured diattenuation reaches values
up to |2| = 0.85% (for « = 0° and ¢ ~ 41°). The measured diattenuation is mostly
overestimated for |D| < 4%. For larger tissue diattenuations or steep fibers, |2)| is
slightly underestimated. For 1% < |D| < 5%, the difference between |2| and |D| lies
between —0.1% and +0.3% for all fiber inclinations (see Fig. [C.3b). To ensure that
the measured diattenuation mostly corresponds to the actual tissue diattenuation, only
values | 2| > 1% should be considered.
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C.2 Computation of the Diattenuation Impact on the Polarimetric Measurements

The measured direction angle ¢p (for D > 0) or ¢p —90° (for D < 0) corresponds to
the actual fiber direction ¢ for steep fibers, large tissue diattenuations, or ¢ &~ 88°(+£90°)
(see Fig. ) The maximum absolute difference decreases with increasing absolute
tissue diattenuation (see Fig. [C-3(): For regions with |D| = 1%, the maximum absolute
difference is about 21° (for a = 0°, ¢ =~ 41°). For regions with |D| = 5%, it is only
about 5°.
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Fig. C.3: Predicted impact of the non-ideal polarization properties of the LAP (specified
in Egs. and (7.6)) on the diattenuation |2| and the direction angle ¢p derived from a
DI measurement (see Sec. [L.4.3): (a) Difference between |Z| and the strength of the actual
tissue diattenuation |D| plotted against the fiber direction ¢ for different D > 0. The solid
curves correspond to horizontal fibers with inclination o = 0°, the dashed curves to vertical
fibers with @ = 90°. The curves for fibers with intermediate inclination angles are not shown
and lie in between. (b) Maximum difference (pos./neg.) between |2| and |D| plotted against
D for different . Note that the values min(|2| — |D|) correspond to the bottom curve for
all a. (c) Difference between ¢p and ¢ plotted against ¢ for different D. The solid curves
correspond to horizontal fibers with inclination o = 0°, the curves belonging to vertical fibers
with @ = 90° and D > 0 all lie along the zero line. The curves for fibers with intermediate
inclination angles are not shown and lie in between. (d) Maximum difference (pos./neg.)
between ¢p and ¢ plotted against D for different a. For D < 0, the curves for (¢p — ¢)
are rotated 180° around the origin and shifted by +90°. The figure has been published in
MENZEL et al. (2017) [3] Fig. 5.
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C.3 Uncertainties of DI and 3D-PLI Direction Angles as a
Function of Retardation

Figure [C-4] shows the uncertainties of the direction angles ¢p and ¢p plotted against
the measured retardation rp for regions with a measured diattenuation |2| > 1%.
The direction angle ¢x is used as a reference value for the actual fiber direction .
The direction angles {¢p, ¢p, ¢x} and the retardation were derived from 3D-PLI, XP,
and DI measurements with the LAP (as described in Secs. to for the five
sagittal rat brain sections investigated in Sec.[0.2.1] The content of this section has been
published in MENZEL et al. (2017) [3] Sec. D.

(a) (b)
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Fig. C.4: (a) 2D histogram showing the difference between the direction angles pp and ¢x
derived from DI and XP measurements of five sagittal rat brain sections measured one day
after tissue embedding (see Sec. plotted against the measured retardation rp. (b)
2D histogram showing the difference between the direction angles pp derived from 3D-PLI
measurements of the rat brain sections and ¢x plotted against rp. The vertical dashed lines
mark the regions (rp < 0.1) for which the signal-to-noise ratio of ¢x is low. The number of
bins in the 2D histograms is 100 for both axes, respectively. This figure has been published
in MENZEL et al. (2017) [3] Fig. 15.

The distributions of (pp — ¢x) and (pp — px) are broad for rp < 0.1 (marked by the
vertical dashed lines). This behavior can be explained by the low signal-to-noise ratio of
px for small retardation values: due to the 90°-orientation of the polarizers in the XP
measurement, the transmitted light intensity approaches zero for small retardations (cf.
Fig. @e) For larger retardation values, the signal-to-noise ratio of ¢x increases and
the distribution of ¢p appears to be mostly independent of the retardation (it depends
more on the diattenuation, see Fig. @Ia) The distribution of ¢p is much narrower than
for ¢p (in regions with rp > 0.1) and also mostly independent of the retardation.

Based on these observations, (¢p — ¢x) and (pp — px) were only evaluated in regions
with retardation values rp > 0.1 to avoid misinterpretation.

