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Light Sheet Fluorescence Microscopy (LSFM) has revolutionized how optical imaging of biological
specimens can be performed as this technique allows to produce 3D fluorescence images of entire
samples with a high spatiotemporal resolution. In this manuscript, we aim to provide readers with an
overview of the field of LSFM on ex vivo samples. Recent advances in LSFM architectures have made the
technique widely accessible and have improved its acquisition speed and resolution, among other fea-
tures. These developments are strongly supported by quantitative analysis of the huge image volumes
produced thanks to the boost in computational capacities, the advent of Deep Learning techniques, and
by the combination of LSFM with other imaging modalities. Namely, LSFM allows for the characterization
of biological structures, disease manifestations and drug effectivity studies. This information can ulti-
mately serve to develop novel diagnostic procedures, treatments and even to model the organs physi-
ology in healthy and pathological conditions.
© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Motivation

Light Sheet Fluorescence Microscopy (LSFM) (Huisken et al.,
2004) is a microscopy technique that has become widely popular
over the past few years as a way of providing 3D reconstructions of
fluorescent-labeled biological samples or specimens (Girkin and
Carvalho, 2018; Keller and Dodt, 2012; Lim et al., 2014; Mano
et al., 2018; Albert-Smet et al., 2019). The images are obtained
from the fluorescent signal emitted by the sample after light exci-
tation. Its main advantages over other microscopy methods are 3D
imaging capabilities, high spatial and temporal resolution and low
phototoxicity. Ex vivo samples, such as histological sections and
whole animal organs, can be efficiently imaged using this method
after a fluorescent labelling process and a clearing protocol to
render them transparent. Some of these clearing procedures are
toxic, which must be considered for their correct application. LSFM
presents considerable advantages for the analysis of ex vivo sam-
ples compared to other approaches such as the conventional optical
microscopy (Fricker, 1993) used for histopathology, which only
provides two-dimensional information and requires to physically
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cut the samples to obtain thin layers. Another widespread micro-
scopy modality, confocal microscopy (Pawley, 2006), can be used to
obtain 2D slices from a specific inner plane of a specimen, using a
confocal pinhole to eliminate out-of-focus fluorescence signal and
image a single point of the plane. This process does not require
sample slicing; however it is not well suited for imaging many
planes of the same sample due to the long acquisition times
required. In contrast, a single LSFM application on a sample pro-
vides an overall 3D reconstruction. This method is significantly
faster than confocal, which allows for rapid volumetric data
acquisition and can also be applied for live image of adequately
transparent specimens.

From a medical perspective, ex vivo LSFM imaging provides
fundamental 3D knowledge on tissue structure to allow for a better
understanding of damage caused by diseases. 3D images can be
much more informative than the selection of 2D views obtained by
a confocal microscope. With LSFM it is possible to observe detailed,
complete architectures 3-dimensionally. Fluorescent labeling is
used to locate key structures, which can be used, for example, to
map disease related features or drug distribution inside an organ.
Despite the many advantages of this technique, one of the main
drawbacks is the size limitation on the sample. In classical LSFM
architectures the sample size is restricted by the light emitter from
the side and the receiving lens on top of it. This arrangement of
nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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perpendicular objectives makes the system more size restrictive
than other modalities such as bright field or confocal microscopy,
which do not have lateral objectives interfering in the sample's
placing. Another aspect to consider when deciding to use LSFM is
the need for transparency, which restricts its use to ex vivo cleared
samples, as it is currently impossible to use LSFM for in vivo
screening, except with naturally transparent specimens like
zebrafish embryos.

Many experimental works using LSFM to image ex vivo samples
present visual qualitative outcomes from the visualization of
structures by human experts (Dodt et al., 2007; J€ahrling et al.,
2008). Others compare their LSFM images to different imaging
modalities, such as light microscopy to demonstrate that the fluo-
rescence method can be used as an alternative to classical histology
procedures (Lloyd-Lewis et al., 2016; Glaser et al., 2017). In recent
years, however, there have been several innovations to those initial
LSFM applications. These innovations come in the form of novel
microscope architectures allowing for faster acquisition (Yang et al.,
2015) or larger sample accommodation (Reder et al., 2019), among
others. There have also been efforts to improve the state of
quantification-oriented image analysis of LSFM, which aims to
obtain mesoscopic features from the images using objective and in-
depth image analysis techniques. This type of image processing
includes automatic segmentation techniques using manually
segmented ground truths, for targeting structures like blood vessel
networks (Hu et al., 2017a) or detecting cells and other small bodies
(Frasconi et al., 2014). This automatization can result in significant
time saving and reduce the required human labor while providing
more objective and reproducible results. These and similar analyses
show how LSFM can be used to obtain objective measurements that
may help in tasks such as observing the spatial response of a certain
organ to a treatment, quantifying differences between samples or
in some cases creating mathematical models of biological systems
to predict their behavior (d’Esposito et al., 2018). Additionally,
multimodality imaging that combines LSFM with other types of
medical images like Optical Projection Tomography (OPT) (Mayer
et al., 2014) or confocal microscopy (K€oster and Haas, 2015) can
provide more information than either technique alone, using the
additional image as a structural complement.

In this manuscript, we offer a general frame for the use of LSFM
on ex vivo samples and a relation of the newly available methods to
work with it. We first review the fundamentals and story of LSFM,
including the first examples of its use for ex vivo biological samples
and a series of classical architectures. Then we examine the usual
methods for ex vivo imaging of cleared samples, including sample-
types, architectures, staining and clearing techniques. The next
section of the article is focused on recent projects expanding LSFM
capabilities, which take into account novel technological advances,
quantitative image processing techniques and multimodal combi-
nation of LSFM with other imaging modalities. Finally, we offer a
conclusion on how these approaches can open the way for
emerging new applications on the biomedical field.

2. Light sheet microscopy fundamentals

Light-Sheet Fluorescence Microscopy refers to a set of tech-
niques which acquire images by sweeping a tissue sample using a
thin layer of light that excites fluorescent molecules present in that
plane and causes them to send a fluorescent signal to be detected
by a lens, usually at 90� of the light sheet, focused on the plane of
interest. 2D Images obtained are specific to the fluorescence
emitted in that single plane, excluding any signal coming from the
rest of the sample and allowing visualization of inner structures
without the need of any physical sectioning of the sample. This
technique avoids any unnecessary fluorescence excitation of the
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surrounding planes and thus reduces phototoxicity and premature
fluorophore degradation compared to other methods such as wide
field fluorescence microscopy. Many LSFM applications require
fluorescent labelling, either through genetic modifications or
antibody binding, tagging certain structures so that they emit a
light signal to be detected by the lens. The labeled areas will be
shown as fluorescent signal in the images, highlighting specific
features in the sample. Autofluorescence (no labeling) can also be
used to get an overall structural reconstruction relying on inherent
fluorescence of the tissues without focusing on specific targets.
During an LSFM imaging session, it is necessary either to use a
transparent specimen (such as zebrafish) or to clear the sample in
order to modify its refractivity index and allow light to traverse
through it without distortion.

The earliest biological application of LSFM technology corre-
sponds to A. H. Voie et al. (1993) (Voie et al., 1993), with a three-
dimensional analysis of cleared guinea pig cochlea using an LSFM
system termed Orthogonal-plane Fluorescence Optical Sectioning
(OPFOS). The impact of themethodwas low until several years later
it was used for bacteria imaging in oceanography (Fuchs et al.,
2002), this time under the name of Thin Light-Sheet Microscopy
(TLSM). Eventually, LSFM gained attention from the biological
community after it was successfully used to image living zebrafish
embryos using a similar setup (Huisken et al., 2004), which in this
case was referred as Selective Plane Illumination Microscopy
(SPIM), the name this original architecture would be known for
during the next years.

