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Abstract: Imaging across length scales and in depth has been an important pursuit of widefield
optical imaging. This promises to reveal fine cellular detail within a widefield snapshot of
a tissue sample. Current advances often sacrifice resolution through selective sub-sampling
to provide a wide field of view in a reasonable time scale. We demonstrate a new avenue
for recovering high-resolution images from sub-sampled data in light sheet microscopy using
deep-learning super-resolution. We combine this with the use of a widefield Airy beam to achieve
high-resolution imaging over extended fields of view and depths. We characterise our method
on fluorescent beads as test targets. We then demonstrate improvements in imaging amyloid
plaques in a cleared brain from a mouse model of Alzheimer’s disease, and in excised healthy
and cancerous colon and breast tissues. This development can be widely applied in all forms of
light sheet microscopy to provide a two-fold increase in the dynamic range of the imaged length
scale. It has the potential to provide further insight into neuroscience, developmental biology,
and histopathology.

Published by The Optical Society under the terms of the Creative Commons Attribution 4.0 License. Further
distribution of this work must maintain attribution to the author(s) and the published article’s title, journal
citation, and DOI.

1. Introduction

Widefield optical imaging at depth has opened up new vistas for neuroscience and developmental
biology [1-3], and is expanding its remit into histopathology [4]. There, the capacity to image
across length scales is an important pursuit, seeking to maximise the field of view, whilst
capturing the fine details needed to discern cellular-scale morphology in three dimensions
[5]. Several non-destructive depth-sectioning fluorescence microscopy techniques, such as
confocal microscopy [6] and non-linear microscopy [7] have been pioneered in these areas.
Recent advances in high-resolution imaging with structured illumination microscopy (SIM) [8,9]
or at ultraviolet excitation wavelengths (MUSE) [10] have revealed novel information on the
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sub-cellular scale; however, they have often been at the sacrifice of the size of the area probed,
expense or imaging speed.

An emerging candidate in this area is light sheet microscopy (LSM) [5]. In particular, the
geometry of LSM, with orthogonal illumination and detection arms, has shown a significant
reduction in photodamage accompanied with rapid widefield volumetric image acquisition. This
has been married with new photonics innovations, such as the use of propagation-invariant
light fields, and multi-objective schemes, offering a multiview sample perspective and a high
isotropic resolution [11,12]. Further advances have also taken place in sample administration
and orientation [4,13,14]. To address the notion of gaining information at differing scales
simultaneously, super-resolution has been coupled with the geometry of the LSM through the
approach of using structured illumination [15] or localisation [16,17].

A more facile approach for imaging across scales would be to employ recent innovations
in deep learning [18] to retain the wide field of view afforded by light sheet microscopy and
to computationally recover a super-resolved image. Whilst a high optical resolution can be
accomplished with the use of structured light fields that can carry extended spatial frequency
information, many widefield systems suffer from the need to Nyquist sample the field of view,
which fundamentally limits the dynamic range of the spatial length scale. In this paper, we
breach this limit to resolution with the use of deep learning to recover high-resolution images
from sub-sampled information. We achieve this by using a generative adversarial network (GAN)
model pre-trained on widefield fluorescence images [18]. We couple this with the particular
use of a propagation-invariant Airy light field for illumination, which allows for a wider field of
view captured on the camera than when using a Gaussian beam; furthermore, it has inherent
advantages in achieving increased depth penetration through turbid tissues [19]. In this way, we
realise imaging across length scales with LSM over extended fields of view and depth ranges.

Our embodiment is an open-top geometry that is inspired by and builds upon the LSM system
developed by Glaser et al. [4]. In particular, we also make use of a solid immersion lens
(SIL) placed underneath the sample plane. A SIL is a high refractive index glass hemisphere
that increases both the illumination and detection numerical aperture by its refractive index.
Compared to the use of a high-magnification objective, it has the advantage of providing a high
resolution while retaining a wide lateral field of view (along the sample plane). The orthogonal
illumination and detection arms of the LSM are aligned through the same SIL, tilted at 45° the
sample plane. In this geometry, the field of view in depth is effectively set by the depth of focus
of the light sheet. Consequently, using a conventional Gaussian light sheet inherently limits the
depth range. We overcome this limit by using a propagation-invariant Airy light sheet to preserve
a wide field of view over the entire imaging volume. Our use of both the Airy and the Gaussian
light sheets with the SIL enables us to capture 3-mm lateral fields of view. However, the use of
the Airy light sheet enables us to capture a 1.6-mm depth range in one shot, compared to a 60 um
depth range when using a Gaussian light sheet with the same numerical aperture. Furthermore,
the combined use of deep learning with the Airy light sheet leads to a two-fold improvement in
the spatial resolution and an improvement to image contrast. We characterise these improvements
on test phantoms with fluorescent beads. Further, we demonstrate the performance of our system
on excised brain tissue from a mouse model of Alzheimer’s disease, revealing regions of plaque,
as well as on unfixed excised human colorectal and breast tumour samples. We demonstrate the
capability of our setup to image turbid tissues in depth maintaining a good resolution over a wide
field of view. This framework may be broadly applied to other LSM geometries without the need
for training a bespoke neural network.
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2. Materials and methods
2.1. Optical setup

The LSM setup features an open-top geometry enabled by a solid immersion lens [4]. We introduce
several additional key capabilities, namely, a variable Gaussian or Airy beam illumination profile,
a wider field of view, a zoom lens in the detection and novel image processing methods based on
deep learning. Figure 1 illustrates the sample stage and the image acquisition procedure. The
system employs a 488-nm wavelength laser (STRADUS-488-150, Vortran). The illumination
power was kept below 240 uW at the sample, modulated using a half-wave waveplate and a
polarisation beam splitter. After expanding the beam, the illumination is split into two parallel
optical paths, with one path modulated by a one-dimensional cubic polynomial phase mask (PM)
forming an Airy beam, such that the Airy or the Gaussian illumination profile can be selected
during imaging by using the shutters. The shape and properties of the Airy beam are dictated by
the strength of the cubic phase modulation. The phase modulation profile of the phase mask is
described by:

P(u) = exp (zZnazf) , (D

where u is the normalised pupil coordinate normal to the imaging plane and « is a dimensionless
parameter that sets the propagation invariance of the Airy beam [11]. In particular, the
propagation-invariant length increases with @, with @ = 0 being equivalent to a Gaussian beam.
The value of @ used was estimated to be 5 from the beam profile. For the equivalent beam waist,
the theoretical depth of focus is 60 um for the Gaussian beam and 1.6 mm for the Airy beam.
Due to the tilted geometry (Fig. 1), the depth and the light sheet propagation are not coaxial. For
consistency, we term the lateral and depth imaging ranges as the field of view.

