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Abstract

Light sheet microscopy (LSM) is an evolving optical imaging technique with a plane illumination for optical sectioning
and volumetric imaging spanning cell biology, embryology, and in vivo live imaging. Here, we focus on emerging biomedi-
cal applications of LSM for tissue samples. Decoupling of the light sheet illumination from detection enables high-speed
and large field-of-view imaging with minimal photobleaching and phototoxicity. These unique characteristics of the LSM
technique can be easily adapted and potentially replace conventional histopathological procedures. In this review, we cover
LSM technology from its inception to its most advanced technology; in particular, we highlight the human histopathologi-
cal imaging applications to demonstrate LSM’s rapid diagnostic ability in comparison with conventional histopathological
procedures. We anticipate that the LSM technique can become a useful three-dimensional imaging tool for assessing human

biopsies in the near future.
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1 Introduction

Biopsies are of critical importance in medical diagnoses and
tests to determine the presence or extent of disease [1, 2].
Conventional histopathological analyses of biopsies involve
a tedious process of fixing and staining and thus the destruc-
tion of biopsy tissue [3—5]. Moreover, biopsy does not
always provide sufficient information for accurate disease
diagnosis due to biopsy sampling errors and disagreement
regarding the diagnosis among pathologists when interpret-
ing biopsy specimens [6—8]. The standard procedure for ana-
lyzing biopsies not only requires a lot of time and effort but
can also lead to the degradation of nucleic acids [9, 10]. In
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addition, histopathological procedures consume the tissue to
the extent that there might not be sufficient residual tissue
for supplemental molecular studies, causing problems down
the line if questions still remain [10, 11].

Moreover, in preparation for postoperative pathological
evaluation, radical prostatectomy specimens are grossly pro-
cessed by manually cutting the organ into cross-sectional
slices of 3—5 mm in thickness, as shown in Fig. 1a [12, 13].
There are a number of nondestructive fluorescence micros-
copy methods for human biopsies, such as confocal micros-
copy [14, 15] and nonlinear microscopy [16—19]. However,
the complex setup, high volume of photobleaching, slow
acquisition speed, and three-dimensional (3D) raster scan-
ning of small focal points have made these approaches
inconvenient for clinical use. In the majority of traditional
microscopes, the illumination and collection configurations
are coupled, which places constraints on imaging perfor-
mance; for instance, there is a trade-off between field of view
and depth of focus. In contrast, in wide-field microscopy
techniques, unnecessary excitation of out-of-focus fluores-
cence degrades the quality of the in-focus signal (Fig. 2). By
decoupling the illumination and detection optics with a sheet
of light, LSM provides fast wide-field imaging of three-
dimensional samples without out-of-focus photobleaching.

In current clinical settings, there is an urgent need for
wide-area, slide-free, fast, and nondestructive biopsy
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Fig.1 Light sheet microscopy for biological specimens of unlimited
size. Sweeping the light sheet (LS) in a perpendicular direction can
generate rapid volumetric imaging. FFPE formalin-fixed paraffin-

Fig.2 Comparison of illumi-

Axial .
Resolution .~

Optically Cleared Tissue

embedded. a Traditional histological procedure showing 2D slices by
manual sectioning of the tissue specimen. b LSM tissue histological
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nation shapes and detection
schemes of various microscopy

| lllumination of Wide-field microscopy |<—;