C.4 Diattenuation Images of Five Sagittal Rat Brain Sections

Figure [C.5] shows the diattenuation images of the five sagittal rat brain sections inves-
tigated in Sec. The strength of the diattenuation signal |2| and the direction
angles ¢p and pp were determined from DI and 3D-PLI measurements with the LAP as
described in Secs. and [f:4.3] Depending on the angle range of (¢p — ¢p) defined in
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C.4 Diattenuation Images of Five Sagittal Rat Brain Sections

Fig. , two different types of diattenuation are distinguished: DT (marked in green)
and D~ (marked in magenta), see Fig. [C.5pb.

The measured diattenuation is relatively small and shows similar patterns for the
different brain sections. The type of diattenuation is specific for certain brain regions
and consistent across the investigated brain sections: some regions (ac, Cb, cu, opt, fi,
part of cc) show diattenuation of type DT, while other regions (aci, CPu, part of cg)
show diattenuation of type D~ (refer to Figs. and for anatomical labels).

(a) Diattenuation |9 (b) D/ D (12/>1%)

s0177 s0175 50162 s0161

s0185

D (pp — pp € [—19.9°,24.1°])
D (¢p — ¢p € [79.5°,102.7°))

Fig. C.5: Diattenuation images of the five sagittal rat brain sections investigated in
Sec. (measured one day after tissue embedding with an effective object-space reso-
lution of 14 pum/px): (a) The strength of the diattenuation signal |2| was determined from
DI measurements with the LAP as described in Sec. (b) Regions with |2]| > 1%
that show diattenuation of type DT or D~ (cf. Sec. [9.2.1.1]) were highlighted in green or
magenta, respectively, corresponding to the angle ranges of (¢p — ¢p) defined in Fig. .
The colored images were adapted from MENZEL et al. (2017) [3] Fig. 9.
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SUPPLEMENTARY MATERIAL FOR
FDTD SIMULATIONS

HIS chapter contains derivations, lengthly computations, and additional results for
the FDTD simulation studies presented in Part [[V]

D.1 Finite-Difference Approximation of Maxwell’s Curl
Equations

In this section, the finite-difference approximation (as described in Sec. is shown
exemplary for the x-component of the electric field (cf. [72] pp. 63-64).

Using Egs. and (6.4)), the Maxwell equation for the x-component evaluated
at a point ((¢i + %) Az, j Ay, kAz) in space and a point ((m + %) At) in time can be

written as:!
1
BT~ Bl g~ Eeliry
i+t gk irigk 1 it Ltk ity i—5.k
At €yl ik Ay
1 1
T N A
_ Vit 3 5.k+5 Vit g ..k—5 _J ‘m+% . E m+1 (D 1)
Az csourcexlip Lk~ itk Txlivd ik '

As the electric field values are only stored at an integer time step m, the Fy values at
time step (m + %) are assumed to be the arithmetic average of the stored values of Fxy
at time step m and the yet-to-be-computed new values of Ex at time step (m + 1):

Exlm+1 + Ex‘m

m+3 i+35.5.k itk
i 1in = 3 2' (D-2)
Substituting Eq. into Eq. 1} collecting all terms with EX'?:El o and E¢|™ | -
30> 1+3.7,
and solving for E,J:Ti ik yields the explicit time-stepping expression for the x-component
32

of the electric field (cf. [72] p. 64):

“,n
€

!For reasons of simplification, the index of o, has been dropped.
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1 Tird Bt
Emtl = Pirg gk E|T + At/e“’%%k
it 5.0k Tipl Bt it 5.0.k T 1kt
1+ - 2 1+ 2527
w%,],k Pr%mk
1 1 1 1
H |m+§ - ‘m+§ |m+§ o |m+§
Hitggtgk  litgg—gk " Vlitggkts Vitgik—3 _ 5 |m+é
Ay AZ source x i+%,j,k
(D.3)

The expressions for the other electric and magnetic field components can be derived
analogously. With this system of time-stepping expressions, the new value of the elec-
tric field component at time (m + 1) At at an arbitrary lattice point can be computed
from its previous value at time m At and from the previous values of the magnetic field
components at time (m + %) At at adjacent lattice points, and vice versa, provided that
the electric and magnetic current sources are known.

D.2 Modeling Uniform lllumination

To model the incoherent and diffuse light source of the polarimeters, several simulation
runs with different angles of incidence (p, 0) were performed (see Sec. [10.1.1)). The
illumination of the sample in the measurement is approximately uniform, i. e. the angular
distance Ay between neighboring light rays is the same (see Fig. [D.1).