The Gaussian and Airy paths are recombined and reshaped by a cylindrical lens (CL) into
a light sheet and focused into the sample, one modality at a time, through a 15-mm diameter
fused-silica solid immersion lens (SIL, BMV optical, Ottawa, ON Canada), a thin layer of
immersion oil and a 1-mm thick glass coverslip to reach the sample plane (Fig. 1(a)). The SIL
provides a magnification factor that is equivalent to its refractive index (n = 1.46) giving an
illumination numerical aperture (NA) of 0.1. The SIL reduces aberrations from refractive index
mismatch resulting from the illumination passing off-axis to the cover slide [4]. This enables
the sample to be placed and imaged on top of the cover slip without additional mounting or
embedding.

The fluorescence from the sample is collected by a detection objective (OBJ: MRDO00045 FL
50 mm, 4X NA 0.2, CFI Plan Apochromat Lambda, Nikon), then is passed through an achromatic
tube lens (TL: AC254-150-A-ML FL 150 mm, Thorlabs) and focused onto a sCMOS camera
(ORCA-Flash4.0, Hamamatsu) after passing through a 488-nm notch filter (NF) and a 532-nm
band pass filter (BP: 50-nm bandwidth). The total magnification of the collection arm, including
the SIL, is 4.3, the NA is 0.29, and the camera field of view is 3 mm. Additionally, we introduce
a zoom lens (MVL6X12Z, Thorlabs) after the tube lens to provide an adaptable field of view and
magnification. The zoom lens allows higher sampling resolution by reducing the field of view
down to a minimum of 675 ym.

A custom-made sample stage is attached to a motorised translation stage (M-230.10 with a
C-863.11 DC motor controller, Physik Instrumente). The stage enables sample scanning at 45
degrees to the detection axis (Fig. 1(b)), such that a 3D image stack can be acquired. The whole
setup fits upon a small breadboard (dimensions 35x50x60 cm).

2.2. Image acquisition and processing

The imaging plane was oriented at 45 degrees to the sample translation. During imaging, the
sample was translated and a sequence of images was recorded (Fig. 1(b)). Custom Matlab
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Fig. 1. Setup and acquisition process. (a) Schematic of the setup. NF: notch filter; WP:
half-wave waveplate; PBS: polarising beam splitter; BS1, BS2: 50:50 beam splitters; PM:
Airy phase mask; M1-4: mirrors; L1-4: lenses; CL: cylindrical lens; OBJ: objective;
BP: bandpass filter; TL: tube lens. In the inset: A solid immersion lens (SIL) and an
index-matching oil layer are used for imaging a sample on top of a glass coverslip. The
sample is translated with the coverslip and (b) a series of images are recorded. (c) The image
sequence is interpolated into the physical coordinate space.

software was developed to interpolate the image sequence into the physical coordinate space
(Fig. 1(c)). For an image stack represented by a matrix M with pixel coordinates (n,m,[), a
translation distance dy and a camera pixel size of dx, the transformation to the physical space
becomes: (n,m,l) — (x = ndx,y = méy + IN26, 7 = IN26%), where x is the transverse light sheet
direction, y is the sample scanning vector and z is the depth from the cover slip, with x, y, and z
being orthogonal coordinates.

Images taken with the Airy illumination are further deconvolved using a two-dimensional
point-spread function (PSF) calculated from theory [11]. Briefly, the PSF is generated from
a Gaussian intensity and an Airy phase modulation function given in Eq. (1). This is done
efficiently by taking the partial spectrum components in the spatial domain using the chirp
z-transform combined with the defocus function set by the objective NA, the entrance pupil and
the mean refractive index of the sample. The transform is sampled such that it has the same
spatial pixel size as the recorded LSM data. The Airy illumination profile is further apodised by
the Gaussian detection, reconstructing the final theoretical two-dimensional PSF.

Deconvolution is performed in the zy plane (depth, scanning plane) using the Richardson-Lucy
algorithm [20] and repeated for all positions in x. In an ideal system, the detected image, D,
is given by the convolution of the sample intensity, /, and the PSF with some added noise
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(D = I ® PSF + €). The deconvolution algorithm recovers an estimate, 7, by iterating:
™= [— ® PSF’] T, 2)
I' ® PSF
where PSF’ is an inverted PSF, i.e., PSF’(r) = PSF(-r). The estimate of the algorithm is the
maximum-likelihood solution based on Bayes’ theorem in the presence of noise [20].