techniques

| lllumination of Confocal microscopy |<—‘_
|

Excitation spot of multi-

photon microscopy

Light sheet illumination |

procedures. LSM has drawn the attention of clinical
pathologists as its optical sectioning capability can pro-
vide 3D volumetric information without physically cutting
the specimen [20-22]. The LSM technique can reduce the
biopsy time from hours to minutes with imaging speed of
10-75 frames per second [23]. During the last decade, the
LSM technique has contributed immensely to the fields of
developmental biology [24, 25], embryology [21], neuro-
biology [26], drug discovery [27], plant biology [28], and
oceanography [29].
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The conventional histopathological procedure is shown in
Fig. 1a. On the other hand, the LSM technique’s histologi-
cal procedure just requires an optically cleared sample to
obtain volumetric 3D information of the specimen without
physically cutting it, as described in Fig. 1b. Thus, LSM
tissue histology has the potential to replace conventional
histology. The principle of LSM stems from decoupling
the illumination and detection optics, allows efficient col-
lection of signal photons from the sheet illumination. The
beam shaping optics to form a light sheet often includes a
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cylindrical lens, slit apertures, and beam-expanding optics.
In addition, combining the light sheet (LS) technology with
a fast laser scanning mechanism, a rapidly scanning thin
light sheet can be formed; this technique is named digital
scanned laser light sheet fluorescence microscopy (DSLM)
[21]. The detection is performed in a direction orthogo-
nal to the illumination optics in order to maximize photon
detection efficiency by minimizing the fluorescence from
the out-of-focus plane [22]. LSM generates photons in the
focal plane so as to minimize the wastage of photons from
out-of-focus layers. Owing to the minimum background in
the region of interest, it is possible to achieve a better SNR
with lower light illumination power. The photobleaching is
reduced by a factor of n, where n=number of optical sec-
tions. Various microscopy techniques, including LSM, are
compared with their performance indicators, key applica-
tions, and main limitations, as summarized in Table 1.

2 History of light sheet microscopy

The original LSM technique termed ‘“ultra-microscopy”
was pioneered in 1902 by Richard Adolf Zsigmondy to
observe colloidal gold particles by focusing sunlight, which
was described in his Nobel lecture in 1925 [30]. For many
years, the method was not used, until 1993 when Arne Voie
developed orthogonal-plane fluorescence optical sectioning
(OPFOS) microscopy [31] by combining planar illumination
with fluorescence microscopy to image the inner ear coch-
lea of the guinea pig with a 10-pm lateral and 26-pm axial
resolution over a 1.5 x 1.5 mm field of view (FOV). Despite
the success of OPFOS, the LSM technique has remained
obscure for several years. The breakthrough in LSM
occurred with the invention of selective plane illumination

Table 1 Detailed parametric comparison of the different techniques

microscopy (SPIM) by Ernst H. K. Stelzer’s group in 2004
[32]. Although SPIM featured relatively minor technical
differences compared with its predecessors, the real break-
through occurred with its application to the in vivo imaging
of transgenic GFP-expressing model organisms, including
GFP-labeled muscle in the naturally transparent Medaka
fish Oryzias latipes and embryogenesis of the common fruit
fly Drosophila melanogaster using GFP-moesin (a plasma
membrane marker).

2.1 Principles and practical implementation of light
sheet microscopy

The primary requirement for LSM imaging is the need for a
relatively clear sample. Ex vivo clearing of a sample can be
performed by any one of a range of protocols [33]. Once the
tissue has been cleared optically, we can proceed for imaging
by placing the cleared tissue onto the microscope’s stage.
LSM’s key feature is its ability to capture in-focus images of
a wide area to a depth on the order of millimeters. The laser
beam focuses into a thin sheet of light that excites only the
fluorophores within it, producing an optical section ranging
from 0.4 to 26 um. Since the optical sectioning is a nonde-
structive process, it does not involve the physical cutting of
tissue. In LSM, the illumination and detection optics are
placed perpendicular to each other. The idea of using sepa-
rate paths provides the flexibility to tune and optimize the
light sheet thickness according to the required application;
in other words, by tuning the LS thickness, we can change
the resolution, FOV, and depth of focus of the imaging sys-
tem. The whole sample is scanned using a laser LS for the
3D-volumetric image. This enables 3D imaging of tissues
in rapid succession. Using this technique, we may complete
the whole biopsy within minutes. By using post-processing

Technique

Wide-field microscopy

Confocal microscopy

Multiphoton microscopy

Light sheet microscopy

Standard spatial resolution < 0.5 um (lateral) and not

Imaging speed
Imaging depth
Illumination shape

Detection

Key application

Main limitation

applicable (axial)
High (area)
Limited
Wide-field and uniform
illumination

Wide-field detector
Thin micro-slice 2D imag-
ing

No axial resolution, photo-
damage

< 0.4 pm (lateral) and
<2 um (axial)

Slow (point scanning)