(a) (b)
‘ sample ﬁ \ sample

Fig. D.1: Uniform illumination of the light source: (a) 3D representation of two neighboring
light rays (in green) with polar and azimuthal angular distances Ag and A,. (b) 2D
representation of several neighboring light rays (top: xz-plane, bottom: xy-plane)
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D.3 Derivation of the Yee Cell Shift

For light incident at a certain polar angle 6, the corresponding azimuthal angular
distance A, between two neighboring light rays can be computed as follows (using the
notation defined in Fig. [D.1h):

sinf =~ (D.4)
s
. (Ag 1/2
sin (7) = (D.5)
sin <&) = y2 % sin (&) (D.6)
2 T T 2
sin(Ag/2) 0.
sin 0 '

B . (sin(Ag/2)

< A, =2 arcsin (7sin0 . (D.8)

D.3 Derivation of the Yee Cell Shift

The Maxwell Solver computes the electromagnetic field components on different positions
of the Yee grid (see Fig. ). Before further processing the electric field vectors Ek(F, t),
the vector components Ej;(7,t) need to be shifted to the middle of the corresponding
Yee cell, respectively.

Consider a shift Aj in the direction j € {z,y,2}: 7 +— 7+ Aj:

k-F=hkex+kyytk,z — kAj+k-7 (D.9)
Using Eq. and trigonometric identities (cos(x + y) = cosxcosy — sinxsiny,
sin(x+y) = sinx cos y+ cos z siny), the electric field vector components are transformed

as:

Eyi(7,t) = Ay cos(k - 7 — wt) — By sin(k - 7 — wt) (D.10)

o Bra(rt) B Ay cos (ky Aj + (F-7— ) — Bug sin (b Aj + (R -7 - wr))

= (Ag; cos(k; Aj) — By sin(k; Aj)) cos(k - 7 — wt)

A
— (Ap sin(kj Aj) + By cos(k; Ag)) sin(k - 7 — wt). (D.11)

Bk,i

To shift the electric field components to the middle of the Yee cell, the following shifts
are performed (cf. Fig. [6.1p):

Epx(Fit): y—y+Ay/2, zw— 24+ Az/2, (D.12)
Epy(Fit): oo+ Ax/2, z+— 2+ A2/2, (D.13)
Ep,(Ft): z—=z+Ax/2, y—y+ Ay/2. (D.14)

The resulting electric field vector is then given by:

Ej(7.t) = A, cos(k -7 — wt) — B}, sin(k - 7 — wt), (D.15)
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. ! /.
with vector components A4; ; and By ;:

A A A
;c,x = {Ak,x cos <ky7y> — By« sin (ky%)} cos (kZTZ)
_ [Ahx sin (ky%) + By x cos <ky%)} sin <ké%) ,

[ A Ay\ ] A
Bix = | Akx cos (l@%) — By sin (ky%> sin (kZTZ)

+ {Ak’x sin </cy%> + By x cos ( y%)} cos (kz%> ,

[ A A, -\ A
ky = | ARy cos </€x7m> — Byy sin (kx%) cos (kzjz>
A A A
_ |:A]g,y sin <k‘x7r> + By, y cos <kx7x>} sin (szZ) ,

Ax . Az . Az
B,’ny = {Ak,y cos <kx7) — By, y sin (kx7>] sin (kZT)

+ [Akyy sin (kx%> + By y cos (kx%>} cos (kz%) ,

r Az . Az ' Ay
kz = |:Ak,z cos (kx > ) By, sin (kx 2 )} cos ( v 3 )
_ {Akz sin (kx%) + By, cos <k:x%)} sin (ky%) ,

BAZ = [Akyz cos (kx%) — By, sin (kx%)} sin (ky%>

A A A
+ {Ak,z sin (kx%) + By, cos (k"Txﬂ cos (ky7y> .

(D.16)

(D.17)

(D.18)

(D.19)

(D.20)

(D.21)

D.4 Computation of the Light Intensity in the Image Plane

The output of the Maxwell Solver (TDME3D) is a superposition of monochromatic plane

waves with different wave vectors and amplitudes (see Eq. (6.17):

Ey (7, t) = Ay cos(k - ¥ — wt) — By sin(k - 7 — wt).

(D.22)

To compute the electric field at a certain point (7,¢) in space and time, the corre-

sponding electric field vectors are summed over k:
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D.5 Derivation of the Fourier Transform of circ(r)

el
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(D.23)

1 1 : B i(FF—w A : B —i(F-r—wt

- 52 [(Ak+1Bk)e(’” D (A, — i By) e 1k f>] (D.24)
k

_1 I P a—iwt AT LB a—iwt)
= [(FT™' {4y +iByyem't) & (FTM Ay +i By} e )| (D.25)
=R {FT*l{A’k +iBy) e*mt} (D.26)
- % {FT*l{fYk n 1§k}} cos(wt) + S {FT’l{ffk n iék}} sin(wt), (D.27)

with R{f} and 3{f} being the real and imaginary parts and FT~{f} being the inverse
discrete Fourier transform of a function f:

