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Scattering polarimetry enables
correlative nerve fiber imaging and
multimodal analysis

Franca auf der Heiden', Markus Axer*?*?, Katrin Amunts’3 & Miriam Menzel%***

Mapping the intricate network of nerve fibers is crucial for understanding brain function. Three-
Dimensional Polarized Light Imaging (3D-PLI) and Computational Scattered Light Imaging (ComSLI)
map dense nerve fibers in brain sections with micrometer resolution using visible light. 3D-PLI
reconstructs 3D-fiber orientations, while ComSLI disentangles multiple directions per pixel. So far,
these imaging techniques have been realized in separate setups. A combination within a single device
would facilitate faster measurements, pixelwise mapping, cross-validation of fiber orientations, and
leverage the advantages of each technique while mitigating their limitations. Here, we introduce the
Scattering Polarimeter, a microscope that facilitates correlative large-area scans by integrating 3D-PLI
and ComSLI measurements into a single system. Based on a Mueller polarimeter, it incorporates
variable retarders and a large-area light source for direct and oblique illumination, enabling combined
3D-PLI and ComSLI measurements. Applied to human and vervet monkey brain sections, the
Scattering Polarimeter generates results comparable to state-of-the-art 3D-PLI and ComSLI setups
and creates a multimodal fiber direction map, integrating the robust fiber orientations obtained from
3D-PLI with fiber crossings from ComSLI. Furthermore, we discuss applications of the Scattering
Polarimeter for unprecedented correlative and multimodal brain imaging.

Keywords Neuroimaging, Fiber architecture, Brain structure, Multimodal imaging, Polarization microscopy,
Light scattering

'The human brain is a highly complex system, consisting of about 86 x 10° neurons and about as many glial cells'.
Together, they form an intricate system in which a neuron can make up to 10° synaptic connections with other
neurons®. A major task in neuroscience is the investigation of this entangled network. Nowadays, the spectrum of
neuroimaging techniques for mapping nerve fiber architectures spans several orders of magnitude in resolution.
However, achieving high resolution often comes at the expense of a comprehensive spatial overview due to
practical limitations in measurement and computation time.

Diffusion-weighted magnetic resonance imaging (dMRI or DWI) allows the in-vivo study of a whole brain
with a resolution of about one millimeter and is mainly limited by scanning time and motion artifacts®. Post-
mortem studies have achieved a resolution down to 150 um*. The probabilistic distribution of axonal orientations
can be estimated from dMRI data®. However, the measurement of crossing fibers poses significant challenges,
often resulting in false positives during tractography®. On the other side of the scale, fluorescence microscopy
(FM), and transmission electron microscopy (TEM) offer resolutions down to several nanometers, thereby
enabling the subcellular investigation of neurofilaments and axonic myelin sheaths. When combined with super-
resolution microscopy approaches, FM circumvents the diffraction limit of light microscopy’. TEM can resolve
nanometer-scale structures from tissue stained with heavy metals (typically osmium), e.g. the detailed structure
of neurons or the lipid bilayers of the myelin®. Due to practical constraints, super-resolution microscopy is
restricted to small sample areas and cannot provide an overview of larger structures, such as long fiber tracts.

In-between, light microscopy achieves a resolution down to the diffraction limit of about one micrometer
while providing an overview over whole brain sections. In modern neuroscience, light microscopy benefits
from advanced tissue preparation and staining methods, automation for faster image acquisition, and increased
computational power®. However, standard microscopy techniques cannot trace the course of fiber pathways in
dense tissues as they yield similar contrast for nerve fibers with different orientations. To reconstruct the dense
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fiber network of the brain, techniques that directly visualize fiber orientations need to be employed: Polarimetric
techniques like Mueller polarimetry'®!! or Three-Dimensional Polarized Light Imaging (3D-PLI)'>!* exploit
the anisotropic refraction (birefringence) of the nerve myelin sheaths to determine the fiber orientations.
Computational Scattered Light Imaging (ComSLI)!*!5, on the other hand, measures the anisotropic scattering
of light on directed structures such as nerve fibers. In contrast to standard light microscopy, these techniques
do not require any staining and can be applied to study the course of long-range fiber pathways in unstained
histological brain sections.

The techniques have different advantages and disadvantages: Mueller polarimetry uses different combinations
of polarization states to derive a Mueller matrix for each image pixel by solving a linear equation system.
Decomposition techniques, such as the Lu-Chipman decomposition'® (see Supplementary 1), rewrite the
Mueller matrix as product of depolarizer, retarder, and diattenuator, allowing the measurement of all optical
properties of a sample. Additionally, Mueller polarimetry can distinguish between linear and circular optical
effects. 3D-PLI can be considered as incomplete Mueller polarimetry and be used to study (linear) retardance of
tissue samples. It is faster than full Mueller polarimetry and yields more stable signals, but does not provide any
information about depolarization, diattenuation, or circular optical effects. 3D-PLI measures the birefringence
of a brain section and provides information about the in-plane direction of the nerve fibers, and about the
out-of-plane inclination which is related to the strength of the birefringence signal (retardation). 3D-PLI
provides robust results for fiber orientations, also for regions with lower fiber density like gray matter in the
cortex. However, both Mueller polarimetry and 3D-PLI cannot resolve fiber crossings, as they only detect the
average signal across multiple crossing directions. Supplementary 1 and 2 provide a more detailed description
of how linear retardance and fiber direction are computed using Lu-Chipman decomposition and 3D-PLI
signal analysis, respectively. ComSLI is based on light scattering at nerve fibers: The sample is illuminated from
multiple angles, and the vertically scattered/transmitted light is measured. This technique provides information
about fiber directions and inclinations, and can resolve fiber crossings, determining multiple fiber orientation
per image pixel. In contrast to polarization-based techniques, ComSLI does not rely on the briefringence of the
sample and can be performed with unpolarized light, allowing its application to differently prepared samples,
including formalin-fixed paraffin-embedded brain tissues with different stains!'”. However, it is more affected by
statistical noise. In principle, ComSLI can provide full scattering patterns for each image pixel'*. A much faster
way of measuring fiber directions is angular ComSLI'® which illuminates the sample under a large polar angle at
different azimuthal angles, and derives the fiber orientations from the peak positions in the resulting azimuthal
intensity profiles. In the following, the term ComSLI will be used to refer to angular ComSLI.

As ComSLI relies on a different imaging principle and has different advantages and disadvantages than
3D-PLI or Mueller polarimetry, it complements the other techniques. Combining the scattering and polarimetric
results would yield a more reliable and complete reconstruction of the brain’s nerve fiber organization. However,
up to now, the different techniques have been realized in separate setups, making combined measurements
and analysis more difficult. A combination of Mueller polarimetry, 3D-PLI and ComSLI within a single device
would facilitate faster measurements, pixel-wise mapping, cross-validation of fiber orientations, and leverage the
unique advantages of each technique while mitigating their limitations.

A standard Mueller polarimeter consists of a polarization state generator (PSG) and a polarization state
analyzer (PSA), while a 3D-PLI setup operates as an incomplete Mueller polarimeter that employs linearly
polarized light at different orientations for illumination and a circular analyzer. In contrast, ComSLI employs
unpolarized light at large incident angles. To realize all techniques within a single device, using a shared light
source and camera, a specific custom design is needed. Due to the different requirements of the different imaging
techniques, it is not possible to simply adapt an existing Mueller polarimeter.