Following deconvolution, deep-learning super-resolution was performed based on the GAN
model architecture originally presented in Wang et al. [18]. In that work, they demonstrated
a widely applicable improvement in resolution across various imaging modalities, including
epifluorescence, TIRF and STED microscopies. The model in this paper is based on the
pre-trained set that maps low resolution (10x, 0.4 NA) images to higher-resolution co-registered
(20x, 0.75NA) images in widefield epifluorescence microscopy. We found this approach to
be well-suited for the LSM system, for both the Airy and Gaussian illuminations, as we detail
in the Results and Discussion sections. It breaches a major hurdle to the broad adoption of
the technique, which is the hardware-limited and computationally demanding need to train a
network for each individual imaging system. This algorithm employs a GAN architecture to
achieve super-resolution from a single-image input [21]. The architecture and validation are
described in detail in [18], and the pre-trained model is openly available. Briefly, training was
done by pixel-wise mapping of a set of high and low resolution images with sub-pixel-accurate
co-registration. The algorithm then creates an estimate of the high resolution image through
a generative network, whilst simultaneously a discriminative network is trained to blindly
discriminate between the estimates and the equivalent co-located high-resolution images. The
process is back-propagated for the high-resolution image mapping to the low-resolution domain.
An adversarial loss regularised by a mean-squared error and structured-similarity estimators
[18,21] are used to converge iterations of this process, such that the high-resolution estimates
from the low-resolution images are indistinguishable from the high-resolution ground truths.
This metric of effectiveness is evaluated on a subset of test images that are not used in the training
of the network.

Custom-designed Matlab software is used to interface with the deep-learning module developed
in [18]. The LSM images are decomposed into a sequence of 1024x1024-pixel frames, splitting
individual cross-sections into a series of mosaics. The frames are sequentially run through
the network and are re-stitched back into the original orientation. An overlapping margin
exceeding the maximum network convolution size is used to prevent stitching artefacts along
image boundaries. This process takes several seconds per xy-frame when run on the CPU, with a
substantial speed-up expected with a GPU implementation.

2.3. Sample preparation and staining
2.3.1. Characterisation of phantom

200 nm diameter green fluorescent microspheres were mixed with 1.5% agarose and used for
characterization of the system’s PSF. 4.8 um diameter green fluorescent microsphere were mixed
with 1.5% agarose and used for the calibrating the setup with objects of known shape and size.
The samples were pipetted on a glass coverslip and then placed on top of the setup.

2.3.2. Cleared mouse brain

All experimental procedures were performed in accordance with the United Kingdom Animals
(Scientific Procedures) Act of 1986 Home Office regulations and approved by the Home Office
(PPL 70/8883). A 5xFAD::ChAT-IRES-Cre mouse (male, 3 months old) (5SXFAD, JAX006554)
(ChAT-IRES-Cre, JAX006410) was deeply anesthetized with a mixture of pentobarbital and
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lidocaine and perfused transcardinally with 20 mL saline followed by 20 mL 4 % paraformalde-
hyde/0.1 M phosphate buffer, pH 7.4. The brain was removed and immersed in the same fixative
solution overnight and kept in phosphate buffered saline (PBS) with 0.02 % sodium azide at 4°C.

The brain tissue was trimmed into half hemispheres and processed with thioflavin-S (0.05%).
The tissue was pre-treated, stained and cleared following the method described in Renier et
al. [22,23]. First, the tissue was dehydrated with a gradual addition of methanol in distilled
water (20%, 40%, 60%, 80%, 100%, each for 1 hour) at room temperature. Then the tissue
was bleached with 5% hydrogen peroxide in ice-cold methanol at 4°C overnight. After washing
with 100% methanol at room temperature (twice, each for 1 hour), the tissue was rehydrated by
gradual removal of methanol in distilled water (80%, 60%, 40%, 20%, each for 1 hour), followed
by immersion in PBS for 1 hour. After washing the tissue with 0.2% Triton X-100 in PBS (twice,
each for 1 hour) at room temperature, the tissue was incubated in a permeabilization solution
(0.2% Triton X-100, 0.3 M glycine and 20% DMSO in PBS) at 37°C for two days. Then the
tissue was incubated in a staining solution (0.05% thioflavin-S, 0.2% Triton X-100, and 10%
DMSO in PBS) at 37°C for three days.

After washing with 0.2% TritonX in PBS (four times, each for 1 hour) at room temperature,
tissue was left in the same solution overnight in the dark. The tissue was then gradually dehydrated
again (20-100% methanol, each for 1 hour) at room temperature, followed by clearing the tissue
with 66% dichloromethane (DCM) in methanol at room temperature overnight. After washing
with 100% DCM for 15 min twice, tissue was incubated in 100% dibenzyl ether overnight. The
tissue was kept in the same solution at 4°C until imaged.

2.3.3. Colorectal tissues

Matched colorectal adenocarcinoma and normal tissue samples were provided frozen by the
Tayside Tissue Bank, Ninewells Hospital and Medical School, Dundee (tissue request and
approval no. TR000289). Each sample of approximately 1x0.5x0.7 cm in size was thawed in
phosphate-buffered saline (PBS) at ambient temperature for 5 minutes. The defrosted tissues
were then stained for 40 seconds with 1 mM of acridine orange and then washed for 10 seconds
in PBS. They were then blotted dry and immediately imaged with the system.

2.3.4. Breast tissues

Breast tissue specimens were obtained from consented patients undergoing breast surgery at
Charing Cross Hospital in London using the Imperial tissue bank license (Project R12047).
Small cut-outs measuring approximately 5 x 5 mm across were obtained each from the tumor and
fibrofatty tissues distant from the tumor site. The samples were snap frozen at -80°C immediately
following surgery. The samples were later thawed at an ambient temperature for 5 minutes,
stained with 0.02 % acriflavine hydrochloride solution for 1 minute, rinsed with PBS for 30
seconds and imaged immediately.

3. Results
3.1. Deeper imaging with an Airy light field

We experimentally compare the effective field of view at depth of the Gaussian and Airy light
sheets by using a test phantom comprising sub-resolution 200-nm isolated green fluorescent
microspheres embedded in 1.5% agarose (sample refractive index ~ 1.33). Figures 2(a) and (b)
show the maximum intensity projection in the xy plane of the data recorded with the Gaussian
beam and the Airy beam, respectively. As expected, the Airy beam demonstrates a longer
depth of focus at the expense of an axially elongated and asymmetric PSF (Fig. 2(d)). The
Airy PSF, however, retains its spatial frequencies in the optical transfer function and, thus, the
spatial information about the sample. We recover this information using a two-dimensional
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Richardson-Lucy deconvolution, as described in the Methods section. Figure 2(c) shows the
results of the deconvolution.
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Fig. 2. Maximum intensity projections in the yz plane of 200-nm green fluorescent
microspheres embedded in 1.5% agarose recorded with the (a) Gaussian light sheet and (b)
Airy light sheet. (c) Deconvolution of the experimental data shown in (b). (d) Experimentally
determined full-width at half-maximum (FWHM) as function of depth of the sample.