FT /=Y fp o7 (D.28)
F

Defining R = %{FTil{A’k +i§k}} and § = S{P‘Til{fi’;C +iﬁk}}, the absolute
squared value of Eq. (D.27) is given by:

|E(7,1)[> = R2 cos®(wt) + 32 sin®(wt) + 2R S sin(wt) cos(wt). (D.29)
To compute a stationary solution (independent from time ¢), the result is averaged

over one period (T = 27 /w):

(R?+9?) = % ‘FT*l{ka + 1§k}’2. (D.30)

T
. 1 -, 1
2 _ — 2 _ =
\E(P? = Tﬂj\E(m)\ dt =

Thus, the intensity at a certain point 7 in the image plane can be computed from Ay
and B}, via an inverse discrete Fourier transform:

. . L2
I(7) x |E(P)? x ‘FT”{A;@ +in}‘ . (D.31)
To derive the expression in Eq. (10.21)), Ek(F t) in Egs. and (| is replaced
by Ek Tyt p) * c1rc r sln the same derivation as above7 ylelds the same expres-
sions as in Egs. (D.27] , and m, with FT™ 1{Ak + 1Bk} being replaced by
FT-! {Ak(p) + 1Bk(p) * c1rc(r

D.5 Derivation of the Fourier Transform of circ(r)

The detector microlenses of the PM are modeled by applying a moving average over the
area of the microlens, i.e. a convolution with the function:

1
—Fs, <7
cire(r) = { 775 (D.32)
0 y T > To
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where ¥ = (ry, Ty, 0)7 is the radial coordinate in the xy-plane and rq the radius of the
microlenses.
The corresponding (continuous) Fourier transform is given by:

o 27

F{cire(r)} = jcirc(r) e_iE'FdF: — jj ~ikxy 1 cos(e=er) 1 oo dr, (D.33)

with kyy = /k2 + k2 being the length of the wave vector in the xy-plane and ¢y the

azimuthal angle of the wave vector (y; = arctan(ky/ky)).
Exploiting the periodicity of the cosine, the above integral can be written as:

2T

2 ¢
F{cire(r)} f elhxy T Cos® g dr = 5 f Jo(r kyy) rdr, (D.34)
0 i 0

™

OHS

OM

where the function Jy(z) is the Bessel function of the first kind of order zero (cf. [194]
Eq. 9.1.21): Jo(x) = %‘02” 12cos® . Substituting 7 kyy =  and using the integral

identity foxl Jo(x) zdx = 2’ Jy(2'), yields:

70 kx:
Fleire(r)} = —oe OI)JO( Yo de = — 2 g b J1 (o by) = 2 2270 F) -y gy
3 k2, 5 rg k2, Y Y 70 kxy

In the limit 7o kxy — 0, i.e. for normally incident light (kx = ky = 0) or no microlenses
(ro = 0), the expression simplifies to:

lim 212) _ % ~  Ffeire(r)} = 1. (D.36)

z—=0 x

D.6 Representation of the Light Intensity in 3D-PLI
Simulations as Fourier Series

This section demonstrates how the light intensity I(7, p) in 3D-PLI simulations can be
represented as a Fourier series. Instead of computing the intensity for a discrete set of
rotation angles p, the Fourier coefficients are computed, providing a full representation
of I(7, p) as a function of the rotation angle.

The intensity recorded by the camera can be written as (see Eq. ):

(7, p) o< [E(7,p)|” + |Ey(F.p) P + €. p) . (D.37)

The first two terms can easily be represented as a Fourier series (see Eq. (10.28))). In
the following, the Fourier series for the third term is derived.

As the vectors {Xk( ) = Ejo Kk(p) cos o, ék(p) = E:O,k(p) sin¢} are parallel to the
electrlc field vector Ek(r t,p), they are also perpendicular to k and obey Eq. ((10.16):
k- Ak( y=k- Bk(p) = 0. Thus, Eq. || also holds for &, ,(p) (A;”( )—l—in’Z(p)):

kysin p — ky cos p

gk,Z(f)) =- 2

(5,27,( sinp — &, , cos p), (D.38)
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with Sj’c being defined as in Eq. ll

The (continuous) inverse Fourier transform of Eq. (D.38) is given by:

. N k, sin p — k. cos A
ETp) =F H{Erulp)} = jsmpycosp (Efx sinp — & cosp) e kg

k,
(D.39)
5o 42 kysinp — ky cosp kisinp — K} cosp )
= |&(F )| = JJ A . 7 4 (Ex sinp — &1, cos p)
X (S,’j,x sinp — S,’jyy cos p) eiUS*kﬂ/)F dic di' (D.40)

= eo(7) + e2(7) cos(2p) + f2(7) sin(2p) + ea(7) cos(4p) + fa(7) sin(4p).
(D.41)

