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Automated computation of nerve
fibre inclinations from 3D polarised
light imaging measurements

of brain tissue

Miriam Menzel“%*, Jan A. Reuter'®, David GraRel*, Irene CostantiniZ>*, Katrin Amunts’® &
Markus Axer!

The method 3D polarised light imaging (3D-PLI) measures the birefringence of histological brain
sections to determine the spatial course of nerve fibres (myelinated axons). While the in-plane

fibre directions can be determined with high accuracy, the computation of the out-of-plane fibre
inclinations is more challenging because they are derived from the amplitude of the birefringence
signals, which depends e.g. on the amount of nerve fibres. One possibility to improve the accuracy is
to consider the average transmitted light intensity (transmittance weighting). The current procedure
requires effortful manual adjustment of parameters and anatomical knowledge. Here, we introduce an
automated, optimised computation of the fibre inclinations, allowing for a much faster, reproducible
determination of fibre orientations in 3D-PLI. Depending on the degree of myelination, the algorithm
uses different models (transmittance-weighted, unweighted, or a linear combination), allowing to
account for regionally specific behaviour. As the algorithm is parallelised and GPU optimised, it can

be applied to large data sets. Moreover, it only uses images from standard 3D-PLI measurements
without tilting, and can therefore be applied to existing data sets from previous measurements. The
functionality is demonstrated on unstained coronal and sagittal histological sections of vervet monkey
and rat brains.

To better understand the function of the brain and to treat neurological diseases, a detailed reconstruction of the
intricate and densely grown nerve fibre network is needed. Diffusion magnetic resonance imaging allows to study
the course of nerve fibre pathways in vivo and for whole brain volumes"?, but the resolution is not sufficient to
reconstruct individual nerve fibres>*. Microscopy techniques like optical coherence tomography$, light-sheet
microscopy”®, or two-photon fluorescence microscopy®!® allow an in-depth scan of the sample and provide
microscopic resolution in all three dimensions. However, they can only be applied to smaller brain volumes and
need advanced image processing to follow the course of nerve fibres, which is especially challenging in regions
with densely packed fibres. The microscopy technique 3D polarised light imaging (3D-PLI)!'? analyses the spatial
course of nerve fibre pathways by transmitting polarised light through unstained histological brain sections and
measuring their birefringence (optical anisotropy). In contrast to the other techniques, 3D-PLI requires sectioning
of the brain and advanced registration algorithms to recover the original brain volume. But it allows to retrieve
the three-dimensional orientations of the nerve fibres also in densely grown regions and for large brain sections,
making 3D-PLI a powerful approach for analysing the brain’s nerve fibre network in microscopic detail.

The three-dimensional nerve fibre orientations are derived from the measured birefringence signals, which
are mainly caused by myelin—a stack of cell membranes with highly ordered molecular structure that surrounds
most axons in the white matter'®. (In the following, the term nerve fibre will solely be used to refer to myelinated
axons.) The orientation of the nerve fibres within the section plane can be determined with high degree of accu-
racy, provided the fibre bundles have a well-defined orientation'®. The computation of the out-of-plane fibre
orientation (inclination) requires a more sophisticated analysis: The fibre inclination is directly related to the
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amplitude of the birefringence signal, which also depends on other factors such as the amount of nerve fibres'.
In order to determine the fibre inclinations independent of the tissue composition, a tiltable specimen stage can
be used: By repeating the 3D-PLI measurement for different tilting angles, it is possible to change the perspective
onto the nerve fibres in a predictable manner and reconstruct the fibre inclinations. Tilting has successfully been
employed to improve the determined inclination angles for 3D-PLI measurements with in-plane resolutions
comparable to the brain section thickness'®. However, analysing images obtained from tilting microscopes with
higher in-plane resolution remains a challenge. Moreover, many high-resolution polarising microscopes are not
equipped with a tilting stage.

An alternative way to adjust the determined inclination angles is to use the transmittance (polarisation-inde-
pendent transmitted light intensity) as a measure of the amount of nerve fibres in the brain section (transmittance
weighting)'”: Due to its highly layered structure, myelin has a large scattering coeflicient'® so that regions with a
high density of nerve fibres (myelinated axons) appear dark in the transmittance image.

Transmittance weighting has the advantage that it can be applied to (existing) data sets from standard 3D-PLI
measurements without tilting. However, using the transmittance to adjust the computed fibre inclinations poses
several challenges: Previous work of our group!” has shown that the transmittance is not solely a measure of the
myelin density, but also depends on the inclination of the nerve fibres: regions with out-of-plane nerve fibres show
a lower transmittance than in-plane nerve fibres, even if they contain the same amount of nerve fibres. In addi-
tion, the transmittance can only serve as a measure of the myelin density (amount of nerve fibres) if the attenu-
ation of myelin is dominant compared to the attenuation of other tissue components. Apart from myelinated
axons, brain tissue contains unmyelinated axons, neuronal cell bodies, dendrites, synapses, glial cells, and blood
capillaries, which are all differently distributed and have locally variable attenuation properties'>?°. Therefore,
the transmittance cannot serve as a measure of myelination in regions with a low amount of myelinated axons.

Up to now, the nerve fibre inclinations were computed using a transmittance-weighted model for the whole
brain section, requiring manual adjustment of the resulting parameters and advanced anatomical knowledge
to account for different tissue compositions. Based on transmittance and retardation histograms, an expert
needed to iteratively adjust various threshold parameters to identify the optimum set of parameters that yields
particular fibre inclinations in anatomically known brain regions while reducing the number of regions with
under/over-estimated fibre inclinations.

Here, we introduce a fully automated computation of the nerve fibre inclinations, taking the inclination-
dependence of the transmittance and different degrees of myelination into account. Instead of applying the
transmittance-weighted model to the whole brain section, we use a regionally specific computation of the fibre
inclinations: The transmittance-weighted model is only used in regions with a high degree of myelination. In
regions with a low degree of myelination, an unweighted model is used. The separation of regions with low and
high degrees of myelination is based on an algorithm proposed by Benning et al.>!. However, instead of using a
binary classification, we introduce the important concept of transition zones, allowing to consider subtle changes
in the tissue composition and to compute more accurate fibre inclinations at boundaries. As the automated com-
putation does not require any manual adjustment of the parameters, it allows for a much faster and reproducible
computation of the three-dimensional nerve fibre orientations for 3D-PLI measurements of brain tissue.

Methods

Experimental methods. We demonstrate the functionality of our algorithm on coronal and sagittal sec-
tions of primate and rodent brains. To validate the automatically computed nerve fibre inclinations, we com-
pared our results from 3D-PLI to in-depth-tissue scans from two-photon fluorescence microscopy.

Preparation of brain sections.  'The brain sections were obtained from three healthy rats (Wistar, male, 3 months
old) and two healthy vervet monkeys (male, between 1 and 2 years old). All animal procedures were approved by
the institutional animal welfare committee at Forschungszentrum Jlillich GmbH, Germany, and were in accord-
ance with the European Union and National Institutes of Health guidelines for the use and care of laboratory
animals and in compliance with the ARRIVE guidelines. Euthanasia of rats was carried out under controlled
isoflurane inhalation followed by decapitation. The monkey brains were obtained in accordance with the Wake
Forest Institutional Animal Care and Use Committee (IACUC #A11-219). 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.