In this work, we introduce a novel device - the Scattering Polarimeter — that facilitates correlative large-
area scans by integrating polarimetric and scattering measurements into a single system (modified Mueller
polarimeter). To enable direct illumination for the polarimetric measurements and oblique illumination for the
scattering measurement, a large LED panel was employed. The PSG and PSA were implemented using liquid
crystal variable retarders (LCVRs) and polarization filters, allowing for a fast generation and analysis of all
required polarization states without moving elements (cf. Fig. 2a). In ComSLI, the PSG elements were bypassed
by the oblique illumination (cf. Fig. 3a), see Methods for more details. Since polarization effects are negligible in
ComSLI, the PSA elements remained in the optical path without affecting the measurement.

In principle, the developed Scattering Polarimeter can be used to perform full Mueller polarimetry
measurements and study different optical properties of the tissue (see Supplementary 1). However, as the focus
of our study is a more reliable reconstruction of nerve fiber orientations, we optimized the device for 3D-PLI,
which is a more robust way of deriving fiber orientations than using full Mueller polarimetry.

In the following, 3D-PLI and ComSLI results are compared to measurements with state-of-the-art setups.
Finally, potential applications for multimodal parameter analysis are demonstrated.

Results

Correlative 3D-PLI and ComSLI measurements were performed with the Scattering Polarimeter (Fig. 1a) on
several regions of two different samples: (1) Vervet (Fig. 1b) - 60 um coronal section from a vervet monkey
brain (male, 2.4 years old, no neurological diseases) that contains the corpus callosum, the corona radiata, the
cingulum, and the fornix. (2) Human (Fig. 1¢) - 50 um sagittal section from a body donor (80 years old, female,
no neurological diseases) that includes Broca’s region which is associated with language processing'®, containing
areas of gray and white matter. The resulting parameter maps were compared to those obtained from existing,
state-of-the-art 3D-PLI and ComSLI setups (see Methods). With these parameter maps, a multimodal fiber
direction map was generated by combining data from 3D-PLI and ComSLI. This map displays the most reliable
fiber direction signal per pixel from the available modalities, based on a classification algorithm that determines
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Fig. 1. Scattering Polarimeter and brain tissue samples. (a) Setup of the Scattering Polarimeter. The device is
realized as a (modified) Mueller polarimeter with two high-quality linear polarizers (LPs) and four voltage-
controlled liquid crystal variable retarders (LCVRs) for the polarization state generator (PSG) and analyzer
(PSA), and a large-area light source suitable for vertical and oblique illumination (indicated in green). An
exemplary angular illumination segment for ComSLI is displayed on the LED panel. (b) Vervet brain sample. A
60 pem coronal section (section no. 506) from the center of a vervet monkey brain. The measured areas include
the corpus callosum (cc, mostly in-plane fibers), the cingulum (cg, nearly orthogonal fiber bundles), the corona
radiata (cr, fiber crossings), and the fornix (fx, inclined fibers). (c) Human brain sample. A 50 ;zm sagittal
section (section no. 454) from the human brain that includes the Broca’s region. Three investigated regions are
indicated in the overview transmittance map. White matter (wm) appears darker than gray matter (gm).

the expected fiber architecture for each image pixel. The multimodal fiber direction map exploits the robustness
of 3D-PLI and the ability to detect fiber crossings of ComSLI, increases the total number of evaluated pixels and
displays up to three fiber directions. A detailed description of the Scattering Polarimeter and the investigated
brain sections is given in the Methods. A comprehensive overview of the fiber direction maps obtained with
3D-PLI and ComSLI is provided in Supplementary Fig. 1.

Three-dimensional polarized light imaging (3D-PLI)

3D-PLI measurements with the Scattering Polarimeter were performed for three regions of the vervet and
human brain section, respectively. The polarization state generator (PSG) generated linear polarization angles
in steps of Ap = 10° while the polarization state analyzer (PSA) operated as a left-handed circular analyzer, as
shown in Fig. 2a. From the resulting sinusoidal intensity profile for each image pixel with the properties Io, Al
and ¢(as shown exemplary in Fig. 2b), the local transmittance 7 = Io/2(with signal average I), retardation
|sin(d)| = AI/Io(signal amplitude AT, normalized with I), and fiber direction ¢(signal phase) were obtained
using a Fourier coefficient fit (see Supplementary 2 for more details). The retardation was normalized with
the retardation of in-plane parallel fibers'2. The reference measurements were performed with the LMP3D
(TAORAD GmbH, Germany), a state-of-the-art polarization microscope, as explained in the Methods.

In 3D-PLI the transmittance represents the average intensity of light transmitted through the tissue during
the measurement. The transmittance map has arbitrary units that depend on factors like the brightness of the
light source, the camera, and the exposure time. For visual comparison, the minimum and maximum values
of the visualization range were chosen so that the reference transmittance map resembles the contrast of the
transmittance maps obtained with the Scattering Polarimeter. The direction maps from the LMP3D were
rotated by flipping and/or transposing the data array so that the image orientation matches the images from the
Scattering Polarimeter. If required, a global direction offset ¢ox was added to match the relative fiber directions
dpLL = dott + DL

Figure 2c-e shows the transmittance maps, the retardation maps (directly related to the fiber inclination),
and the color-coded fiber direction maps of the vervet (left) and human (right) brain sections for the Scattering
Polarimeter (top) and for a reference measurement with a single-mode, state-of-the-art 3D-PLI setup (bottom).
The out-of-plane fiber inclination is not shown in the fiber direction maps in order to simplify the visual
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Fig. 2. 3D-PLI measurement and parameter maps. (a) The Scattering Polarimeter when performing 3D-PLI
measurements. The sample is illuminated vertically while the polarization state generator (PSG) generates
linear polarization in equidistant azimuthal angles p and the polarization state analyzer (PSA) operates as a
left-handed circular analyzer. (b) Exemplary signal in 3D-PLI for one image pixel with horizontally oriented
fibers (¢ = 0°). Each image pixel yields a sinusoidal profile described by the transmittance 7 = Iy/2, the
retardation as the normalized amplitude | sin(d)| = AT /Iy, and the fiber direction as the phase ¢. Image
inspired by AXER et al.!3. (c) 3D-PLI transmittance maps for the vervet (left) and human (right) brain
section compared to a reference measurement (below) with a state-of-the-art 3D-PLI setup (LMP3D). The
transmittance maps are contrast-matched, indicated structures are the cingulum (cg), corpus callosum

(cc), corona radiata (cr), fornix (fx), gray matter (gm), white matter (wm), background (bg). (d) 3D-PLI
retardation maps from the Scattering Polarimeter. The inclination map is not shown because it provides the
same information as the retardation map. Reference measurement below. (e) Fiber direction maps from

the Scattering Polarimeter. The fiber direction is encoded in the hue according to the depicted color wheel.
Reference measurement below, corrected with a global phase offset to match azimuthal orientations.
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comparison of fiber directions in regions with low retardation when judging the performance, i.e. for inclined
fibers or in gray matter.

