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Abstract: To understand the complexity of the brain, it is necessary to study its microscopic
neuronal architecture and densely packed nerve fibre networks. Techniques based on histological
sectioning and staining are often used for this purpose. But they can obscure or destroy valuable
information and often require extensive computational post-processing for analyzing histological
images. Digital holographic microscopy (DHM) enables phase and volumetric imaging. It is a
promising alternative to imaging transparent biological samples with minimal preparation and
high resolution. The presented study introduces DHM to image the amplitude and phase of rat
brain tissue using the double-sideband (DSB) filtering technique, while reducing phase artifacts
through the incorporation of unfiltered holograms into the reconstruction formalism. Combining
the reconstructed complex-valued hologram with digital processing and digitally synthesized dark-
field and phase contrast filtering — including the computational evaluation of light propagation and
autofocusing criteria — enhances two-dimensional structural visualisation and reveals volumetric
features. This approach successfully resolves the three-dimensional arrangement of crossing fibre
bundles from a single acquired hologram through indirect, depth-resolved localization, which is
challenging in many imaging applications. Finally, the technique is shown to be scalable, enabling
full brain section scanning while supporting a compact, intrinsically multimodal imaging setup.

© 2026 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Mammalian brains consist of several millions to hundreds of billions of neurons, such as the
human brain. Each neuron is connected to up to 10,000 other neurons via synapses, making the
brain networks highly complex [1]. To understand network function and ultimately the emanating
behaviour, a multiscale description encompassing the molecular, cellular, and macroscopic levels
is required [1,2]. Spatial reconstruction of both local and long-distance neural networks is a
key goal, but yet one of the most challenging due to the densely and complexly interwoven
nerve fibers (i.e., the threadlike projections of myelinated and non-myelinated axons) whose
signals are difficult to disentangle. Depending on the scale and on the aspects of interest, various
neuroimaging methodologies have been developed over recent years. The subcellular level, for
instance, can be studied using Electron Microscopy, which allows resolving individual neurons
and their closest connected neighbors within a few cubic millimetres at nanometer resolution
[3,4]. Magnetic Resonance Imaging (MRI) is the primary technique used to study the whole
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brain at a macroscopic level, reaching a resolution at the submillimeter range that that allows to
model prominent long-distance fiber pathways [5,6].

Optical microscopy is the preferred choice for examining brain architecture at the cellular level,
i.e. at the (sub-) micro-meter scale [7—10]. At this scale the brain’s intricate communication
networks building projection, association and commissural fiber pathways can basically be
addressed beyond current MRI capabilities. However, deep white matter pathways and cortical
connections, for example, challenge complementary microscopy techniques differently due to the
networks’ hierarchical, multi-scale nature [1].

This work combines and integrates established holography techniques in a digital holographic
microscope to show that double sideband filtering based holography is a powerful, efficient, and
scalable method for full sample measurements label-free 3D tissue imaging of 50 — 100um thick
samples. It holds promise for advancing histological analysis, especially in resolving complex
fiber structures, either on its own or alongside compatible techniques using the same tissue
preparation.

A large number of optical methods rely on bright-field microscopy and histological staining to
visualize neurons, myelinated axons or non-myelinated axonal projections. However, staining
always comes with the limitation of randomly targeted or unspecific locations, and these labelled
sections require extensive manual preparation prior to scanning as well as specific stains to reveal
particular structures [11,12]. Correlative imaging, i.e. the use of different contrast mechanisms
in the same tissue sample, may overcome such challenges. In particular, the combination of label-
free approaches appear to be appealing in this context. However, combining different modalities
typically requires measurements in separate optical setups, necessitating image registration. This
can be challenging, as landmarks may exhibit different contrast across modalities and the optical
field can be distorted by the imaging optics, thus often requiring complex and computationally
intensive nonlinear registration algorithms [13].

Commonly used label-free imaging techniques are dark-field microscopy [14] and phase-
contrast microscopy [15,16] offering improved contrast over bright-field microscopy. These
techniques add amplitude or phase modulation to the Fourier plane of the transmitted light to
increase the contrast of the acquired images. They find applications in highly transparent samples,
such as biological tissues or cell cultures. Specialized label-free imaging techniques, such as
Polarized Light Imaging (3D-PLI) [9] and Scattered Light Imaging (SLI) [17], are sensitive
to specific tissue components, such as myelin and nerve fibers, due to optical birefringence or
anisotropic light scattering, respectively. 3D-PLI and SLI are effective at mapping the 3D nerve
fiber architecture from 2D measurements at the microscopic level. These methods measure 2D
projections of the 3D nerve fiber courses, where the accumulated signal represents the total light
interaction along its propagation path, which limits the visualization capabilities of complex fiber
constellations across the entire depth of the brain sections. In particular, crossing fibers are a
common challenge in brain imaging, including diffusion MRI, where tractography algorithms
attempt to infer fiber pathways to map connectivity between brain areas at the microscale [18,19].
Therefore, microscopic techniques capable of resolving crossing fibers could provide critical
data to improve these tractography algorithms.

