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Abstract

Leveraging open-top light-sheet microscopy for 3D pathology: building tools for clinical studies

Kevin Warner Bishop

Chair of the Supervisory Committee:
Jonathan T.C. Liu
Mechanical Engineering

Cancer is a leading cause of death in the United States and represents a heterogeneous set of
diseases with a wide variety of treatment approaches and patient outcomes. Biopsies are often used
for both initial diagnosis and to grade disease aggressiveness, a key component in making
appropriate treatment recommendations. Slide-based pathology is the current gold standard for
microscopic analysis of biopsies and other tissue specimens. Despite widespread use, slide-based
analysis carries a number of disadvantages. First, slide-based pathology inherently limits analysis
to discrete 2D cross sections, which make it difficult to characterize complex 3D tissue structures
like vasculature or glandular networks. Second, pathologists typically review only a few sections

from each specimen due to the time and labor required to prepare and view each slide, often



equating to less than 1% of the entire tissue volume. Third, physical sectioning destroys tissue,
complicating downstream molecular assays and archiving. An emerging alternative to slide-based
pathology is non-destructive 3D pathology, which provides comprehensive visualization of 3D
tissue structure without destructive sectioning. A number of proof-of-concept studies have
suggested that 3D pathology can provide clinically relevant information. However, large-scale
clinical studies, which will be key for clinical adoption, have remained challenging. This is in part
because existing methods for 3D pathology are not optimized for high-throughput imaging of
hundreds to thousands of clinical specimens. To enable comprehensive clinical studies using 3D
pathology, this dissertation presents a set of imaging technologies and workflows leveraging open-
top light-sheet (OTLS) microscopy, a platform for 3D pathology that provides rapid volumetric
imaging of large clinical specimens. The goal of this suite of methods is to offer a toolkit for 3D
pathology research in the near term and serve as a step towards clinical adoption of 3D pathology

in the long term.
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collection NA implicitly changes the effective crossing angle in our NOSO simulations. (c)
Cone angles and PSF schematic for a moderate-NA shared primary objective. At moderate
objective NAs, the crossing angle 6 is constrained to relatively small values. Any further
reduction in crossing angle, resulting from an increase in collection NA, leads to a
degradation in axial resolution. Thus, there is a tradeoff between axial and lateral resolution.
(d) Cone angles and PSF schematic for a high-NA shared primary objective. The crossing
angle 6 is relatively large in all cases, such that axial resolution is less sensitive to changes
in collection NA. For ease of comparison, a single example collection NA (0.6) is shown in
DOth (€) N (A).ceerieeiieeeeeee et et et e e e e e 27
Figure 2.8. Contrast of a dual-objective system. (a) Impact of crossing angle on contrast is
plotted for three illumination NAs (different curves). A collection NA of 0.7 is used in this
example, though the trends shown hold for other collection NAs (with slight improvements
in contrast overall at higher collection NAs). The minimum angle plotted for each system is
the minimum crossing angle before the illumination and collection cones overlap. The
maximum angle plotted is 90° (the conventional ODO case) which gives the maximum
possible contrast. These cases are shown for a 0.1 illumination NA and 0.7 collection NA
system in (b) and (¢), respectively. Contrast improves with higher crossing angles, but gains
begin to saturate around 60°. ...........c.eeoiiiiiiiiiieie ettt aae s 30
Figure 2.9. Comparison of contrast for ODO, NODO (60° crossing angle), and NOSO systems
that can be built using (a) a moderate-NA (0.7) primary objective and (b) a high-NA (1.0)
primary objective (i.e., the collection objective for dual-objective systems or the shared
primary objective for single-objective systems). For simplicity, the effective collection NA
is held constant for each NOSO curve (0.5 for the moderate-NA case and 0.7 for the high-
NA case). For all systems, increasing the illumination NA improves contrast but offers
diminishing returns at higher illumination NAs. The NOSO system provides poorer contrast
than the ODO or NODO systems in the moderate-NA case, while all systems provide
similar contrast in the high-INA CaSe..........ccceriiiiiiiiiiieieceee e 31
Figure 3.1. Open-top light-sheet (OTLS) systems using (a) a low-NA unswept illumination light
sheet providing a large FOV (green) on the camera, (b) a high-NA unswept light sheet that

Xil
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staining. (d) 2D cross section of colon cancer tissue shown with both H&E false coloring