2.1. Classical architectures

The oldest and more widespread versions of LSFM architecture
consist of variations on the SPIMmodel, the original and most basic
system. This setup features single plane lateral illumination of the
sample and 90� between the fluorescence plane and the lens
(Fig. 1A). The original system used by J. Huisken et al. (2004) offered
a lateral resolution below 6 mm and a penetration depth of around
500 mm. Several variations on the same basis have been imple-
mented by using different lenses, laser beams or applying either
single plane or double plane illumination, with two beams directed
towards the sample from opposite directions. Double plane illu-
mination appears in the Ultramicroscope architecture (Becker et al.,
2008; Dodt et al., 2007) and allows for a more uniform light-sheet,
which is useful on larger samples given that the light is attenuated
as it travels through the tissue (Fig. 1.B). Double plane illumination
partially avoids shadows that particles can produce when illumi-
nated from only one side. These types of microscopes rely on sta-
tionary light sheets, which facilitates the construction of custom-
made devices following these principles.

Different setups rely on moving illumination to improve image
quality. Multidirectional SPIM (mSPIM) (Huisken and Stainier,
2007) is an alternative to the SPIM architecture that includes a
moving light sheet to illuminate the specimen from several angles
(Fig. 1C), reducing shadowing that appears in more static systems.
Other alternatives include DSLM (Digital Scanned Light Sheet Mi-
croscope) (Keller et al., 2008), where a scanned light sheet is used
instead of a constant one. It works by moving a linear laser signal
horizontally through the image to create the planes and vertically
to change from one to another. The procedure increases light effi-
ciency and allows all lines on each plane of the specimen to be
illuminated with the same intensity, among other benefits (Fig. 1D).
As a development on the DLSM setup, the Confocal Light Sheet
Microscope (CLSM) (Silvestri et al., 2012) also uses a thin line of
light which is swept along a specimen's horizontal plane (confocal-
like illumination), but includes the addition of a confocal detection
system by means of a slit that allows to detect fluorescence coming



Fig. 1. Schematic representation of LSFM classical architectures. Excitation light represented as green, light emitted by the sample as red. Blue arrows show the necessary movements to
form a light sheet, orange arrows indicate the z-axis movement to build a 3D image from the 2D planes. (A) Single illumination SPIM. The light sheet hits the sample from a side, creating a
2D image of the plane. After this, the sample is vertically moved to obtain a 3D scan. (B) Double illumination SPIM. Two light sheets hit the sample from opposite directions, avoiding one-
directional shadowing. The sample is vertically moved to obtain the 3D view. (C) Multidirectional SPIM (mSPIM). The light sheet is tilted to illuminate the sample from different angles, thus
reducing shadowing and increasing isotropy. Then the sample is vertically moved for the 3D reconstruction. (D) Digital Scanned Light Sheet Microscope (DSLM). A point light source is
horizontally scanned to create the light sheet, increasing light efficiency and allowing all lines to be illuminated with the same intensity. The sample is then vertically scanned to obtain the
different planes. (E) Confocal Light Sheet Microscopy (CLSM). The DSLM scanned illumination is coupled with an acquisition system that only receives the light from an illuminated line of
the sample at a time. Moving mirrors are coordinated, coupling the movement of the excitation linear beam with the movement of a slit allowing only light coming from the illuminated line
to reach the detector. This scanning needs to be done to obtain an image of a single plane. The procedure avoids scattered light, improving signal to noise ratio. After a plane has been
completed, vertical movement of the sample and horizontal scanning of the illumination beam for each plane provides the volumetric image.
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only from the excited line at each moment. Both emitter and de-
tector are coordinated to focus on the same line, creating a plane
with each sweeping sequence by means of these excitation lines.
The procedure prevents scattered light from being imaged,
increasing the Signal to Noise Ratio (SNR) since the out of focus
light is avoided, but requires precise coordination of emitter and
detector (Fig. 1E).

While many research groups create their own systems, in recent
years some commercial models have also been released, becoming
widespread as an alternative to avoid the time spent and the
complications derived from building a custom microscope. For
instance, LaVision BioTec Ultramicroscope (LaVision BioTec, Biele-
feld, Germany) (Hu et al., 2017a; Klingberg et al., 2017; Zundler
et al., 2017; Thierbach et al., 2018; Pan et al., 2016; G�omez-Gaviro
et al., 2017; H€agerling et al., 2017; No€e et al., 2018; Rocha et al.,
2019) or Lightsheet Z.1. (Carl Zeiss AG, Oberkochen, Germany)
(Isaacson et al., 2017, 2018; Saritas et al., 2018) are popular among
the community. These and other commercial alternatives have
allowed easy access to LSFM for research groups who would not
have considered the possibility otherwise, creating more oppor-
tunities for innovations on the technique.
2.2. Ex vivo applications of Light Sheet Fluorescence Microscopy

Given that LSFM requires transparency of the observed volume,
biomedical use of this technique primarily relies on ex vivo imaging
of a cleared organ or histological section. This type of study can
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offer preliminary knowledge as a basis for further work on disease
treatment. Several studies have shown the possibilities of ex vivo
LSFM. The work by Dodt et al. (2007) constitutes a clear reference
for the field, presenting successful images of both cleared
Drosophila Melanogaster and mouse samples. Posterior research
has proven how this modality can be used on different types of
ex vivo samples with promising results, like 3D reconstruction of
human skin samples (Abadie et al., 2018), as shown in Fig. 2, where
several details of the skin internal structure can be observed. This
section presents an overview of the most common clearing tech-
niques, sample types and labeling procedures used in LSFM studies.
2.3. Clearing techniques

To adequately perform a light sheet study and obtain accurate
information from the interior of the sample, the chosen clearing
technique is crucial. Since the popularization of LSFM among the
biomedical community, a variety of clearing techniques to render
the samples adequately transparent has been developed (Ueda
et al., 2020a). Of these techniques, Benzyl Alcohol/Benzyl Benzo-
ate (BABB) is one of the oldest and most widely used. This method
was developed from a mixture designed by Walter Spalteholtz
(Spalteholtz, 1911), which constituted the first application of
techniques for rendering samples transparent. BABB application
consists of dehydrating the tissue and submerging it in the reagent,
substituting the extracted water to render it transparent. It has
been used in many occasions on ex vivo samples (d’Esposito et al.,