Holography is a promising approach to remove the general limitation of 2D projection analysis
and complement the micro-structural characterization based on 3D-PLI and SLI, for example.
Holography captures the amplitude and phase distribution of the field distorted by the the object of
interest, allowing volumetric analysis from a single 2D image. Applications include quantitative
phase measurements [20,21], particularly for characterizing biological objects [20,22], and
even in-vivo blood flow measurements due to high acquisition rates [23]. In addition, digital
reconstruction of the entire 3D light field is possible through computational propagation [24].
This type of propagation has been widely used, for example, in in-vitro imaging of moving
bacteria [25,26], 3D cell reconstruction [27,28], and image segmentation [29]. However, to
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the best of our knowledge, its application to histological data has not been attempted because
DHM traditionally requires optically thin samples with minimal scattering and limited wavefront
distortion. Furthermore, as holography yields the reconstructed amplitude and phase of the light
field, digital filtering can be implemented to mimic dark field or phase contrast microscopy,
enhancing features of interest. While human brain samples have been analyzed using dark-field
[30] and qualitative phase-contrast microscopy [31], these methods rely on analog apertures
that modulate the retardation using an SLM rather than performing these modifications digitally
[32,33]. Advanced holographic imaging techniques, such as holographic tomography [34],
achieve very high resolution but are limited to small areas of a few micrometers and are impractical
for large-scale imaging due to lengthy measurement times and data storage requirements [34].

Various application-specific configurations of DHM have been proposed to accurately retrieve
the phase and the amplitude of the light field [35]. In particular, approaches based on in-line
holography have proven to be robust, simple and accurate, and have found a wide range of
applications in biology [20]. These approaches are based on the idea that the reference and
modulated fields travel along the same optical path, thus avoiding mechanical and thermal
instabilities for long-term experiments and allowing their implementation in standard incoherent
light optical microscopes [36—38]. One such technique is the Double Side Band (DSB) filtering
method introduced by Rdmirez et al [39]. In this method, two holograms are acquired, each
containing only half of the Fourier spectrum of the transmitted light field. This filtering separates
the Fourier spectrum, so that the virtual twin image can be canceled when the two holograms are
combined after applying the opposite sideband filter digitally to each hologram.

Building on the approach of Ramirez et al. [39], a microscope with sideband filters was
implemented using a spatial light modulator (SLM), while simplifying the optical setup to
minimize components and improve usability for non-expert users. Reducing the degrees of
freedom required for operation increased the robustness of the experimental setup, particularly
for microscopy applications. The resulting holograms, free of the virtual twin image, represent
the transmitted light field as complex numbers, encoding both amplitude and phase. These
amplitude and phase images of brain tissue provide label-free insight into the underlying structure,
distinguishing features such as blood vessels, fibers, and larger bundles of fibers.

This article first introduces the concept of DSB holography as an application of digital
holographic microscopy for thick, dense tissue samples, such as brain tissue. Secondly, the
acquired holograms are analyzed to retrieve the phase and amplitude distributions of the
transmitted light through the sample. In addition, digital filtering techniques are applied to extract
dark-field and phase-contrast images from the original holograms without loss of information,
avoiding measurements in separate setups and eliminating the need for image registration across
different modalities, thereby enabling a straightforward multi-modal approach for tissue analysis.
Thirdly, the sample volume is computationally reconstructed from a single 2D hologram via
wavefront propagation, providing access to the three-dimensional spatial structure of the specimen
without the need for additional measurements or assumptions. By applying autofocusing criteria
to the propagated volume, crossing fiber structures are resolved by determining the axial positions
of fiber bundles, addressing one of the major challenges in optical measurements of brain tissue
for connectivity studies. Finally, the scalability of the measurement process is demonstrated,
enabling the efficient analysis of entire sections of biological samples.

2. Methods

A schematic of the experimental setup is shown in Fig. 1(A). A lens pair, L1 and L2 (fj = f, = 3
cm), generates a 1:1 image of the LED active area (emission at the wavelength 4 = 625 nm with
17 nm bandwidth) in a 4f configuration. A pinhole (d = 50 um) is placed at the focal spot to act
as a spatial low-pass filter. The pinhole size determines a trade-off between wavefront quality and
illumination power: a smaller pinhole improves planar wavefront quality at the cost of reduced light
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intensity. The filtered light, collimated by lens L3 (5 = 10 cm), produces a nearly planar wavefront
with spatial coherence Lypuiqr = ’51, where 6 is the angular size of the light source. Here, the
angular size of the transmitted light cone is 6 = arctan (d/f3) ~ 0.03°, yielding Lgpasiqr = 1.3 mm.
Temporal coherence is increased by introducing a band-pass filter (1y = 633 nm, A1 = 6 nm),
achieving a coherence length of approximately Liepporar = % ~ 66.8um.

A) Slice position In the braln LED
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Fig. 1. Digital Holographic Microscopy of brain tissue. A: Schematic of the microscope
based on the DSB with an SLM. The SLM located in the Fourier plane and in between the
two polarizers at +45° and —45° allows to obtain a sequence of three holograms (1+, I, 1)
corresponding to three different configurations in the modulation of the spectrum: (i) upper
half blocked (ii) lower half blocked and (iii) no modulation. The first polarizer prepares the
light to a +45° polarization state. The SLM rotates the polarization state of one sideband
by 90° by applying a phase offset of 7, while the other sideband is not modulated. Only
the modulated polarization component passes through the second polarizer. B: Acquired
holograms and resulting amplitude and phase of a single region. The "full" hologram does
not show many features of the tissue that are only visible in the "+" and -" images. These
structures are then visible in the reconstructed amplitude and phase image. C: Stitched,
composed phase image of the entire section. CC: Corpus Callosum, LF: Longitudinal Fissure,
CP: Caudate Putamen, TH: Thalamus, BF: Basal Forebrain White ellipses show artifacts
caused by the stitching algorithm. Figures C1 and C2 show blood vessels, C3 nerve fibers
with their outlines highlighted by dashed white lines. Figure C4 shows neurons indicated by
white dashed ellipses. White arrows indicate structure boundaries. A high-resolution image
is provided as a supplement [40] and as Visualization 1.
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The coherent light illuminates the sample (brain tissue), placed on a manual XYZ stage. A 4x
objective lens (Olympus, NA = 0.1), combined with lens L4 (D = 5.08 cm, f4 = 20 cm) provides
an effective transverse magnification of My = 4.58. The light is then passed through a linear
polarizer, set to +45°, and focused by lens L5 (fs = 10 cm) onto the surface of the Spatial Light
Modulator (SLM). Lens L5 is mounted on a linear micrometer stage for precise positioning of
the focal point.