Limited

Point illumination (hour-
glass shaped excitation)

Point detector

Very high-volumetric
resolution

Imaging speed, imaging
depth, and photodamage

<0.5 pm (lateral) and
<3 um (axial)

Slow (point scanning)

Best

Point illumination (nonlin-

ear focal excitation)

Point detector

Deep tissue volume imag-

ing

Imaging speed and poten-
tial nonlinear photodam-

age

<0.5 pm (lateral)
and < 3 um (axial)

High* (volume scan)

Limited/high

Light sheet illumination
(decoupled from detec-
tion)

Wide-field detector

Fast volume imaging,
transparent or optically
cleared specimen

Imaging depth and
inhomogeneity of image
quality

*With the use of a faster scanning approach, such as resonant scanning, the speed can reach up to video rate at the cost of a low signal-to-back-

ground-noise ratio (SNR)
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techniques, digital images can be pseudocolored to assimi-
late conventional hematoxylin and eosin (H&E)-stained
sections [57]. The biopsy process using the LSM technique
preserves the tissue to be used for later supplemental studies,
which is an advantage over conventional methods. Having
multiple advantages, the LSM technique has recently gained
popularity in the fields of developmental biology and neu-
roscience [24, 25].

2.2 Essential LSM system requirements

For the LSM system, the first factor to be considered is
the illumination optics. This allows uniform illumination
across the sample FOV with good optical sectioning capa-
bility and allows the light to penetrate deep inside the tis-
sue. In addition to the LSM optical design, depth of field,
working distance, and FOV play important roles in selecting
the illumination objective lens and detection objective lens.
Depending on the type of specimen to be imaged, the illu-
mination optics numerical aperture (NA) and magnification
vary from 0.1 to 0.3 and 2 X to 10X, respectively. In the case
of detection optics, NA value varies from 0.2 to 1.1, which
includes dipping or water immersion objectives with long
working distances and allows steep angles. For particularly
interested readers, greater detail on the basic optical sys-
tem can be found in an earlier paper by Stelzer [32]. The
LS has to travel into an inhomogeneous environment with
properties of high scattering and absorption. Owing to the
regions with a higher refractive index in the sample, the
signal-to-background-noise ratio (SNR) is decreased due
to aberrations [34, 35]. As a consequence, the optical path
length increases, and the image quality deteriorates. There
has been considerable interest in the optimization of illumi-
nation optics to minimize the scattering and absorption of
light [34, 35] inside the tissue. Engineered beams, such as
Bessel, airy, and lattice beams, were adapted to reduce the
scattering and propagate the LS deep inside the tissue with-
out diffraction [36-39]. Alternative methods to minimize
the effects of scattering and absorption involved removing
the chromophores from the tissue using chemical agents or
tissue-clearing techniques [33, 62, 63].

After the illumination optics, the next factor to be consid-
ered is the sample mounting component. This allows a linear
focal scan of the tissue to reconstruct the 3D volumetric
image of the sample. To achieve this task, synchronization
among the stage, LS, and camera is necessary. The use of
an electrically tunable lens [40] is one of the efficient ways
of axial scanning when compared with other axial scanning
methods reported in the literature [20, 21, 32].

While the lateral resolution depends on the detection
optics, the axial resolution can also be affected by the thick-
ness of LS illumination. In addition, spherical and other
optical aberrations will affect the final achievable resolution
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of the system [27, 34, 41]. There is a compromise between
the effective NA of an objective lens and the geometry of the
LS, including the central thickness and uniformity. Here, the
effective NA means the resultant numerical aperture effec-
tively employed by the illumination beam, which can differ
from the objective NA.