Comparing Figs. 2(a) and (c), the Airy beam yields a slight improvement in the penetration
depth compared to the Gaussian beam, given as the intensity drop-off of the image in depth. This
is because attenuation is set primary by the scattering properties of the sample. However, it is
evident that the beads imaged using Gaussian illumination have substantially broader PSFs in
depth, normal to the light sheet plane.

We compare this resolving power between the Gaussian and Airy light sheet by the full-width
at half-maximum (FWHM) of 13 isolated fluorescent microspheres randomly sampled at different
depths in Figs. 2(a) and (c). The FWHM was determined in the axial and lateral directions from
line profiles through the beads. The fluorescence detection path is the same for both illumination
beams, thus, a similar lateral resolution is expected. The lateral resolution was measured to be
4.7+0.6 um and 4.2 + 0.6 um for the Gaussian and the Airy light sheet, respectively. Figure 2(d)
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shows the axial resolution for both Gaussian and Airy light sheet as a function of depth into the
sample. It is clear that the PSF of the deconvolved Airy has a substantially finer axial resolution,
which is maintained in depth, whilst the Gaussian PSF experiences a substantial defocus. In fact,
the flatter curve of the Airy beam demonstrates that it maintains the same focus (axial resolution)
over a longer distance when compared to the Gaussian beam. The Gaussian axial resolution was
measured to be ~5.3 um at the surface and then increased with depth to reach the value of 9.5
um at a distance of 400 um from the surface. The FWHM obtained with the Airy was measured
to be ~3.6 um at the surface and remained quite confined at depth reaching the value of 4.3 um
at 400 pum from the surface. These results agree with those previously observed by Nylk et al.
[19]. The Airy light sheet penetrates deeper into the sample without aberration correction. This
may be attributed to a ‘self-healing’ property that allows the wavefront to reconstruct itself after
encountering an obstacle [24].

3.2. Single-image super-resolution

The minimal lateral resolution of the LSM is set by the diffraction limit and is determined by
the numerical aperture of the detection arm. For our system, the theoretical diffraction-limited
resolution is 1.1 um. However, for the maximal camera field of view of 3 mm, the pixel size at
the image plane was 1.6 um. Thus, the Nyquist criterion sets the minimal resolution to 3.2 um
(compared to the experimentally measured 4.2 pm).

To achieve a high spatial resolution over a wide field, we employ a deep-learning algorithm
initially demonstrated for single-image super-resolution by Wang et al. [18], and described in the
Methods section. To validate this method, we introduce a zoom lens to the detection arm that
is capable of providing an on-the-fly adaptable sampling resolution and field of view. First we
characterise the resolution of the system by imaging a test phantom comprising sparse 200-nm
beads (Figs. 3(a—c)) using Gaussian illumination. Low and high resolution images were acquired
with a pixel size of 2 um and lateral field of view of 4 mm (which was cropped to 2 mm by the
zoom lens aperture), and a pixel size of 0.5 um and a low field of view of 1 mm, respectively.
The pixel size of 0.5 um allows the high resolution image to Nyquist-sample the diffraction limit,
which is 1.1 ym. For different magnifications, the pixel size was measured by using a graticule.
Figure 3(c) shows the network output of the deep-learning algorithm applied to the widefield
low-resolution image. Figures 3(g) and (h) show the vertical and horizontal line profiles through
a fluorescent bead marked by the cross target in (a—c). It is clear that the resolution is severely
degraded by the low sampling of widefield imaging in the low-resolution case. The FWHM of
the line profiles in both the horizontal and vertical directions were measured to be 4.3 um for the
low-resolution image, 2.5 um for the network output and 1.6 yum for the high-resolution image.
The deep-learning algorithm recovers a resolution closer to the high-resolution image but over a
widefield. The gain in the field of view is indicated by the grayed-out area in Fig. 3(b).

We further demonstrate the performance of the deep-learning method on resolvable objects
of known size and shape. Figures 3(d—f) show low resolution, high resolution and the network
output of 4.8-um beads imaged with Airy illumination. The vertical and horizontal profiles of
the bead marked by the box are presented in Figs. 3(i) and (j), respectively. The FWHM of the
vertical line profiles were measured to be 5.4 um for the low-resolution image, 4.6 um for the
high-resolution image and 4.7 um for the network output. The FWHM of the horizontal line
profiles were measured to be 5.8 um for the low-resolution image, 4.4 um for the high-resolution
image and 4.8 um for the network output. It is evident that the deep learning method recovers
an accurate approximation of the high resolution image, and more closely corresponds to the
expected bead size of 4.8 yum.
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Fig. 3. Validation of deep-learning super-resolution on fluorescent beads in agarose. (a—c)
200-nm sub-resolution beads imaged with (a) low resolution (LR), and (b) high resolution
(HR) with a use of a zoom lens. In (b), the grayed out area is the LR image, representing
the missed field of view. (c) The output of the network applied to the LR image recovers a
high resolution over the whole field of view. (g) and (h) show the vertical and horizontal
line profiles across a bead marked by a target. (d—f) 4.8-um beads imaged with (d) low
resolution, (e) high resolution, and (f) output of the network applied to (d). The insets in
(d—f) show a magnified view of beads marked by the box. (i) Vertical and (j) horozontal line
profiles across the bead in (d—f).