A Spatial Light Modulator (SLM, Meadowlark, pixel size: 8um) is used to implement Double
Side Band (DSB) filtering, where half of the Fourier spectrum is selectively blocked by applying
two phase retardations to each half of the SLM screen. The SLM is precisely positioned using
the knife-edge method, assisted by a motorized linear stage with a resolution of 1um. The
SLM applies a phase retardation of 7 (or 180°) to the horizontally polarized component of a
sideband, while leaving the vertical polarization unmodulated. This results in a 90° rotation of
the polarization vector in the modulated sideband. After the SLM, the beam is recollimated with
lens L6 (fs = 10 cm) and the light field is imaged onto a digital camera (Basler ace, pixel size:
Ax = 4.9 um). Lenses L5 and L6 form a 4f setup, with the SLM positioned at the Fourier plane
for spatial filtering. A second polarizer, oriented at 135°, is placed between L6 and the camera.
This polarizer selectively blocks the light that has not undergone the phase shift, ensuring that
only the modulated component contributes to the final image. The spatial resolution of the setup
is 2.76 um determined with the USAF test target.

The samples used are rat brain sections (Rattus norvegicus) of 100 ym thickness. The brains
were extracted post mortem, frozen, and sectioned using a cryomicrotome. Sections were then
fixed in a 20% glycerol-water solution and mounted between specimen and coverslips. Sections
were cut along the coronal plane. Detailed preparation protocols are described in [41].

Three images were acquired for each measurement (Fig. 1(B)): 1. I, which samples the left
sideband by applying a 7 phase shift to one half of the SLM, leaving the other half unmodulated.
2. I_, which samples the other sideband with inverted SLM modulation. 3. /5, an unfiltered
hologram, obtained by applying a & phase shift to the entire SLM screen. Note, that the contrast
in this image is poor, while the DSB filtered holograms show clear tissue features. Each image is
acquired with an exposure time of 7.y, = 200ms and an SLM update rate of 15Hz, so that a single
region is measured with one second.

By applying inverse sideband filters to I, and I_ in the Fourier domain and combining the
resulting images, the complex light field U is reconstructed. The amplitude and phase distributions
are obtained by taking the absolute value and the argument of U, respectively, as shown in
Fig. 1(B). A detailed derivation of this reconstruction process is presented in the following
Section. The amplitude and phase images for each region are then combined using a stitching
algorithm [42] to reconstruct the images for the entire sample section as shown in Fig. 1(C).

Unlike intensity-based images, where Fourier-domain filtering operates only the magnitude
and discards phase information, the reconstructed complex light field U contains both amplitude
and phase. This allows the application of digital filters to achieve different imaging modalities
without additional optical components [15,31,32].

For dark-field microscopy, zero-order frequency components in the Fourier spectrum of U are
blocked. For phase-contrast microscopy, a mzm phase shift is applied to the zero-order component,
corresponding to a retardation of I' = mA/2, where m € [0, 2]. These operations enhance contrast
without altering or losing the underlying structural information, similar to the approach of [33].

The full light field reconstruction also allows the simulation of light propagation through
the sample, to visualize 3D structures with submicron axial resolution using scalar diffraction
theory. Notice that the propagation of the light field enables a substantially higher axial resolution
compared to the optical resolution. The optical resolution is limited by the Numerical Aperture
(NA) of the optical system, given by Az,pricar = 24 and for the microscope used, this corresponds

NAZ®
t0 AZopricat = 104um. In theory, the axial resolution achievable through propagation is arbitrary.
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In practise, it is determined by the ability to resolve phase differences in the holograms [43,35],
which are set by the resolution of the optical path difference (OPD = AnAz [44]) between two
points at different axial positions: A¢ = 27 /AOPD [45]. Accordingly, the phase resolution o of
the optical system limits the axial resolution according to Azprop = ﬁo}z,. Noise measurements
in the imaging setup yield a phase noise of 0.06 radians, resulting in an axial resolution of 200nm.
Phase-based axial localization performance was evaluated by localizing isolated PDMS beads in
an aqueous solution. In thick, heterogeneous tissue samples, multiple scattering, phase mixing,
and overlapping structures limit the ability to resolve closely spaced features along the axial
direction. Therefore, the theoretical axial resolution does not directly translate to dense samples.
Taking these effects into account, as well as phase artifacts introduced by the DSB filtering
technique, an effective axial localization precision of zprop ~ 1pm is estimated.

Details on the computational implementation of the digital filtering and light field propagation
can be found in Sections 4 and 5 of the Supplement 1.