Fig. 2. Human skin biopsies 3D rendering. Schematics of the volumetric reconstruction from single plane images obtained using LSFM (A). Planar cuts of the skin sample at different depths:
slides at 0 mm (B), 460 mm (C), 1200mm (D), 1400 mm (E). Anatomical structures can be observed with detail in a volumetric model of the sample. Scale bar: 1000 mm. Panels A-E reproduced
from Abadie et al. (2018).
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2018; Dodt et al., 2007; Frasconi et al., 2014; Fuchs et al., 2002; Hu
et al., 2017a; Huisken and Stainier, 2007; J€ahrling et al., 2008; Keller
et al., 2008; K€oster and Haas, 2015; Mayer et al., 2014; Reder et al.,
2019; Voie et al., 1993; Yang et al., 2015). Alternatively, a series of
techniques based on the method 3DISCO (3D imaging of solvent-
cleared organs) (Ertürk et al., 2014) have been successfully
applied by other groups. 3DISCO uses BABB but applies two other
solutions to the sample before it: Tetrahydrofuran (THF) for dehy-
dration and dibenzyl ether (DBE) as a clearing reagent that pre-
serves fluorescence better than BABB. A variation of the method,
uDISCO (ultimate DISCO) (Pan et al., 2016) focuses on increasing
fluorescence duration (Zhang et al., 2019). Another variety, iDISCO
(immunolabeling-enabled three-dimensional imaging of solvent-
cleared organs) (Renier et al., 2014), is based on 3DISCO to create
a robust, fast and inexpensive clearing method (Hu et al., 2017b;
Tanaka et al., 2017). As an alternative, iDISCOþ is a modified tech-
nique that reduces shrinkage (Rocha et al., 2019; Renier et al., 2016;
Perin et al., 2019). An alternative to the previous 3DISCO techniques
is CLARITY (Saritas et al., 2018; Chung et al., 2013), originally an
acronym of Clear Lipid-exchanged Acrylamide-hybridized Rigid
Imaging/Immunostaining/In situ hybridization-compatible Tissue-
hydrogel: a technique providing a hydrogel scaffold to maintain the
tissue structure after clearing, yielding better structural images
than BABB. As a drawback, this procedure is less reproducible and
scalable due to the need of a hydrogel, which adds complication to
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the protocol. Variations of CLARITY have been developed by
different research groups to suit their needs. For example, the
Passive Clarity Technique (PACT) (Yang et al., 2014) is applied as a
way of clearing whole organs in a fast manner without the need of
external forces (Isaacson et al., 2017, 2018; Stefaniuk et al., 2016). To
keep a high-performance clearing but at the same time reduce the
need of specific devices for the hydrogel (as happened with
CLARITY), the CUBIC procedure, which stands for Clear, Unob-
structed Brain/body Imaging Cocktails (Susaki et al., 2015), was
created. This technique focuses on reproducibility and scalability
and consists of two steps: hydrophilic solvents immersion to
remove lipids, and perfusion with a second reagent to match
refractive index. Fig. 3 shows different clearing techniques applied
to human skin biopsies for illustration of a clearing procedure's
effects, showing how tissue transparency is greatly increased after
clearing using any of the methods. More in depth reviews on
clearing procedures are common in the literature (Ueda et al.,
2020b; G�omez-Gaviro et al., 2020). In this section we presented
an overview of some of the most relevant methods.

2.4. Sample types

From a biomedical perspective, the analysis of human samples is
the most direct way of obtaining relevant information to be later
used in a clinical scenario. Light sheet microscopy is a powerful tool



Fig. 3. Effects of different clearing methods on human skin biopsies. (A) Submerged in Phosphate-Buffered Saline (PBS). (B) Dehydrated using ethanol, cleared with Benzyl Alcohol and
Benzyl Benzoate (BABB). (C) Dehydrated using tetrahydrofuran, cleared with Di-Benzil Ether (DBE). (D) Dehydrated with ethanol, cleared with DBE. The best results (most transparent
sample) are obtained in B, but the other methods also increase significantly the transparency of the sample. Grid square size: 2 mmx 2 mm. Panels A-D reproduced from Abadie et al. (2018).
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to characterize several abnormal behaviors in the organism, such as
malignant tumoral structures. This has been achieved for bladder
tumors by identifying lymphatic vessel structural alterations to
characterize them (Tanaka et al., 2018), and for colorectal carci-
noma samples by studying lymph nodes to determine the differ-
ences in cell shape between pathological and nonpathological
samples (Nojima et al., 2017). Other tumoral samples include
pancreatic tissue to study the behavior of cancer cells, determining
that venal invasion is almost universal in pancreatic cancer, which
explains its high lethality (Hong et al., 2020). LSFM images have
been used as well as a comparable and faster alternative to tradi-
tional H&E biopsies in order to look for cancer markers in samples
like prostate (Glaser et al., 2017; Reder et al., 2019) and breast
(Glaser et al., 2017; Chen et al., 2019) tissue.

Other analysis of human samples focus on skin to characterize
the structural effects of diseases like lymphedema (inflammation of
the lymphatic vessels) (H€agerling et al., 2017) or epidermic hyper-
plasia (Abadie et al., 2018), using it to visualize in 3D the enlarge-
ment on the epidermal layer on skin samples with images
comparable to the ones obtained from 2D sample sections by
conventional light microscopy (Fig. 4). Light sheet microscopy has
also been applied to different organ samples aiming to demonstrate
its viability on several tissues such as lung, coronary arteries or
brain arteries (Nojima et al., 2017). Imaging of human brain samples
has also been proven successful, even as a validation for in vivo
Magnetic Resonance Imaging (MRI) studies (Morawski et al., 2018).

Despite being the most relevant type of specimen from the
medical perspective, human samples are not always available. In
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these cases, animal samples provide valuable insight as a mean of
in-depth exploration of biological structures or disease effects that
can serve as a basis for medical development. Some of the most
widely studied animal ex vivo samples have been the brain and
parts of the neural system, especially in mice. In multiple occasions,
mouse brains have served to characterize the results of certain
clearing and/or imaging protocols (Silvestri et al., 2012; G�omez-
Gaviro et al., 2017; Pan et al., 2016), but they have also been
analyzed using immunolabeling to obtain a clear visualization of
neural tissue, allowing to localize neural cells (Frasconi et al., 2014).
Combining this procedure with other labeling allows to obtain
combined neural/vessel information (Di Giovanna et al., 2018;
Hama et al., 2011). A different type of labelling, using lectin, has
been chosen as a common procedure to observe the vessel tree
structure of these brain samples (J€ahrling et al., 2009), relying on
segmentation techniques to get exact representations of this
network (Hu et al., 2017a, 2017b; Di Giovanna et al., 2018). Besides,
Formalin-induced fluorescence labelling was able to identify
different structures of the mouse brain by negative cell staining
(Leischner et al., 2010). Not only the brain, but mice spinal cord has
also been studied using LSFM to observe neural regeneration
(Ertürk et al., 2012), obtaining information on neural recovery to
wounds, with the aim to help repair this tissue in pathological
cases.

Besides mouse models, brains from other animals normally
appear as study subjects using Light sheet microscopy. An example
of this is rat brains, which have served as examples of large nervous
tissue samples that can be adequately resolved by LSFM (Stefaniuk



Fig. 4. Comparison of microscopy techniques for epidermic hyperplasia in human skin samples. H&E light microscope histology sections in (A) for healthy skin and (B) for pathologic skin
compared to Light Sheet Fluorescence 3D renders in (C) for healthy skin and (D) for pathologic skin. The 3D renders show an increase in epidermic volume for pathological tissue. Scale bars:
100 mm. Panels A-D reproduced from Abadie et al. (2018).
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et al., 2016), but also songbird brain in order to obtain more in-
formation about the process of song learning and production for
these animals, with the aim to find a basis for the study of the
homologous region in humans. The High Vocal Center (HVC), the
brain area where these functions are localized, was visualized by
fluorescent labelling using Adeno Associated Viruses (AAV) (Rocha
et al., 2019).