Xiii
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channel). (b) Poor clearing results in scattering of illumination and/or collection beams,
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contrast, the system PSF is convolved with a random bead phantom, in which single voxels
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are set to a value of 1 to simulate diffraction-limited fluorescent beads. Relative contrast
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aligned microscopes should have a global variance (i.e., average FWHM values in one
region relative to another) of 25% or less. Due uncertainty inherent in measuring the
FWHM of diffraction-limited beads, there may be significantly higher variance between
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Figure C.4. PSF heatmaps of well-aligned vs. misaligned microscopes. Heat maps were
generated with the Bead PSF _computation package (step 6) from example agarose bead
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to excessive eosin concentration, illumination light is rapidly attenuated by dye absorption
at the tissue surface. This results in bright signal at the edges facing the illumination beam
(I) and low signal at the tissue core and edges facing away from the illumination beam (II).
(b) Upon initial inspection, en face views of the dataset can give the appearance of poor dye
penetration, illumination light attenuation, or collection light attenuation. However,
evaluation of light paths reveals that high signal is seen in areas of short illumination path
length in tissue (I) and that low signal is seen in areas of long illumination path length in
tissue (II), suggesting that illumination attenuation due to excessive dye concentration is the
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Figure C.9. Napari interface for interacting with Path3D data. Napari viewer (steps 19 - 20),
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ANNOTATIONS. ...ttt ettt ettt ettt et e bt ettt eb e e st e et e s e e b e s bt saeeseeaeeas et et esessentesueeneeaee 146

Figure C.10. Alternative interfaces for interacting with Path3D data. (a) QuPath interface,
showing a false-colored human esophagus biopsy. Pathologist annotations indicating
regions of low-grade dysplasia (yellow) and high-grade dysplasia (red). (b) Custom web
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Chapter 1. Introduction

1.1  Limitations of slide-based pathology for cancer diagnosis

Cancer is the second leading cause of death in the United States (behind heart disease) and
represents a diverse range of diseases with highly heterogenous treatment approaches and patient
outcomes [ 1]. For most types of cancer, biopsies (small pieces of tissue excised from a patient) are
an essential tool for disease detection and diagnosis. Following initial diagnosis, a key function of
biopsies is for grading disease aggressiveness, which is essential to determine appropriate
treatment recommendations. Many aggressive treatments courses, while effective in halting
disease progression, carry significant side effects, and are ideally reserved for patients with high-
risk disease in order to limit unnecessary burden on the patient and the healthcare system.
Conversely, more conservative treatment approaches such as active surveillance in prostate cancer
(and in some cases forgoing immediate treatment entirely) are often appropriate in patients with
low-risk disease.

Slide-based pathology is considered the gold standard for microscopic analysis of biological
tissue specimens and is widely used in a range of applications, including assessing surgical margins
during tumor resection, analyzing clinical and pre-clinical specimens in research contexts, and
evaluation of diagnostic biopsies for cancer diagnosis. In a typical pathology workflow, collected
tissue specimens are fixed in formalin, dehydrated, embedded in paraffin wax, cut into thin (~5
um) sections, mounted on glass slides, stained, and viewed under a widefield microscope (Figure

1.1).
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Figure 1.1. Conventional slide-based pathology workflow, adapted with

permission from Springer Nature [2] and created in part with BioRender.com.

Despite widespread use, conventional slide-based pathology carries a number of
disadvantages. First, slide-based analysis inherently limits examination to 2D tissue structure.
While discrete 2D cross sections accurately represent some structures, many biological tissues are
composed of complex and interconnected 3D structures, such as vascular or glandular networks,
that are difficult to visualize with 2D sections (Figure 1.2a). Second, preparing individual
pathology slides is both time and labor intensive, meaning only a few sections from each specimen
are reviewed in most cases. In a clinical context, this typically equates to a pathologist reviewing
less than 1% of the total volume of a biopsy specimen. For complex distributions of tissue
components, particularly in heterogeneous tissues like cancer, the resultant undersampling can
inadequately characterize spatial relationships or the relative abundance of various cells and

structures (Figure 1.2b). Rare events or cell types (e.g., immune infiltrates) can be missed
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altogether (Figure 1.2¢). Note that in addition to microscopic sampling bias introduced by slide-
based pathology, macroscopic sampling bias can be introduced by selecting a finite number of
biopsy sites from a macroscopically heterogeneous tissue. See Section 1.4 for additional discussion
of this related challenge. Third, physical sectioning of valuable tissue specimens is inherently
destructive to part or all of the tissue, making downstream molecular assays (e.g., genomic

analysis) or archiving more challenging.

(a) Convoluted shapes (b) Complex distributions (c) Sparse objects
2D view 2D view ‘ 2D view
00 o ©° o0 o ©® © ® ©
©)

3D view 3D view 3D view
Glandular networks, Spatial relationships Rare cell populations in
vasculature between cell populations large volumes of tissue

Figure 1.2. Many biological structures such as (a) convoluted glandular or
vasculature networks, (b) complex distributions of cells, or (¢) rare cells dispersed
across large tissue volumes are more accurately characterized by 3D pathology than
2D pathology. Adapted with permission from Springer Nature [2].