3. Reconstruction of the wavefront using DSB

The spectrum of the 100 um-thick rat brain sample is not significantly different from the case of
an empty sample. This is due to the fact that the power spectrum of our sample is a perturbation of
the free power spectrum, as shown in Fig. 1 in the Supplement 1. The central peak corresponding
to Uy is slightly reduced due to increased scattering and absorption, but a substantial fraction
of the light remains unperturbed. The perturbations of the field caused by scattering form the
sample field AU, which is represented by the higher frequency terms in the spectrum. Thus,
despite the complexity of the tissue sample, the spectral representation of the hologram still
allows decomposition into the unperturbed field Uy and the sample field AU (see Supplement 1,
Fig. 1).

Therefore, the traversing sample field can be described by the superposition U = Uy + AU. In
particular, AU has the form:

AU(x,y) = Upt(x, y) exp(i¢g(x, y)) . )]

Where Uy is the amplitude of the illumination field, #(x, y) is the amplitude transmittance and
¢(x,y) is the phase delay. In particular, ¢ € [0, 1] represents the amount of light that is absorbed
while the field is being transmitted through the sample according to the generalized Lambert-Beer
law,

H(x,y) = exp (— (X, Y)Az(x, y)) , 2

Where (0 = faps + scar 1S the total attenuation coefficient from absorption and scattering, Az is
the thickness of the sample which is assumed to be constant all along the sample. The acquired

phase ¢ is expressed as
dry) =
X,y) = —
Y=

where n,, and n; are the refractive indices of the medium and the sample, respectively.
A hologram acquired close to the sample plane /5, thus reads as

AZ(.X, y)(nm - ns(xs )’)) s (3)

Lt = |Uo + AUJ? = Iy + AI + 24/IgAI cos(AD)

where Iy = |Uo|2 and Al = Iy#? are the intensities of the illuminating and of the scattering fields,
respectively. A® = ¢¢ — ¢ is the accumulated phase delay between the two wavefronts. This
acquired holographic intensity pattern Iy, is proportional to the transmission function of the
tissue, but does not provide any information about the amplitude and phase of the sample field
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AU. In particular, based on the DSB method, the amplitude and phase of the sample field AU
can be calculated from /7, and I_ as follows [46](see Supplement 1 section 2 for details):

Upsg = FH{F{L bu_+F{I_}u,} )

where u, and u_ are the digital implemented side band filters of opposite sign. The side band
filter is similar to applying a Hilbert transform H, so that the DSB signal reads:

1
Upsp = Z(Io + 2UoAU* + |AU)? + [H(AU)|?) — i4R , 5)

where R = (H(AU,H[AU;)) — H(AU;H[AU,])). Here, AU, and AU; are the real and imaginary
parts of the sample light field and |H(AU)|? is the magnitude of the Hilbert transform of
the sample light field. We also define Uy, = F{F{L }us + F{I_}u_}. Starting from
Eq. (5), introducing U, = Upsp + U},q and U- = Upsp — U}, and using the full hologram
I , the signals can be combined to cancel out some effects of the Hilbert transform via
Upss,,, = Upss — %‘R{U_} - Uy - %Ifuy), which results in:

Iy + Al + 2UyAU* +
4

Upss,, = iR . (6)
This signal is computed using digitally implemented filter functions u.., with the Fourier
transforms ¥ evaluated via an FFT implementation. Details of their implementation can be
found in the Supplement 1, section 3.
Furthermore, the Hilbert transforms of the real and imaginary parts of AU are:

H(AU;H(AU,)) = H(Uyt sin AOH(Upts cos AD)) @)
= IpH(t sin ADH(t cos AD)) = al (8)
H(AU.H(AU;)) = H(Uyt cos ADH (Ut sin AD)) 9)
= IgH(t cos AOH(t sin AD)) = bl (10)

These expressions cannot be further simplified without making assumptions about ¢ or AD
and are therefore denoted as a and b. Note, that the Hilbert transform is closely related to the
gradient along the x—direction [47]. Therefore, the spatial derivatives of the amplitude d,(r) and
the phase 0,(A®) determine the strength of the terms a and b.

In the case of thin tissue samples, the modulation of amplitude and phase have the same origin,
while the modulation of amplitude is assumed to be small. Furthermore, the thickness Az can be
assumed to be constant or only slightly varying and u(x,y) < 1. Consequently,  ~ 1, d,(f) < 1,
A® € [0,27] and 0,(AD) < 1. Tissue is a strongly heterogeneous medium, where different
tissue structures have strongly varying optical properties, but in the center of such structures the
variations of A® are small, so that the Hilbert transforms a and b vanish. Thus, the measured
amplitude and phase can be expressed as:

|Upss,, | = %0\/1 + 612 + 4 + (4 cos(Ap))t(1 + 12) 11

sin(A®D) ) _ Ao

1 +cos(AD)) 2 (12)

This implies that the measured amplitude signal includes contributions from both amplitude
(defined by the transmission function 7) and phase modulation, while the measured phase is
scaled by a factor of 2.

arg (UDSBOP,) ~ arctan 2 (
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Approximating expression 11 and assuming without loss of generality, that ¢ = const. = 0,
t and A® can be determined as ¢ = 2 arg (UDSBW,) and ¢ = |Upsg,, |/2cos(¢). Since ¢ is

approximated, dividing by cos(¢) can introduce significant error. To obtain a more robust
approximation, it is assumed that the variations in A® are small, which allows the approximation

cos(¢) ~ 1. This simplifies to t ~ /|Upss,, | — 1.