2.3 Recent developments of LSM techniques

LSM stands out as an ideal technique to image 3D bio-
logical samples with features of low photobleaching, high
spatiotemporal resolution, and high SNR [42]. Imaging
large, living specimens with high resolution still remains
challenging with the existing LSM system configurations.
There are various LSM system configurations depending on
the size of the sample and speed. In this section, we cover
recently proposed developments in LSM configuration to
overcome the above issues. Thanks to multiview reconstruc-
tion methods [24, 43, 44], the uniformity of the image qual-
ity is improved in strongly scattering and absorbing sam-
ples, whereas in transparent samples, the axial resolution is
strongly enhanced to the point that the resolution becomes
isotropic. The first SPIM setup was proposed by Huisken
[32], in which the LS was generated inside a chamber filled
with buffer solution. The tissue specimen was immersed in
the buffer solution from the top so that it can be rotated
in multiple directions. However, multiview reconstruction
through the rotation of a sample comes with several disad-
vantages. First, owing to the difficulties in precise rotation of
the axis with respect to the specimen, there is a need to rea-
lign the misaligned images using computational algorithms.
Second, the artifacts coming from the biological dynamics
are faster than the sample rotation speed. Finally, a longer
sample exposure time is required for multiple views than
with the basic LS microscope, which increases the pho-
tobleaching and phototoxic effects [43—45].

The need to collect high-SNR images of opaque speci-
mens while retaining high temporal resolution and low pho-
totoxicity has led to the development of dual excitation LSM
[46]. The simpler solution is to add a third magnification
objective lens to the existing dual LSM to illuminate the
sample sequentially from two opposing directions, similar
to that in multiview SPIM (mSPIM) [47, 48]. The require-
ment for fast image acquisition has led to the development
of a MuVi-SPIM [43, 47] system with the addition of a
second magnification objective lens to the detection arm.
The total MuVi-SPIM system consists of four magnifica-
tion objective lenses, two for illumination and another two
for detection, arranged in a fixed geometry for multiview
data fusion in real time. To increase the LS efficacy, both of
the detection objective lenses are operated simultaneously
and focused onto a common focal plane. However, the illu-
mination objective lenses work alternately to avoid image
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blurring due to the increased scattering coming from the
two LSs simultaneously. Similar to the MuVi-SPIM system,
SiMView [49] is a four-armed LS microscope with single-
photon and multiphoton excitation. SiMView consists of
automated software to ensure the perfect alignment of LSs
and detection arms to increase the spatiotemporal resolu-
tion [50]. mSPIM, MuVi-SPIM, and SiMView systems have
been used successfully to image dynamic biological events
in Drosophila melanogaster embryos and live zebrafish in
comparison with conventional SPIM [47]. In addition, Wu
et al. have developed a new LSM technique with high iso-
tropic spatial resolution [46]. The setup is built on a dual
inverted SPIM (iSPIM) microscope [51, 52] consisting of
two magnification objective lenses arranged orthogonally
that are used alternately for illumination and detection.
The technique retains the LSM system’s advantages previ-
ously described in this section but has a faster acquisition
speed with isotropic resolution. Recently, lattice light sheet
microscopy (LLSM) from Eric Betzig’s group has pushed
the rapidly growing LSM field to the next level by offering
fast and high-resolution imaging using a lattice of interfering
Bessel beams [42]. Advanced techniques, such as LLSM,
should find applications in characterizing the histology with
its submicron resolution.

Swept confocally aligned planar excitation (SCAPE) [53]
was proposed as an alternative technique to image samples
using a single magnification objective lens in en face geom-
etry. This geometry does not necessitate synchronization
between the illumination and detection planes. Since it uses
a single objective lens, sample geometry constraints are very
minimal compared with those in other LSM geometries.
However, the SCAPE microscope hinders the imaging of
a larger volume of intact biological samples. Raju Tomer’s
[54] group has addressed this fundamental limitation of
imaging large biological samples using light sheet theta
microscopy (LSTM) by uniformly illuminating the sample

at a particular angle to eliminate the limits on lateral dimen-
sions without sacrificing the resolution, depth of field, and
speed. SIM in combination with light-sheet-based fluores-
cence microscopy (csiLSFM) is a recently proposed method
to enhance the lateral resolution down to below 100 nm [55].
This system uses three magnification objective lenses, where
two objective lenses are used for generating the SIM patterns
in the focal plane, which are flexibly rotated to provide the
near-isotropic lateral resolution.

To summarize this section, we have tabulated the state of
the LSM techniques and their relative merits, such as axial
and lateral resolution and FOV, in Table 2.