The solution of Eq. (D.40) has been computed by Hans De Raedt (University of
Groningen, the Netherlands). Defining the inverse Fourier transforms:

Xx(f’)z]-"l{ﬁg,’m}: %g,g,x e FTdE, (D.42)
n
_ 1 k)’/ _ k.\'/ iEF T
Xy(fj =F ?gk’x = kf gk,x € dk, (D43)
N
Y(F) = F1 Fegg V[ Bxgr aikegp (D.44)
x kz k,y kz k,y ’
N
ky / _ kl / ik 7
V() = F e = |y o FTdR, (D.45)

the Fourier coefficients in Eq. (D.41]) can be written as (omitting the argument 7):
(BX(X; 4+ Y Xy + Vi V) + XY + Y XF 4+ Xy X7 + X, V) +3Y,Y)), (D.46)
(Yy Yy - X X7, (D.47)

(X XS — YX**Yy*fXY**YX**XX**Xy*‘FYy*) (D.48)

oo\r—ll\ih—too\)—l

fa=- 4(YX +Y X7+ Y VI H YV XX+ XX+ XY+ XY, (DAY)

(YX* Yo X7 = YY) = YY) + X XT 4+ X X) + XYy - X, Yy) . (D.50)

D.7 Derivation of the Fraunhofer Diffraction Pattern

In this section, an analytical formula for the Fraunhofer diffraction pattern (cf. Sec.[2.1.3.3)
of a one-dimensional grating is derived, which was used in Sec. [[0.1.3.3] to model the
measurement of the USAF resolution target with the LAP.

Consider a grating with N slits with width [ that are centered around z = 0. Light
with a certain wavelength A and angle of incidence 6 propagates through the grating (cf.
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Fig. [10.12] for N = 3), yielding a Fraunhofer diffraction pattern on a distant detection
plane behind the grating. To simplify notation, the following shorthand is defined:

p =sinfy, — sin6, (D.51)

where 6 is the angle of incidence (in the xz-plane) and 6y, is the polar angle of a distant
point in the detection plane.

The complex amplitude of the scalar wave function U behind the grating is then given
by (cf. [69] p. 448)%:

L & '
U(p) x ~ f e kT g Z e 2ikplm (D.52)
A i — Y
2
L N (' ~(N-1)/2)
e —ikpz:| —2ikpl(m'—(N-1)/2 (D 53)
e e .
A {kp a=—1/2 mZ::O
_ (e—ikpl/2_eikpl/2> ikpL(N-1) Ni:l (e—zmpz)’”' (D.54)
Akp ot ’
2 . L\ ikprvoy (1 —e 2ikpIN
= )\7]4;1) Sin <kp 5) € P ( ) m 5 (D55)

where Euler’s formula (sinz = (e'” —e~1%)/2i) and the geometric series (Zﬁf:o Z"

= (1= 2N1)/(1 = 2)) have been used in the last step.
Writing N = 3, the complex amplitude for a certain wavelength A, angle of incidence
0, and line width [ is then given by:

2 . l 2 iknl 1— 0—6 ikpl
U(ek))\ygvl X Tk‘p sin (kp 5) e p m . (D56)
The transmitted light intensity is related to the complex amplitude via: I(6;) oc |U(61)>.

D.8 Fourier Coefficient Maps of Higher Orders

Figure shows the Fourier coefficient maps (up to order six) computed from a 3D-PLI
measurement of a coronal rat brain section. The Fourier coefficients of order four are
much smaller than those of order two, but still show the underlying tissue structure.
Fourier coefficients of higher orders do not contain valuable information.

2The formula for the complex amplitude of the scalar wave function U (p) was adapted from BORN-WOLF
(J69] Sec. 8.6.1, Egs. (3) and (4)), withn = {—(N—-1)/2,...,(N=1)/2},d =21,§ = z,and F(§) = {1,
for —1/2 < ¢ <1/2 and 0 otherwise}.
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Fig. D.2: Fourier coefficient maps (ao, a2, a4, ag, ba, ba, bg; cf. Eq. @)) of a coronal rat
brain section measured with 3D-PLI. The figure has been published in MENZEL et al. (2016)

[66] Fig. 5.
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D.9 Transmittance Profiles of the USAF Resolution Target

Simulated for the Polarizing Microscope

Figure [D-3] shows the transmittance profiles of the USAF resolution target simulated for
the optics of the PM (cf. Figs. and ) for line widths [ = {1.95,2.19,2.46} pm.