As a result, the attenuation coefficient y,,, and the refractive index ng can be calculated using

Egs. (2) and (3):
—In (\/lUDSB(,p,| - 1)

Miot = Az 13)
A arg (UDSBW,)
ng & Ny + ————— . (14)
Az

4. Results

4.1.  Unrevealing microscopy structures from the DSB holograms

Figure 1(C). shows the reconstructed phase of a 100 um thick and approximately 2 X 1 cm section
of the rat brain sample. The section was imaged by manually scanning the sample in a 22 x 10
grid, with each image consisting of 1024 x 1280 pixels, corresponding to an area of 1.1 x 1.4
mm?. The stitching algorithm provided by Fiji [42] was then used to combine the individual
images into a single composite image of the entire section. Note, that the overlap between the
individual images is inconsistent, causing difficulties for the stitching algorithm and resulting in
artifacts at the specimen boundaries. These artifacts appear as "wave-like" distortions (indicated
by white ellipses) where the images could not be perfectly aligned. However, these artifacts
affect less than 5% of the specimen, primarily at the intersections of overlapping images, leaving
the overall structure of the entire section largely unaffected.

Unlike brightfield microscopy, which provides low contrast for different tissue components,
the reconstructed phase shows clear distinctions between blood vessels (Fig. 1(C1) and (C2)),
radially oriented nerve fibers (Fig. 1(C3)) from the Corona Radiata and neurons (Fig. 1(C4))
from layers III and IV of the cingulate cortex. Dashed white lines and white arrows indicate
the outlines of the blood vessels and nerve fibers in C1-C3. Dashed circles and white arrows
indicate the position of neuronal cell bodies, which dan be identified as dark dots. Structures
have been cross-checked with transmittance images obtained by 3D-PLI. The cortical regions
with a high density of neuronal cell bodies appear homogeneous, while heterogeneous regions
with large nerve fibers are easily distinguished. Such distinguishable fiber structures are: the
Corpus callosum (CC), which connects the two brain hemispheres; the Caudate Putamen (CP),
characterized by radial fibers extending from the center of the brain toward the cortex; and the
Thalamus (TH) and Basal Forebrain (BF), where the nerve fibers pass into the image plane.
These structures were identified using the EBRAINS Waxholm Rat Atlas (RRID: SCR_017124)
[48].

To highlight these different cellular structures in more detail, three regions were selected from
Fig. 1(C)) and are displayed in Fig. 2. Each image shown is the original acquired image without
any additional post-processing (such as stitching).

The reconstructed amplitude images in the first row of Fig. 2 provide high contrast at the
boundaries of different tissue structures, regardless of the region. This effect is particularly
evident in Region 1, where the thick fiber bundles exhibit a well-defined bright outline. In
regions such as the cortex near to the hemispheric fissure that contains more cellular structures
compared to white matter (Region 2), the outlines of neurons and blood vessels are clearly visible,
appearing as circular and worm-like structures, respectively. In regions where numerous fibers
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Region 1 Region 2 Reglon 3
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Phase contrast 0.5 Phase contrast 0.25h Darkfield Phase Amplitude

Phase contrast 0.75A

Fig. 2. Different digital holographic microscopy modalities (organized in the rows) for
three regions (in the columns) selected from Fig. 1(C). The columns represent the three
different regions, while the rows show different digital modalities in the following order:
amplitude and phase of the DSB hologram, followed by digitally applied dark field and phase
contrast to the amplitude image with phase shifts of 1/4, 1/2, and 31/4. Region 1 contains
mainly thick, radial fiber bundles from the left Caudate Putamen. Region 2 represents the
hemispheric fissure near the Corpus Callosum. Region 3 is taken from the basal forebrain
and shows fibers inclined out of the imaging plane. The circle in region 1 marks a fiber
crossing, the rectangle highlights a heterogeneous region of inclined fibers and cell bodies.
The arrow in region 2 marks the in-plane nerve fiber bundle forming the Corpus Callosum
and the white ellipse shows a region of the cortex just below the hemispheric fissure. Region
3 contains several out-of plane fibers, that appear as islands highlighted by white ellipses. A
high-resolution image is provided as Visualization 2.
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are oriented out of the sample plane and fiber crossings are abundant distinguishing specific
structures becomes much more challenging (Region 3).

The phase images in the second row provide much higher contrast and much more information
compared to the amplitude images. In Region 1, instead of just outlining the nerve fiber bundles,
the entire 3D structure becomes visible. In particular, the image shows that some nerve fibers lie
on top of or underneath others, allowing the resolution of fiber crossings, which are typically
challenging to resolve (indicated by the white circle). In addition, the lower portion of the
phase image (marked by the white rectangle) reveals numerous crossing structures that are
invisible in the amplitude image. In the cortex and the hemispheric fissure (Region 2), a 3D relief
of individual neurons is visible (compare to Fig. 1(C4)), allowing a much clearer distinction
between different tissue compartments (white ellipses). In particular, the nerve fibers of the
Corpus Callosum (white arrow) appear elevated compared to the surrounding cortical region
near the hemispheric fissure. This effect is even more pronounced in Region 3, where inclined or
out-of-plane fibers dominate. In these regions, the amplitude images show only scattered white
spots, while the phase images reveal clear details. In particular, elevated "islands" corresponding
to out-of-plane fibers are visible (white ellipse).

The third row of Fig. 2 shows the amplitude of the digitally implemented dark field. Compared
to the amplitude of the DSB hologram, the contrast is significantly improved, making it easier to
distinguish the boundaries between different structures.