3.3. Cleared mouse brain

To demonstrate the imaging capacity at depth of an Airy light sheet and with deep-learning
super-resolution, we imaged a cleared mouse brain from a pre-clinical model of Alzheimer’s
disease [25]. The sample comprised a cleared half hemisphere of the brain stained with thioflavin
S, as described in the Methods section. The sample was imaged without the zoom lens to achieve
the largest 3-mm on the camera lateral field of view.

Figure 4 shows cross sectional images from the cleared mouse brain at two depths, taken
with the Gaussian and Airy light sheets. The Airy data is further deconvolved. The network
output of the deep-learning method applied to the Airy images is shown alongside the data. The
point-like features that can be observed at a depth of 400 um, and are highlighted by the yellow
squares, are amyloid plaques. The distribution of plaques in the mouse genetic line under study is
generally consistent with SXFAD mice [25]. Amyloid plaques can be confirmed at 3 months old in
several brain regions, such as the subiculum, the lateral septum and the neocortex. These plaques
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are important markers in monitoring the progression of Alzheimer’s disease. In the magnified
image of the plaques acquired with the deconvolved Airy light sheet (Fig. 4(e)) compared to the
Gaussian light sheet (Fig. 4(d)) the plaques appear sharper. This is to be expected due to the short
depth of focus of the Gaussian light sheet compared to the Airy light sheet (see Section 2.1.)
After the application of the deep-learning algorithm to the deconvolved Airy image (Fig. 4(c)),
the plaques become sharper with a substantial improvement to the image contrast (Fig. 4(f)). The
network output provides a further increase in resolution. Since these plaques are substantially
larger than the PSF (approximately 10-um in diameter), the improvement in resolution manifests
as an increase in contrast to noise; the resolution and contrast are coupled in an imaging system,
and have to be considered in tandem.

Depth Gaussian Airy Network

400 pm

(9)'

Intensity (a.u.)

o

Distance (um) 100

1300 pm

Fig. 4. Images of cleared mouse brain tissue stained with thioflavin S. (a—f) Images taken
at a depth of 400 ym: (a) Gaussian light sheet, (b) deconvolved Airy light sheet and (c)
network outputs of the deconvolved Airy data. (d), (e), and (f) are magnified images of the
amyloid plaques shown in (a), (b) and (c), respectively. In (d—f) the red dashed lines indicate
the (g) line profile through two different plaques. (h—j) Images taken at a depth of 1300
pum: (h) Gaussian light sheet, (i) deconvolved Airy light sheet and (j) network outputs of the
deconvolved Airy data.

Figure 4(g) shows a line profile trough two plaques, marked by a red dashed line in Figs. 4(d—f).
The line profiles are normalised to the background noise. A better contrast to noise is achieved
by the Airy light sheet and improved further by the network. A similar trend is observed from
the internal capsule which emitted autofluorescence and was acquired at a depth of 1300 um
(Figs. 4(h—j)). This structure is clearer in the Airy image compared to the Gaussian image, and
can be tracked in three dimensions. The capsule is even more evident in the network output of
deep learning applied to the deconvolved Airy image (Fig. 4(j)).

3.4. Colon tissue

Figure 5 shows images of healthy and cancerous ascending colon tissues taken at various depths
with the Gaussian light sheet and with the deconvolved Airy light sheet to which the deep-learning
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algorithm has been applied. The colon has a smooth surface when viewed macroscopically, but
the mucosa, which is imaged here, presents an undulating appearance with occasional infoldings.
The surface of the normal colon sample (Fig. 5(a) and (e)) presents numerous colonic crypts.
These structures can be followed to a depth of 83 ym in the images taken with the Airy beam,
whilst blurring substantially with the Gaussian illumination. Compared to the cleared sample,
the depth range in turbid tissue is severely limited by the high scattering. While the advantage
of propagation invariance is less evident, the Airy beam has an additional advantage in depth
penetration through scattering tissue due to the angular diversity and self healing property of

Normal

Gaussian

Airy Network

Cancer

Gaussian

Airy Network

Fig. 5. Images of healthy and cancerous colon tissue stained with acridine orange. The
images of normal colon were acquired at different depths into the sample with both the
(a—d) Gaussian and (e-h) Airy beam. The images of cancerous colon were also acquired at
different depths into the sample with both the (i—k) Gaussian and (I-n) Airy beam. The Airy
images are deconvolved and the deep learning algorithm is applied to them.
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the beam shape [19]. We see this manifest with sharper tissue features and reduced aberrations
in depth. The possibility of following structures underneath the surface in three dimensions
presents a more facile avenue of assessment to conventional pathology analysis, where tissues are
step-sectioned, producing separate 5-um thick sections that are observed on separate microscope
slides.

On the surface of colon cancer tissue (Fig. 5(i) and (1)), the crypts are still visible but there
are also bright patches showing accumulations of nuclei, which are a common feature in cancer
tissues. As for normal colon, the images acquired with the Airy beam to which the deep learning
algorithm has been applied show better contrast with respect to those acquired with the Gaussian
beam and allow single nuclei to be seen even at a depth of 82 um (Fig. 5(k) and (n)). This ability
to follow structures in three dimensions, under the epithelial surface, may provide additional
information on the direction and extent of cancer cell invasion.

3.5. Breast tissue

In the carcinoma of the breast, islands of epithelial cells within glandular and duct tissues
undergo malignant transformation. Conventional treatments involve local surgical excision with
or without hormone or chemotherapy. While imaging the tissue we have noticed that, compared
to the healthy colon tissues which lay flat on the glass coverslip, the malignant breast tissue was
substantially more heterogeneous, with an uneven surface topography that prevented uniform
contact across the coverslip. The heterogeneity was particularly present in areas of tumour.