Vervet brain section (high transmittance, low scattering)

Unlike the human brain section, the vervet brain section has already been embedded several years ago, leading
to a higher transparency of the tissue and hence to a higher transmittance. The transmittance exhibits contrasts
between gray matter, white matter, and the background that are comparable to the reference measurement.
However, the comparison with the reference measurement demonstrates a transmittance asymmetry that is an
artifact of the Scattering Polarimeter measurement. It appears more striking in the vervet than in the human
brain section: The lower contrast between gray and white matter (gm/wm) in the vervet brain section - due to
the longer time since embedding of the sample - requires an adequate choice of the visualized intensity range
which, however, visually enhances the asymmetry. The retardation map agrees with the reference measurement.
As expected, the cingulum (cg) and the fornix (fx) show a lower retardation than the corpus callosum (cc).
Minor retardation differences, such as an area of slightly lower retardation in the center of the corpus callosum
- indicated by a darker shade of gray - are displayed correctly. The fiber direction map aligns with the reference
measurement for the corpus callosum and the cingulum. Even in the highly complex fibers of the corona radiata
(cr), the Scattering Polarimeter yields the same predominant fiber directions as the reference measurement.
Fiber directions in white matter are determined with great success. Correct fiber directions in gray matter are
detected well for many pixels but not as reliable in comparison. Similar to the Scattering Polarimeter, the LMP3D
shows a residual retardation in areas without tissue, indicated by the blue background color in the fiber direction
map. The influence of the residual retardation on gray matter fibers can be well observed in region II where the
sinusoidal signals are shifted towards the phase of the residual retardation, i.e. the blue background direction.

Human brain section (low transmittance, high scattering)

The human brain section exhibits excellent contrast between gray and white matter in the transmittance map,
aligning well with the reference measurement. Unlike the vervet brain section, the human brain section does not
show visible asymmetries in the transmittance map. The retardation map agrees with the reference measurement
and displays even minor local phenomena in white matter but also in gray matter, especially close to the white
matter border where low retardation fiber bundles can be discerned. Fiber directions are accurately identified in
white matter and, for many areas, in gray matter as well. Given the significantly lower fiber density in gray matter,
these fibers typically produce a low birefringence signal.

Summary

3D-PLI measurements with the Scattering Polarimeter show an excellent performance for the human brain
sample. Even fibers in regions with low fiber density such as gray matter are resolved correctly. 3D-PLI
measurements are usually performed on recently embedded tissue and benefit from a lower transmittance,
consequently yielding a good contrast as observed in Broca’s region. However, for older, highly transmissive
samples like the vervet brain section, the quality of the transmittance map is limited, though fiber directions
and retardation remain largely accurate. Mueller matrix calculus suggests that the asymmetry observed in the
vervet sample arises from minor ellipticities in the liquid crystal variable retarders (LCVRs), which have a
more pronounced effect on this low-contrast sample compared to the human brain section. The propagation of
systematic errors caused by LCVR 2, 3, and 4 is discussed in Supplementary 4.

Computational scattered light imaging (ComSLI)
Right after the respective 3D-PLI measurements, correlative ComSLI measurements with the Scattering
Polarimeter were performed for both samples. The PSG was bypassed by the oblique illumination and the PSA
was set to zero retardance, as shown in Fig. 3a. The sample was illuminated under oblique incidence (circular
segments on LED panel) with constant polar illumination angle and 15° azimuthal steps (see Methods). For each
angle of illumination p, an image was taken by the camera. Each image pixel in the resulting image series yields
an azimuthal intensity profile I(p) which is characterized by distinct peaks; the mid-position of peak pairs is
directly related to the fiber directions, as depicted in Fig. 3b. Image data was processed with the Scattered Light
Imaging Toolbox (SLIX)! . SLIX analyzes the positions of prominent peaks in the intensity profile, and computes
and visualizes the in-plane nerve fiber orientations either as a fiber direction map or a vector map: In the color-
coded fiber direction map, each image pixel is represented by 2x2 color-coded sub-pixels that contain all fiber
directions within that image pixel. The color-coded vector map shows fiber orientations as vectors whose lengths
are weighed with the average scattering map. The vectors are overlaid for n x n pixels for depiction purposes.
Figure 3¢ depicts the average scattering signal measured with the Scattering Polarimeter. Figure 3d compares
the color-coded fiber direction maps of the vervet brain section with the reference measurement from a state-
of-the-art ComSLI setup!*. Figure 3e shows the fiber direction maps for two exemplary regions from the human
brain section compared to the reference measurement. Figure 3f shows the vector maps for the areas indicated in
d. All displayed vector lengths in the vector maps were weighed with the corresponding average scattering signal.
Vector maps for the Scattering Polarimeter are displayed with overlaid vectors in kernels of 20 x 20 pixels, vector
maps from the ComSLI setup show overlaid vectors in kernels of 10 x 10 pixels which depended on the camera
sensor pixels and the objective lens and was chosen to approximately match the vector maps from the Scattering
Polarimeter.

Vervet brain section (high transmittance, low scattering)
Overall, the Scattering Polarimeter provides fiber directions and crossings with only minor deviations from
the reference measurement. Fiber crossings in the corona radiata are resolved similarly to those in the ComSLI
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Fig. 3. ComSLI measurement and parameter maps. (a) The Scattering Polarimeter when performing ComSLI
measurements. The elements of the PSG are bypassed by the light when illuminating from various angles p.
Only the vertically scattered light is measured. Even though polarization effects are minor in ComSLI, the
elements of the PSA are set to a retardance of 0. (b) Exemplary signal in ComSLI for one image pixel with
horizontally oriented fibers (¢ = 0°). For each image pixel, a line profile I(p) is obtained. The mid-position
of a peak pair is directly related to the fiber direction ¢. One peak pair corresponds to parallel fibers, two or
three peak pairs correspond to two or three crossing fiber bundles. The peak distance holds information about
the fiber inclination. In-plane fibers have a maximum peak distance of 180°. (¢) Average scattering signal for
three selected regions of the vervet brain section. (d) Corresponding fiber direction map for the vervet brain
sample, reference measurement with state-of-the-art ComSLI setup below where the regions measured with
the Scattering Polarimeter are indicated. Smaller rectangles marked with 1, 2, 3 indicate the regions for which
the vector maps are visualized in f. Corpus callosum (cc), corona radiata (cr), cingulum (cg), fornix (fx), gray
matter (gm). (e) Fiber direction maps of two selected regions in the human brain section (regions I and III,