Finally, rows 4 through 6 display amplitude images with digitally applied phase contrast using
retardance values of 0.254, 0.54, and 0.754, respectively. At first glance, these images appear to
contain the same structural information but with varying contrast and gray values. Focusing on
Row 4, it becomes clear that features that were only visible in the phase images are now visible
in the amplitude of the phase contrast images. This is especially true for fiber structures, such as
the in-plane radial fibers in Region 1 and the out-of-plane inclined fibers in Region 3.

The attenuation coefficient u,,, and the refractive index n; can be derived from the DSB
holograms using Eqs. (14) and (14). The corresponding maps for the three regions shown in
Fig. 2 are presented in Fig. 3. Before computing the refractive index maps, a phase unwrapping
algorithm [49] was applied, following an approach similar to [50]. For the computation of the
attenuation coefficient and the refractive index, a constant Az = 100 ym was assumed for each
single image and n,, = 1.36 was calculated for a 20% water-glycerol solution.

4.2. Identifying volumetric structures with auto-focusing

The light field Upgp was propagated in steps of Az = 1 um for a total distance of z = 50 um
in both positive and negative directions from the focal plane, covering the full thickness of the
tissue section (d = 100 um). This propagation assumes that the focal plane of the microscope is
positioned near the central thickness of the specimen at zp = 50 um, which is set as the reference
point (zop = 0). A negative propagation direction is toward the microscope objective (i.e. toward
the top of the sample), while a positive propagation direction is toward the SLM (i.e., toward
the bottom of the sample). In addition to the sample light field AU, the phase contrast images
with ' = 1/8,1/4,1/2,3/8,1/2 and 3/4A are calculated at each propagated plane. Figure 4
illustrates the light field propagation in Region 1 of Fig. 2. Visualization 4 and Visualization 5
show videos of the propagated amplitude and applied phase contrast of I' = 1/4 over the full
distance from [-50, 50]um.

Propagation of the initial hologram through these axial z— planes reveals local changes in the
tissue structures, which sharpen and change shape at different focal planes. To demonstrate this
behavior, two regions of crossing fiber bundles composed of numerous single axon fibers are
selected. The first (Fig. 4(A)) extends over sized 200 x 200 pixels and features three overlapping
fiber bundles. The second (Fig. 4(C)) has a size of 160 x 160 pixels and features two crossing
fiber bundles that are close to a third fiber bundle. For all images of the two regions the Tamura
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Fig. 3. Attenuation coefficient and refractive index maps of regions 1 to 3 shown in Fig. 2.
A high-resolution image is provided as Visualization 3.

Coeflicient (TC = +/oy/{I), with standard deviation o and average (.) of the image I) of the
image gradient across all z— planes is calculated as a sharpness criterion [51]. The image gradient
was obtained using a Sobel kernel of size 5 [52].

These indices serve as a measure of image sharpness, with the maximum value of the Tamura
Coeflicient corresponding to the best-focused image plane for a given object. Since tissue is a
complex, multi-layered medium with structures located in different axial planes, multiple "sharp"
planes can occur. Therefore, MATLAB’s "findpeaks" function is used to identify the number and
positions of these focused planes. Notice, that the Tamura Coefficient is calculated for the image
gradient and not for the image. In the latter, the image is focused when the Tamura Coefficient is
minimal [24].

Plot A1 displays the Tamura Coeflicient of the image gradient for the DSB amplitude (blue)
and digitally applied phase contrasts with I' = 1/44 (yellow), 3/82 (purple), and 3/44 (red).
The dots indicate the maximum Tamura Coefficient for each image, with the corresponding
autofocused images shown in insets A4—A7. The initial DSB amplitude is presented in inset A2,
where three ~ 20 um thick fiber bundles are clearly visible. Fiber bundle "1" follows a diagonal
path from the lower left to the upper right, while bundle "2" is parallel but positioned in the upper
left. A third bundle ("3") intersects the others at an angle of ~ 60°. However, their relative depth
cannot be determined from this view.

Autofocused images provide further insight into the volumetric arrangement. The DSB
amplitude is focused at z = —22 um (inset A4), where white arrows highlight clear boundaries
between fiber bundles "1" and "3", indicating that "1" lies above "3". At z = 23 um (inset AS),
fiber "3" becomes more detailed (arrows), revealing regions beneath fiber "1" that were previously
obscured. In addition, well-defined borders between fibers "2" and "3" suggest that fiber bundle
"3" is located deeper. Inset A6, focused at z = —37 um, shows detailed structures of fiber bundles
"2" and "1" (arrows), supporting their position above bundle "3". Further evidence is provided by
inset A7, where structures of bundle "3" appear focused at z = 33 um with a phase contrast of
I' = 3/44, reinforcing its position below fibers "1" and "2".

Inset A3 summarizes the fiber arrangement based on the focusing depths from the previous
images. Fiber "2" (green) is located at z * =30 um, above fibers "1" (z * —20 ym) and "3"
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Fig. 4. Hologram propagation. Two fiber crossings of Region 1 in Fig. 2 are propagated
from —50 to 50 ym with Az = 1 um in insets A2 and C2. B and D show a 3D view of the
propagated volumes. The Tamura coefficient of the image gradient is plotted at each step for
different digitally applied phase contrasts (Al and C1). The images below the plots show the
corresponding autofocused images at different planes (A and C 4-7). White arrows indicate
landmarks that are used to resolve the arrangement of crossing fiber bundles (A3 and C3).
Visualization 4 and Visualization 5 show videos of the propagated amplitude and applied
phase contrast of I' = 1/4, respectively.