LSFM potential has been also tested on different types of animal
organs other than neural tissue. These include mice hearts,
obtaining, for example, a 3D view of the lectin labeled heart
vascular tree (Nehrhoff et al., 2017). This can serve as a preliminary
step to more exhaustive evaluation of vessel remodeling after
injury. Other organs such as mice kidneys have also been studied to
determine the evolution of the glomeruli count when affected by
some disease (Klingberg et al., 2017). Renal pathologies reduce the
normal activity of this organ, which is usually translated in a lower
number of active filtering units (glomeruli).

Not only organs, but also entire animal bodies have been used to
test Light sheet microscopy's capacity to extract highly detailed
images from large samples. One of the classical specimens to test
LSFM is a whole Drosophila Melanogaster (Pan et al., 2016; J€arling
et al., 2010). Nevertheless, complete mouse bodies can also offer
useful insights of their anatomy and physiology, labellingmolecules
specific to a certain disease, for example calcium labelling to study
the effects of Duchenne muscular dystrophy on a body (Bozycki
et al., 2018). These whole-body studies are evolving to more com-
plex analyses as modelling and quantification techniques become
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more relevant. That is the case for C. Pan et al. (2019), who have
recently studied the behavior of human cancerous cells as they
spread through the mouse body, locating the different micro-
metastases and the therapeutic particles sent to them. Such studies
provide detailed views of the morphology on an entire biological
specimen, targeting specific areas or obtaining an overall view
through autofluorescence. This way, the relationship of certain
body regions with each disease's development can be analyzed.

3. Exploring further LSFM possibilities

LSFM is a powerful technique which is evolving as a greater
number of research groups become aware of its potential as a
powerful tool to obtain 3D images of specifically labeled particles.
The first approaches to this modality relied on devices that were
not trivial to operate and offered acceptable but improvable results
in terms of resolution. Clarification techniques needed to be tested,
and many research projects provided results that were given in a
qualitative form, assessing the correct functioning of a specific
“architecture plus clarification method” combination. In recent
years there have been many advances in LSFM, including new mi-
croscope architectures, multimodality combinations with other
imaging techniques, and new image analysis methods that had not
been previously applied to LSFM images. Novel approaches like the
ones presented in the following section provide the tools to extract
additional information to characterize previously unexplored dis-
eases or increase our knowledge on already studied ones. Some of
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these methods may become the basis for the development of new
treatments or diagnosis procedures that were not previously
possible.

3.1. Novel architectures

In recent years there have been many advances in LSFM in the
form of new microscope architectures and multimodality combi-
nations with other imaging techniques, broadening the horizons of
this microscopy technique.

As LSFM becomes popular between a wider range of re-
searchers, its limitations and possible improvements are being
highlighted. This has resulted in a series of alternative architectures
that can help mitigate some of the principal drawbacks of LSFM,
from facilitating sample placing to increasing resolution, which
allows for image analysis techniques to work with more accurate
information. Over the last years a series of novel technological
advances for LSFM have been proposed, developed from the con-
figurations mentioned in Section 2. These advances consist of new
microscope architecture designs that improve different features of
the imaging procedure, including:

3.1.1. Speed improvement
Acquisition time is an important concern when using LSFM to

obtain images of large samples. It facilitates the operator work and
results in a larger number of imaged samples per unit of time,
which can be useful to provide a higher amount of information for
an experiment. To reduce acquisition time by increasing the im-
aging speed, Dual-slit confocal light sheet microscopy (Yang et al.,
2015) was proposed as an evolution of the CLSM (Silvestri et al.,
2012) concept. Dual-slit CLSM uses two scanning linear beams,
operating in opposite directions, each of them coordinated with a
different slit to receive the excitation signal (Fig. 5A). Thus, each
half of the image is obtained from one of the scanning beams,
increasing the rate of acquisition. A similar technique is Confocal
multiview light-sheet microscopy (Medeiros et al., 2015), which
also combines double illumination with confocal slit detection to
reduce scattering. Each side is illuminated with a sweeping line of
light moving to the opposite direction of each other to allow two
moving slits to obtain their signals at the same time. Images are
weighted by a sigmoidal function and combined. The process al-
lows for double illumination more quickly than conventional mi-
croscopes. Aiming for a faster microscope that preserves resolution,
the SPED Light Sheet Microscope (Tomer et al., 2015) features an
increase in the detector lens depth of field by means of a trans-
parent piece in front of it. This way, it is not necessary to move the
detector together with the light-sheet. Instead, the light sheet can
be moved on its own, providing it remains in the focus of the de-
tector. This allows for an increase in speed acquisition since it is
dependent of the galvanometer operation speed, much faster than
the camera acquisition rate. All the setup results in a high-quality
volumetric acquisition system which speed is only limited by the
cMOS camera acquisition rate, which could be improved in future
years. Compared to more classical architectures, which speed is
limited by the piezo motors moving the sample, the SPED system
can acquire several thousands of volumes in a second. The device
has been used to image entire zebrafish brains, demonstrating that
the method is applicable to whole organs.

3.1.2. Light sheet refinement
The properties of the light sheet can greatly influence the output

of an LSFM study. Light sheet uniformity is important to obtain
isotropic images independent from the illumination direction.
Samples illuminated from a single side showa series of artifacts due
to shadowing, which reduces the Signal to Noise Ratio (SNR). This
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can distort the representation of certain sections of the images,
presenting an inaccurate result that can lead to less reliable
biomedical conclusions. To deal with these issues, methods like
Multidirectional digital scanned light-sheet microscopy (Glaser
et al., 2018) (mDSLM) have been developed. mDSLM is based on
mSPIM (Huisken and Stainier, 2007) and DLSM (Keller et al., 2008)
in an effort to illuminate the sample from as many angles as
possible and reduce shadowing artifacts. The mDSLM architecture
relies on an elliptical gaussian light beam with different numerical
apertures for the x and y directions (parallel and orthogonal to the
light sheet). The elongated size of the beam in the y direction
provides angular diversity, instead of relying on mechanical
movement of a linear beam (as in mSPIM). This beam is horizon-
tally swept through the sample to construct a virtual light sheet (as
in DSLM). The schematics of this process appear in Fig. 5.B. The
results of mDSLM against SPIM, mSPIM and DSLM have been
evaluated on eosin labeled human breast images, where adipose
tissue and stroma could be observed (Glaser et al., 2018). mDSLM
showed a decrease in shadowing compared to SPIM and DSLM,
while it also exhibited a contrast improvement when evaluated
against SPIM and mSPIM. These two characteristics allowed for a
more precise imaging of the alveolar structures of the breast tissue,
whose borders could be determined better than with the previous
methods.