cf. Fig. 1c), reference measurement with state-of-the-art ComSLI setup below where the regions measured
with the Scattering Polarimeter are indicated. (f) Vector maps for the vervet brain sample obtained from the
indicated regions in d with the Scattering Polarimeter (top); kernels of 20 x 20 pixels are shown as overlaid
vectors for better visibility. Reference vector maps (bottom) with overlaid vectors in kernels of 10 x 10 pixels.
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setup. The boundary between parallel fibers in the corpus callosum (bold colors) and crossing fibers in the
corona radiata (pastel colors, caused by the 2x2 visualization pixels with different colors in crossing regions)
follows the same path as in the reference measurement, indicating similar resolution for fiber crossings in
both setups. As expected, tissue borders are significantly influenced by artifacts that scatter light chaotically.
Background noise levels are similar in both setups. Fiber directions in the gray matter and the cingulum are
not resolved in either the reference measurement or the Scattering Polarimeter measurement: The fiber density
in gray matter is very low and the fiber bundles of the cingulum are nearly orthogonal to the sectioning plane
which is why the directional signal is low compared to statistical noise. The required exposure time for a clear
signal is much longer for the Scattering Polarimeter (4 seconds vs. 500 ms). A generally lower signal-to-noise
ratio for the Scattering Polarimeter is indicated by the presence of more dark pixels in the fiber direction map.
Vector maps for exemplary subregions suggest that the signal-to-noise ratio is slightly worse for the Scattering
Polarimeter, especially for the crossing fibers in the corona radiata. The two crossing fiber directions in the
exemplary region are detected but appear noisier (i.e. containing false directions, mostly visualized as yellow
or blue vectors overlaying the original two directions) in the Scattering Polarimeter. The in-plane parallel fibers
of the corpus callosum are detected with comparable precision. Local artifacts-most likely from the embedding
medium-manifest as rainbow-colored“wheels”and are independent of the setup, although in the white matter,
these artifacts are typically limited to single pixels. The inclined parallel fibers of the fornix show a dominant
direction (blue/green) plus a minor secondary direction (red/magenta) for both the ComSLI setup and the
Scattering Polarimeter.

Human brain section (low transmittance, high scattering)

Increased scattering in the Broca region results from the shorter time since tissue embedding, leading to a lower
signal-to-noise ratio that prevents the fiber directions in some white matter areas from being detected compared
to the reference measurement. Conversely, region II exhibits an area with improved pixel evaluation in the
indicated tissue regions. Therefore, performance varies depending on the underlying tissue.

Summary

Despite long exposure times, both the Scattering Polarimeter and the state-of-the-art ComSLI setup currently
reach their limits for the human brain section, with the state-of-the-art setup performing only slightly better.
Both setups yield almost no signal in gray matter. The light source in the Scattering Polarimeter is less bright
than in the ComSLI setup, where a brighter light source contributes to better signal quality. The Scattering
Polarimeter performs best for the vervet brain section due to the high transmittance in the sample. However, the
Scattering Polarimeter suffers from noise in the directional signals, indicated by more black pixels in the fiber
direction maps and additional fiber directions or only statistical noise in the vector maps, especially in crossing
regions. Detecting fiber directions in gray matter remains challenging for both setups. ComSLI measurements
are typically performed on tissue that has been embedded long enough for transmittance to decrease. For
relatively freshly embedded samples, both the Scattering Polarimeter and the ComSLI setup reach their limits.
High light source brightness and long exposure times are necessary for obtaining a sufficient signal.

Multimodal fiber direction map

A multimodal fiber direction map combines information from multiple modalities to achieve the most reliable
fiber direction per pixel. The reliability of signals from 3D-PLI or ComSLI largely depends on sample properties
like the species, the age (i.e. time since embedding), the thickness of the sample?’, and the tissue preparation,
but also on the local fiber architecture. The construction of a multimodal fiber direction map was based on a
previous classification of image pixels based on the local white matter fiber architecture, as described in the
following:

Pixel classification (white matter)
White and gray matter in the human brain section can be well distinguished e.g. by their transmittance values
(3D-PLI) in Fig. 2 due to the higher scattering and lower transmittance of white matter?!. In the vervet brain
section, information from both the average map from ComSLI and the retardation map from 3D-PLI is required.
The condition to identify background pixel areas were set as follows: The threshold on the average map from
ComSLI was chosen as I < 20 a.u. because background areas do not scatter light. Then, the following conditions
were used to identify gray matter pixels: (1) The pixel was not already identified as part of the background. (2)
The threshold on the retardation map from 3D-PLI was chosen to be | sin(d)| < 0.07. All areas that are neither
background nor gray matter were automatically identified as white matter without the need for additional
information. Due to the characteristics of the vervet brain section, the classification is less accurate compared
to the human brain section. Nevertheless, major tissue regions were identified correctly. Figure 4a shows the
identified white matter pixels in the corona radiata region of the vervet brain sample.

Pixel classification (crossing fibers)
Due to the previously discussed suboptimal signal-to-noise ratio in ComSLI, the most obvious criterion for
the identification of fiber crossings — whether one or multiple fiber directions are found in a pixel - is currently
not sufficient. However, multimodal parameter analysis can still find reliable directional information based on
other optical parameters such as average scattering and peak prominence, despite the shortcomings of single
individual parameters maps:

Parallel fibers - regardless of their inclination af(i.e. the out-of-plane angle) — were identified by the
following criteria: (1) They were part of the previously identified white matter regions. (2) They had either a) an
inclination & < 30°, i.e. a (normalized) retardation | sin(d)| > 0.68( in-plane fibers) or b) an inclination in the
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Fig. 4. Generation of the multimodal fiber direction map (shown exemplary for the corona radiate region of
the vervet monkey brain section). (a) White matter classification. Pixels classified as white matter are shown

in blue, pixels classified as gray matter in white. (b) Fiber crossings classification. As a subset of white matter
pixels, pixels identified as crossing fibers are shown in blue, other pixels in white. (¢) Fiber direction map from
3D-PLI (middle) and ComSLI (bottom) measured with the Scattering Polarimeter; the absolute difference
between the direction from 3D-PLI and the closest direction (if there is more than one) obtained with ComSLI
is shown at the top. (d) Multimodal fiber direction map. (e) Step-by-step construction of the multimodal

fiber direction map: The image pixels are filled based on the pixel classification with the directions ¢pr1 from
3D-PLI and ¢sv1,1, ¢sr1,2, ¢sr1,3 from ComSLI. The construction of each multimodal direction map based on
the best signal is displayed in three rows. Major changes between the steps are highlighted by dashed ellipses in
the image. Corona radiata (cr), corpus callosum (cc), gray matter (gm).
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range 30° < a < 65° i.e. a retardation in the range 0.17 < |sin(d)| < 0.68( inclined fibers), combined with
a comparatively high peak prominence, here > 0.3 for the human brain section and > 1.0 for the vervet brain
section or ¢) an inclination & > 65° which corresponds to a retardation | sin(d)| < 0.17( steep fibers), combined
with a strong average scattering intensity of I > 1200 a.u. for the human brain section and I > 430 a.u. for the
vervet brain section.

Subsequently, fiber crossings, such as in the corona radiata, were identified with the following criterion:
They were part of the previously identified white matter regions but not of the already identified parallel fiber
structures. Figure 4b shows the pixels that were identified to contain fiber crossings in the vervet corona radiata.

Construction of a multimodal fiber direction map
The construction of a multimodal fiber direction map was based on the pixel classification for different fiber
architectures and on the obtained fiber direction in 3D-PLI, ComSLI, and their difference (Fig. 4c). Fiber
directions from 3D-PLI were selected over those from Mueller polarimetry due to the superior signal-to-noise
ratio, particularly in cortical regions. The fiber directions for all investigated samples are shown in Supplementary
Fig. 1. The multimodal fiber direction map for the vervet corona radiata is shown in Fig. 4d.

Figure 4e illustrates the step-wise procedure used to construct the multimodal fiber direction map.

The three direction maps of the multimodal fiber direction map were assembled as follows:

1. Fiber directions in crossing regions are found more reliably with ComSLI because 3D-PLI cannot differenti-
ate multiple directions and only detects the average signal. For pixels that were identified as part of crossing
regions, the directions ¢sL1,1, @sL1,2, and ¢sL1,3 were chosen for the respective multimodal direction map,
e.g. in the corona radiata.