Three-dimensional pathology, the focus of this work, is an alternative approach to slide-based
analysis of tissues in which entire tissue specimens are imaged and visualized in three
dimensions [2,3]. Three-dimensional pathology approaches address many of the limitations
outlined above, providing 3D structural information, comprehensive sampling of tissue specimens,

and (in some cases) non-destructive imaging, which preserves valuable specimens for downstream

analysis or archiving. An increasing number of studies by our group and others have presented



preliminary results pointing to the value of 3D pathology in various disease contexts, including
3D mapping of immune infiltrates in head & neck cancer [4], 3D changes in kidney structure in
renal biopsies [5], mapping of 3D microvasculature in bladder cancer [6,7], improved accuracy in
assessing lymph-node metastasis size for breast cancer using 3D pathology [8], and improved
detection of neoplasia in esophageal biopsies using 3D pathology [9,10]. Finally, 3D analysis may
help resolve known grading ambiguities in prostate cancer, a particularly promising application

that will be discussed in detail in Chapter 5.

1.2 Approaches to 3D pathology

A number of approaches to generating 3D pathology datasets have been proposed to date that
can be broadly categorized as either destructive serial-sectioning techniques or non-destructive
sectioning-free techniques. A brief comparison of these methods is provided below. Section 4.1.4
provides a detailed discussion of the technical tradeoffs of serial-sectioning and non-destructive
3D pathology methods, as well as further discussion of various labeling, optical clearing, and 3D
imaging approaches that can be used for non-destructive 3D pathology. Several recent review
articles also offer additional discussion of various 3D pathology methods [2,3,11].

Serial-sectioning techniques physically cut thin sections from a thick tissue specimen (e.g.,
using an automated microtome) and image each section in 2D (Figure 1.3a) [12—18]. Sequential
2D sections are then reconstructed into a contiguous 3D volume. This approach obviates the need
for additional tissue preparation steps (such as the optical clearing and staining required for non-
destructive techniques, which can be time consuming in thick tissue specimens). However, such
approaches are inherently destructive as they require physically cutting specimens. This can make

downstream archiving and molecular assays challenging, which is a significant limitation in the



context of valuable clinical samples. Sectioning-based approaches can also be prone to sectioning
artifacts and may require complex and computationally intensive reconstruction strategies [18].

Non-destructive techniques rely on volumetric “optical sectioning” microscopy methods to
directly image intact specimens in 3D without physical sectioning. Typically, these approaches
rely on optical clearing protocols, chemical approaches that remove scattering biomolecules and
provide a homogeneous refractive index for unaberrated imaging deep within thick tissue
specimens. Uncleared tissues can be successfully imaged in 3D over certain depth ranges with
some imaging methods, such as with multiphoton microscopy techniques that use longer
illumination wavelengths, which scatter less in biological tissues [19,20].

Laser-scanning microscopy techniques (e.g., confocal and multiphoton microscopy) are the
most widely available volumetric microscopy methods (Figure 1.3b) [5,19-23]. These approaches
collect volumetric datasets point-by-point by raster scanning a focused beam across a specimen in
three dimensions and collecting excited fluorescence on a point detector. While straightforward,
laser-scanning techniques are relatively slow and, in the case of confocal microscopy, extremely
light-inefficient, which can contribute to photobleaching. Light-sheet microscopy is an alternative
technique in which a thin “sheet” of light excites fluorescence from a 2D plane within the
specimen, which is imaged onto a 2D camera (Figure 1.3c) [24]. The light sheet (or specimen) is
then scanned to collect consecutive 2D planes, forming a 3D volumetric dataset. Camera-based
imaging makes light-sheet microscopy significantly faster than laser-scanning approaches and
dramatically increases light efficiency. However, conventional light-sheet systems typically
require bulky objectives to be placed in close proximity to the specimen and often require complex
sample mounting schemes. This can make it difficult to efficiently image large or irregular samples

(such as biopsies or surgical resections). Open-top light-sheet (OTLS) microscopy is a variation



of light-sheet microscopy in which illumination and collection optics are placed below a
transparent planar sample holder (Figure 1.3d) [25-31]. The unobstructed open top can alleviate
constraints on sample size/shape and can enable straightforward mounting of multiple specimens
at once, making it an appealing platform for high-throughput 3D pathology. Additional discussion
of the benefits and tradeoffs of OTLS microscopy is provided in Section 2.1.

In short, there are a variety of promising approaches for 3D pathology, each with distinct pros
and cons depending on requirements such as speed, ease of use, and tissue preservation. The
remainer of this work will primarily focus on non-destructive 3D pathology of cleared tissues using
OTLS microscopy due its advantages in the context of large-scale studies of clinical specimens.