3 Commercially available microscopes

For biomedical professionals to utilize LSM, some compa-
nies have commercialized LSM systems. We summarize the
commercially available products below:

1. Lightsheet Z.1 is the first commercialized LSM system
from Zeiss. It is based on the setup introduced by Stelzer
[32], and it is mainly designed for the multiview imag-
ing of large, living specimens. This version of the LSM
system is well suited for research in developmental biol-
ogy and for following cellular dynamics in small model
organisms.

2. Luxendo provides an alternative LSM system MuVi-
SPIM microscope based on the setup developed by Krzic
[44, 47]. The MuVi-SPIM system has four orthogonal
views of the sample that works without rotation. This
version of the LSM system has a high acquisition speed,
long-term sample stability, and data fusion precision. It
is typically applied to small animal models and mamma-
lian cell culture for 3D reconstruction and the tracking
of cellular and sub-cellular positions.

Table 2 State-of-the-art LSM technology and associated imaging parameters

Technique Lateral resolution Axial resolution (um) Field of view
(pm)

Ultra microscopy [orthogonal-plane fluorescence Optical o sec- 10 26 1.5 mm (FOV)

tioning (OPFOS)]
Thin light sheet microscopy (2002) 10 23 1 mm (FOV)
Selective plane illumination microscopy (SPIM) (2004) 1 3-10 1.5%0.9 mm?
SCAPE 0.4-2 0.5-3 0.6x1x0.55 mm®
Open-top LSM 1.4 7 3.3%3.3x1.28 mm® (4x

Light sheet theta microscopy (LSTM) 0.4-2

objective lens) (optically
cleared human biopsy
specimen)

2-5 1.3x1.3x3 mm® (10x
objective lens) (optically
cleared human brain
tissue)
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3. LaVision BioTec introduced an UltraMicroscope II LSM
system based on the design of Hans-Ulrich Dodt [20].
This bidirectional LSFM generates stripes and artifact-
free data at a very fast speed (100 fps at full frame)
using six light sheets (three from each side with different
angles). This system has been successfully demonstrated
on neurobiology applications and to study neovasculari-
zation and lymph nodes, as well as developmental steps
in animal models at cellular resolution.

4. 3i (Intelligent Imaging Innovations) provides a lattice
LS microscope with a uniform LS of submicrometer
thickness based on the setup developed by Eric Betzig
[42]. The creation of a lattice Bessel beam generates a
0.4-um-thick LS that extends to 50 um, which allows the
collection of images at 100-500 fps using a high-speed
CMOS camera. It is thus possible to observe cell-cell
interaction, single-molecule diffusion into spheroids, as
well as cell motility in a 3D matrix and embryogen-
esis with high spatial and temporal resolution. It sup-
ports conventional sample holders, such as coverslips
and Petri dishes, as well as custom-designed chambers.
Thus, it is adapted to image specimens of various sizes
ranging from single cells to whole organisms.

5. Leica has commercialized the TCS SP8 DLS (digital
LS) microscope with the addition of a TwinFlect mirror
device to deflect the LS at a 90° angle to a commercial
confocal microscope. In the approach chosen by Leica,
they made use of two opposing 45° mirrors that are
attached to the condenser lens of the illumination arm.
By reflecting and rapidly scanning the laser light com-
ing from the diascopic (transmitting illumination) arm,
a LS is formed in the sample and imaging is performed
through the microscope’s objective lens [21]. It is mostly
used to observe embryogenesis and developmental pro-
cesses of embryos at a maximum speed of 60 fps.

6. Phase View designed an Alpha3 microscope that can
reach 100 fps at full frame with their CMOS camera.
The sample is left stationary. It can perform high-speed
volumetric imaging of weakly fluorescent specimens as
well as live imaging of 3D cell cultures.

Apart from buying a ready-made microscope, it is also
possible to build a basic LSM according to detailed instruc-
tions (http://openspim.org), and the list of parts is available
for the LSM setup. This integrated Open-SPIM hardware
and software platform is an open-access initiative for build-
ing and adapting SPIM technologies [56]. The idea is to
make SPIM technology available to the broad scientific
community, including those without an optics background.
Instructions are provided with pictures that show the step-
by-step building procedures. In addition, an OpenSPIM/Fiji
software package is available with tutorials to program and
modify the source code. The simplest setup fits on an optical
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breadboard of 30X 45 cm. It is developed mainly for studies
of development, such as embryogenesis. Videos are made
available with instructions on how to build the setup and
align the microscope properly.