Besides uniformity, the sheet's thickness can be a determining
factor. A thinner light sheet provides higher resolution in the z-axis,
exciting only a very small section of the sample and thus reducing
out of focus light. It makes 3D reconstructions in general smoother
and more accurate, which again results in more reliable outcomes
of image analysis. To approximate a perfectly thin and constant
layer an LSFM architecture has been developed based on dividing
the observation field into tiles (Gao, 2015), each of them illumi-
nated by a small light sheet. This setup creates multiple regions of
thin light sheet, which decreases the overall thickness through the
sample. All these tiles are then combined to form the complete
image. Another approach to reduce the light sheet's thickness is the
Axially Swept Light Sheet Microscopy (ASLM) (Dean et al., 2015),
which moves the light sheet generated by a Gaussian beam in a
synchronized manner with a slit detector, such that the section
imaged at each moment is the one illuminated by the thinnest part
(waist) of the light sheet (Fig. 5C). This setup is able to offer a Z-axis
resolution of 390 nm throughout a 216 mm x 162 mm x 100 mm field
of view, significantly better than the one provided by gaussian
(conventional) light sheet, which is only able to achieve similar
axial resolution for a field of view of ~ 2 mm x 2 mm and becomes
degraded as the region increases. Building on this idea, cleared
Tissue ASLM (ctASLM), a modification on the previous system, was
presented as an optimization of the concept for cleared ex vivo
samples (Chakraborty et al., 2019). As a different approach that
does not focus on illumination fromdifferent angles, another recent
technique called Tilted light sheet microscopy with 3D point spread
functions (TILT3D) (Gustavsson et al., 2018) relies on modifying the
3D PSF (Point Spread Function) (Von Diezmann et al., 2017) that
determines the transformation suffered by the light when received
by the detector. By combining a tilted illumination and a long axial
range PSF, it becomes possible to image single particles using high
NA (Numerical Aperture) objectives very near the plate.

3.1.3. Different illumination directions
The difficulty of a conventional SPIM arrangement to accom-

modate large samples has led to the development of systems
featuring illumination and detection paths below the samples, at a
45� angle of the horizontal while maintaining the 90� angle be-
tween both lenses. This allows for whole organ imaging without
any spatial restraints on the specimen since it is placed on an open



Fig. 5. Schematics of novel LSFM architectures. Excitation light represented as green; light emitted by the sample as red. (A) Dual-slit confocal light sheet microscope. Each half of the image
is obtained by one of the two scanning beams, resulting in a faster acquisition process. For each of the two light sources (denoted as A or B) the processes highlighted in the image using blue
arrows are the light beam tilting, the produced linear movement of a point source, the slit movement coupled to that of the point source and the pixel by pixel formation of the image,
accounting each beam for one half of it. The sample movement along the Z-axis is denoted by the orange arrow. (B) mDSLM. A light point source is tilted to avoid shadowing and horizontally
scanned to create the plane (blue arrows). It increases image isotropy compared to more conventional alternatives. The orange arrow shows the vertical movement of the sample. (C) ASLM.
The light sheet waist moves in coordination with the detection slit (blue arrows), obtaining an image produced by a very thin and precise excitation source, thus increasing the image's
resolution (Dean et al., 2015). Orange arrows show the vertical movement of the sample. (D) Open-top light sheet. 2D slices are taken in an oblique orientation, with the emitter and
detector below the sample. This allows for larger samples to be analyzed with an easy setup, since there are no lateral limits. The orange arrow indicates the movement of the sample so that
the system acquires parallel, diagonally oriented slides. (E) SCAPE 2.0. The light sheet is emitted in an oblique direction by the same lens which receives the excitation image. A galvo mirror
(rotation indicated by the curved blue arrow in the image) causes the sheet to move parallel along the sample. The light sheet moves parallelly following a direction indicated by the straight
blue line in the image (green dotted lines through the sample show different light sheet planes). Both the excitation and response light follow the same path until they are separated by a
dichroic mirror which doesn't reflect the light coming from the sample. Further processing of both light beams is not shown for simplicity. This setup, including several other specifications
explained in Voleti et al., 2019 . maintains a high resolution and greatly increases the acquisition speed compared to relying on motors to move the sample.
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plate. Large samples can be easily placed on the surfacewithout any
lateral constraint, as in more classical devices. This broadens the
sample range that can be imaged using LSFM in order to obtain new
results from larger samples. It allows for example for easy
mounting of centimeter-sized human samples (Reder et al., 2019;
Glaser et al., 2017; Chen et al., 2019). Too thick samples still cannot
be adequately imaged due to the limited penetration depth of the
light sheet in any architecture.

In this type of architecture with 45� illumination angle from the
bottom, slices are acquired in an oblique manner, which requires a
more complex reconstruction process than horizontal slicing
(Reder et al., 2019; Glaser et al., 2017; Chen et al., 2019; Strnad et al.,
2016). A summary of the system is seen in Fig. 5D. The convenient
sample placing also makes the mounting process faster, which in-
creases the processing speed of histopathology samples, such as
prostate core biopsies (Reder et al., 2019) or breast lumpectomy
margins (Chen et al., 2019) (of around 1 cm � 1 cm x 0.5 cm). A
similar system, Diagonally Scanned Light-Sheet Microscopy (Dean
et al., 2016), instead uses a CLSM-based architecture, and applies
an oblique slicing for faster imaging of thin cells.

Other innovative setups include Single objective SPIM (SoSPIM)
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(Zagato et al., 2017), which consists of the use of microfabricated
sample holders featuring small mirrors in the intersections be-
tween their walls and bottom. These micromirrors allow to create a
systemwith its laser beam coupledwith the receiving lens, so that a
vertical laser signal is reflected to create the horizontal plane,
which is then swept through the sample. This arrangement is useful
for incorporating LSFM with conventional optical microscopes
without the need for cumbersome lateral structures, thus making
this technique more accessible for laboratories which cannot afford
more expensive commercial LSFMmicroscopes. As an alternative to
this, a similar architecture was developed using an Atomic Force
Microscopy (AFM) cantilever coated with an aluminum layer to
reflect a vertical laser beam on top of the sample to a horizontal
plane (Gebhardt et al., 2013). This setup allows to couple the light
emission and reception in a single objective, as the SoSPIM does.

Similar imaging architectures include Light sheet theta micro-
scopy (Migliori et al., 2018), which places both detector and emit-
ters in the same side of the sample, avoiding lateral size restrictions
without compromising speed or resolution. Two light sheet emit-
ters are arranged symmetrically at both sides of the receiving lens,
roughly at a 60� angle from it and around 30� to the horizontal
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plane. The receiving lens is placed between the light sheet emitters
and includes a moving slit system which, coordinated with both
emitters, acquires a signal only from the thin line of the specimen
illuminated by both light sheet's waists at the same time. This
arrangement allows for high-resolution fast imaging of very large
samples (such as whole mouse brains), including the interior re-
gions of the samples. The acquisition speed is higher than more
classical architectures. Another alternative is Swept Confocally-
Aligned Planar Excitation (SCAPE) (Bouchard et al., 2015), a sys-
tem in which the excitation light sheet is emitted in an oblique
angle from the same lens that receives back the fluorescent signal.
The excitation light sheet is continuously swept back and forth and
along the sample by means of a polygonal oscillating mirror,
keeping the scanned detection plane stationary. This setup offers a
faster acquisition than conventional systems, which are limited by
sample movement. The speed improvement can be of the order of
240 times faster for SCAPE. This architecture's features provide an
adequate frame for live sample imaging, including high depth of
focus to observe large specimens. A new version of the SCAPE ar-
chitecture was developed recently, referred to as SCAPE 2.0 (Voleti
et al., 2019). It works on the same oblique illumination principle,
using the same lens to emit the light sheet and receive the fluo-
rescent signal, however the polygonal mirror has been replaced for
a more standard system of galvo (tunable) mirrors that in turn
allow for a similar functionality in a more robust manner. The ar-
chitecture of this microscope is depicted in Fig. 5E.