However, many of the topics discussed here are also applicable to other 3D pathology approaches.
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1.3 Summary of issues addressed in this work

In summary, there are a number of compelling proof-of-concept studies on technical aspects
of 3D pathology including hardware development, as well as a growing number of examples in
which 3D pathology provides clinically relevant information. Nonetheless, clinical studies
quantifying differences in diagnostic or prognostic accuracy between 2D and 3D pathology have
remained challenging. One contributing factor is that existing methods for generating 3D
pathology data are generally not optimized for large-scale studies of hundreds to thousands of
specimens. The remainder of this dissertation focuses on developing hardware tools and imaging
workflows suitable for comprehensive clinical studies assessing the value of 3D pathology,
specifically leveraging OTLS microscopy and tissue clearing for non-destructive 3D pathology.

Chapter 2 presents a simulation-based study comparing the optical performance and practical
tradeoffs of various OTLS architectures, including description of a novel non-orthogonal dual
objective (NODO) OTLS configuration. Chapter 3 describes a NODO OTLS microscope
optimized specifically for high-throughput imaging of clinical specimens through the use of axially
swept illumination, a strategy which improves imaging throughput and performance in densely
labeled clinical tissues. Chapter 4 provides an end-to-end workflow for generating 3D pathology
datasets from clinical specimens, with a specific emphasis on data quality and consistency in the
context of large-scale clinical studies. Finally, Chapter 5 outlines an in-progress clinical study,
which will leverage the tools described in the prior chapters to compare 2D and 3D pathology in
the context of resolving Gleason grading ambiguities for prostate cancer. I anticipate that the
collection of technologies and methods presented here will provide a toolkit for 3D pathology as
a research tool in the short term and offer a valuable step towards clinical translation in the long

term.



1.4  Additional work completed during the PhD: /n vivo microscopy for non-

invasive screening and surgical guidance

In addition to the work on 3D pathology described here, I spent a portion of my PhD working
on in vivo microscopy. Conventional excisional biopsy presents several inherent challenges
including requiring invasive procedures to remove tissue, difficulty in obtaining real time
diagnostic information for intraoperative guidance, and potential undersampling of heterogeneous
tissues (such as tumors). In vivo microscopy technologies provide real time microscopic
assessment of tissues (sometimes referred to as “optical biopsy”) without requiring specimens to
be removed from the patient, often dramatically increasing the amount of tissue that can be
interrogated. This work is not addressed further in this dissertation, but readers are encouraged to
consult the following additional publications from my PhD for more information:

(1) K. W. Bishop, K. C. Maitland, M. Rajadhyaksha, and J. T. C. Liu, "In vivo microscopy as
an adjunctive tool to guide detection, diagnosis, and treatment," Journal of Biomedical
Optics 27, (2022).

This publication is a perspective review exploring potential use cases along with
translational opportunities and challenges of in vivo microscopy.

(2) K. W. Bishop*, B. Hu*, R. Vyawhare*, Z. Yang*, D. C. Liang, G. Gao, E. Baraznenok,
Q. Han, L. Lan, S. S. L. Chow, N. Sanai, and J. T. C. Liu, "Miniature line-scanned dual-
axis confocal microscope for versatile clinical use," Biomedical Optics Express 14, 6048—
6059 (2023).

This publication describes a second-generation dual-axis confocal microscope optimized

for clinical use cases, including disease detection and surgical guidance.
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Chapter 2. Performance tradeoffs for single- and dual-objective open-top light-

sheet microscope designs: a simulation-based analysis

The work in this chapter was published in Biomedical Optics Express (Bishop et al. 2020) [32]
and is reprinted with permission. © 2020 Optical Society of America under the terms of the OSA
Open Access Publishing Agreement

2.1  Introduction

Light-sheet microscopy (LSM), also known as selective plane illumination microscopy
(SPIM), has become a valuable tool for many biomedical investigations and applications. In LSM,
a sheet of light is used to excite fluorescence from a thin plane ("optical section") within a relatively
transparent sample [24,33]. Adjacent 2D planes within the sample are successively illuminated
and imaged using a high-speed camera to rapidly scan a volumetric region. A key advantage of
this camera-based technique is that 3D imaging can be performed more quickly and simply than
with laser-scanning microscopy (e.g., confocal and multiphoton microscopy). In addition,
selective planar illumination is optically efficient, minimizing photobleaching of fluorophores and
phototoxicity to living organisms [34]. LSM was originally popularized for volumetric imaging of
live model organisms in developmental biology [33,35-37] and more recently has been explored
for imaging large optically cleared ex vivo tissues [38—40], including clinical specimens [7,27,28].