The brains were removed from the skull within 24 h after death, fixed with 4% buffered formaldehyde for
several weeks, cryo-protected with 20% glycerine and 2% dimethyl sulfoxide, deeply frozen, and coronally or
sagittally cut with a cryostat microtome (Polycut CM 3500, Leica, Microsystems, Germany) into sections of
60 um. A coronal vervet monkey brain section (no. 512), a sagittal vervet monkey brain section (no. 374), a
coronal rat brain section (no. 185), and a sagittal rat brain section (no. 176) were selected for evaluation. The
sections were mounted on glass slides, embedded in 20% glycerine solution, cover-slipped, sealed with lacquer,
and measured with 3D-PLI afterwards.

3D polarized light imaging (3D-PLI). 'The 3D-PLI measurements were performed with the polarising micro-
scope (LMP-1, Taorad GmbH, Germany), as described in Menzel et al.'#'*: Incoherent light with a wavelength of
about 550 nm was transmitted through a linear polariser, the brain section, and a circular analyser (quarter-wave
retarder and linear polariser), see Fig. 1a. The first polariser was rotated in steps of 10° and for each rotation angle
(p ={0°,10°,...,170°}) an image was recorded with a CCD camera (Qimaging Retiga 4000R), yielding a pixel
size in object space of about 1.33 um. For each image pixel, the intensity values of the resulting image series form
a sinusoidal signal with respect to the rotation angle (see Fig. 1b), which can be described as'>'%
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Figure 1. 3D-PLI measurement and analysis. (a) Schematic drawing of the set-up (not to scale). (b)
Transmitted light intensity of one image pixel for different rotation angles p of the polariser. The transmittance
(T) and retardation (R) are obtained from the average and normalized amplitude of the signal, respectively.

(c) Definition of the in-plane fibre direction ¢ and the out-of-plane fibre inclination ¢, which are derived from
the phase and amplitude of the signal, respectively, as indicated in (b). (d) Transmittance image (top) and
retardation image (bottom) for the coronal vervet monkey brain section.
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The average of the signal (transmittance T) is a measure of the tissue attenuation, caused by absorption and
scattering. The phase of the signal (direction ¢) indicates the in-plane direction angle of the nerve fibres within
the brain section. The amplitude of the normalised signal (retardation R = | sin §|) indicates the stren%th of
birefringence and is related to the out-of-plane angle of the nerve fibres (inclination o) via § ~ cosa” (see
below). Figure 1c illustrates the definition of ¢ and «, Fig. 1d shows an example of the resulting transmittance
and retardation images.

Two-photon fluorescence microscopy (TPFM).  To validate the automatically computed nerve fibre inclinations,
we compared the results from 3D-PLI to two-photon fluorescence microscopy (TPFM) measurements of the
same brain section. The TPFM measurements were performed on a coronal rat brain section (6 x 8 tiles in
the caudate putamen, cf. Fig. 6b) as described in Menzel et al.'?, with a custom-made two-photon fluorescence
microscope’?*? consisting of a model-locked titanium-sapphire laser with a wavelength of 800 nm and a water-
immersion 25 x objective lens (LD LCI Plan-Apochromat 25x/0.8 Imm Corr DIC M27), achieving a resolution
0f 0.244 x 0.244 x 1 um?®. The fluorescence signals were collected by two photomultiplier tubes, detecting red
and green fluorescence, respectively. TPFM allows a full in-depth scan of the 60 pum thin brain section, yielding
one image every z = 1 um. The axial displacement was realised with a closed-loop piezoelectric stage. A motor-
ised xy-stage enabled tile-wise scanning of the sample. The sample was measured in tiles of 250 x 250 pm?, with
an overlap of 10%, and the resulting images were stitched together using the software TeraStitcher**. Due to the
slightly different autofluorescence signal of different tissue components, the nerve fibre bundles can be manually
traced across different slices of a TPFM image stack. To determine the inclination angle of a fibre bundle, the
cross-sections of the fibre bundle were determined in the first and last slices of the image stack that still show
the fibre bundle. The inclination angle o was computed geometrically from the midpoint positions of the cross-
sections, taking the number of images (z-depth) between the first and last slice into account. 230 fibre bundles
in the caudate putamen were selected for evaluation. Only well-separated fibre bundles with well-defined fibre
inclination were chosen. To enable a comparison between the geometrically computed TPFM inclinations and
the automatically computed 3D-PLI inclinations, the transmittance image of the 3D-PLI measurement was reg-
istered onto the maximum intensity projection of the TPFM image stack using affine transformations, and the
individual fibre bundles were masked in the registered transmittance image. To avoid registration artefacts, the
inverse transformation was applied to the resulting fibre mask, allowing to locate the fibre bundles in the original
(non-registered) inclination image and compare the 3D-PLI inclination to the corresponding TPFM inclina-
tion. To ensure that the tissue had not deformed between measurements, the maximum intensity projection of
the TPFM image stack was compared to the transmittance image, ensuring that visible borders of nerve fibre
bundles overlap.

Models for computing the fibre inclination angle in 3D-PLI.  The out-of-plane inclination angle o of
the nerve fibres is related to the amplitude of the 3D-PLI signal (retardation R) via®:
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where 4 is the wavelength of the incident light, dy, the thickness of the birefringent tissue (myelin), and An the
birefringence of the material. As these parameters are usually not precisely known'!, the fibre inclinations can
only be computed based on certain assumptions.

Unweighted model. ~ Assuming that An dp, does not change much within the measured brain section, the fibre
inclination angle can be computed for each image pixel via:

B _aresin(R) 3
o = arccos arcsin(Rpef) | )

where Ry is the retardation expected to occur in regions with densely packed, parallel in-plane nerve fibres
(Rref = Ro=00).

Transmittance-weighted model. ~ Usually, the amount of nerve fibres (and thus the amount of birefringent mate-
rial dny) changes notably within a brain section. When a region with a large amount of nerve fibres is used as
reference, the unweighted model leads to an over-estimation of the fibre inclination angles in other regions with
a smaller amount of nerve fibres. To take the different amounts of nerve fibres and hence the different retardation
values into account, the transmittance can be used as a reference. Due to the high scattering coefficient of myelin,
regions with many nerve fibres appear darker than regions with less nerve fibres. When light with intensity I is
transmitted through a material with thickness d and attenuation coefficient y, the resulting light intensity T is
attenuated according to the Lambert-Beer law:

T=Iexp(—pd) < pd=In (I?O) (4)

In brain tissue, light passes through birefringent tissue (myelin) with attenuation coeflicient (¢, and non-bire-
fringent tissue (e.g. cell bodies) with attenuation coeflicient ji.. For now, we assume that both attenuation coeffi-
cients do not depend on the exact tissue composition or the fibre inclination. The maximum thickness of birefrin-
gent tissue in the brain section is defined as dy1, and the transmittance in this region as: Ty = I exp(—Umdm),
where Ipis the transmitted light intensity taking the non-birefringent layer with thickness (d — dy) into account:
TIo = Ip exp(—pc(d — dn)). Equivalently, we define the transmittance in a region that is completely filled with
non-birefringent tissue as: Tc = Iy exp(—pcdy). The transmittance in any other brain region is then defined
as: T = Iy exp(—udm) = I exp(—mdm) exp(—pcde), with dy = dm + dc and diy, being the local thickness of
birefringent tissue. With these definitions, we can write:

ﬂdM = Mmdm + Mcdc = Mmdm + Mc(dM —dm) (5)
) =i @ , In(T/T)

sdn=dy———- =Zdy———->-.