3.1.4. Other innovations
Apart from the previously presented areas, other relevant pro-

posals offer interesting possibilities to the scientific community.
One of them is a hyperspectral light sheet microscope that illumi-
nates the sample by means of a scanned light sheet and then de-
scans the signal emitted by it so that the different wavelengths
can be analyzed separately at the same time (Jahr et al., 2015). This
way, the signals offered by different fluorophores can be obtained
from a single application, reducing the difficulties to combine
separate images and the time spent in the process, which can serve
to simultaneously monitor either several drugs or drug diffusion
andmorphology changes. In addition, a series of projects have been
released during the years which aim to provide an open-source
framework for the construction and operation of standard LSFM
systems. This helps the community of LSFM users to grow, as more
research groups are able to build their own system with smaller
effort and cost. These initiatives include OpenSPIM (Pitrone et al.,
2013), an open controlling software for different LSFM varieties,
as well as OPT (Sharpe et al., 2002). As a recent alternative for
centimeter-size cleared samples, the mesoSPIM initiative (Voigt
et al., 2019) provides detailed instructions to assemble an open
source hardware ASLM system. This structure, combined with the
corresponding open source software, results in a specialized tool
for the analysis of cleared samples, compared to many of the ar-
chitectures found in the literaturewhich focusedmore on real-time
acquisition capabilities for studies such as embryo development. A
large field of view in the microscope increases the region's size,
while anisotropy is countered by the ASLM technology. In general,
mesoSPIM provides an easy access for everybody to study cleared
samples with optimal results.

3.2. Quantitative analyses of mesoscopic features

Quantifiable data obtained from analyzing LSFM images and
measuring mesoscopic features can provide valuable knowledge.
There are many applications to this type of data acquisition,
including cell characterization; for instance, a distribution of
ovarian follicle diameter obtained by manual segmentation (Lin
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et al., 2017) can offer insight on the development of premature
ovarian failure (POF) and polycystic ovary syndrome (PCOS).
Structural segmentation also provides relevant data and can serve
as a framework for further modelling. For instance, a segmentation
of the lung bronchial tree obtained with autofluorescence can be
used as a scenario for nanoparticle tracking to test for a certain
treatment effectiveness (Yang et al., 2019). Obtaining such
measurable data can benefit the researchers by providing extra
levels of information, but manually extracting these features is time
and labor intensive. As an alternative, several automatic processing
techniques have been recently implemented, reducing the previous
requirements, increasing reproducibility and allowing for faster
acquisition of a larger amount of data. The following sections pre-
sent a summary of automatic methods for extracting specific
characteristics from LSFM images. These analyses aim to provide
researchers with reliable biological information to understand the
body's functioning.

Before an image analysis method is applied, specific consider-
ations on LSFM images need to be taken. Themost crucial of these is
image size. LSFM is able to produce a large number of high-
resolution planar images. For large samples, the whole specimen
does usually not fit inside the field of view of the microscope. The
most commonworkaround to this is to obtain several image tiles of
a manageable size that will be later stitched together to form the
entire specimen. The size of this block representation of the image
can be in the terabyte order. This tile representation of the images
needs to be correctly handled for visualization and further pro-
cessing, so the registration process that aligns and combines all tiles
together to form the whole image is an important piece of the
workflow. A number of tools have been recently developed to deal
with LSFM acquired images, including the KLB lossless compression
format developed at the Keller Lab (Janelia Research Campus), able
to reduce the data size 30e500 fold (Amat et al., 2015). Specific
tools include Fiji plugins like BigDataViewer (Pietzsch et al., 2015),
able tomanage and visualize this kind of largemicroscopy files, and
BigDataProcessor2 (Tischer et al., 2020) to process large images.
Also dedicated stitcher algorithms like MosaicExplorerJ (Tosi et al.,
2020) help overcome the problems of reconstructing such large
images. Recently, the LOBSTER (Tosi et al., 1093) package for MAT-
LAB was published as well. It consists on a set of several image
processing algorithms specifically tuned for fluorescence images,
with an emphasis on adequately processing large samples such as
the ones usually analyzed by LSFM.

Quantitative methods can be classified according to the type of
information which is being measured. The next sections show the
most common applications.

3.2.1. Structural microscopy segmentation
Image segmentation consists of delimiting certain regions of the

image, which allows for the collection of measurements from a
whole structure, organ, or feature of interest. Using a system to
automatically segment these structures is a useful tool, but the
algorithm performance needs to be evaluated against manual
segmentations to check for reliability. Some of the applications of
automatic segmentation methods include the analysis of blood
vessel networks, which allows to measure parameters related to its
shape and distribution, providing additional information about
blood system function under different conditions. This type of
segmentation has been conducted on mouse cerebral vessels using
a convolutional neural network (CNN) (Hu et al., 2017a) trained
with manually segmented patches where an expert highlighted the
pixels corresponding to mouse brain vessels. These manual seg-
mentations were used to train the CNN, a complex nonlinear
function that, once tuned, was able to infer for each pixel of the new
images a probability of belonging to a blood vessel. Alternative
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algorithms involving Markov random fields (Di Giovanna et al.,
2018) or fuzzy local information C-Means clustering (FLICM) (Hu
et al., 2017b) have resulted in similar automatic segmentation of
this same structure. Despite blood vessels are usually the structure
of interest, other relevant sections have also been segmented. The
cardiac trabecular network, for instance, shows the inner structure
of the heart walls and can be extracted very precisely from LSFM
images using a machine learning approach such as subspace
approximation with augmented kernels (Saak) (Ding et al., 2020).
Different structures can be obtained in detail from LSFM volumes,
be it axonal projections of neurons in the mouse brain (using
methods like Fully Convolutional Neural Networks, FCNNs)
(Syenina et al., 2020) or disease-related structures. Image pro-
cessing software tools like IMARIS (from Oxford Instruments) allow
for surface segmentation, which can help characterize structures
like fungal infection development patterns in murine lung for
different models of immunosuppression (Amich et al., 2020).
Another one of these tools, AMIRA (a product of ThermoFisher
Scientific), offers functionalities like a semi-automatic filament
tracking algorithm that can serve to segment filaments after the
user specifies a starting and ending point. This has its uses in tasks
like retinal blood vessel network analysis, allowing also to measure
features like vessel lengths, volumes, branching points or Euler
numbers (Chang et al., 2021).

Image segmentation can be instrumental for derived applica-
tions. One of them is the creation of a brain atlas that works well
with LSFM images. This has been done by automatic registration of
brain region segmentations coming from the atlas “Common Co-
ordinate Framework version 3 developed by the Allen's Institute of
Brain Science” (AIBS CCFv3, obtained from other microscopy mo-
dalities) with a model brain created from LSFM images (Perens
et al., 2020). Another utility that can be developed from the re-
sults of automatic image segmentation algorithms are mathemat-
ical models to mimic physiological functions, thus allowing to
understand better the working principles of the body. Light Sheet
microscopy has been used to obtain a segmentation and skeleto-
nization of the circulatory system in a mouse fat pad tissue sample
(Kennel et al., 2020). The skeletonization allowed to construct a
graph model showing the interconnections between vessels and to
identify several sub-volumes of closely connected vessels. These
sub-volumes were also analyzed from a functional point of view,
taking into account perfusion modelling to obtain a representation
of the functional organization of tissue. A similar technique to
LSFM, Optical Projection Tomography (OPT), has also been used to
obtain 3D segmentations of fluorescently labeled, cleared mouse
tumors, building a mathematical model for drug diffusion upon
them (d’Esposito et al., 2018). This modality could as well be
substituted by LSFM to perform similar analyses that can help
predict the behavior of micro or nanoparticles introduced in a body.