(z = 20 um). Fiber "1" (blue) crosses over fiber "3" (pink), which is a thick bundle that splits
into two paths, resembling a "Y" shape. Figure 4(B) shows a 3D visualization of the propagated
volume. Dashed, colored lines indicate the path of the three identified fiber bundles. The
X—Z projection reveals the outlines of the fiber-bundle profiles, which form a conical structure
(highlighted by white dashed lines). The focused position (FP) corresponds to the minimal
extent of this cone and is marked by turquoise (bundle 1) and pink (bundle 3) dashed lines. A
volumetric visualization at the focused planes of the three fiber bundles is provided in Fig. S9
in the Supplementary document. Note that the presented 3D visualization does not represent a
direct reconstruction of the details of the sampled volume. Instead, it enables the 3D localization
of the macroscopic fiber bundles.

The plot in Fig. 4 C1 shows the Tamura Coefficient of the image gradient for each propagated
plane for the DSB amplitude (blue) and phase contrasts of 1/84 (orange), 1/24 (green), and 3/44
(red). The initial DSB amplitude at z = 0 um (inset C2) reveals a crossing of three fiber bundles:
fibers "1" and "2" run almost parallel from the bottom left to the top right, while fiber "3" crosses
fiber "1" at a small angle. By evaluating the different autofocus images (insets C4-C7) and using
the landmarks indicated by arrows, the fiber arrangement is reconstructed in inset C3. Fiber "1"
(blue) is located below bundle "3" at z ~ 37 yum. Bundle "2" is located at z * 9 um, closely
followed by bundle "3" at z ~ —16 um, which crosses over bundle "1". Figure 4(D) shows the
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corresponding 3D visualization of the propagated volume, with dashed, colored lines indicating
the trajectories of the three identified fiber bundles. A volumetric visualization at the focused
planes of these fiber bundles is provided in Fig. S10 of the Supplementary Document.

5. Discussion

In general, the light field AU can be reconstructed with high fidelity, so that different cell
structures can be identified. Note also that the approximations discussed in Egs. (11) and (12)
are valid for the tissue samples: within the sample the changes in amplitude and phase are small,
and smearing artifacts resulting from the Hilbert transforms (terms a and b in Eq. (7) and (9))
appear only at the interfaces between the tissue and the fixative medium (water-glycerol).

In particular, the phase images have a higher contrast and contain additional 3D information
compared to the amplitude images as seen in Fig. 2. Meanwhile, the amplitude images have a
high contrast at the tissue boundaries. This phenomenon is due to the fact, that the amplitude
signal contains the absolute value of the Hilbert transform in Eq. (5), which is comparable to the
gradient magnitude [47].

This contrast and the appearance of 3D structures in the phase images is due to the fact that
the accumulated phase is measured according to Eq. (3). As a result, when one fiber overlaps
another, the accumulated phase value increases compared to the surrounding areas, creating a
distinguishable contrast. It is important to note that the phase images are not selective for specific
biological structures within the tissue. Most label-free imaging techniques cannot resolve both
cell nuclei and nerve fibers simultaneously, yet they are clearly distinguishable in the phase
images. This is due to differences in the refractive index between various tissue compartments
that result from their distinct biochemical compositions. For example, the myelin sheath covering
nerve fibers has a higher refractive index than the cell membrane of neuronal cell bodies. Despite
this difference, the phase images still allow the distinction of individual cell bodies.

Applying the darkfield filter to the recovered field AU increases the signal-to-noise ratio
compared to the reconstructed amplitude, because the unperturbed illumination field Uy is
suppressed. This is essentially equivalent to applying a one-pixel wide high-pass filter. As a
result, thick fiber bundles in Region 1 and cell bodies in Regions 2 in Fig. 2 become much easier
to detect, as the dynamic range increases relative to the background.

Phase contrast can be used to provide selectively contrast for different tissue structures. For
example, nerve fibers appear black at I' = 0.754, while cell bodies appear bright. By adjusting
the applied phase contrast in small steps, it is possible to identify specific retardance values that
enhance the contrast of certain structures, which can be very useful for improving segmentation
approaches. Note also the inversion of contrast in Row 4 with respect to Row 6. The same pattern
applies to the unmodified amplitude image in Row 1 and the 0.54 retardance phase contrast image
in Row 5. This behavior is due to the phase shift of the light field, described by I' = 27L/ A,
meaning that the 27 periodicity of the oscillation corresponds to a periodicity of 14 in retardance.
Note the reduction of bright spots that appear in the images of Row 1 when the phase contrast is
applied in rows 4 - 6.

The quality of the digital dark field and phase contrast images is quantified using the PSNR
metric, defined as PSNR = 20 log (max(I)/MSE(I, Apsg)) where max([) is the maximum value
of the corresponding digitally filtered image /, and MSE is the mean squared error between / and
the DSB amplitude Apsp. The results for each modality (dark field, DF; phase contrast, PC with
a retardance of 0.254, 0.54, and 0.754) for the entire sample section are presented in Table 1.

The PSNR of the dark field and phase contrast at 0.251 yields the highest PSNR, while the
phase contrast at 0.754 yields the lowest. The maximum PSNR is approximately 26, while the
minimum is around 12.5. These values are acceptable, considering that the contrast in the DSB
amplitude images (used as a reference for the PSNR) is relatively low for some regions due to its
sensitivity to tissue structure boundaries.
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Table 1. PSNR for different digital modalities of the full sample section.
PC: Phase contrast, DF: Dark field.