2. For each pixel within a white matter region not classified as a crossing region, the direction @sr1,1, ¢sr1,2
, or ¢sL1,3 was selected when the 3D-PLI and a ComSLI direction map indicate different fiber orientations.
This takes into account potential misclassification of border regions that may have been incorrectly identi-
fied as non-crossing. Furthermore, it can take into account changes in the optical properties of brain tissue
(e.g. caused by neurodegenerative diseases!®?>-2%). Here, changes may occur e.g. in the birefringence that
influence the 3D-PLI signal but not the ComSLI signal.

3. For parallel fibers, the sinusoidal curve of the 3D-PLI signal is typically more stable than the line profiles of
the ComSLI signal. Additionally, the angular discretization is lower for 3D-PLI than for ComSLI. For these
pixels, ¢pL1 was chosen if it was similar to ¢sri,; with ¢ € [1,2, 3]. In this step, changes in the second and
third multimodal direction map were small and limited to statistical fluctuations.

4. Gray matter was treated separately due to its rather low signal which is usually detected more reliably by
3D-PLI than ComSLI. For the first direction, ¢pr,1 was chosen when ¢sr.1,1 was not found. Otherwise, ¢sr.1,1
was chosen. For the second and third direction, ¢sr1,2 and ¢si1,3 were used for the respective direction map,
if found. Only a few pixels exhibited three distinct fiber directions, leading to an overall darker appearance
in the third directional map.

The three new multimodal direction maps were assembled into a single, multi-colored fiber direction map, where
each image pixel is represented by 2x 2 color-coded subpixels. If one pixel contains two or three fiber directions,
the 2x2 subpixels show two or three colors, respectively. All pixels without any detected fiber direction are
displayed in black. They are mostly part of the background area or gray matter.

Comparison between single-mode and multimodal fiber direction maps

Figure 5 compares the single-mode fiber direction maps obtained from ComSLI measurements with the
Scattering Polarimeter, and the multimodal fiber direction maps obtained from a combination with the 3D-PLI
fiber direction maps for the vervet brain sample. The single-mode and the multimodal vector maps (vector
length weighed with the corresponding average map and vectors overlaid for kernels of 20 x 20 pixels) are
compared for three selected areas indicated in the fiber direction maps. The multimodal fiber direction maps
do not only provide information about multiple fiber directions obtained from ComSLI but also exhibit a better
signal-to-noise ratio due the data from 3D-PLI, particularly for parallel fibers and gray matter, compared to
the single-mode fiber direction maps obtained only with ComSLI. Noticeable improvements are observed in
the gray matter, the corpus callosum, and parts of the cingulum. Additionally, background noise is inherently
filtered out by the routine.

More subtle differences are evident in the vector maps: While the crossing regions in 1 do not differ significantly
between the single-mode and the multimodal fiber direction maps (as expected, as they are all retrieved from
the ComSLI directions), the directions of the parallel in-plane fibers in the corpus callosum indicated by 2 are
more distinct and less affected by noise. Although a second green direction manifests in the single-mode fiber
direction maps, the multimodal fiber direction maps show only the dominant magenta direction for most pixels.
The parallel fibers of the corpus callosum area bordering the gray matter in 3 are improved even more visibly,
nearly removing the additional yellow direction. Overall, the multimodal fiber direction maps provide more
detailed information with improved quality.

However, a notable phenomenon occurs in the cingulum. Here, where the fiber bundles run nearly orthogonal
to the sectioning plane, many pixels remain black in the multimodal fiber direction maps, even when 3D-PLI
clearly detects a dominant direction. This occurs because ComSLI fails to reliably detect a single or multiple
directions. As a result, these pixels are not filled with 3D-PLI data because the 3D-PLI fiber directions are not
considered reliable based on information from ComSLI. Previous studies discussed how the inclination obtained
from 3D-PLI is not necessarily reliable for very steep fibers and how a combination of ComSLI and 3D-PLI can
improve the results in this context!>.
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Fig. 5. Comparison between single-mode and multimodal fiber direction maps for the vervet brain section.
(a) Single-mode fiber direction maps obtained from a ComSLI measurement with the Scattering Polarimeter.
Corona radiata (cr), corpus callosum (cc), cingulum (cg), fornix (fx), gray matter (gm), background

(bg). Below, the corresponding multimodal fiber direction maps obtained from a combination with the
corresponding 3D-PLI measurement. Compared to the single-mode fiber direction map obtained only with
ComSLI (first row), the multimodal fiber direction map combines up to three fiber directions per pixel and
exhibits a noticeably better signal-to-noise ratio. Background (bg) noise is inherently filtered out. (b) Single-
mode vector maps for three selected regions indicated with 1, 2, 3 in a. The displayed vector length is weighed
with the corresponding average scattering signal and vectors are visualized in kernels of 20 x 20 pixels. Below,
the corresponding multimodal vector maps with same visualization. The maps show more subtle differences
between the single-mode directions obtained only with ComSLI and the multimodal directions: Fiber
directions are more distinct in the multimodal vector map and less affected by noise that leads to additional
fiber directions in 2 and 3 for parallel fibers in the single-mode vector map. Crossing fibers as in 1 do not
change significantly because they are mostly retrieved from ComSLI alone.

Discussion
Scattering polarimetry seeks to optimally combine 3D-PLI and ComSLI to make use of the strengths and
compensate the weaknesses of each modality. All modalities can benefit from a brighter light source, a more
sensitive camera and a thorough parameter study to determine optimal measurement settings for each modality.
The Scattering Polarimeter has successfully advanced from the prototypical stage to a fully operational
multimodal device. The novel device integrates oblique illumination for ComSLI and vertical illumination
for 3D-PLI into a single, multimodal system that has maintained the flexibility to realize illumination with
different wavelengths or the use of other polarization states to perform full Mueller polarimetry. Software for
measurement and evaluation were developed. The current study focused on enabling combined measurements of
3D-PLI and ComSLI in a single device and is a first proof-of-concept study. Future studies are needed to further
optimize the measurement routine and enable high-throughput measurements of many tissue samples. The
most urgent hardware upgrade is a brighter LED light source. Especially the ComSLI reference measurements
indicated that measurements with a brighter light source lead to a better signal and less noise. The development
of a custom light source with integrated polarization state generator (PSG) is optional but must be considered
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when scatterometry ComSLI'* or compressed sensing ComSLI?® become part of the routine measurement. For

high-speed measurement applications, the integration of a custom scanning table is mandatory. In its current
implementation, the 3D-PLI and ComSLI measurements with the Scattering Polarimeter take considerably
more time than their respective reference measurements, partly because of more optical elements in the light
path. Future studies should look into how the measurement time can be further reduced, e.g., by reducing the
number of images (the LMP3D uses 9 instead of 18 images) and reducing the exposure time when implementing
a brighter light source and a more sensitive camera. Even if measurements with the Scattering Polarimeter
take longer than for state-of-the-art setups, there is no extra time needed for exchanging tissue samples or for
performing image registration, which significantly reduces the total time needed for correlative measurements
and analysis.