Figure 6 shows images of benign and malignant breast cancer tissues taken at the surface
and at depth with the Gaussian light sheet and with the Airy light sheet to which the deep
learning algorithm was applied. The images in Figs. 6(a—d) represent benign fibroadenoma with
collagenous stroma and distorted, slit-like elongated ducts. The images in Figs. 6(e-h) represent
invasive ductal carcinoma consisting of a broad sheet of densely packed tumour cells appearing
as hyper-fluorescent dots. While for the colon tissue the difference between the Gaussian and
deep-learning Airy images was more striking at depth, in the case of breast tissue the difference
was visible even near the surface. In particular, the images taken with the Airy light sheet look
substantially sharper. This may be attributed to the fact that is more challenging to focus the
Gaussian beam with a shorter depth of focus on an uneven surface of the sample with poor
contact to the cover slide. Also, the self healing properties of the Airy light field make it resilient
to aberrations at the surface, in which refractive index mismatch due to air gaps is present. This
aberration is evident in the insets in Fig. 6.

4. Discussion

In this paper, we have developed an open-top light sheet microscope that combines the use of a
non-diffracting Airy light field and a deep-learning method. This extends the field of view in
depth to 1.6 mm and achieves a 3-mm wide field of view while recovering a sub-Nyquist-sampled
resolution. The Airy light field demonstrated a higher axial resolution over a substantially larger
depth range compared to the Gaussian beam. The advantages of the Airy light field have been
demonstrated previously in [11]. The Airy beam was measured to improve the imaging depth
through turbid tissues by approximately 30%. Further it was shown to improve contrast, with
the largest benefits seen with increasing depth [19]. The improvements observed in this work
agree with these observations. This system may further benefit from the addition of attenuation
compensation to the Airy profile with a facile use of an additional exponential phase mask
to concentrate a greater intensity of light at depth [26]. Additionally, we have incorporated
Airy illumination in an open-top geometry, which greatly simplifies sample administration
and positioning, especially for large tissue and heterogeneous sections with uneven surface
topography. The SIL further removes the need for tissue embedding in agarose, or other refractive
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Airy Network

Gaussian

Depth

86 pm

Fig. 6. Images of benign breast tissue and invasive breast cancer tissue stained with
acriflavine. The images were acquired at different depths into the sample with both the
Gaussian and the Airy beam. The deep learning algorithm is applied to the Airy images
after deconvolution. (a) and (c) show the surface of benign breast tissue acquired with
the Gaussian and Airy beam, respectively. (b) and (d) show images of the benign tissue
acquired at a depth of 86 um with the Gaussian and Airy beam, respectively. (e) and (g)
show images of the surface of breast cancer tissue acquired with the Gaussian and Airy
beam, respectively. Insets (1) and (2) show an agglomeration of nuclei from regions marked
by a yellow rectangle in (e) and (g) respectively. (f) and (h) show images of the cancer tissue
acquired at a depth of 86 um with the Gaussian and Airy beam, respectively.

index-matching material. Such a geometry improves the prospects of technological adoption in
medicine and biology.

The adoption of deep-learning in our system has demonstrated a near two-fold improvement
in resolution whilst maintaining a wide field of view for light sheet imaging. This is consistent
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with previous observations in conventional widefield epifluorescence microscopy [18]. In LSM,
deep learning has been applied previously in one instance, however, the training was performed
using artificially simulated low-resolution images from high-resolution data [27]. In microscopy,
deep-learning has been typically used to surpass the diffraction limit to achieve super-resolution
microscopy [28]. However, in a broader context of image processing, deep-learning has been
applied to a class of problems termed single-image super-resolution [29], the goal of which
is to enhance resolution in poor sampling regimes. In this case, and as demonstrated in this
paper, deep-learning may be used to effectively resolve sub-Nyquist-sampled features without
necessarily breaching the fundamental diffraction limit. In this case, the network has to solve the
challenge of effectively interpolating between sampled points based on known tissue features,
rather than recovering information that cannot be fundamentally transferred by the optical system.

The use of deep-learning in microscopy has to be taken with care [28]. There are a variety of
network models that can generate false features based on the features observed in the training
data. The particular class of architecture used in this work is a method that relies on accurate
pixel to pixel registration and non-linear pixel-wise mapping to the training data [18]. Thus,
the model may be conceptualised as an efficient non-linear deconvolution method based on a
training set that captures typical microscopy aberrations. As described in the supplement to [18],
the best results may be obtained by training a new network with each individual imaging setup;
however, we found that a good performance was achieved with a network pre-trained on widefield
epifluorescence for both the Airy and Gaussian illuminations. Whilst the imaging modalities are
different, many aberrations and losses in image quality remain consistent between methods, and
are fundamental to all optical systems. Thus, due to the training with a broad range of samples
and stains in [18], the pre-trained network demonstrated substantial and relevant improvements
as seen in the LSM results presented in this paper. Using such a pre-trained network simplifies
the technical requirements to adoption from multi-day training with a high-end workstation to
ready sub-second reconstruction per image with a generic personal computer.

The research data underpinning this publication can be accessed at https://doi.org/10.17630/
7cee889f-aa36-4¢c27-a485-262c¢8a5d336b [30].

5. Conclusion

We have developed a light sheet microscope for widefield imaging of tissue volumes that
incorporates an Airy light field to achieve imaging at an extended depth, and a deep-learning
super-resolution architecture to achieve a two-fold improvement to the spatial dynamic range.
We have demonstrated the promise of the system to enhance imaging of amyloid plaques in
Alzheimer’s mouse brain and to distinguish healthy and cancerous colon and breast tissues from
biopsies. The system has promise for rapid, facile, widefield and volumetric imaging of tissue
sections in medicine and biology, and has prospects for simple adoption in other geometries of
light sheet microscopy.

Funding
Engineering and Physical Sciences Research Council (EP/P030017/1, EP/R004854/1).

Acknowledgments

We thank Dr Adam K. Glaser for sharing the design of the SIL lens, and Dr Graham D. Bruce
for a detailed review of the manuscript. We thank Imperial College Tissue Bank and Imperial
College Experimental Cancer Medicine Centre (ECMC) for providing the breast tissue samples
and Tayside Tissue Bank for providing the colon samples.