Modality DF PC 1/4 PC 2/2 PC 31/4

PSNR /i 12,5 16.6 12.7 16.6

PSNR /0 225 26.9 214 254
UPSNR 18.39 19.75 16.29 19.76
OPSNR 1.93 1.93 147 1.65

The attenuation coefficient in Fig. 3 covers a wide range of uy,; = [10 — 160] cm™~!. For

similarly prepared samples, i, is typically in the range [100 — 500] cm™!, while the absorption
coefficient g, is in the range [0.1 — 1] cm™' [53-55]. Notably, the attenuation coefficient maps
closely resemble the amplitude map in Fig. 2, indicating that tissue boundaries are emphasized
due to increased scattering. The refractive index maps show values of approximately n ~ 1.39
for white matter and n ~ 1.36 for gray matter, which are consistent with typical values obtained
using comparable techniques [50,56-59]. This is due to differences in the number, thickness, and
density of fibers and, consequently, varying myelin/lipid content in white or gray matter regions.

The propagation results demonstrate that the original DSB amplitude and the phase contrast
amplitude focus at different axial planes, enabling the indirect, depth-resolved localization of fiber
bundles. Although this method is well established, its application to dense biological specimens
has been limited because holography was previously considered insufficiently coherent to resolve
larger volumetric structures which tend to degrade the interference signal [27,35]. However,
since the double sideband filtering technique captures the interference of the entire light field and
does not require a separate reference beam, the complex field can be reconstructed with sufficient
fidelity to enable numerical propagation through the sample volume. Moreover, because the
refractive index of the glycerol-water (n,, = 1.36) mounting medium closely matches that of the
tissue (ng = 1.37 — 1.42), scattering and diffraction effects are minimized, resulting in higher-
quality holograms. As shown above, the application of digital phase contrast highlights distinct
tissue structures that are different from the DSB amplitude. Since the autofocus criterion is based
on the image gradient — which corresponds to changes in image brightness — selective focusing
on specific structures is achieved. In biological tissue, which is a highly inhomogeneous medium,
different structures are located in varying axial planes. By applying digital phase contrast, the
volumetric distribution of these structures can be analyzed and a clearer understanding of the 3D
organization of the tissue can be obtained.

Due to overlapping structures, mixed phase contributions can perturb the recorded holograms
and further limit axial (in-depth) resolution. Wavefront correction techniques can address these
limitations and may enable the localization of structures in strongly scattering tissue, largely
independent of the specific sample mounting or refractive-index—matching protocol [60].

Using the Tamura Coefficient of the gradient images yields adequate results for the autofocusing
of different structures in the volume of the propagated holograms. The peaks of the metric
indicate that the propagation step of 1 um is small enough to show significant differences in the
propagated images, suggesting that changes in the 3D tissue compartment can be observed. Since
the Tamura Coeflicient is calculated for the entire image, a smaller image size can better extract
subtle changes in sharpness, making it easier to focus on finer structures. The images evaluated
have a size of 150 x 150 pixels, ensuring that multiple structures are included. These structures
can be focused on closely spaced planes, resulting in a broadening of the Tamura Coefficient
peaks.

The DSB DHM technique is scalable to large tissue samples, as demonstrated by imaging an
entire rat brain section at approximately 3 um lateral resolution, with an acquisition time of about
1 second per image. Only three raw images are needed per reconstruction, making the method
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computationally efficient and manageable with moderate storage requirements. A non-stop, full
rat brain scan comprising N ~ 250 sections would require roughly one week and 100 GB of
storage.

Importantly, the technique is label-free and requires no specific staining as compared to
bright-field [11], fluorescence [61], or light-sheet microscopy [62]. The application of digital
filters to the hologram can therefore be used to enhance the structural differentiation. Dark-field
filtering improves the visibility of smaller features by suppressing background noise, while
phase contrast allows for adjustable highlighting of tissue structures, supporting downstream
segmentation and analysis workflows.

A key limitation of the DSB method is its sensitivity to changes in the Fourier spectrum caused
by scattering or diffraction of the sample, as the filtering is performed in the Fourier plane. To
maintain consistent performance, adjustment of the spatial light modulator (SLM) position is
required during initial setup; once aligned, however, the system remains stable for a full brain
section. Furthermore, the reconstruction of the optical field is not exact due to the contributions
that originate from the convolution R in Eq. (6). While phase-step common-path interferometry
could potentially reduce these artifacts, such approaches generally exhibit reduced robustness to
variations in the Fourier spectrum [20].

6. Conclusion

This work demonstrates that DSB-based holographic techniques offer a powerful, efficient
and scalable approach to multimodal label-free 3D tissue imaging under certain conditions
that suppress scattering and diffraction effects, such as refractive-index matching between
the prepared tissue and the surrounding medium, as well as mounting the sample between
glass slides to reduce surface roughness. It has the potential to advance histological analysis,
particularly in disentangling complex fiber architectures. It can be used as a stand-alone tool,
or complemented with existing techniques that rely on the same tissue preparation, such as
polarized light imaging or scattered light imaging. In particular, this method enables the indirect
localization of fiber pathways within the sample volume, achieving an axial localization precision
of ~ 1um. Additionally, the calculation of the refractive index facilitates the investigation of
myelin distribution at a lateral resolution of ~ 3um. The application of digital Fourier filters
further enhances contrast, improving the differentiation of tissue structures within the volume.
These features closely align with the need for high-resolution volumetric imaging to characterize
complex sample morphologies more effectively. Furthermore, this work opens the door to
investigating more complex 3D structures with digital holographic microscopy, particularly in
the context of strongly scattering samples.
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