All these procedures provide ways of overcoming one of LSFM
main problems: the data management issues due to a large volume
of 2D images obtained in a single study. Manually identifying the
structures of interest of awhole image can be challenging when the
amount of information is so large, and 3D segmentation is not a
trivial task, many times requiring the expert to go through each
individual 2D slide in order to achieve the most reliable results
possible. Using automatic methods reduces human workload, in-
creases speed and offers reproducibility: a single algorithm will
usually offer more consistent results than several different human
experts, each of them analyzing the image from their own
viewpoint.

3.2.2. Particle localization
Besides the segmentation of organs or large biological struc-

tures, automatic procedures are also applied for finding and
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characterizing particles such as cells in the imaged organs or
samples, using again manually annotated pictures as a ground
truth. This method can be used for a variety of purposes, such as to
track certain drugs inside the body, to observe the behavior of a cell
population, or to quantify the changes in shape of small structures
due to some disease. In cell culture studies, the localization of in-
dividual cells is important to analyze their evolution over time,
while in ex vivo samples specific cells that have been immunola-
beled can be observed within the whole sample. The localization of
these small structures can provide information on cell densities in
different parts of the body.

The applicability of these analyses on LSFM data has been
demonstrated, for example, to localize mouse brain cell centroids
using a mean shift clustering algorithm (Frasconi et al., 2014) or
Purkinje cells in a mouse cerebellum (Silvestri et al., 2015) which
can be later grouped by means of a k-means clustering method,
providing clear boundaries that show the cell distribution inside
this organ in a more exact manner, as can be observed in Fig. 6A.
This way, it was possible to create a map of all Purkinje cells and
visualize their structure. Studies like this one can yield significant
knowledge on some pathologies. For instance, the localization of
gaps inside the cerebellum cell organization is believed to be
related to autism disorders. Similar analyses have been performed
on different samples to locate targets like c-Fos positive neurons
under different stress situations in the mouse brain (Renier et al.,
2016). LSFM has also been used to observe cells from samples
other than neural, like murine fetal tissue (Scherzinger et al., 2016).
To obtain accurate cell nuclei segmentation in this type of specimen
a random forest was trained to classify each pixel as cell or back-
ground using the Ilastik toolkit (Sommer et al., 2011) to separate
cells from the background. After this, a rainfall simulation was
applied to the clusters to find intensity peaks. The final process was
to use a watershed algorithm to separate the cells in each cluster.
Another method that has been applied for cell segmentation on
human brain samples features a Mixed-scale Dense Network (MS-
D) (Thierbach et al., 2018). With an analogous approach, mouse
kidney glomeruli have also been observed, segmented and quan-
tified, allowing for shape observation and glomeruli density cal-
culations (Klingberg et al., 2017). In Fig. 6B the clear contrast
between these glomeruli and the background can be appreciated.
All these methods allow for precise localization and shape mea-
surements to observe the effect of a disease on individual cells.

Particle localization can be applied not only to find cells, but also
for tasks like analyzing pancreatic islets to detect pharmacologi-
cally induced changes in B cells during diabetes using a U-net
(Roostalu et al., 2020), or assessing tumor spreading. This last
application is shown in the recently presented study by C. Pan et al.
(2019), where a Light sheet microscopy is used to obtain 3D images
of a whole mouse body which has been injected with human tu-
moral cells, immunolabeled to find the tumor cells and cleared to
achieve transparency. By means of a fully convolutional network
inspired in the U-net architecture (Ronneberger et al., 2015) small
micrometastases can be found and quantified at the cellular level,
together with the distribution of antibody-coupled drugs applied to
the mouse. A schematic of a U-net-like network can be seen is
illustrated in Fig. 7. The segmentation provided by the CNN allows
for an estimation of drug efficacy based on the proportion of drug
molecules which were able to bound a micrometastasis. For
application, the neural network obtains maximum intensity pro-
jections of the image along each of the three dimensions, evaluates
the projections separately as 2D images, building three respective
probability maps of each pixel being tumor and combines these
three maps to rebuild a 3D probability volume. A segmentation
mask is then obtained from the volume and used to get a precise
distribution of both tumors and drugs at the cell level, thus helping



Fig. 6. Examples of quantification analyses on Light Sheet microscopy images. (A) Purkinje cells localization in the cerebellum, pseudocolors to show the different patterns. (B) Glomeruli
detection in the kidney. Comparison between control and Nephrotoxic Nephritis (NTN) infected kidneys. White boxes show a glomeruli density difference in specific areas of the kidney. Open
arrowheads point to shrunken glomerular tufts when compared to the normal ones (closed arrowheads). Scale bars: 50 mm. Panel A adapted from Silvestri et al., 2015. Panel B adapted from
Klingberg et al., 2017.
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to understand the dynamics of cancer spreading and treatment to a
deeper level.

In the deep learning field, alternative approaches are being
considered to bypass some limitations like the difficulty to access a
large number of LSFM labeled data. To this end, the use of
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Generative Adversarial Networks (GANs) is becoming popular. This
type of algorithms allows to generate synthetic data and consist on
a pair of neural networks: one of them discriminates real from fake
images while the other generates synthetic images to try and fool
the discriminator into believing they are real. This has been used,



Fig. 7. Example of a U-net for segmentation. A set of arrows indicate the forward path of the network, with extra connections denoted using dashed lines. 3D prisms show the dimensional
transformations of the image as it goes through the network. The input image of size D x D x 1 is processed first along the encoding path (orange). In each step after the initial one, the image
is copied to be later used in the decoding path. Then, it is downsampled, reducing its horizontal and vertical dimensions at half. A set of convolution steps are applied to the downsampled
image, increasing the number of channels (z dimension). Once a certain number of these operations have been applied, the decoding path (green) consists on a series of steps where the
image is upsampled, doubling its width and height, and a new image is formed by concatenating this result with a previously stored version, as shown in the scheme. The whole stack is
processed by several convolutional steps, reducing the number of channels, and then the result is upsampled to be combined with the previously stored image. The process continues until an
output image with the same width and height as the original one is obtained. It is then convolved to return to the one channel shape. This result represents the segmentation offered by the
net.
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for instance, to transfer the knowledge of a network trained with
confocal microscopy images to another net able to analyze LSFM
images (Guo et al., 2019), using the more prevalent confocal images
as a basis for a particle segmentation algorithm. Projects like this
greatly expand the possibilities provided by previous microscopy
methods to analyze the body in an exact manner.

3.2.3. Alternative data representations
Segmentation methods can be combined with data trans-

formations that allow additional information to be extracted from
LSFM data. For example, blood vessel skeletonization refers to
encoding a segmented vessel structure as the system of nodes and
vertices connecting them. This representation is better suited for
some calculations like vessel tortuosity, heterogeneity or ramifi-
cation, as well as to form a basis for mathematical models. One way
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of obtaining such representation involves thresholding LSFM im-
ages to obtain a blood vessel segmentation, which is then auto-
matically skeletonized to get a clearer model of its structure. Once
the skeletal scheme is obtained, several parameters can be
measured, like vessel radius. This can be done, for instance, by
centering a sphere in each of the points of the vessel skeleton and
expanding it until a certain proportion of it is outside the vessel
(Kennel et al., 2018b). Some other applications of the skeletoniza-
tion process include urinary tissue vessel segmentation (Tanaka
et al., 2017) or lymphatic vessels analysis (Tanaka et al., 2018).
Mathematical models explaining blood flow can also be created
with this technique, as seen in P. Kennel et al. (2018a) LSFM images
can also serve as a base for simulations, as shown by A. Hann et al.
(Hahn et al., 2020), who used the microvessel structures observed
in healthy and tumor-bearing mouse brains by light sheet
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microscopy and applied a mathematical model to them, obtaining
the corresponding change in Nuclear Magnetic Resonance (NMR)
signal for that region. This representation accounts for the one that
would be produced in a specific voxel of a full Magnetic Resonance
Imaging (MRI) study. By training a Support Vector Machine (SVM)
algorithmwith a series of those simulations it was possible to build
a classifier that allows to identify cancerous voxels in MRI, which
can help diagnose this disease in a faster and more accurate way.