(a) (b)
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Fig. D.3: Line profiles of the USAF resolution target obtained from 3D-PLI simulations
with line widths [ = {1.95,2.19,2.46} pm (cf. Fig. for the optics of the PM. The
line profiles show the middle pixel in the y-direction evaluated along the x-direction of the
resulting transmittance images: (a) normally incident light with different wavelengths A,
(b) diffuse light with different wavelengths. The transmittance images for diffuse light were
computed from three simulation runs with different angles of incidence ({6 = 0°}, {6 = 3°,
©=0°} {0 =3° ¢ =060°}), and by 180°-rotation or flipping of the simulated transmittance
images. The yellow line profile was obtained from the weighted sum over the wavelength
spectrum of the PM light source, according to Fig. @
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D.10 Transmittance Images and Scattering Patterns for the
Hexagonal Grid of Fibers
Figures [D.4] to [D.7] show the transmittance images (aoN) and scattering patterns (1)

for the hexagonal grid of fibers with different geometries: straight fibers, aligned heli-
cal fibers, unaligned helical fibers with same strides, and unaligned helical fibers with

different strides (cf. Sec. [10.2.1)).

aon (NA = 0.15)
0.9 . ﬂ .
0.0

0.9 D ﬂ .

0.0 .
| . H

0.0 .

0.7

1.2

0.0 0.0

Fig. D.4: Transmittance images (ao,x) and scattering patterns (I;) computed from a simu-

lated 3D-PLI measurement of a hexagonal grid of straight fibers (see Sec.[10.2.1)) for different

fiber inclination angles .. The transmittance images were computed for the microscope ob-

jective of the PM (numerical aperture: NA = 0.15, microlenses: ro = 0.665 pm) and for the
case without objective lens (NA = 1, ry = 0 pm).

10
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aoN !NA: 1) agN (NA:015)
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Fig. D.5: Transmittance images (ao,n) and scattering patterns (I;) computed from a sim-
ulated 3D-PLI measurement of a hexagonal grid of aligned helical fibers (see Sec. for
different fiber inclination angles . The transmittance images were computed for the mi-
croscope objective of the PM (numerical aperture: NA = 0.15, microlenses: 1o = 0.665 pm)
and for the case without objective lens (NA = 1, rop = 0 pm).
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Fig. D.6: Transmittance images (aon) and scattering patterns (I;;) computed from a simu-
lated 3D-PLI measurement of a hexagonal grid of unaligned helical fibers with same strides
(see Sec. for different fiber inclination angles a. The transmittance images were com-
puted for the microscope objective of the PM (numerical aperture: NA = 0.15, microlenses:
ro = 0.665 pm) and for the case without objective lens (NA = 1, ry = 0 pm).
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Fig. D.7: Transmittance images (ao,n) and scattering patterns (I) computed from a sim-
ulated 3D-PLI measurement of a hexagonal grid of unaligned helical fibers with different
strides (see Sec. for different fiber inclination angles . The transmittance images
were computed for the microscope objective of the PM (numerical aperture: NA = 0.15,
microlenses: 7o = 0.665 um) and for the case without objective lens (NA = 1, 7o = 0 pm).
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D.11 Transmittance and Diattenuation Curves for the Bundle
of Densely Grown Fibers Simulated with Different
Wavelengths and Smaller Yee Mesh Size

Figure shows the transmittance (a) and diattenuation (b) curves for the bundle of
densely grown fibers (cf. Figs. and ) simulated with normally incident light
and different wavelengths A\ = {545,550, 555} nm. The transmittance and diattenuation
curves were obtained from 3D-PLI and DI simulations as described in Chaps. [IT] and [[2]
The solid curves were computed for the microscope objective of the PM (numerical
aperture: NA = 0.15, microlenses: rg = 0.665 pm), the dashed curves were computed
for the case without objective lens (NA = 1, ro = Opm). All curves were computed
for a Yee mesh size of 25nm. For some inclination angles (o = {0°,30°,60°,90°}), the
simulations with A = 550 nm were repeated for a mesh size of 12.5nm (black crosses).

(a) Transmittance (b) Diattenuation

A =25 nm, A

—~ 1.21 0.10 —m— 545 nm
o = —®— 550 nm
| 1.0 0.053 | o 555 nm

1A = 550 1, A [ K

3
- @ X 12.5 nm
‘ i 06_A*25nm,/1 ‘Q -0.05
i | —®— 545 nm -0.10
4 ~® 550 nm
‘ﬁé 0.4- —*— 555 nm -0.15
0.244 = 550 nm, A -0.20
1 X 125 nm
0.0 T T T T T T T T 1 '0.25 T T T T T T T T T
0 10 20 30 40 50 60 70 80 9 0 10 20 30 40 50 60 70 80 90

al al’]