M — e~ Mn(Te/ T

Inserting this into Eq. (2), yields a modified formula for the fibre inclination angle!”:

(\/ arcsin(R)  In (T./Tn) )
o = arccos - . , (7)
arcsin(Ryef)  In(Tc/T)

where R, = | sin(2w Andyi/2)]is the retardation of a region with parallel in-plane nerve fibres with dm = dm
and o = 0°.

Combined model. ~ As mentioned in the Introduction, the transmittance is only a good measure of the amount
of nerve fibres (myelinated axons) if the attenuation of myelin is dominant compared to the attenuation of
other tissue components. In regions with a high degree of myelination (HM-regions), the attenuation can be
considered to be mostly caused by the scattering of myelin so that the fibre inclinations can be computed with
the transmittance-weighted model. However, in regions with a low degree of myelination (LM-regions), the
transmittance is dominated by other tissue components such as cell bodies so that the unweighted model should
be used instead to compute the fibre inclinations.

To account for different tissue compositions, we defined Pyym € [0, 1] as the probability that a region is
highly myelinated and computed the nerve fibre inclinations using a linear combination of both models, the
transmittance-weighted model for HM-regions (Eq. 7) and the unweighted model for LM-regions (Eq. 3):

a = PuMm - oM + (1 — Pum) - aim

_p arcsin(R) In(T/Tym) L_p arcsin(R) (8)
= THM r arecos arcsin(Ryef, im) ' In(T./T) + (1= Piaw) - arccos arcsin(Ryef™) |’

where
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Rref™ = PuM - Reefim + (1 — Pam) * Reef, M- )

In this combined model, the R,f value was defined separately for HM- and LM-regions (Rref tim> Rref,1M)> and
a linearly interpolated value Ry.¢* was used in the transition zone between HM- and LM-regions, preventing an
over-estimation of fibre inclinations in regions with small amounts of nerve fibres.

Determination of the degree of myelination. To determine the degree of myelination (Piwm)
for all image pixels of a measured brain section, we first used a binary classification to separate LM-regions
(Pam = 0) from HM-regions (Pay = 1). Based on this initial separation, we then defined transition zones with
0< pHM < L

Binary classification. 'We followed the classification introduced in Benning et al.?! to separate regions with low
and high myelination (LM- and HM-regions). Note that the authors used the terms “grey matter” and “white
matter’, while we use the terms LM- and HM-regions to avoid confusion with the anatomical definitions. The
separation of regions was performed by analysing the transmittance (T) and retardation (R) images from 3D-PLI.

While all regions with high birefringence (R > Rypyes) can be considered as HM-regions, not all regions with
low birefringence (R < Rypyes) can be considered as LM-regions because regions with crossing fibres, out-of-plane
fibres, or a smaller number of nerve fibres also result in smaller birefringence values. As in-plane crossing and
out-of-plane fibres have similar or even lower transmittance values than regions with parallel in-plane fibres', the
transmittance in a region with many parallel in-plane fibres can be used as a reference (T'.f): Hence, HM-regions
are defined by regions with similar or lower transmittance values (T’ < Tef), while LM-regions are restricted to
regions with higher transmittance values (T > Tf), and BG-regions (background not containing any tissue)
to regions with much higher transmittance values (T >> Ti.f). For better separation, the threshold parameters
Tihres (™~ Trer) and Thack > Trer) were used instead. This yields the following classification for regions with high/
low myelination and background (see Fig. 2a):

® HM-regions (high myelination): (R > Rpres) V (T < Tihres)s
® LM-regions (low myelination): (R < Rihres) A (Tthres < T < Thack)s
® BG-regions (no tissue): (R < Ripres) A (T > Thack)-

All three threshold parameters (Renres> Tthres> Tback) Were computed from points of maximum curvature in the
retardation and transmittance histograms (see blue/black vertical lines in Fig. 2b). To prevent the background
from having any influence on the computed fibre inclinations, the retardation and transmittance of all back-
ground pixels were set to their minimum and maximum value, respectively, before analysing the corresponding
histograms. Before computing the transmittance histogram, the values were normalised to [0,1] and a circular
median filter with 5 px radius was applied to the transmittance image. We selected a radius of 5 px (and not 10 px
as in Benning et al.) because a larger radius leads to more clouding artefacts in the resulting inclination map,
while a smaller radius leads to increased noise and makes non-relevant details like cells more visible.

As in Benning et al.?!, the threshold parameters Reyres and Thack Were computed as the points of maximum
curvature behind and before the biggest peak in the retardation and transmittance histogram, respectively. In
contrast to Benning et al.2! who used 128 bins, we decided to use histograms with 256 bins in order to increase
accuracy. However, histograms with 256 bins might show several small peaks or a plateau (cf. Fig. 2b on the
very left), which makes the determination of the threshold parameters difficult. To ensure that no outliers
were chosen, we first considered a histogram with 64 bins and computed the threshold parameters (points of
maximum curvature) in a range corresponding to the full-width at half-maximum (FWHM) of the peaks, using
larger ranges as Benning et al.”! to account for thinner peaks: 20 x FWHM behind the retardation peak and 10
x FWHM before the transmittance peak. Then, we considered histograms with 128 bins and recomputed the
threshold parameters in a range of bins close to the previous results [2 - (result — 1),2 - (result + 1)]. The last
step was repeated for histograms with 256 bins. In this way, the computed threshold parameters stay close to the
previous results while being more accurate.

The threshold parameter Tipres Was computed as the point of maximum curvature between Tyer and Thyck. The
value for T;f was obtained by computing the average transmittance of the region with the highest retardation
values, which is expected to contain the highest amount of parallel in-plane fibres (cf. Eq. 2). To avoid outliers,
the union-find connected components algorithm by Oliveira et al.* was used to identify a region of connected
pixels (0.009-0.011% of the image size) that has the highest retardation values.

Transition zones. When the inclination angles are computed separately for HM- and LM-regions, artificially
sharp borders might occur, e.g. in regions where nerve fibres from the white matter spread out into the cortex. To
account for regions that do not clearly belong to one or the other tissue type, we defined transition zones between
HM- and LM-regions.