4 Light sheet microscopy (LSM)
for histology imaging

To meet pathologist’s demands for analyses of fresh tissue
and to examine tissues in rapid succession, Jonathan Liu’s
group from the University of Washington developed open-
top light sheet microscopy by adapting a previously devel-
oped LSM technology [57]. This newly developed nonde-
structive OT-LSM was demonstrated on large fresh human
biopsy samples extracted from breast, prostate, and kidney
tissues. This demonstration highlighted the LSM technique
as a promising histopathological tool to image large human
samples within tens of minutes. In addition, the OT-LSM
images are comparable to standard histology images. This
confers an advantage of sampling biopsies digitally rather
than separating them into tiny fractions. OT-LSM’s volu-
metric imaging of tissue can improve pathologists’ ability to
diagnose diseases and stage lesions. The technique currently
offers cellular resolution, but over extensive areas without
tissue damage and potentially with much less nucleic acid
degradation. This OT-LSM technique was also demonstrated
for rapid evaluation of surgical specimen margins during
surgery.

In the next section, we have discussed the potential trans-
formative diagnostic paradigm of LSM for several selected
clinical applications, with a special emphasis on human
histology.

4.1 Human prostate tissue

OT-LSM was explored in the postoperative evaluation
and triage of large surgical resection specimens, for which
optically cleared prostate tissue was considered. An opti-
cal image of fresh prostate tissue is shown in Fig. 3a, and
its corresponding OT-LSM histological image is shown in
Fig. 3b. An en face surface image is shown at the top left
of Fig. 3b before applying the surface extraction algorithm
on a 3D volumetric dataset to show the regions of defocus
and incomplete imaging. The bottom right of Fig. 3b shows
the irregular surface of the large specimen after applying
the digital surface extraction algorithm. From Fig. 4a, we
can observe both basal and epithelial cells from the nor-
mal prostate glands. Specifically, we can observe a tissue
transformation from benign to adenocarcinoma status at the
cellular level from Fig. 4b as evidenced by the crowding of
glands with a single epithelial cell layer. Figure 4c displays
neoplasia stratified nuclei in a lumen. All of the images were
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Fig.3 a An optical image of

Before surface

fresh human prostate tissue (a)
(3.1x3.5%0.4 cm). b OT-

LSM histological image before
and after applying the surface
extraction algorithm. Surface
extraction is a form of digital
image processing to provide a
comprehensive image of the
surface to compensate for the
irregular surface of the large
specimen from the 3D dataset as
there are defocused and incom-
plete regions in the original
image (arrowheads). All images
were reproduced with permis-
sion from Ref. [57]

Fig.4 a Moderate- and high-magnification images of normal prostate
glands, where a layer of both basal and epithelial cells is observed
(arrowheads). A corresponding H&E histological image is shown
on the right. b A region with benign prostate (left) transitioning into
prostate adenocarcinoma (right), which exhibits the crowding of
glands with a single epithelial cell layer (arrowheads). A correspond-

supplemented with corresponding H&E histology images
shown alongside.

OT-LSM was explored for intraoperative imaging of large
freshly resected human breast tissue composed of a pliable
adipose specimen for tumor margin assessment. Figure 5a
shows the biopsy tissue, and Fig. 5b shows the conventional
histology image of the corresponding specimen. It is evident
from Fig. Sc that the LSM technique could reveal structural
details of an optically uncleared specimen. The LSM com-
prehensively images benign fibro-adipose tissue at a quality
comparable with that of conventional archival formalin-fixed
paraffin-embedded (FFPE) histology. The imaging time is
less than 1 min to extract the OT-LSM histological image
after surface extraction. A digital surface extraction algo-
rithm was used to obtain the entire tissue surface from the
raw 3D dataset.