Fig. D.8: Transmittance and diattenuation curves for the bundle of densely grown fibers
(cf. Figs. and ) simulated with normally incident light and different wavelengths
A = {545,550,555} nm. The solid curves were computed for the microscope objective of the
PM (NA = 0.15, 79 = 0.665 pm), the dashed curves for the case without objective lens (NA
=1, 7o = Opm). The transmittance curves show the averaged transmittance @y n (obtained
from a 3D-PLI simulation) normalized by the averaged transmittance of the horizontal fiber
bundle plotted against the inclination angle « of the fiber bundle. A similar subfigure has
been published in MENZEL et al. (2018a) [67] Fig. 19b. The diattenuation curves show
the averaged diattenuation Dg (obtained from two DI simulations, cf. Eq. ) plotted
against the fiber inclination. All curves were computed from simulations with a Yee mesh

size A = 25nm. The simulation with A = 550 nm was repeated for some inclination angles
(o = {0°,30°,60°,90°}) with a mesh size of 12.5nm, see black crosses.

Simulations with a wavelength of 545 nm and 555 nm yield comparable transmittance
and diattenuation curves as simulations with a wavelength of 550 nm. The maximum
difference between the normalized transmittance values is about 0.02, the maximum
difference between the diattenuation values is about 0.01.

In addition, the simulations with smaller mesh size (black crosses) yield similar re-
sults as the simulations with larger mesh size. The maximum difference between the
normalized transmittance values is about 0.005, the maximum difference between the
diattenuation values is about 0.007.

Thus, all other simulations in Chaps. [[1] and [[2] were only performed for the peak
wavelength of the PM (A = 550nm) and for a mesh size of 25 nm.
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D.12 Diattenuation Simulated for the Imaging System of the
Large-Area Polarimeter

This section describes how the light source of the LAP was modeled to simulate the
diattenuation effect for the bundle of densely grown fibers in Fig. [[2.5p.

Due to the broad wavelength spectrum and the large illumination angles of the LAP
light source, the Maxwell Solver is less suitable to model the optics of the LAP than the
optics of the PM (cf. Secs. and [[0.1.3). The FDTD simulation studies in Chaps.
and [[2 were therefore only performed for the imaging system of the PM. However, most
diattenuation studies in Chap. [J] were performed with the LAP because the PM cannot
be used for DI measurements. To investigate whether the diattenuation effects observed
in PM simulations are also applicable to the LAP, the DI simulations for the bundle of
densely grown fibers (see Sec. were repeated for the optics of the LAP.

As discussed in Sec. [[0.1]] the imaging system of the LAP was modeled with a nu-
merical aperture NA = 0.0083 and without microlenses (ro = 0pm). The incoherent and
diffuse light source was modeled by several simulation runs with different wavelengths
(A =1{496,...,581} nm) and different illumination angles (6max < 25°, ¢ € n X Ap). To
find out how many wavelengths and angles are needed to efficiently model the LAP light
source, the diattenuation Dg was computed from Eq. for the horizontal bundle
of densely grown fibers (see Fig. ) for different A and (0, ¢), and the weighted
sums over different numbers of wavelengths and angles were compared to each other.?

Wavelength Spectrum Figure (in blue) shows the diattenuation values Dg ob-
tained from simulations with normally incident light and different wavelengths A which
represent the wavelength spectrum of the LAP (see blue numbers in Fig. ): the
diattenuation values become less negative with increasing wavelength (Dg ~ —27.0%
for A = 496 nm, Dg ~ —23.1% for A = 570nm).

-0.23 4
-0.24 4
-0.254
.
Q026 X B = 0°
1 * BOmax = 0° (A-spectrum)
0271 Bumax = 0.5°, ¢ = 4 x 90°
-0.28 T T T T T T T T T
490 500 510 520 530 540 550 560 570 580 590

A [nm]|

Fig. D.9: Diattenuation values Dg for the horizontal bundle of densely grown fibers (see
Fig. [[0.18h) simulated for the optics of the LAP (numerical aperture: NA = 0.0083, mi-
crolenses: 179 = Opm). The blue values belong to simulations with normally incident light
(6 = 0°) and different wavelengths A, representing the wavelength spectrum of the LAP
light source (cf. Fig. [10.10h). The red star marks the diattenuation value obtained from the
weighted sum over the wavelength spectrum (cf. Fig. ) The yellow values belong to
simulations with different wavelengths (A € {514,529, 548} nm) and diffuse light ({6 = 0°},
{6 =0.5°, ¢ = {0°,90°,180°,270°}}) weighted according to Eqs. to .