Author Contributions: SC performed the main experimental studies with contributions from
PBP. PW performed the numerical analyses. SS, KV and CSH provided samples. JN and FG


https://doi.org/10.17630/7cee889f-aa36-4c27-a485-262c8a5d336b
https://doi.org/10.17630/7cee889f-aa36-4c27-a485-262c8a5d336b

Research Article Vol. 3, No. 4/15 April 2020/ OSA Continuum 1082

OSA CONTINUUM

assisted in the early stages of the project. SC, PW and KD wrote the paper which was reviewed
and approved by all authors. KD initiated and supervised the study.

Disclosures

The authors declare no conflicts of interest.

References

1.

10.

19.

20.

2

—_

22.

M. Weber and J. Huisken, “Light sheet microscopy for real-time developmental biology,” Curr. Opin. Genet. & Deyv.
21(5), 566-572 (2011).

S. Corsetti, F. Gunn-Moore, and K. Dholakia, “Light sheet fluorescence microscopy for neuroscience,” J. Neurosci.
Methods 319, 16-27 (2019).

E. M. Hillman, V. Voleti, W. Li, and H. Yu, “Light-sheet microscopy in neuroscience,” Annu. Rev. Neurosci. 42(1),
295-313 (2019).

A. K. Glaser, N. P. Reder, Y. Chen, E. F. McCarty, C. Yin, L. Wei, Y. Wang, L. D. True, and J. T. Liu, “Light-sheet
microscopy for slide-free non-destructive pathology of large clinical specimens,” Nat. Biomed. Eng. 1(7), 0084
(2017).

R. M. Power and J. Huisken, “A guide to light-sheet fluorescence microscopy for multiscale imaging,” Nat. Methods
14(4), 360-373 (2017).

M. Ragazzi, S. Piana, C. Longo, F. Castagnetti, M. Foroni, G. Ferrari, G. Gardini, and G. Pellacani, “Fluorescence
confocal microscopy for pathologists,” Mod. Pathol. 27(3), 460-471 (2014).

N. G. Horton, K. Wang, D. Kobat, C. G. Clark, F. W. Wise, C. B. Schaffer, and C. Xu, “In vivo three-photon
microscopy of subcortical structures within an intact mouse brain,” Nat. Photonics 7(3), 205-209 (2013).

M. G. L. Gustafsson, “Nonlinear structured-illumination microscopy: Wide-field fluorescence imaging with
theoretically unlimited resolution,” Proc. Natl. Acad. Sci. 102(37), 13081-13086 (2005).

D. Li, L. Shao, B.-C. Chen, X. Zhang, M. Zhang, B. Moses, D. E. Milkie, J. R. Beach, J. A. Hammer, M. Pasham,
T. Kirchhausen, M. A. Baird, M. W. Davidson, P. Xu, and E. Betzig, “Extended-resolution structured illumination
imaging of endocytic and cytoskeletal dynamics,” Science 349(6251), aab3500 (2015).

F. Fereidouni, Z. T. Harmany, M. Tian, A. Todd, J. A. Kintner, J. D. McPherson, A. D. Borowsky, J. Bishop, M.
Lechpammer, S. G. Demos, and R. Levenson, “Microscopy with ultraviolet surface excitation for rapid slide-free
histology,” Nat. Biomed. Eng. 1(12), 957-966 (2017).

. T. Vettenburg, H. 1. Dalgarno, J. Nylk, C. Coll-Lladé, D. E. Ferrier, T. Cizmir, F. J. Gunn-Moore, and K. Dholakia,

“Light-sheet microscopy using an Airy beam,” Nat. Methods 11(5), 541-544 (2014).

. G. de Medeiros, N. Norlin, S. Gunther, M. Albert, L. Panavaite, U.-M. Fiuza, F. Peri, T. Hiiragi, U. Krzic, and L.

Hufnagel, “Confocal multiview light-sheet microscopy,” Nat. Commun. 6(1), 8881 (2015).

. J. Huisken and D. Y. R. Stainier, “Selective plane illumination microscopy techniques in developmental biology,”

Development 136(12), 1963-1975 (2009).

. Z. Yang, K. L. H. Cole, Y. Qiu, I. M. L. Somorjai, P. Wijesinghe, J. Nylk, S. Cochran, G. C. Spalding, D. A. Lyons,

and K. Dholakia, “Light sheet microscopy with acoustic sample confinement,” Nat. Commun. 10(1), 669 (2019).

. B.-C. Chen, W. R. Legant, K. Wang, L. Shao, D. E. Milkie, M. W. Davidson, C. Janetopoulos, X. S. Wu, J. A.

Hammer, Z. Liu, B. P. English, Y. Mimori-Kiyosue, D. P. Romero, A. T. Ritter, J. Lippincott-Schwartz, L. Fritz-Laylin,
R. D. Mullins, D. M. Mitchell, J. N. Bembenek, A.-C. Reymann, R. Bohme, S. W. Grill, J. T. Wang, G. Seydoux,
U. S. Tulu, D. P. Kiehart, and E. Betzig, “Lattice light-sheet microscopy: Imaging molecules to embryos at high
spatiotemporal resolution,” Science 346(6208), 1257998 (2014).

. A.-K. Gustavsson, P. N. Petrov, and W. E. Moerner, “Light sheet approaches for improved precision in 3D

localization-based super-resolution imaging in mammalian cells,” Opt. Express 26(10), 13122-13147 (2018).

. P. Hoyer, G. de Medeiros, B. Baldzs, N. Norlin, C. Besir, J. Hanne, H.-G. Kréusslich, J. Engelhardt, S. J. Sahl, S. W.

Hell, and L. Hufnagel, “Breaking the diffraction limit of light-sheet fluorescence microscopy by RESOLFT,” Proc.
Natl. Acad. Sci. 113(13), 3442-3446 (2016).