Other transformations can be applied to the obtained segmen-
tations to yield more convenient representations. For instance,
LSFM data from a mouse intestine have been transformed by
rearranging the 3D volume obtained in such a way each intestine
layer is unfolded to form a different image, based on a certain
separation distance between layers defined by the user (Candeo
et al., 2016). Villi are also segmented to obtain specific measure-
ments like villi density. This transformation can help study intes-
tinal disease models from a more convenient point of view. The
information provided by this and the previous methods can shed
some light on the local effects of diseases for biological tissues from
a different perspective.

3.3. Multimodal imaging featuring LSFM

LSFM is a potent technique, but its possibilities can be expanded
through a combination with other imaging modalities. This com-
bination can be obtained by a coupled acquisition using two image
modalities at the same time so that their results are aligned, and
both can be merged into a single overall result. It is also possible to
acquire each modality separately and later register the images so
that their results can be combined. This allows for the fluorescent
labeled sections of LSFM to be more precisely localized inside a
body by the additional information provided by the other modality.

A useful technique to complement LSFM is Optical Projection
Tomography (OPT) (Sharpe et al., 2002), which also requires a
cleared sample to reduce scattering. Similar to a standard CT pro-
cedure, OPT takes several views of the sample at different angles
and uses a reconstruction algorithm to create a 3D visualization. Its
main advantage over LSFM is it can retrieve nonfluorescent signal
in addition to fluorescent signal (albeit at a lower resolution than
LSFM). The combination of this technique with SPIM has been
demonstrated using a variety of setups. One such combination,
OPTi SPIM, includes an illumination source which is placed below
the sample for the OPT analysis, and a laser light sheet directed
through it at a 90� angle for fluorescent excitation (SPIM) (Mayer
et al., 2014). The detector is placed on top of the sample and re-
ceives either one of the two signals, be it OPT structural information
or SPIM fluorescently labeled areas. For OPT acquisition, the sample
is rotated such that several images can be acquired and later
reconstructed, while for SPIM it is moved along one axis, storing 2D
slice images that are later combined as a 3D. Despite the different
procedures, both three dimensional images are already registered,
since the sample is placed in the same spot, which is one of the
main advantages of this combination of methods. The OPT signal
provides a structural framework which helps to contextualize the
location of the SPIM-detected labeled molecules.

As another example of multimodal imaging, Leica Microsystems
has developed a confocal laser scanning microscope with SPIM
system (Leica SP8 DLS) (K€oster and Haas, 2015). This setup allows
for easily switching between confocal and light sheet modes,
introducing new possible analyses. Using a vertical light sheet that
travels upwards to the sample and is then reflected horizontally
using twomirrors, a dual sided light sheet is generated through the
sample. Both modalities can also be combined; for example,
confocal microscopy may be used to activate photoconvertible
proteins, that will be later imaged using the LSFM module. In
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addition, the combined system has the advantage of reducing costs
as it integrates two devices into a single one.

4. Discussion and future directions

LSFM is an emergent technique for the analysis of ex vivo
cleared samples, yielding important information that help to
characterize organ structure and particle distribution. Ex vivo im-
aging of cleared samples provides insight on tissue functioning for a
variety of human and animal tissues, which allow for a deeper
understanding of disease behavior. Fluorescent labeling of key
structures, together with a suitable clearing technique, are crucial
to obtaining the desired information using LSFM technologies.

Novel approaches to the LSFM technique have been explored in
recent years. In respect to the technological advances, changes in
architecture have led to improvements in several fields such as the
improved acquisition speed of the SPED system. Some setups like in
SCAPE (Bouchard et al., 2015) and SCAPE 2.0 (Voleti et al., 2019)
have adapted sample mounting architectures which allow for the
imaging of large samples. We have also seen improvement in illu-
mination uniformity from systems such as ASLM (Dean et al., 2015),
which keeps the light sheet's waist at the detection area at all times.
From a software perspective, several open source platforms for
image acquisition have been developed, such as openSPIM (Pitrone
et al., 2013) and mesoSPIM (Voigt et al., 2019), which have reduced
the barrier of entry for researchers to use LSFM technology.

It is possible to yield additional information by utilizing LSFM in
combination with imaging modalities such as OPT, to provide
general spatial information for the fluorescently labeled particles
(Mayer et al., 2014), or with Confocal microscopy, which reduces
photobleaching compared to confocal on its own.

There have also been developments in the image processing
techniques available for LSFM data which are increasing the ability
to identify and quantify mesoscopic features from the mesoscopic
images. Several research groups have applied advanced techniques
to automatically segment structures, detect cells and particles,
obtaining their distributions, or measuring features such as vessel
diameter or tortuosity. With these techniques, it is possible to use
LSFM images with fluorescently tagged specific particles to obtain
conclusions on many aspects, like drug concentration or structural
changes after a disease or treatment. The amount of information
present in these large size images can be analyzed in a fast and
accurate manner using these techniques.

Image processing developments in LSFM, particularly in auto-
matic feature extraction methods, greatly reduce the time and labor
requirements of analyzing LSFM images, constituting a promising
field that will likely be explored in depth in the following years. A
particularly interesting field where these methods can be useful is
the development of mathematical models from ex vivo LSFM images
to explain organ functions and disease development. The detailed 3D
framework observed in these images provides the possibility of
analyzing and modelling a wide range of structures and their in-
teractions. Future studies could develop this at a deeper level to build
in silico organ models where new treatments can be preliminarily
tested without the need of real animals or patients. These quanti-
tative analyses can be complemented by newly available microscope
architectures that provide extra capabilities, offering images with
higher resolution and general quality along with less complicated
sample preparation and image acquisition. This would result inmore
precise models with a more reliable behavior. What is more, thanks
to several open source initiatives, LSFM is becoming increasingly
accessible for researchers of different disciplines, opening the doors
to new ideas on possible applications and features to be analyzed,
novel modality combinations with other biological signals and new
setup modifications to adapt this diversified need.
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Despite all the advances on the field, there are still some limi-
tations to the usage of LSFM for ex vivo samples. Sample clearing
remains in general an unavoidable step that adds a certain
complication to the procedure and can be a source of errors.
Choosing the adequate clearing method is thus a very determining
step. High resolution images of large samples require huge volumes
to be stored, which, combined with the still long acquisition times
makes it difficult to acquire samples from animals bigger than mice
or rats. As new light sheet microscopes are developed during the
next years, these size limitations will probably be overcome,
providing the means to study the whole organism function and
structure.

As a conclusion, the new advances in LSFM imaging for ex vivo
samples offer very promising results that can serve as a foundation
for future research with this modality and continue to develop the
technique to a higher level. Despite certain limitations, this is a
promising field that can give rise to relevant results in the
biomedical field in the future years.
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