3 As the numerical aperture of the LAP is too small to resolve any geometric features, the simulations
yield only one diattenuation value per run. For this reason, it is only possible to make a comparison
between (averaged) diattenuation values and not between image pixels.
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Although the diattenuation depends on the wavelength, the weighted sum over the
wavelength spectrum according to Fig. (red star) yields a similar diattenuation
value (Ds ~ —24.8%) as for the peak wavelength A = 529nm (Dg ~ —24.7%). The
absolute relative difference between the mean values is only about 0.4%. To reduce
computing time, the bundle of densely grown fibers was therefore only simulated for
A =529 nm.

Diffuse Light Figure shows the averaged normalized transmitted light intensity
IN = (Ix+1y)/2 for different angles of incidence (6, ¢).* The value in green was computed
for normally incident light, the blue (red) values were averaged over ¢ = 4x90° (8 x45°),
cf. Eq. , for a certain angle 6 € {0.5°,1°,1.5°,3°}. More angles of incidence were
not simulated due to limited computing resources and because smaller angles of incidence
are expected to have the largest contribution to the transmitted light intensity (NA =
0.0083 = 6, < 0.48°, see Sec. [[0.1.1)).

The averaged transmitted light intensity decreases with increasing #: from about 0.17
for normally incident light to about 0.09 for # = 0.5°. For light with larger angles
of incidence (# > 1°), the averaged transmitted light intensity is only about 0.008 or
less. Averaging over four or eight p-angles yields similar results. Thus, small angles of
incidence (0 < 0.5°) contribute the most to the transmitted light intensity as expected.

() (b)

0‘20: - -0.244E 0 [o] ‘ 360°/A¢
T1x6>0° 9 =4x90° ] 0.5 5.9999
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] ” ] 5 15| 18.7595
<0103y S ] 2.0 | 25.0620
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1 3+ .. ..
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Fig. D.10: DI simulations of the horizontal bundle of densely grown fibers (see Fig. [10.18h)
performed for the optics of the LAP (NA = 0.0083, o = Opm, A = 529nm) and different
angles of incidence (6, ¢): (a) Averaged normalized transmitted light intensity (In = (Ix +
I,)/ 2) for different angles of incidence 6, averaged over four p-angles (blue) and over eight
p-angles (red). (b) Diattenuation values Dg obtained from the weighted sum over different
angles of incidence 6 < 0,,x with Ay = 0.5°. The weighting was performed according to
Egs. to , the values for 360°/A, are given in the above table (the values in
italics belong to f-angles that were used for weighting, but not for the simulations). The
blue values were computed from four ¢-angles per 6, the red values from eight ¢-angles per
6. The green values were computed for normally incident light (6 = 0°).

Figure [D-I0p shows the diattenuation values Dg obtained from the weighted sum over
different angles of incidence 6 < 0. with Ay = 0.5°. The weighting for the respective
angle 6 € {0.5°,1°,...3°} was performed according to Eq. ([0.3), with Ay = 90° (blue)
or 45° (red) and A, computed from Eq. with Ay = 0.5°. The resulting values for

4. and I, are the normalized transmitted light intensities obtained from DI simulations with p = 0° (x-
axis) and p = 90° (y-axis). The values were used to compute the diattenuation Ds with Eq. (10.42).
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360°/A, are shown in the table in Fig. . As the angles § = 2° and 2.5° were not
simulated, the respective weightings were added to the weighting of = 1.5° to compute
the weighted sum for 0. = 3°.

The resulting diattenuation values are similar for normally incident and diffuse light:
Dg ~ —24.68 % for Opmax = 0°, Dg ~ —24.55 % for Opmax = 1.5° and 3° (for ¢ =4 x 90°).
The weighted sum over eight ¢-angles yields a diattenuation of about —24.50% for
Omax = 1°. The maximum relative difference is less than 0.74 %.

When taking all angles of incidence into account (by adding the weightings for § =
{3.5%,4.0°,...,25°} to the weighting of # = 3°), the resulting diattenuation (Dg =
—25.44 %) is still similar to the one obtained for normally incident light. Note that this
value is just a rough estimate because angles 8 > 3° were not simulated.

A comparison of normally incident and diffuse light (fax = 0.5°, ¢ = 4 x 90°) for
A € {514,529, 548} nm shows that the diattenuation values are also similar for different
wavelengths (cf. blue and yellow values in Fig. .

The simulation results suggest that the light source of the LAP can be modeled by
a single simulation run with a wavelength of 529 nm and normally incident light. More
extensive studies for the PM (see Sec. , however, have shown that normally inci-
dent and diffuse light might yield different diattenuation values for different fiber con-
stellations. To ensure that the simulated diattenuation results are reliable, the bundle
of densely grown fibers was simulated for all inclination angles o € {0°,10°,...,90°}
with A = 529nm and with normally incident as well as with diffuse light ({# = 0.5°,
¢ = {0°,90°,180°,270°}}), see Fig. [12.5p.
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