To determine the width of these transition zones, the threshold parameters Ry yes and Tinres Were considered,
which have a major impact on the separation of HM- and LM-regions (cf. striped blue areas in Fig. 2b): In a
transition zone, slight changes of the threshold parameters cause the region to be identified as a different tissue
type. To find out whether a separation is susceptible to small changes, the threshold parameters were recomputed
several times from slightly different retardation and transmittance histograms that were generated by bootstrap-
ping (random sampling with replacement): Pixels were randomly drawn from the retardation and transmittance
images; the same pixel could be selected multiple times. To identify the best compromise between computing
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Figure 2. Optimum choice of iteration number and sample size when computing the HM-probability

map, shown exemplary for a coronal rat brain section (cf. Fig. 6b). (a) Separation of HM-regions (orange),
LM-regions (blue), and BG-regions (grey) based on the retardation R and transmittance T values of the
respective image pixel. Depending on whether the values lie above or below Rinres, Tthres> OF Thack, the pixel is
assigned to one or the other region. (b) Retardation and transmittance histograms (256 bins) of the coronal rat
brain section. The parameters Rihres» Tref> Tthres> ad Thack are indicated by vertical solid lines. When computing
the histograms from different sets of image pixels, the threshold parameters Ripres and Tipyes may vary, which

is indicated by striped areas (the striped areas are only shown for illustration purposes and depend on the
respective set of image pixels). (¢) Corresponding positive/negative means (Rihres+/— and Tihres+/—)> computed
for up to 500 iterations and different sample sizes (100%, 25%, 4%, 1% of all image pixels).

time and accuracy, the algorithm was run for different sample sizes (100%, 25%, 4%, 1% of all image pixels) for
500 iterations. From the resulting values for Ryres and Tipres, the positive/negative means (Riprest/— and Tipres+/—)
were computed, respectively. The positive (negative) mean is the mean of all recomputed threshold values that
are larger (smaller) than the original threshold value. The whole process was repeated 10 times and the average
values for each iteration were forwarded to further analysis.

Figure 2¢ shows the positive and negative means for the different sample sizes and up to 500 iterations for a
coronal rat brain section. The different sample sizes yield similar curves. The smaller the sample size, the more
the values differ from the ones obtained with 100% sample size. After 200 iterations (vertical dashed line), the
values for 100% and 25% sample size (cyan and magenta curves) do not change much and the maximum differ-
ence between 25% and 100% sample size is still within one histogram bin (1/256 = 0.0039). Therefore, a sample
size of 25% and 200 iterations were selected for computing Rprest/— and Tnrest/—» which define the width of
the transition zone between LM- and HM-regions.

HM-probability map. To realize a smooth transition between regions with low myelination (Pap = 0) and
high myelination (Pym = 1), the width of the transition zone was described by a sigmoid function (cf. top image
in Fig. 3c).

The result is an HM-probability map which indicates the probability Py that a region is highly myelinated
(HM-region). In this representation, regions with Pyy > 0.95 were considered as HM-regions, regions with
Pam < 0.05 as LM-regions, and everything in between as transition zone. Depending on where the transmit-
tance and retardation values of an image pixel lie within this transition zone, different values (between 0 and 1)
were assigned. The HM-probability map was computed using the following formula:

Pum = —0.5 - erf in— tZA—T \/ (AT)? + (AR)?
HM = . er COS 1 arctan AR >

(10)
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Figure 3. Myelination maps of the coronal vervet brain section. (a) HM-probability map of the whole

section (computed with 25% sample size and 200 iterations). Regions with Prym < 0.05 are considered to have
low myelination (LM-regions, in black), regions with Pryv > 0.95 are considered to have high myelination
(HM-regions, in white). The transition zone is shown in different colours. The magenta and yellow arrow point
to regions with a smooth and sharp transition, respectively. cc = corpus callosum, cg = cingulum, cr = corona
radiata, f = fornix, ic = internal capsule, ot = optic tract, CN = caudate nucleus, GP = globus pallidus, Pu =
putamen, Th = thalamus. (b) Enlarged view of the region marked by the magenta rectangle in (a). The top image
shows the HM-probability map, the bottom image shows a sharp separation between HM/LM-regions without
any transition zone. (c) Sketch of the functions used to describe the transition zone between HM/LM-regions.
In the HM-probability map, a sigmoid function is used to describe the transition zone (top), the width depends
on the computed mean of the threshold parameters, cf. Fig. 2c. The bottom figure illustrates the binary
classification. LM = 0, HM = 1.

where erf is the error function and:

RR_ Rt > R— Rihres > 0,
AR = R t]};eer (1 1)
—Kthres _ <
Rihres— |’ R Rthres - O,
T | T — Tipres > 0,
AT = thres+ (12)
TT_ Litcss > T — Tihres < 0.
thres—

Figure 3a shows the HM-probability map of the coronal vervet monkey brain section (HM-regions in white,
LM-regions in black, transition zone in different colours). Figure 3b shows a zoom-in of a transition region (top)
in direct comparison to the corresponding binary classification of HM/LM-regions (bottom).

While there is a sharp separation between fibre bundles and surrounding tissue in the putamen (yellow
arrow), there is a smooth transition for fibres spreading from the white matter into the cortex (magenta arrow).
The slightly lower Pp-values in the corona radiata (cr), which is a region rich of white matter tracts, are due to
the steep and crossing nerve fibres which impair the classification of regions (see “Discussion”).

Automated computation of fibre inclinations. Before Eq. (8) can be used to compute the nerve fibre
inclinations with the Py values obtained from above, the other parameters in the formula need to be deter-
mined: {Ryef, Tm, Tc} € [0, 1]. Also, the transmittance values T need to be adjusted before computing the fibre
inclinations.

Computation of model parameters. As the transmittance values are used to correct the fibre inclinations in
the HM-regions (cf. Eq. 7), cellular structures in the transmittance image might lead to artifacts in the result-
ing inclination image. Therefore, a circular median filter with five pixel radius was applied to the transmittance
image beforehand. To retain sharp borders between HM-and LM-regions, the median filter was applied to HM-
and LM-regions individually (ignoring background pixels). Figure 4a shows the median-filtered transmittance
image of the coronal vervet brain section.

To avoid the saturation of image pixels (o = 0° or 90°), the highest retardation values were computed for HM-
and LM-regions separately, yielding Ryef v and Ryef 1. The highest retardation value in LM-regions is closely
related to Rihres, which was used to separate HM-and LM-regions in the retardation histogram. Hence, Ryef,1m
was computed similar to Renres, as the point of maximum curvature in the retardation histogram, considering
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Figure 4. Correction of transmittance values. (a) Median-filtered transmittance image of the coronal

vervet brain section. Anatomical regions are labelled for better reference (refer to Fig. 3). (b) Comparison of
transmittance images (yellow rectangle) before (top) and after (bottom) shifting the transmittance values of out-
of-plane nerve fibres to T

only image pixels in the LM-regions (Pum < 0.05). The parameter Ry.f v Was calculated by considering the
retardation values in the HM-regions (PyMm > 0.95): From the image pixels with the highest retardation values
(connected pixels, accounting for 0.009-0.011% of the HM-regions), the average of the highest 10% was used as
Reef M- The average transmittance of all selected pixels was used as Tvi. The mode of the transmittance values
in the LM-regions (Pum < 0.05) was used as T.

As out-of-plane nerve fibres have lower transmittance values than in-plane nerve fibres due to an increased
amount of scattering (see Menzel et al.'?), all (median-filtered) transmittance values smaller than Ty (transmit-
tance of the region with the highest retardation values, expected to contain densely packed nerve fibres) were
clipped to this value, so that T > T.

Figure 4b shows the median-filtered transmittance image (enlarged view of the region marked by the yellow
rectangle) without this correction (top) and with correction (bottom). Without correction, the transmittance
values of the cingulum (cg), which contains mostly very steep out-of-plane nerve fibres, are notably darker than
those of the corpus callosum (cc), which contains mostly in-plane nerve fibres. The same applies to the fornix
(f) and the optic tract (ot).