extraction

Tissue
surface
profile

After surface
extraction

ing H&E histological image is shown in the lower panel. ¢ High-
grade prostate intraepithelial neoplasia, displaying stratified nuclei
and tufted projections into the lumen (arrowheads). A correspond-
ing H&E histological image is shown on the right. All images were
reproduced with permission from Ref. [57]

Human breast imaging was also performed using a mul-
timodal approach by combining ultrasound, photoacoustic
tomography, and inverse SPIM (iSPIM). The iSPIM result
in Fig. 6a shows the maximum intensity projection of a
stack representing the anterior surface of the breast sam-
ple showing cell types and nuclear features. The stromal
features of fatty tissue are presented in Fig. 6b, d, whereas
micro-calcifications and small vessels are visible in Fig. 6c¢,
e, respectively. All of the results are correlated with the his-
tology results.

4.2 Human brain imaging
To image large biopsy samples, Raju Tomer’s group

from Columbia University developed LSTM [54].
LSTM was demonstrated on human brain sections of
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| After surface
(a) extraction
“w
- Tissue
surface
profiles
|
(b)
Imaging time
<1 min
Fig.5 Human breast tissue. a A freshly excised specimen of human of human breast tissue; the arrowheads indicate a region of invasive
breast tissue (2.0x2.0x0.4 cm). b Conventional histological image carcinoma (i.e., a positive margin). All images were reproduced with
of the corresponding specimen. ¢ Open-top light sheet microscopy permission from Ref. [57]

Fig.6 a Representing the
anterior side of the biopsy. b, d
Various structures, such as fatty
tissues. ¢ Micro-calcifications
(green arrows) and e small
blood vessels. The arrows and
the boxes in a indicate the sites
of the lower-magnification
images in the biopsy. Scale bars
in a: 500 pm, in b, d: 100 um,
and in ¢, e: 50 um. All images
were reproduced with permis-
sion from Ref. [59]. (Color
figure online)

~10.5%14.1 x3 mm in size. Figure 7 shows an LSTM 4.3 Human gingiva imaging

image of a human brain sample stained with DAPI. This

result is the first of its kind to report on the human brain ~ The LSM technique was also demonstrated to be promis-
using LSM. ing for characterizing human gingival morphology and
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Fig.7 LSTM imaging of a large thick section of cleared human brain
tissue (~10.5x14.1x3 mm) stained with DAPI. Scale bar is 1 mm.
All images were reproduced with permission from Ref. [54]

vasculature from a patient’s waste material. The 3D images
of capillary loops in stromal papillae invading into the strati-
fied epithelium of human gingiva as shown in Fig. 8a prove
the potential of LSM in oral health and disease diagnostics.
Figure 8b is a stack of sections of stromal papillae prepared
based on Fig. 8a. The tortuosity and irregular shape of the
capillary loops are clearly visible in Fig. 8c but are not
apparent in 2D images of conventional procedures, such as
periodic acid—Schiff (PAS) (Fig. 8d) and Giemsa staining
(Fig. 8e, f). This indicates the relevance of LSM in 3D his-
tochemistry and imaging of healthy and pathological human
gingival samples.

4.4 Human temporal bones imaging

At present, uCT is used to evaluate the middle and inner ear
temporal bone features, but using pCT, it is difficult to see
the morphology of human soft bones. To bridge this gap,
thin-sheet laser imaging microscopy (TSLIM) was used to
image the morphology of human temporal bone (cochlea)
instead of traditional celloidin sectioning [60]. The results
of this study have revealed the structures of spiral ligament,
stria vascularis, Reissner’s membrane, and organ of Corti.
Figure 9a shows the TSLIM image of the basal turn cross
section of the right temporal bone (TB), whereas Fig. 9b
shows the processed TSLIM image of the basal turn cel-
loidin cross section. To correlate TSLIM results with the
histology, an H&E-stained image is shown in Fig. 9c.