A number of unique LSM architectures exist that can be broadly separated into two categories:
dual-objective and single-objective LSM. Dual-objective systems use two separate objectives,
arranged orthogonally to one another, for illumination and collection. Having two independent
objectives provides optical-design flexibility but can place significant physical constraints on
sample geometries. In an attempt to mitigate this issue, inverted LSM [36,39] and open-top light-

sheet (OTLS) configurations [25,27,28,37] have been introduced in which dual objectives are
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arranged at 45° angles with respect to a sample that is placed on a horizontal substrate (Figure
2.1a). Such designs reduce constraints on sample size and sample numbers (by allowing for
unconstrained lateral image tiling) and simplify sample mounting, However, positioning the
objectives at such oblique angles typically results in a reduction in axial (vertical) imaging range
since the full working distance of the objectives cannot be easily accessed (Figure 2.1b).
Additionally, achieving moderate- or high-numerical aperture (NA) imaging (i.e., NA > 0.5) using
an OTLS architecture is challenging due to the precise index-matching requirements and/or
corrective optics needed to minimize aberrations when high-NA off-axis beams transition between

different media (e.g., immersion oil, sample holder, tissue) [26].
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Figure 2.1. Overview of single- and dual-objective light-sheet microscope (LSM)

architectures. (a) Optical schematic of a conventional orthogonal dual-objective
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(ODO) open-top light-sheet (OTLS) system, showing the illumination (blue) and
collection (green) light paths. (b) Inset of illumination and collection objectives of
an ODO system, showing that the system’s effective working distance (WDsystem)
is much less than the collection objective’s working distance (WDgbjective). (€)
Optical schematic of a non-orthogonal single-objective (NOSO) OTLS system,
showing the illumination (blue) and collection (green) light paths. (d) Inset of the
shared primary objective of a NOSO system, showing the angled light sheet and
collection path. CL: cylindrical lens, TL: tube lens, DBS: dichroic beam splitter.

Single-objective light-sheet microscopes have recently been developed [41-49], which use a
portion of an objective’s NA for illumination and a (typically larger) portion of the NA for
collection (Figure 2.1c-d). The use of a single objective allows the full working distance of the
objective to be made accessible for imaging the sample. In addition, orienting the objective in the
normal direction with respect to a horizontal sample holder leverages the ideal aberration-
correction properties that have been meticulously engineered into high-quality microscope
objectives when imaging through flat interfaces, thus relaxing sample index-matching
requirements. Furthermore, since the conjugate planes of the illumination and collection beams
are the same, scanning the beams (e.g., with a mirror) in tandem, while maintaining their alignment
within the sample, can be simplified.

A significant challenge in implementing a single-objective light-sheet design is that when
both light paths share the same objective, the illumination light sheet cannot be oriented
orthogonally to the objective collection. This makes it challenging to efficiently capture an in-
focus image of the fluorescence generated by the light sheet on a flat detector array (camera chip).

An innovation that has made single-objective LSM possible is creating a remote focus with a

secondary objective such that a tilted third objective can be used to image the remote light sheet
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onto a sSCMOS detector array in the ideal orthogonal direction [41-49]. The details of this approach
are described in Appendix A.1.

In light of the numerous LSM architectures and variations that have been developed in recent
years, there is a natural desire amongst optical engineers to analyze their performance tradeoffs.
While some analysis has been performed for a narrow subset of LSM configurations, such as
examining different illumination profiles for dual-objective systems [50] and simulating various
single-objective designs [51], a systematic comparison of diverse dual-objective and single-
objective LSM designs has not been performed. Here we seek to fill this gap by presenting a
quantitative analysis of dual- and single-objective LSM performance in response to several key
design parameters. By quantifying design tradeoffs between different configurations, there is
potential to identify "unreached" design spaces, which in turn will motivate future areas of
innovation. For example, we describe a new non-orthogonal dual-objective (NODO) configuration
that provides some advantages over orthogonal dual-objective (ODO) and non-orthogonal single-
objective (NOSO) configurations for moderate-resolution applications.

It is impossible to provide a comprehensive guide for LSM design given the vast range of
factors to consider such as sample characteristics (e.g., size, quantity, degree of optical clarity) and
biological considerations (e.g., dynamic vs. static imaging, light dose), among others. Here we
have focused our analysis on OTLS microscopy configurations for imaging fixed tissues that are
optically cleared, in which optical scattering and refractive aberrations are assumed to be
negligible. We also focus our analysis to assume conventional Gaussian illumination, which is the
most-popular illumination method for LSM (note that a recent analysis of various LSM
illumination schemes was performed by Remacha et al. [50]). With this context in mind, we

examine a set of major performance metrics — primarily resolution and contrast — as functions of



14

a specific set of design parameters: illumination and collection beam NAs and crossing angle, as
constrained by currently available objectives. Certain imaging applications could warrant
consideration of alternative parameters. Optical scattering, for example, is a key consideration for
imaging live, uncleared specimens, and has been examined with Monte-Carlo simulations in the
past for LSM [52] and dual-axis confocal microscopy [53,54]. Nonetheless, we believe that our

work represents a valuable first step towards guiding the design of OTLS systems.