Software. 'The HM-probability maps and the nerve fibre inclinations were computed with the specifically
developed open-source software PLImig. The algorithm is parallelised and uses GPU acceleration, allowing for a
fast and reproducible computation of nerve fibre inclinations in large brain sections. For more information, the
reader is referred to our GitHub page (https://github.com/3d-pli/PLImig). Depending on the available graphics
memory, the images were processed in a different number of chunks to avoid overflow. The coronal and sagittal
rat brain sections (417 MB and 843 MB, using 32-bit float values) were computed using an NVIDIA RTX 3070
and 8 GB of RAM. The coronal and sagittal vervet brain sections (6 GB and 6.5 GB) were processed on the super-
computer JURECA?. Using 512 GB RAM, one GPU (NVIDIA A100 40GB) and 128 CPU cores on one node, the
computing time for the coronal vervet brain section (34,669 x 46,341 pixels) was 15 min for the HM-probability
map and 5 min for the rest.

Results
Comparison of different models for computing the fibre inclination angle in 3D-PLI.  To illus-
trate the difference between the unweighted model and the transmittance-weighted model for computing the
fibre inclination (Egs. 3 and 7) as well as the effect of the transition zone between HM-and LM-regions (Eq. 8),
the fibre inclinations were computed for four different scenarios (see Fig. 5): (i) unweighted model (o1 M) applied
to whole brain section, (ii) transmittance-weighted model (arim) applied to whole brain section, (iii) unweighted
and transmittance-weighted models applied to LM- and HM-regions individually, and (iv) unweighted and
transmittance-weighted models applied to LM- and HM-regions using the HM-probability map combining
both formulas in the transition zone.

When applying the unweighted model to the whole image, using the highest retardation of the brain sec-
tion as reference (Ryef, 1M = Ryef), the fibre inclinations in low myelinated regions (e.g. cortex) are highly over-
estimated (Fig. 5i). On the other hand, when applying the transmittance-weighted model to the whole image
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Figure 5. Inclination maps of the coronal vervet brain section computed with different models (Egs. 3, 7 and
8): (i) unweighted model (1) applied to whole section, (ii) transmittance-weighted model (an) applied to
whole section, (iii) both models applied separately to LM- and HM-regions, (iv) linear transition between both
models depending on the computed HM-probability value. The images on the right (IILIV) show enlarged
views of the regions marked by the white rectangles in (iii) and (iv), respectively. cc = corpus callosum, cg =
cingulum. The yellow and cyan arrowheads point to two different types of transition zones located between LM-
and HM-regions.

(Rref, iM = Rref), the fibre inclinations in these regions are under-estimated, generating a lot of saturated values
ata = 0°in black (Fig. 5ii). When applying the two different models to HM-and LM-regions individually, using
their highest retardation values as reference (Ryef 11M> Rref,LM), the estimated fibre inclinations become more real-
istic throughout the entire brain section. The contrast between out-of-plane fibres (cingulum = cg) and in-plane
fibres, both in regions with densely packed nerve fibres (corpus callosum = cc) and in regions with bulked fibre
architecture (cortex), becomes clearly visible (Fig. 5iii). However, the sharp separation of HM- and LM-regions
leads to an underestimation of the inclination (dark pixels) in regions where fibres extend to cortical areas (see
yellow arrow in (III)), even worsening where sharp bending is involved (cyan arrows in (III)). The fourth model
using the HM-probability map to combine the formulas for HM- and LM-regions in the transition zone reduces
the underestimation considerably, leading to a more continuous course of fibres from deep white matter regions
into the cortex (see yellow and cyan arrows in (IV)), corresponding to the anatomical expectation.

Comparison of fibre inclinations obtained from 3D-PLI and TPFM. To quantitatively evaluate the
automatically computed nerve fibre inclinations, the caudate putamen of a coronal rat brain section was meas-
ured both with 3D-PLI and with two-photon fluorescence microscopy (TPFM) as described in the Methods.

As TPEM allows an in-depth scan of the sample, it allows to directly assess the three-dimensional course of
nerve fibre bundles in the caudate putamen (cf. Fig. 6¢), so that it can serve as a comparison for the nerve fibre
orientations determined by 3D-PLI. 230 fibre bundles with well-defined shape and orientation were selected for
evaluation (Fig. 6a,b). The average 3D-PLI inclination of each bundle was plotted against the TPFM inclination,
which was geometrically reconstructed from the corresponding bundle (see Methods). Figure 6d,e show the
results for the in-plane fibre direction angle ¢ and the out-of-plane fibre inclination angle « for the four different
scenarios displayed in Fig. 5.

While the direction angles computed from 3D-PLI correspond mostly to those obtained from TPFM (see
Fig. 6d), the computed 3D-PLI inclination angles are generally larger than those obtained from TPFM (see
Fig. 6e). When applying the unweighted model to the whole brain section (i), the computed 3D-PLI inclinations
are highly over-estimated, especially for lower fibre inclinations (< 50°). The computed 3D-PLI inclinations
range between 50° and 70°, mostly independent of the actual inclination of the nerve fibres. When applying the
transmittance-weighted model to the whole brain section (ii), the computed 3D-PLI inclinations become much
more similar to those obtained from TPFM. However, even when taking their standard deviations (A« = 30°)
into account, most values do not reach the TPFM inclinations. When applying the unweighted and transmittance-
weighted models individually to LM- and HM-regions regions (iii), a global shift of the 3D-PLI inclinations
of about —5° can be observed. When using a linear transition between the models (iv), the computed 3D-PLI
inclinations are still over-estimated, but the difference to the fibre inclinations derived from the TPFM measure-
ments becomes slightly smaller at higher inclinations.

Fibre inclinations in coronal and sagittal brain sections. Figure 7 shows the HM-probability maps
and the corresponding inclination maps (computed from Eq. 8) for coronal and sagittal sections of vervet mon-
key and rat brains.
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Figure 6. Comparison of 3D-PLI and TPFM nerve fibre orientations for a coronal rat brain section (230
selected fibre bundles in the caudate putamen). (a) Inclination map obtained from the 3D-PLI measurement
(using Eq. 8). The fibre bundles selected for evaluation are labelled by yellow lines. (b) Maximum intensity
projection of the TPFM image stack (containing 6 x 8 tiles). The yellow contours show the first and the last
fully visible cross-sections of the fibre bundles in the TPFM image stack which were used to geometrically
reconstruct the fibre inclinations. The red shapes denote the overlap of the cross-sections. Only fiber bundles
with defined orientation (not crossing or bending fibers) were selected for evaluation. (¢) 3D-model of the
TPFM image stack showing only fibrous tissue (1 tile, adapted from Menzel et al."?, Fig. S2c). The three-
dimensional fibre orientation (dashed yellow line, defined by the in-plane direction angle ¢ and the out-of-
plane inclination angle o) was geometrically computed from the centres of gravity of the bundle cross-sections
mentioned above (yellow shapes). (d) Direction angles of the fibre bundles derived from the aligned 3D-PLI and
TPFM measurements. The grey bars denote the positive and negative standard deviation when averaging the
pixel values over the selected regions in the 3D-PLI direction image. (e) Inclination angles of the fibre bundles
derived from the aligned 3D-PLI and TPFM measurements. The 3D-PLI inclinations were computed for four
different scenarios (cf. Fig. 5): (i) unweighted model (a1.m) applied to whole brain section, (ii) transmittance-
weighted model (¢rm) applied to whole brain section, (iii) unweighted and transmittance-weighted models
applied to LM- and HM-regions individually, (iv) unweighted and transmittance-weighted models applied to
LM- and HM-regions using a linear combination of both formulas in the transition zone.