. H. Wang, Y. Rivenson, Y. Jin, Z. Wei, R. Gao, H. Giinaydin, L. A. Bentolila, C. Kural, and A. Ozcan, “Deep learning

enables cross-modality super-resolution in fluorescence microscopy,” Nat. Methods 16(1), 103-110 (2019).

J. Nylk, K. McCluskey, S. Aggarwal, J. A. Tello, and K. Dholakia, “Enhancement of image quality and imaging depth
with Airy light-sheet microscopy in cleared and non-cleared neural tissue,” Biomed. Opt. Express 7(10), 4021-4033
(2016).

D. Fish, A. Brinicombe, E. Pike, and J. Walker, “Blind deconvolution by means of the Richardson-Lucy algorithm,”
J. Opt. Soc. Am. A 12(1), 58-65 (1995).

. L. Goodfellow, J. Pouget-Abadie, M. Mirza, B. Xu, D. Warde-Farley, S. Ozair, A. Courville, and Y. Bengio, “Generative

adversarial nets,” in Advances in neural information processing systems, (2014), pp. 2672-2680.

N. Renier, E. L. Adams, C. Kirst, Z. Wu, R. Azevedo, J. Kohl, A. E. Autry, L. Kadiri, K. Umadevi Venkataraju, Y.
Zhou, V. X. Wang, C. Y. Tang, O. Olsen, C. Dulac, P. Osten, and M. Tessier-Lavigne, “Mapping of brain activity by
automated volume analysis of immediate early genes,” Cell 165(7), 1789-1802 (2016).


https://doi.org/10.1016/j.gde.2011.09.009
https://doi.org/10.1016/j.jneumeth.2018.07.011
https://doi.org/10.1016/j.jneumeth.2018.07.011
https://doi.org/10.1146/annurev-neuro-070918-050357
https://doi.org/10.1038/s41551-017-0084
https://doi.org/10.1038/nmeth.4224
https://doi.org/10.1038/modpathol.2013.158
https://doi.org/10.1038/nphoton.2012.336
https://doi.org/10.1073/pnas.0406877102
https://doi.org/10.1126/science.aab3500
https://doi.org/10.1038/s41551-017-0165-y
https://doi.org/10.1038/nmeth.2922
https://doi.org/10.1038/ncomms9881
https://doi.org/10.1242/dev.022426
https://doi.org/10.1038/s41467-019-08514-5
https://doi.org/10.1126/science.1257998
https://doi.org/10.1364/OE.26.013122
https://doi.org/10.1073/pnas.1522292113
https://doi.org/10.1073/pnas.1522292113
https://doi.org/10.1038/s41592-018-0239-0
https://doi.org/10.1364/BOE.7.004021
https://doi.org/10.1364/JOSAA.12.000058
https://doi.org/10.1016/j.cell.2016.05.007

Research Article Vol. 3, No. 4/15 April 2020/ OSA Continuum 1083

24.
25.
26.
27.

28.
29.

30.

OSA CONTINUUM

. N. Renier, Z. Wu, D. J. Simon, J. Yang, P. Ariel, and M. Tessier-Lavigne, “iDISCO: A simple, rapid method to
immunolabel large tissue samples for volume imaging,” Cell 159(4), 896-910 (2014).

J. Baumgartl, M. Mazilu, and K. Dholakia, “Optically mediated particle clearing using airy wavepackets,” Nat.
Photonics 2(11), 675-678 (2008).

H. Oakley, S. L. Cole, S. Logan, E. Maus, P. Shao, J. Craft, A. Guillozet-Bongaarts, M. Ohno, J. Disterhoft, L.
Van Eldik, R. Berry, and R. Vassar, “Intraneuronal S-amyloid aggregates, neurodegeneration, and neuron loss in
transgenic mice with five familial Alzheimer’s disease mutations: Potential factors in amyloid plaque formation,” J.
Neurosci. 26(40), 10129-10140 (2006).

J. Nylk, K. McCluskey, M. A. Preciado, M. Mazilu, Z. Yang, F. J. Gunn-Moore, S. Aggarwal, J. A. Tello, D. E. K.
Ferrier, and K. Dholakia, “Light-sheet microscopy with attenuation-compensated propagation-invariant beams,” Sci.
Adv. 4(4), eaard817 (2018).

H. Zhang, C. Fang, X. Xie, Y. Yang, W. Mei, D. Jin, and P. Fei, “High-throughput, high-resolution deep learning
microscopy based on registration-free generative adversarial network,” Biomed. Opt. Express 10(3), 1044—-1063
(2019).

C. Belthangady and L. A. Royer, “Applications, promises, and pitfalls of deep learning for fluorescence image
reconstruction,” Nat. Methods 16(12), 1215-1225 (2019).

W. Yang, X. Zhang, Y. Tian, W. Wang, J.-H. Xue, and Q. Liao, “Deep learning for single image super-resolution: A
brief review,” IEEE Trans. Multimedia 21(12), 3106-3121 (2019).

S. Corsetti, P. Wijesinghe, P. B. Poulton, S. Sakata, K. Vyas, C. S. Herrington, J. Nylk, F. Gasparoli, and K. Dholakia,
“Widefield light sheet microscopy using an Airy beam combined with deep-learning super-resolution (dataset),”
University of St Andrews Research Portal https://doi.org/10.17630/7cee889f-aa36-4c27-a485-262c8a5d336b.


https://doi.org/10.1016/j.cell.2014.10.010
https://doi.org/10.1038/nphoton.2008.201
https://doi.org/10.1038/nphoton.2008.201
https://doi.org/10.1523/JNEUROSCI.1202-06.2006
https://doi.org/10.1523/JNEUROSCI.1202-06.2006
https://doi.org/10.1126/sciadv.aar4817
https://doi.org/10.1126/sciadv.aar4817
https://doi.org/10.1364/BOE.10.001044
https://doi.org/10.1038/s41592-019-0458-z
https://doi.org/10.1109/TMM.2019.2919431
https://doi.org/10.17630/7cee889f-aa36-4c27-a485-262c8a5d336b