2.2 Analysis approach

The overall analysis approach we followed is shown in Figure 2.2. We identified three key
design parameters that, in the context of cleared-tissue imaging, are primary drivers of a system’s
optical performance regardless of the specific architecture (single- or dual-objective) used: the NA
of the illumination beam, the NA of the collection beam, and the angle between the two beams.
Note that we make several assumptions for the sake of simplifying our analysis. We assume single-
photon (linear) Gaussian illumination, which is used in the majority of LSM applications. In
particular, pure Gaussian illumination is assumed, which is a fair approximation for real Gaussian
beams that are truncated (apodized) beyond the 1/e? intensity points. Further, we assume that the
collection NA is larger than the illumination NA, which is true in nearly all LSM systems. This
allows for straightforward mathematical descriptions of geometric constraints, which in turn limit
the numerical range of the design parameters that are analyzed (see next section). We assess optical
performance in terms of spatial resolution and contrast (as determined by a simulated fluorescent

bead phantom).
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Figure 2.2. Outline of the analysis approach followed. Three key design parameters
were identified that, in the context of cleared tissue imaging, primarily determine
the optical performance of an LSM system (regardless of specific architecture): the
numerical aperture (NA) of the illumination beam, the NA of the collection beam,
and the crossing angle between them. We then introduced limits on these
parameters based on practical constraints including available objectives and the
physical placement of those objectives. These limits give rise to a range of feasible
designs. Finally, we assess the optical performance of these designs in terms of
spatial resolution and contrast.

Field of view is an important metric for some applications of LSM that is impacted by both
the collection objective and the illumination NA (depth of focus of a Gaussian light sheet).
However, here we assume light-sheet tiling is employed, as is common for LSM imaging of large
cleared tissues. In other words, many adjacent fields of view (in all directions) in a sample volume
are collected via stage scanning and computationally recombined to produce a single 3D volume.
In this context, the field of view of each individual frame is less critical as the camera can be
cropped as needed for smaller fields of view to maintain overall volumetric imaging rate.

Additionally, axial sweeping (a technique in which the light sheet is optically scanned in the

direction of propagation to increase the effective field of view) may be employed in conjunction
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with tiling for high-NA (>0.3) illumination beams, as described previously [55]. We therefore do

not consider the effects of field of view in this work.

2.2.1 Geometric constraints and simplifying assumptions for dual-objective systems

The optical path for an ODO system is shown in Figure 2.1a. Note that these systems
generally include scanning mirrors to translate the light sheet and/or stages to scan the specimen,
but these have been omitted for simplicity in both Figure 2.1a and Figure 2.1c. For optically clear
tissue specimens, unrestricted lateral sample extent is generally preferred. As such, we assume an
OTLS architecture for both single- and dual-objective systems, which allows for a more-consistent
comparison between various LSM architectures.

While the two objectives in a dual-objective system are typically placed orthogonally to one
another, in principle their crossing angle is not restricted to 90°. The two objectives can be
positioned at any angle relative to one another, provided they do not collide with each other.

We assume that the objective housing does not occupy additional space beyond the optical
cone (NA) of the objective. In practice, the mechanical housing can restrict the minimum crossing
angle attainable with a given objective pair. However, as the additional housing headroom can
vary considerably between otherwise similar objectives, it is challenging to generalize this effect
across all potential designs (see Appendix A.3). In order to provide an analysis that does not
assume any specific commercial objective, we do not consider the objective housing in our
simulations, with the acknowledgement that the designer must account for the additional housing
headroom when considering candidate objectives. Given this assumption, the placement of the
objectives is restricted by the crossing angle and the cone angles of the individual beams, as shown

in Figure 2.1b. The half cone angle for each objective is determined by:

¢ =sin"}(NA/n) (2.1)
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Here, ¢ is the half cone angle, NA is the numerical aperture of the objective, and n is the
refractive index of the immersion medium (assumed to be water, n=1.33, for this analysis). The
objectives cannot physically collide, so the minimum crossing angle permitted in this system is
the angle at which the illumination and collection cones begin to intersect:

02+ 0. (2.2)

Here, 0 is the crossing angle between the optical axes of the two objectives, while ¢; and ¢
are the half cone angles of the illumination and collection objectives, respectively. In order to
maintain an OTLS geometry, the objectives also cannot cross the horizontal sample holder as they
would collide with the sample. The maximum crossing angle physically allowed is then
constrained by:

0+ ¢; + ¢, < 180° (2.3)

This relationship assumes that the thickness of the sample holder and sample itself are
negligible. Note that a crossing angle larger than 90° would never be used in practice. Equations
(2.2) and (2.3) provide physical limits on how a dual objective system can be constructed, which
constrain the numerical range of our simulations. Importantly, the observation that the crossing
angle 8 does not need to be set to 90° (as is the case in conventional orthogonal configurations)

gives rise to a novel NODO design that we will examine closely later.