The HM-probability maps reliably separate regions with low myelination (black) from the rest. Individual
nerve fibres are visible in the putamen (Pu) of the coronal vervet brain section, and in the caudate putamen (CPu)
of the coronal and sagittal rat brain sections. The HM-probability values in the white matter are slightly reduced
(light green) for in-plane crossing fibres (cr) and steep out-of-plane fibres (coronal: cg, f; sagittal: cc), yielding
slightly lower estimations of the inclination angles (cf. Fig. 6e). The inclination maps show a good distinction of
regions with in-plane and out-of-plane nerve fibres. Although the coronal and sagittal sections belong to differ-
ent brains, the different section planes (coronal/sagittal) clearly show an inverse pattern: In the coronal section
plane, the computed inclination angles of the corpus callosum (cc) are much lower than those in the cingulum
(cg) or the fornix (f). In the sagittal section plane, it is exactly the other way around.
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Figure 7. HM-probability and inclination maps of coronal and sagittal sections of vervet monkey brains (a)
and rat brains (b). The upper images show the HM-probability maps Prv computed from 200 iterations and
25% sample size. The lower images show the inclination maps « computed from the linearly combined formulas
of LM- and HM-regions (Eq. 8), using the HM-probability value. The red and blue vertical lines indicate the
approximate position of the sagittal and coronal section plane in the complementary brain section. Selected
anatomical regions are labelled for reference (ac = anterior commissure, cc = corpus callosum, cg = cingulum, cr
= corona radiata, f = fornix, ot = optic tract, Cd = caudate nucleus, CPu = caudate putamen, Pu = putamen).
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Discussion

When analysing measurement data from 3D-polarised light imaging (3D-PLI) of histological brain sections,
the determination of the out-of-plane nerve fibre inclinations has been a major challenge, requiring anatomi-
cal knowledge and effortful manual adjustment of parameters. Here, we introduced an automatic computation
of the fibre inclinations, by evaluating the retardation and transmittance images (normalised amplitude and
average of the measured 3D-PLI signal). As these images are generated during standard 3D-PLI measurements,
past measurements can be easily evaluated to improve the interpretation of fibre orientations in 3D-PLI data.
In particular, no special equipment like a tilting stage is required to compute the nerve fibre inclinations. In
contrast to the manual adjustment, no expert knowledge is required, the results for each measured brain section
are reproducible, and large data sets can be analysed. In this way, we were able to provide a reliable estimate of
the nerve fibre inclinations, which can still be adjusted by an expert in a second step.

In addition to the fibre inclinations, we provided an HM-probability map, indicating the probability that a
region is highly myelinated. Benning et al.*! proposed a binary separation of regions with low and high myeli-
nation. We improved the existing algorithm (taking different features/plateaus of the histograms into account
and excluding background tissue when determining the threshold parameters). Furthermore, we introduced
the important concept of transition zones. The classification of brain regions into regions with high myelination
(HM-regions), low myelination (LM-regions), and transition zones is not only relevant when applying different
inclination formulas. Another possible application might be Independent Component Analysis (ICA), which
has been used for noise and artefact removal in 3D-PLI images?, especially in regions with low myelination (low
birefringence signals)?!. The HM-probability map allows to determine different degrees of myelination, helping
to improve the ICA in those regions and enabling enhanced tissue segmentation.

The HM-probability maps and fibre inclinations were computed with a specifically developed open-source
software, which is parallelised and uses GPU acceleration to efficiently process large images. While the computa-
tion of the fibre inclinations takes less than 5 min for the coronal vervet brain section (34 669 x 46 341 px), the
generation of the HM-probability map takes about 15 min. The sampling consumes a major part of the computing
time, but it is much more efficient than alternative approaches, e.g. defining transition zones by the local variance
of pixel values (requiring to study many surrounding pixels).

The choice of the reduced sample size and number of iterations (cf. Fig. 2c) has a large impact on the comput-
ing time. When using 100% instead of 25% sample size, four times more computing time (i e. more than 1 h)
is required. To further reduce computing time, the number of iterations can be reduced to 100 without notice-
able deviation of the threshold parameters from their asymptotic optimum (cf. Fig. 2¢). Also, a more advanced
bootstrapping approach (requiring smaller sample sizes) could be employed. The program could be extended to
run on multiple GPUs, using the chunking algorithm that is already present. This would allow to process even
larger brain sections and ideally achieve a linear speed-up.

While the software was shown to yield reliable results and correctly reproduce the overall inclination of major
nerve fibre structures, several aspects should to be taken into account. First of all, the transmittance-weighted
model used to compute the fibre inclinations in the HM-regions depends on the transmittance values. When
the transmittance image has not enough contrast (e.g. in brain sections measured several days/weeks after tissue
embedding) or when the transmittance image shows irregularities (caused e.g. by an inhomogeneous distribution
of the embedding glycerine solution or tile/stitching artefacts), this leads to artefacts in the resulting inclination
map, which would not be visible when solely using the birefringence signal (retardation) for computing the incli-
nation, as in the LM-regions. Hence, the software should only be used when the transmittance image contrast is
free of artefacts. Another point to take into account is that the algorithm uses the transmittance and retardation
histograms to compute the parameters in the inclination formula. A reliable computation of parameters only
works when the histograms include a broad variety of tissue components as well as various nerve fibre structures
(in-plane and out-of-plane fibres).

While the computed inclinations can serve as an estimate of the real out-of-plane angle in homogeneous
nerve fibre tissue, they are highly over-estimated in regions with in-plane crossing nerve fibres due to the reduced
birefringence signal’. As shown in Menzel et al.'®, the transmittance image can serve as an indicator whether
large inclination angles belong to out-of-plane nerve fibres or are caused by in-plane crossing fibres or a low fibre
density. Regions with high inclination values can be considered as reliable if the transmittance in these regions
is notably lower than in regions with in-plane nerve fibres. When comparing the transmittance image (Fig. 4a)
with the inclination image (Fig. 7a) for the coronal vervet brain section, it becomes apparent that cingulum and
fornix fulfill this criterion (i e. their transmittance is notably lower than the transmittance of the corpus callosum
which contains mostly in-plane nerve fibres). The corona radiata is dotted with regions that show substantially
darker transmittance values than the corpus callosum (caused by the superior longitudinal fascicle - a steep
fibre tract crossing this region), but it also contains regions with similar transmittance values, indicating that the
high inclination values in these areas cannot be considered as reliable and are most probably caused by in-plane
crossing nerve fibres. As the threshold parameters in the transmittance histogram are very susceptible to small
changes, we decided to keep an automated detection of crossing nerve fibres for future algorithms.