Scattering polarimetry was demonstrated for samples with notably different optical properties. The
performance was investigated using exemplary tissue samples with different scattering and transmission
properties. Sources of statistical and systematic errors were identified and suggestions for further improvement
were made. The human brain sample most closely resembles common measurement conditions: In 3D-PLI,
samples are measured days after embedding. In ComSLI, it is beneficial to wait several weeks or even months
until the transmittance has increased but it is uncommon to measure a sample that was embedded years earlier
like the vervet brain sample. The spectrum of tissue samples revealed the strengths and limitations of each
measurement modality, and has highlighted potential challenges that can arise with different tissue properties.
A parameter study could now identify the optimal measurement parameters for routine scattering polarimetry
of common tissue samples. The primary goal would be to determine the default exposure time and required
number of repetitions for all modalities to obtain a good signal-to-noise ratio. Recently embedded tissue
required relatively longer exposure times to yield a sufficient signal, especially for ComSLI. The optimal time for
a multimodal measurement after embedding should be investigated through a long-term study. In the following,
the key findings for each modality are discussed.

Even though retardation and fiber direction could in principle be retrieved from Mueller matrix elements
with Lu-Chipman decomposition (see Supplementary 1), the 3D-PLI analysis used here (Supplementary 2)
provides the most reliable measurements of fiber orientations. The Fourier fit effectively smooths statistical noise
and stabilizes the signal, allowing the detection of weak signals even in gray matter, where the fiber density
is comparatively low. However, this method has a limitation due to the lack of retardation calibration which
becomes apparent for low contrast samples such as the vervet brain sample. Any elliptical deviation introduced
by the system can distort the transmittance and, to a lesser extent, the retardation. This issue is inherent to the
method but more apparent for the Scattering Polarimeter because the LCVRs are less precise than rotating
mechanical elements. The Scattering Polarimeter showed an excellent performance for the human brain sample.
Even fibers in regions with low fiber density, such as gray matter, were correctly resolved. For highly transmitting
older samples such as the vervet brain sample, the limits of the Scattering Polarimeter became visible in the
transmittance map, even though fiber directions and retardation in white matter were still detected correctly.
Comparison with the reference measurement shows excellent agreement for the human brain sample. Results
for the highly transmitting vervet brain sample deviate slightly from the reference measurements due to an
asymmetry in the transmittance; however, fiber directions and retardation are still determined accurately, apart
from minor deviations in some gray matter areas where fiber density is low.

ComSLI is the only method among the available modalities capable of measuring multiple fiber directions
within a single image pixel and offers a higher resolution compared to techniques such as dMRI. The average
scattering map generated by ComSLI is highly reliable for tissue classification for both older and newer tissue.
However, ComSLI has a lower signal-to-noise ratio compared to 3D-PLI, which is particularly noticeable in gray
matter and more recently embedded (i.e. less transmittive and more scattering) tissue. The signal-to-noise ratio
can be enhanced for the Scattering Polarimeter by implementing a brighter light source, larger illumination
segments, a more sensitive camera and - if time is not a factor — using a longer exposure time and more
repetitions. Good light-shielding is crucial because reflections negatively influence the signal. However, ComSLI
measurements successfully identified the major directions in agreement with the reference measurement
even though the signal quality was lower compared to the reference measurement, which utilized a brighter
light source and a high-sensitivity camera. Fiber crossings are sometimes misidentified as statistical noise and
therefore not evaluated, e.g. in gray matter but also in the cingulum. Conversely, additional fiber directions
are incorrectly identified in parallel fibers due to statistical noise. While dominant directions are already well
recognized, there is a need for more accurate determination of fiber crossings for each pixel. To address these
challenges, it is essential to improve the hardware to achieve less noisy measurements. As a second step, adequate
signal interpolation can aid with extracting correct fiber directions. With the corresponding enhancements,
ComSLI measurements with the Scattering Polarimeter are expected to improve significantly in the future.

Mueller polarimetry, despite not being investigated in the main part of this study, can determine all the
optical properties that 3D-PLI measures. Unlike 3D-PLI, Mueller polarimetry can also distinguish between
linear and circular retardation, as well as measuring the diattenuation which could be used to better distinguish
between tissue compositions?®?”. Moreover, Mueller polarimetry measures depolarization, which can be used
to differentiate between white and gray matter and between healthy and tumorous (disordered, chaotically
growing) fibers. The Eigenvalue Calibration Method (see Supplementary 1) provides a theoretically ideal
calibration routine, with the primary limiting factor being the quality of calibration samples. However, Mueller
polarimetry requires a good signal-to-noise ratio, i.e. along exposure time, a bright light source, a high sensitivity
camera and sufficient repetitions because each Mueller coefficient is determined by a sum of only four images.
First measurements (Supplementary 1 and 3) show the potential of performing full Mueller polarimetry with
the Scattering Polarimeter, but more studies are needed to further optimize its performance, especially when
extracting fiber orientations. The fiber orientations reconstructed by Mueller polarimetry are highly consistent
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with those derived from 3D-PLI analysis, but Mueller polarimetry fails to reconstruct fiber orientations in the
highly scattering human brain sample and in gray matter regions (see Supplementary Fig. 1, on the left).

The field of multimodal parameter analysis is extensive, with the Scattering Polarimeter generating more
than 30 different maps (around 15 for Mueller polarimetry, 4 for 3D-PLI, and 12 from SLIX for ComSLI),
covering a wide range of optical parameters, not even including the three-dimensional visualization of fiber
orientations and vector maps. This work provides a proof-of-principle of how multimodal parameter analysis
serves the imaging of nerve fiber architecture. It is meant to showcase the potential of scattering polarimetry
and multimodal parameter analysis. Generally, multimodal parameter analysis would not necessarily require a
Scattering Polarimeter when good image registration of different modalities is available. However, correlative
measurements with pixel-precise alignment of images are very beneficial for resolving structures of nerve cells
that occur at this level of detail and allow for much faster multimodal measurement and analysis.

Accurate tissue and fiber classification is crucial for multimodal parameter analysis. Automatic approaches
such as histogram-based brightness analysis or machine learning-based methods should be explored to generalize
the classification to all sorts of unknown samples. A routine to assemble a multimodal fiber direction map
was developed, based on the established fiber direction map from ComSLI. When all measurement techniques
are optimized and tissue and fiber classification routines are enhanced, the multimodal fiber direction map is
expected to yield even more valuable results.

In this study, the Scattering Polarimeter was introduced, enabling correlative measurements between 3D-PLI,
ComSLI, and potentially Mueller polarimetry due to its design as a Mueller polarimeter based on liquid crystal
variable retarders. This allows for pixelwise mapping and cross-validation of fiber orientations in brain samples,
leveraging the strengths of each technique. The performance of the device was evaluated using two exemplary
brain sections with different transmitting and scattering properties, one more suitable for 3D-PLI and one
more suitable for ComSLI, thus highlighting both the strengths and challenges of each measurement modality.
Error analysis based on Mueller matrix calculus gave further insight into the imaging properties of the device.
Suggestions for further improvements were made, such as the implementation of a brighter light source. As a
proof of concept, a multimodal fiber direction map was created, combining the advantages of both techniques.