Fig.8 a Serial cryostat sections (8 pm thickness) after staining with
hematoxylin of gingival epithelium (blue) invaded by stromal papil-
lae (green) containing ascending and descending limbs of a capil-
lary loop (pink) after the BABB clearing procedure. b Stacks of
sections of stromal papillae prepared based on the images in (a; A).
Epithelium is shown as in Sect. 1. One papilla is sectioned from the
top toward the bottom (upper papilla), and the other is sectioned
halfway to the bottom. ¢ Low-magnification 2D projection of a 3D
image prepared with the use of light sheet microscopy of human
gingiva embedded in agarose with the endothelium of blood vessels
immunohistochemically stained using anti-CD31 antibodies conju-

gated with Alexa Fluor 568 (red) and nuclear staining using YOYO-3
(blue). Note that pseudocolors are used to optimize contrast. Detailed
image bar of a capillary loop (red) in a connective tissue papilla that
is invading into the epithelium of human gingiva in the box was taken
from the 3D image. Bar=20pum. d Light microscopy images of cry-
ostat sections of the gingival sample stained with PAS. e, f Giemsa
staining regions marked with E, S, and SP on (e, f) are staining of
the epithelium (E), stroma (S), and stromal papillae (SP) containing
capillaries. Bars=50pum (d, e) and 25um (f). All images were repro-
duced with permission from Ref. [58]. (Color figure online)
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Fig.9 a High-magnification basal turn cross section of the right tem-
poral bone (TB) showing absorption artifacts (dark lines at arrow). b
High-magnification basal turn celloidin cross section of the TSLIM-
processed right TB. Reissner’s membrane became detached from

4.5 Human skin imaging

The last application presented in this article is skin imag-
ing using LSM, in SPIM in particular. Human skin biopsies
of 5 mm in size are performed using LSM after making
the human skin biopsies transparent using Murray’s opti-
cal clearing. The LSM results show the different layers of
the human skin, as shown in Fig. 10a, c. Figure 10b shows
the H&E-stained normal skin, whereas Fig. 10d shows the
H&E-stained pathological skin. * in Fig. 10a—d indicates
epidermis, ** indicates papillary dermis, and *** indicates
reticular dermis. The authors [61] in their article also showed
autofluorescence of human skin from optically cleared speci-
mens at several wavelengths (405, 488, 561, and 642 nm).
The autofluorescence results are useful for identifying vari-
ous skin layers, such as stratum corneum, dermis, and epi-
dermal appendages. The results from the LSM are useful for
visualizing and quantifying anomalies, such as epidermal
hyperplasia from psoriasiform skin lesions.

@ Springer

the spiral limbus in the right TB (panels a and b). ¢ H&E-stained,
high-magnification basal turn celloidin cross section of the left TB.
Bar=100 pm. All images were reproduced with permission from Ref.
(60]

5 Future directions and conclusions

The highly versatile LSM and its applications as presented
in this article suggest the potential for using LSM tech-
niques in clinical pathology settings. In this article, we
mainly focused on the applications of LSM techniques
in human biopsy; each of the applications in this article
shows the results in comparison with the gold-standard
histopathology. We have listed the significant advantages
of the LSM technique over the traditional histological
methods. We have also included the LSM’s high speed
and nondestructive 3D volumetric imaging to reduce the
biopsy time. From the LSM applications discussed in this
review article, we believe that using LSM can improve
conventional histological processes in many cases.

The new developments, such as lattice LSM, can poten-
tially increase the imaging speed and achieve lower photo-
toxicity, allowing in vivo live imaging. We expect that this
LSM could find applications in biopsies, molecular test-
ing, and intraoperative consultations. In the near future,
the LSM technique could change the traditional biopsy
procedures by offering pathologists 3D volumetric infor-
mation with minimal sample preparation. Alternatively,
the LSM technique could guide tumor surgery, provid-
ing an additional tool for pathologists for accurate disease
diagnosis. The main future work could be adapting LSM
in clinical settings, for which the need to add data visuali-
zation and computer-based analysis to the existing LSM
technique will be a future direction to quickly make accu-
rate tissue diagnoses from massive 3D datasets of LSM.
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Fig. 10 Human skin structure was observed a, ¢ on an optical cross
section (slice at depth of 270 pm) by LFM and b, d using H&E stain-
ing. Arrowhead: stratum corneum; *epidermis; **papillary dermis;
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