2.2.2  Geometric constraints and simplifying assumptions for dual-objective systems

Figure 2.1c shows the light path of a generic NOSO LSM system (with the objective arranged
below the sample as previously described). As shown in Figure 2.1d, this configuration results in
a light sheet that is tilted at some angle 8¢ relative to the focal plane of the objective. The crossing
angle of the illumination and collection cones is constrained by the physical NA of the shared

primary objective. Assuming that the crossing angle is maximized for a given illumination and
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collection NA (which offers the best performance, as shown later), the crossing angle 6 is given
by:
6 = 201 — b — i (2.4)

Here, ¢obj, ¢c, and ¢; are the geometric half cone angles of the shared primary objective, the
collection beam, and the illumination beam, respectively. Note that as in the dual-objective
analysis, these geometric angles are assumed to be within a high-index medium (water, n=1.33, in
this analysis).

Additional geometric analyses of the NOSO architecture (used to limit our simulations), and
of light behavior at the remote focus, are provided in Appendix A.1. In particular, we assume that
techniques are employed (as described by others [47,56,57]) to ensure that the collection beam can
be imaged by a high-NA remote objective (and detected by the camera) with 100% throughput and
negligible aberration. Likewise, we assume that the axial and lateral range of refocusing is
sufficient to provide high-quality refocusing across the full field of view and depth of focus (as
shown by others both theoretically and experimentally [43,57—-60]). Finally, we acknowledge that
use of a remote focus can introduce a range of other higher-order optical effects (e.g., Fresnel
losses, point spread function [PSF] anisotropy). For the purposes of this comparison, we assume
that such effects do not dominate system performance (especially for the NAs <1.0 evaluated here)
and we direct readers to the studies cited above, and others [61], which evaluate such effects in

detail.

2.2.3  Non-orthogonal dual-objective design

As mentioned previously, our analyses will include a NODO architecture, which combines
attractive elements of both the ODO and NOSO configurations (we have described the

implementation of this design in detail elsewhere [60]). In a NODO configuration, the collection
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objective is kept perpendicular to the sample holder and a second low-NA objective is used for
non-orthogonal illumination (Figure 2.3). Similar to NOSO systems, this offers the ability to
access the full working distance of the collection objective for sample imaging, and significantly
reduces sensitivity to index mismatch. Note that the latter issue (index mismatch) can be a major
source of aberrations in ODO systems, where high-NA beams must transition between different
media at highly oblique angles. Like the NOSO design, the NODO design requires use of a remote
focus, which entails similar considerations (e.g., Fresnel losses, PSF anisotropy) to those described
for the NOSO case in Appendix A.1. One difference is that in the NODO case, the entire NA of
the collection objective may be used without geometric truncation at the remote focus, which is
not true of the NOSO design. Specifically, there is an NA loss (NAi/2 in one direction) for NOSO
designs, which is not significant for very high-NA systems but becomes increasingly important at

more moderate NAs [56].
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Figure 2.3. Geometry of a proposed non-orthogonal, dual-objective (NODO)
design showing (a) the optical schematic and (b) inset of the illumination and
collection objectives. The crossing angle 6 is less than 90° so that the collection
objective can be oriented in the normal direction with respect to the horizontal
sample holder, as in a NOSO system. This allows the full working distance of the

collection objective to be used and minimizes sensitivity to refractive-index
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mismatch. Unlike the NOSO architecture, NODO also allows the full NA of the
collection objective to be used and allows for a higher crossing angle between the
illumination and collection beams (with implications for axial resolution and
contrast). The NODO design uses a remote focus, as in a NOSO system. CL:

cylindrical lens, TL: tube lens, WD: working distance.

Compared with NOSO designs, a major advantage of the NODO configuration is that since
the illumination and collection beams do not need to share a single objective, there is more design
flexibility in terms of beam NAs and crossing angle. One downside to a NODO system is that the
illumination and collection paths no longer share a conjugate plane as in a NOSO system. This
makes rapid scanning and descanning of these beams more challenging, such that the system may
be less ideal for live-sample imaging. Additionally, since the collection objective is oriented
normal to the sample holder, designers must consider the mechanical housing and working
distance of the illumination objective to ensure the two objectives do not collide (similar to the
mechanical considerations for the collection objective described in Appendix A.3). Depending on
the mechanical housing of the specific objective used, crossing angles approaching 90° can be
challenging to achieve in the NODO configuration due to potential collision between the
illumination objective and sample holder. In theory, one could introduce a slight tilt in the
collection objective to realize such angles while still being able to use most of the collection
objective’s working distance and reducing sensitivity to refractive index mismatch (compared to
the ODO design). However, smaller angles (~60°) are readily achievable and can provide
appealing performance characteristics (as we show below). Therefore, we will assume here that
the collection objective always remains perpendicular to the sample holder. Even with these

considerations in mind, the practical advantages of the NODO configuration for cleared-tissue
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imaging warrant further consideration and quantitative comparison with conventional ODO and

NOSO systems.