A possible application for correlative measurements and multimodal parameter analysis is the investigation of
neurodegenerative diseases: When myelin degenerates - often in the course of neurodegenerative diseases!®?2-24
- the consequent birefringence change leads to an apparent change of fiber directions: The existence of
myelin leads to a strong negative birefringence. When myelin degenerates, only the remaining axon exhibits
a weaker and positive birefringence. However, the fiber directions obtained by ComSLI are not influenced by
this phenomenon because scattering is mostly unaffected by the effect'”. Multimodal analysis can support the
investigation of neurodegenerative diseases by comparing ComSLI and 3D-PLI directions.

Although the Scattering Polarimeter is still in its early developmental stages, the ability to perform
correlative measurements of 3D-PLI, ComSLI, and potentially Mueller polarimetry has significant potential for
neuroimaging applications and could become a valuable tool in the future.

Methods

Tissue preparation and samples

All samples were cryo-sectioned. First, the brains were removed from the skull within 24 hours after death.
Subsequently, they underwent fixation using a buffered 4% formaldehyde solution to prevent decay and were
stored at room temperature for several weeks (vervet brain) or months (human brain). Subsequently, the brains
were deep-frozen for storage and sectioning, thus requiring previous cryo-protection?®: The formation of ice
crystals in the tissue was prevented by immersing the vervet brain in a solution of 10% glycerin and then 20%
glycerin (each for several days) while being stored in the fridge®®. The human brain was immersed in a solution
of 20% glycerin with phosphate-buffered saline (PBS) and 0.5% sodium azide for several days and stored at
room temperature. Afterwards, each brain was dipped in isopentane at room temperature for some minutes and
frozen in -80°C isopentane. A large-scale cryostat microtome (CM3600 (Leica) for the human brain, CM3500
(Leica) for the vervet brain) was used to cut the frozen brain into thin sections. A blockface image of the brain
block surface was taken before each cut to support image registration'?. The brain sections were mounted onto
glass slides, embedded in 20% glycerin, cover-slipped, weighted, and - after air bubbles had emerged from the
solution - sealed with nail polish.

The investigated human and vervet brain tissue samples contain gray and white matter, distinct anatomical
regions with characteristic fiber structures (in-plane parallel fibers, out-of-plane fibers, crossing fibers, but also
artifacts such as crystallization of the embedding medium and bubbles within the medium). The transmittance of
cryo-sectioned brain tissue changes over time because scattering within the tissue decreases due to evaporation
of the embedding medium. Therefore, polarization-based measurements are usually done within days after the
preparation process. Scattering-based measurements can actually benefit from the decreased transmittance due
to a higher contrast of scattering peaks?”. Accordingly, scattering-based measurements of cryo-sectioned tissue
are ideally performed several weeks or even months after their preparation. Here, the correlative measurements
were performed right after each other. Two different samples were investigated:

The human brain sample is a 50 pm sagittal section from a human brain (female, 80 years, no neurological
diseases) that includes the Broca’s region and areas of gray and white matter (see Fig. 1¢). The brain was obtained
in accordance with the ethics committee at the Heinrich Heine University Diisseldorf, Germany, through the
body donor program of the Institute of Anatomy I, University Hospital of Heinrich Heine University Diisseldorf,
Germany. The ethics committee confirmed that such postmortem human brain studies do not require any
additional approval if a written informed brain donation consent of the subject or their next of kin or legal
representative is available. For the human brain used in this study, such a consent is available. The study was
performed in accordance with the rules of the local ethics committee (study number 2023-2632). The section
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was embedded in 2023 (less than a year old at the time of measurement), making it very new compared to the
other sample. There are no crystallization artifacts. The transmittance is comparatively low while the scattering
is high.

The vervet brain sample is a 60 pm coronal section from a vervet monkey brain (male, 2.4 years old, no
neurological diseases). Euthanasia procedures conformed to the AVMA Guidelines for the Euthanasia of
Animals, using ketamine/pentobarbital anesthesia followed by perfusion with phosphate buffered saline and
fixation with 4% paraformaldehyde. All animal procedures and experimental protocols were approved by
the Wake Forest Institutional Animal Care and Use Committee (IACUC #A11-219), in accordance with the
National Institutes of Health guidelines for the use and care of laboratory animals, and in compliance with the
ARRIVE guidelines. The selected section contains the corona radiata, the fornix, the cingulum, and the corpus
callosum, but also gray matter in the cortex (see Fig. 1b). The section was embedded in 2012 (i.e. 12 years before
the measurements) and the embedding medium has started to crystallize at the tissue borders. Compared to
more recently embedded samples, the transmittance is higher. The sample contains a variety of representative
fiber configurations in close proximity that fit well in the field of view of the Scattering Polarimeter. Three regions
were measured that together contain the corpus callosum (in-plane fibers), the cingulum (nearly orthogonal
fiber bundles), the border region between corona radiata (crossing fibers) and corpus callosum (in-plane fibers),
the fornix (inclined fibers), and areas with gray matter or background.

Setup of the Scattering Polarimeter

The design of the Scattering Polarimeter is shown in Fig. la. The two linear polarization filters (LP, Thorlabs
LPVISCI00) are marked in gray. The LPs have an extinction ratio of 10000:1 in the range from 520 nm to
740 nm. The voltage-controlled liquid crystal variable retarders (LCVRs, Thorlabs LCC1223-A) are displayed in
pink and blue, depending on the azimuthal orientation of their slow axis (45° or 0°, respectively). The LCVRs
with a 20 mm large clear aperture are antireflection (AR)-coated to work best in a wavelength range from
350 nm to 700 nm. In LCVRSs, the retardance 6 = §(V') depends on the applied voltage V in a non-linear way.
The retardance-voltage curve was determined in a crossed-polarizer configuration for all four LCVRs.

LP 1 has its transmission axis at an azimuthal angle of 0°. LCVR 1 has its slow axis at 45° and LCVR 2 at
0°. Together, the LP 1, LCVR 1 and LCVR 2 form the polarization state generator (PSG). The polarization state
analyzer (PSA) mirrors the optic components of the PSG: Here, LCVR 3 with its slow axis at 0° is followed by
LCVR 4 with its slow axis at 45° that again is followed by LP 2 with its transmission axis at 0°. The tissue sample
is located between the PSG and the PSA. With this configuration, the PSG can generate any polarization state,
and the PSA can analyze any polarization state. The LCVRs can operate as a classic Mueller polarimeter but also
perform 3D-PLI measurements by generating linear polarization with equidistant angles p and using the PSA as
a circular analyzer for left- and right-circular polarization.

The Basler acA5472-17uc CCD camera (Sony IMX183 CMOS sensor with a size of 13.1x8.8 mm?, a sensor
pixel size of 2.4x2.4 ym? and 5472x3648 pixels) was combined with the QIOPTIQ APO-RODAGON-D 1X
75/4,0 objective lens to meet the geometrical restrictions of the setup: The imaging area needed to be as large
as possible to provide a good spatial overview over the sample while the field of view was constrained by the
apertures of the optical elements, especially the PSG. The free working distance of the objective lens needed to
accommodate the elements of the PSA. Overall, this results in a field of view of 8 x5 mm?, a pixel size in object
space of about 1.5 pm, and an optical resolution of 2.19 ym (determined with a United States Air Force (USAF)
chart). The camera aperture was set to its maximum value of 5.6 for maximum light incidence.