So far, the nerve fibre inclinations were computed by applying a transmittance-weighted model to the whole
brain section and manually adjusting the parameters. The models presented here (with and without transmittance
weighting in HM- and LM-regions, Egs. 3 and 7) lead to a major enhancement of the computed fibre inclinations
in regions with low myelination (cf. Fig. 5(ii) and (iii)). The computation of an HM-probability map allowed for
the first time to consider transition zones, reducing step artefacts at the boundaries between HM- and LM-regions
(cf. Fig. 5(IIT) and (IV)): The course of nerve fibres from highly myelinated regions into the cortex becomes
much more continuous (yellow arrows), even border regions with sharp bending that were clearly visible as dark
stripes become more softened (cyan arrows). However, the dark fissures of the inclination at the borders are still
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present in some regions and still need to be improved by another tuning of Ripres+/— and Tipres4/—. As shown in
Fig. 7, the consistency of nerve fibre inclinations in whole coronal and sagittal brain sections of different species
(monkeys and rodents) validates the reliability of the algorithms applied.

The findings presented in Fig. 6 show that the different models have different impacts on the computed
inclinations of nerve fibre bundles (in the caudate putamen of a rat brain). When using the unweighted model
(i), the computed inclinations are mostly independent of the real underlying fibre inclination. The transmittance-
weighted model (ii) introduces the proportionality of the computed inclinations (they increase with increasing
fibre inclination) in particular for values below 50°. The introduction of the HM-probability map (iv), necessary
to generate valid fibre inclinations in regions with low myelination and to obtain a smooth transition at the
boundaries, has only a small impact on the computed fibre inclinations of the nerve fibre bundles: (iv) almost
shows a similar behaviour as (ii). Hence, the linear combination of both models (Eq. 8) to compute the nerve
fibre inclinations in regions with different degrees of myelination can be used without changing the inclination
values in highly myelinated regions. Although the transmittance-weighted inclinations (ii-iv) are much more
realistic than those computed with the unweighted model (i), the comparison of 3D-PLI and two-photon fluo-
rescence microscopy (TPFM) shows a strong over-estimation of the computed fibre inclinations (Aa = 30°).
However, the inclinations obtained from 3D-PLI might also be larger than those obtained from TPFM because
the TPFM measurements have been performed several weeks afterwards so that the thickness of the brain section
might have decreased due to dehydration. For this reason, a direct comparison of 3D-PLI and TPFM values is
critical. However, as the affine image registration of 3D-PLI to TPFM measurements did not reveal large tissue
deformations, maintaining also a high affinity of the corresponding direction angles, major deviations of the
fibre orientations are unlikely.

In conclusion, we have introduced a versatile software that allows for the first time to automatically compute
the out-of-plane angles of nerve fibres obtained from standard 3D-PLI measurements of brain tissue (without
tilting). So far, these nerve fibre inclinations were computed by applying a transmittance-weighted model to
the whole brain section, requiring anatomical knowledge and effortful manual adjustment of parameters. By
distinguishing areas with different degrees of myelination and defining transition zones, we were able to apply a
regionally specific computation of fibre inclinations that accounts for subtle changes in the tissue composition.
The developed algorithm is parallelised and uses GPU acceleration, allowing for a fast and reproducible computa-
tion of nerve fibre inclinations in large brain sections, thus greatly improving the analysis and interpretation of
3D-PLI data also for past measurements.

Data availability
All data supporting the findings of this study are included in the provided figures.

Code availability

The software PLImig that was used to compute the HM-probability maps and the nerve fibre inclinations in
Figs. 3, 5 and 7 is publicly available on GitHub (https://github.com/3d-pli/PLImig). Data analysis was performed
with the open-source software Fiji (https://fiji.sc/Fiji).

Received: 27 November 2021; Accepted: 1 March 2022
Published online: 14 March 2022

References
1. Mori, S. & Zhang, J. Principles of diffusion tensor imaging and its applications to basic neuroscience research. Neuron 51, 527-539.
https://doi.org/10.1016/j.neuron.2006.08.012 (2006).
2. Tuch, D.S., Reese, T. G., Wiegell, M. R. & Wedeen, V. J. Diffusion MRI of complex neural architecture. Neuron 40, 885-895. https://
doi.org/10.1016/S0896-6273(03)00758-X (2003).
3. Hagman, P. et al. DTT mapping of human brain connectivity: Statistical fibre tracking. NeuroImage 19, 545-554. https://doi.org/
10.1016/51053-8119(03)00142-3 (2003).
4. Chang, H.-C. et al. Human brain diffusion tensor imaging at submillimeter isotropic resolution on a 3 Tesla clinical MRI scanner.
NeuroImage 118, 667-675. https://doi.org/10.1016/j.neuroimage.2015.06.016 (2015).
5. Men, J. et al. Optical coherence tomography for brain imaging and developmental biology. IEEE J. Sel. Top. Quantum Electron. 22,
120-132. https://doi.org/10.1109/JSTQE.2015.2513667 (2016).
6. Magnain, C. et al. Optical coherence tomography visualizes neurons in human entorhinal cortex. Neurophotonics 2, 015004. https://
doi.org/10.1117/1.NPh.2.1.015004 (2015).
7. Mertz, J. & Kim, J. Scanning light-sheet microscopy in the whole mouse brain with HiLo background rejection. J. Biomed. Opt.
15, 016027. https://doi.org/10.1117/1.3324890 (2010).
8. Stefaniuk, M. et al. Light-sheet microscopy imaging of a whole cleared rat brain with Thyl-GFP transgene. Sci. Rep. 6, 28209.
https://doi.org/10.1038/srep28209 (2016).
9. Silvestri, L., Mascaro, A. L. A., Costantini, I, Sacconi, L. & Pavone, E. S. Correlative two-photon and light sheet microscopy. Methods
66, 268-272. https://doi.org/10.1016/j.ymeth.2013.06.013 (2014).
10. Amato, S. P, Pan, F, Schwartz, J. & Ragan, T. M. Whole brain imaging with serial two-photon tomography. Front. Neuroanat. 10,
31. https://doi.org/10.3389/fnana.2016.00031 (2016).
11. Axer, M. et al. A novel approach to the human connectome: Ultra-high resolution mapping of fiber tracts in the brain. NeuroImage
54, 1091-1101. https://doi.org/10.1016/j.neuroimage.2010.08.075 (2011).
12. Axer, M. et al. High-resolution fiber tract reconstruction in the human brain by means of three-dimensional polarized light imag-
ing. Front. Neuroinform. 5, 1-13. https://doi.org/10.3389/fninf.2011.00034 (2011).
13. Zilles, K. & Tillmann, B. N. Anatomie (Springer Medizin Verlag, 2010).
14. Menzel, M. et al. Scattered light imaging: Resolving the substructure of nerve fiber crossings in whole brain sections with microm-
eter resolution. Neurolmage 233, 117952. https://doi.org/10.1016/j.neuroimage.2021.117952 (2021).
15. Dohmen, M. et al. Understanding fiber mixture by simulation in 3D polarized light imaging. NeuroImage 111, 464-475. https://
doi.org/10.1016/j.neuroimage.2015.02.020 (2015).