Two light paths are indicated in Fig. la in green with the color representing the green illumination
wavelength: The vertical light path for Mueller polarimetry and 3D-PLI, and an exemplary angular segment of
oblique illumination for ComSLI. A large-area light source with separately controllable LEDs (INFiLED s1.8 LE
Indoor LED Cabinet) was implemented to display ComSLI illumination patterns but also illuminate the sample
directly from below. The panel consists of 256x256 LEDs (R, G, B) with an LED pitch of 1.8 mm and a view
angle of 120°. It has a size of 46.56 X 46.56 cm?. The overall brightness is 1000 cd/m?2. The response of the LCVRs
depends on the wavelength, thus the light source spectrum was narrowed down by a matching spectral filter
(Thorlabs FBH515-10 with a central wavelength of Ao = 514.5 nm and a full width half maximum (FWHM) of
10 nm) positioned on top of the light source in the vertical light path. The sample was positioned at a height of
16 cm above the LED panel, in focus distance of the camera.

Measurements with the Scattering Polarimeter

The illumination sequence started with a central circle with the diameter of roughly the PSG apertures that serves
as the light source for vertical illumination (in Mueller polarimetry and 3D-PLI) while the voltage-controlled
PSG and PSA are set to the corresponding retardance to achieve the required polarization states. The Mueller
polarimetry measurements were performed as described in Supplementary 1. For 3D-PLI, the PSG needs to
generate linear polarization at equidistant azimuthal steps p within the range of 180° while the PSA operates as
a circular analyzer. For this purpose, the voltage of LCVR 1 was varied while LCVR 2 operated as a quarter-wave
plate, thus turning the elliptical polarization generated by LCVR 1 into linear polarization with an azimuthal
angle p that is determined by the retardance 6; of LCVR 1. LCVR 3 and LCVR 4 were removed from the setup.
Then, p(d1) was measured in a crossed-polarizer configuration. For this study, steps of p = 10° were chosen for
3D-PLI, resulting in 18 images.

After the vertical illumination and the measurement of 3D-PLI and Mueller polarimetry, the angular
illumination segments for ComSLI illumination follow one after each other. The angular segments are defined
by their inner and outer radius (in pixels), the number of segments, the azimuthal segment size and their color
(green as a default). For ComSLI, green illumination patterns with 15° angular steps (i.e. 24 measurement angles),
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a segment width of 12°, an inner radius of 50 LEDs, and an outer radius of 90 LEDs were used, corresponding to
a polar illumination angle of about 30 — 45°. This illumination sequence has comparatively large illumination
segments for maximum brightness while maintaining a sufficiently precise angular discretization. In ComSLI,
LCVR 1 and LCVR 2 are bypassed by the oblique light incidence. LCVR 3 and LCVR 4 are set to a retardance of
03 = 04 = 0 to exclude any possible polarization dependency of the scattered light.

The exposure times for polarimetric measurements was chosen to be 2 seconds, the exposure time for
scattering-based measurements was 4 seconds, short enough to avoid overexposure and long enough for a
sufficient signal-to-noise ratio. No gain was used. Only the green camera channel was evaluated. All images were
measured four times and averaged.

Reference measurements

Reference measurements were performed with state-of-the-art setups specialized on single-mode measurements
for 3D-PLI and ComSLI, respectively. For 3D-PLI, the LMP3D (Taorad GmbH, Germany) setup was used. In
contrast to the Scattering Polarimeter which employs fixed liquid crystal retarders and polarizers, the LMP3D
contains mechanically rotating optical elements: a rotating linear polarizer in front of the sample and a fixed
circular analyzer (consisting of a quarter-wave plate (A = 532 nm) followed by another linear polarizer) behind
the sample. The microscope setup employs the SVS Vistek evo4070 GigE CCD camera with a sensor dimension of
2048 %2048 pixels combined with a Nikon 4x (NA 0.2) lens, thus achieving a pixel size in object space of 1.85 um,
and an optical resolution of 1.94 um. The light source has a wavelength of A = (520 £ 20) nm and is combined
with a wavelength filter with A = (532 £ 5) nm. The first polarization filter is rotated to equidistant angular
positions with Ap = 20°. One 3D-PLI measurement consists of 9 images with 10 ms exposure time each, and
takes about 2 seconds in total (including mechanical rotation). A motorized XY stage scans the imaging area in
tiles of 3.8 x3.8 mm?.

The ComSLI setup is comparable to the setup shown in Fig. 3a, without PSG and PSA. It contains the Basler
acA5472-17uc CCD camera which is located centrally above the sample holder. The camera employs a Sony
IMX183 CMOS sensor with a sensor dimension of 13.1x8.8 mm?2, a sensor pixel size of 2.4x2.4 um? and
5472 %3648 pixels. It can operate at a maximum of 17 frames per second and provides either a color depth of 10
bit for 10-bit high-speed all-pixel readout or a color depth of 12 bit for 12-bit high-resolution readout. In this
configuration, the Rodenstock Apo-Rodagon-D120 objective lens yields a field of view of 1.6 x 1.1 cm?, a pixel size
in object space of about 2.9 um, and an optical resolution of 3.5 jsm at a focal length of 120 mm. Illumination is
provided by a controllable LED panel, specifically the Absen Polaris 3.9pro In/Outdoor LED Cabinet, featuring
128x128 LEDs (R, G, B) with an LED pitch of 3.9 mm and an overall brightness of 5000 cd/m?2. The LED
panel measures 50x 50 cm?. A sample holder is positioned 17 cm above the light source. The dimensions of the
Scattering Polarimeter are based on these sizes. The ComSLI setup uses green angular illumination with circle
segments in steps of 15° with a segment width of 9°. For the vervet brain, an inner radius of 27 LEDs and an
outer radius of 36 LEDs were used as segment length, corresponding to a polar illumination angle of 32 — 40°.
For the human brain, larger segments were chosen (inner radius of 22 LEDs and outer radius of 55 LEDs) to
provide brighter illumination for the less transmissive sample. The vervet brain section was measured with
an exposure time of 500 ms, a gain of 3 dB and 4 repetitions. The human brain section was measured with an
exposure time of 5 seconds, a gain of 0 dB and 4 repetitions, using the SVS-VISTEK HR455CXGE CCD camera.

Data analysis

Mueller polarimetry measurements were analyzed as described in Supplementary 1. 3D-PLI signals were
analyzed as shown in Fig. 2b and explained in Supplementary 2: A discrete Fourier analysis was applied to the
sinusoidal intensity curve of each measured image pixel to compute transmittance (related to the signal average),
retardation (related to the signal amplitude), and in-plane fiber direction (related to the signal phase). ComSLI
signals were analyzed as shown in Fig. 3b: For each measured image pixel, the prominent peaks in the resulting
intensity profile were determined with the Scattered Light Imaging ToolboX (SLIX)!'>!® and used to compute the
in-plane fiber directions per pixel: For one prominent peak, the fiber direction was computed from the position
of the peak itself, for two prominent peaks, from the mid-position of the peak pair, and for more than one peak
pair, from the mid-position of each pair (if the peaks lie 180° £ 35° apart). All fiber direction angles are in
degrees, with 0° being along the positive x-axis and 90° along the positive y-axis.

Data availability
All data generated and analyzed during this study are available in the Jiilich DATA repository (https://doi.org/1
0.26165/JUELICH-DATA/CUXQYF).
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