Scientific Reports |

(2022) 12:4328 | https://doi.org/10.1038/s41598-022-08140-0 nature portfolio


https://github.com/3d-pli/PLImig
https://fiji.sc/Fiji
https://doi.org/10.1016/j.neuron.2006.08.012
https://doi.org/10.1016/S0896-6273(03)00758-X
https://doi.org/10.1016/S0896-6273(03)00758-X
https://doi.org/10.1016/S1053-8119(03)00142-3
https://doi.org/10.1016/S1053-8119(03)00142-3
https://doi.org/10.1016/j.neuroimage.2015.06.016
https://doi.org/10.1109/JSTQE.2015.2513667
https://doi.org/10.1117/1.NPh.2.1.015004
https://doi.org/10.1117/1.NPh.2.1.015004
https://doi.org/10.1117/1.3324890
https://doi.org/10.1038/srep28209
https://doi.org/10.1016/j.ymeth.2013.06.013
https://doi.org/10.3389/fnana.2016.00031
https://doi.org/10.1016/j.neuroimage.2010.08.075
https://doi.org/10.3389/fninf.2011.00034
https://doi.org/10.1016/j.neuroimage.2021.117952
https://doi.org/10.1016/j.neuroimage.2015.02.020
https://doi.org/10.1016/j.neuroimage.2015.02.020

www.nature.com/scientificreports/

16. Schmitz, D., Amunts, K., Lippert, T. & Axer, M. A least squares approach for the reconstruction of nerve fiber orientations from
tiltable specimen experiments in 3D-PLI. In 2018 IEEE 15th International Symposium on Biomedical Imaging (ISBI 2018), 132-135
(Washington, DC, USA, 2018). https://doi.org/10.1109/ISB1.2018.8363539.

17. Reckfort, J. New Approaches to the Interpretation of 3D-Polarized Light Imaging Signals for an Advanced Extraction of Fiber Orienta-
tion. Ph.D. thesis, University of Wuppertal (2015).

18. Schwarzmaier, H.-]. et al. Optical properties of native and coagulated human brain structures. SPIE 2970, 492-499. https://doi.
0rg/10.1117/12.275082 (1997).

19. Menzel, M. et al. Toward a high-resolution reconstruction of 3D nerve fiber architectures and crossings in the brain using light
scattering measurements and finite-difference time-domain simulations. Phys. Rev. X 10, 021002. https://doi.org/10.1103/PhysR
evX.10.021002 (2020).

20. Schuenke, M., Schulte, E. & Schumacher, U. THIEME Atlas of Anatomy—Head and Neuroanatomy (Georg Thieme Verlag, 2007).

21. Benning, K., Menzel, M., Reuter, . & Axer, M. Independent component analysis for noise and artifact removal in three-dimensional
polarized light imaging. In Brain-Inspired Computing. BrainComp 2019. Lecture Notes in Computer Science Vol. 12339 (eds Amunts,
K. et al.) (Springer, 2021).

22. Costantini, I. et al. Polarized Light Imaging and Two-Photon Fluorescence Microscopy Correlative Approach for 3D Reconstruction of
the Orientation of Myelinated Fibers. Optics in the Life Sciences Congress, OSA Technical Digest (online), paper BrW4B.5https://
doi.org/10.1364/BRAIN.2017.BrW4B.5 (2017).

23. Costantini, I. et al. Autofluorescence enhancement for label-free imaging of myelinated fibers in mammalian brains. Sci. Rep. 11,
1-11. https://doi.org/10.1038/s41598-021-86092-7 (2021).

24. Bria, A. & Iannello, G. TeraStitcher—A tool for fast automatic 3D-stitching of teravoxel-sized microscopy images. BMC Bioinform.
13, 316. https://doi.org/10.1186/1471-2105-13-316 (2012).

25. Menzel, M. et al. A Jones matrix formalism for simulating three-dimensional polarized light imaging of brain tissue. J. R. Soc.
Interface 12, 20150734. https://doi.org/10.1098/rsif.2015.0734 (2015).

26. Oliveira, V. & Lotufo, R. A study on connected components labeling algorithms using GPUs, vol. 2010 (2010).

27. Jilich Supercomputing Centre. JURECA: General-purpose supercomputer at Jiilich Supercomputing Centre. J. Large-Scale Res.
Facil. 2, A62. https://doi.org/10.17815/jlsrf-2-121 (2016).

28. Dammers, J. et al. Signal enhancement in polarized light imaging by means of independent component analysis. Neurolmage 49,
1241-1248. https://doi.org/10.1016/j.neuroimage.2009.08.059 (2010).

Acknowledgements

We thank the lab team of the INM-1 (Institute of Neuroscience and Medicine, Forschungszentrum Jiilich GmbH,
Germany) for preparing the brain sections, Philipp Schlomer for the generation of the transmittance and retar-
dation images, the members of the Fibre Architecture group (INM-1) for assisting in the manual evaluation of
the TPFM inclinations, and Karl Zilles and Roger Woods for collaboration in the vervet brain project (National
Institutes of Health under Grant Agreements No. ROIMH092311 and 5P400D010965). This work was funded
by the European Union’s Horizon 2020 Framework Programme for Research and Innovation under the Specific
Grant Agreement No. 945539 (“Human Brain Project” SGA3) and the Helmholtz Association portfolio theme
‘Supercomputing and Modeling for the Human Brain’. We gratefully acknowledge the computing time granted
through JARA-HPC on the supercomputer JURECA? at Forschungszentrum Jiilich (FZJ).

Author contributions

M.M. designed and supervised the research. J.R. developed the software and analysis methods, and visualised
the results. M.M., J.R., D.G. and M.A. contributed to the analysis of the data. M.M., J.R.,, D.G., M.A. and K.A.
contributed to the interpretation of the data. I.C. performed the TPFM measurements. M.M. wrote the first
version of the manuscript. D.G., J.R., M.A., and K. A. contributed to the manuscript.

Funding
Open Access funding enabled and organized by Projekt DEAL.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to M.M.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Scientific Reports |

(2022) 12:4328 | https://doi.org/10.1038/s41598-022-08140-0 nature portfolio


https://doi.org/10.1109/ISBI.2018.8363539
https://doi.org/10.1117/12.275082
https://doi.org/10.1117/12.275082
https://doi.org/10.1103/PhysRevX.10.021002
https://doi.org/10.1103/PhysRevX.10.021002
https://doi.org/10.1364/BRAIN.2017.BrW4B.5
https://doi.org/10.1364/BRAIN.2017.BrW4B.5
https://doi.org/10.1038/s41598-021-86092-7
https://doi.org/10.1186/1471-2105-13-316
https://doi.org/10.1098/rsif.2015.0734
https://doi.org/10.17815/jlsrf-2-121
https://doi.org/10.1016/j.neuroimage.2009.08.059
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Automated computation of nerve fibre inclinations from 3D polarised light imaging measurements of brain tissue
	Methods
	Experimental methods. 
	Preparation of brain sections. 
	3D polarized light imaging (3D-PLI). 
	Two-photon fluorescence microscopy (TPFM). 

	Models for computing the fibre inclination angle in 3D-PLI. 
	Unweighted model. 
	Transmittance-weighted model. 
	Combined model. 

	Determination of the degree of myelination. 
	Binary classification. 
	Transition zones. 
	HM-probability map. 

	Automated computation of fibre inclinations. 
	Computation of model parameters. 
	Software. 


	Results
	Comparison of different models for computing the fibre inclination angle in 3D-PLI. 
	Comparison of fibre inclinations obtained from 3D-PLI and TPFM. 
	Fibre inclinations in coronal and sagittal brain sections. 

	Discussion
	References
	Acknowledgements