2.2.4  Quantitative output metrics

In cleared-tissue imaging, image quality is the primary performance metric of interest.
Volumetric imaging speed is of concern, but typically scales in a predictable way with spatial
resolution if samples are sufficiently labeled and photon counts are not a limiting factor. Light
dose (i.e., photobleaching and photodamage) is not as critical compared with live-tissue imaging
applications. We thus quantified the performance of different configurations in terms of the spatial
resolution and contrast that is theoretically possible for a given system. We computed axial and
lateral resolution values based on the simulated PSF of each system. We analyzed the contrast of
each system by simulating the system’s response to a virtual fluorescent bead phantom.

In LSM, axial resolution and contrast are related metrics, both arising from the fact that the
light sheet provides "optical sectioning" in the axial direction. A recent study by Remacha et al.
explores this topic in greater detail and proposes a method of differentiating the illumination light
path’s contribution to each of these metrics: axial resolution is defined as the width of the PSF in
the axial direction (that is, the position where the PSF’s local value crosses some threshold), while
"optical sectioning thickness" is the axial range containing most of the light sheet’s power [50].
We likewise define axial resolution based on the PSF width. We then use a bead phantom to
measure contrast, a metric which encompasses the illumination beam’s effect on contrast (optical
sectioning) into a final contrast value describing what users would observe as the relative contrast
of the entire system. Additional details regarding these resolution and contrast computations are

provided in Appendix A.2.



22

2.3 Analysis results

In this study, we used the geometric constraints identified above to identify key input
parameters for each microscope configuration. For dual-objective systems, the input parameters
are: illumination NA, collection NA, and crossing angle (where ODO systems have a crossing
angle of 90° and NODO systems have a crossing angle less than 90°). In single-objective systems,
the input parameters are: primary objective NA, effective illumination NA, and effective collection
NA. Note that these three parameters uniquely determine the crossing angle of the beams, as
expressed in Eq. (2.4). We limited our simulations to a range of primary objective NAs (i.e.,
collection-objective NA for dual-objective systems) ranging from 0.4 to 1.0 based on currently
available commercial objectives that are suitable for imaging cleared tissues (Appendix A.3).
Axial resolution, lateral resolution, and contrast were computed as functions of the listed design
parameters. Rather than presenting every possible combination of input parameters and output
metrics, we focus our presentation on a number of observations that are deemed to be most critical

for designers.

2.3.1 Resolution

2.3.1.1 For dual-objective systems, larger crossing angles improve axial resolution until ~60°

We first consider how the axial resolution of a conventional ODO system compares to a
NODO system by examining how it varies as a function of crossing angle. Figure 2.4a shows this
relationship for two pairs of illumination and collection NAs (NA; = 0.1, NA: = 0.4 and NA; =
0.2, NA: = 0.7). As expected, axial resolution improves with crossing angle, with the ODO
configuration thus providing the best axial resolution. However, the gains in axial resolution are

minimal beyond angles of ~60°, a finding that is consistent across NA pairs beyond those shown.
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For example, increasing the crossing angle from 45° to 60° in the 0.1 illumination NA case (as
shown) improves axial resolution by 16.8%. Conversely, increasing the crossing angle further from
60° to 75° only improves axial resolution by an additional 9.7%. Conveniently, a 60° crossing
angle is readily achievable (in terms of physical placement of objectives) for most choices of
illumination and collection NA, including for the NODO case in which the collection objective is
oriented normal to the horizontal sample holder. Therefore, we use 60° as the crossing angle for

all further analyses of NODO systems.
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Figure 2.4. Axial resolution of a dual-objective system. (a) Axial resolution
depends strongly on crossing angle at small angles but does not improve much
beyond angles of 60°. Curves for two example illumination and collection NA pairs
are shown (NA; = 0.1, NAc = 0.4; NA; = 0.2, NA: = 0.), but these trends are
consistent across different choices of illumination and collection NA. (b) The

minimum angle plotted for each system is the minimum crossing angle before the
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objective cones overlap. (¢) The maximum crossing angle is 90° (the conventional

ODO case), which yields the maximum possible axial resolution.

2.3.1.2 For all systems, axial resolution is highly dependent upon illumination NA

Besides crossing angle, a primary driver of axial resolution is the light-sheet thickness as
determined by the illumination NA. Figure 2.5 shows the impact of illumination NA on axial
resolution for each system architecture. As with standard microscopes, there are diminishing
returns (nonlinear dependence) as the illumination NA is increased. Two collection NAs are shown
in each plot (0.4 and 0.7). This trend is similar for other collection NA choices with a slightly
diminishing impact of illumination NA on axial resolution as collection NA is increased. This is
because as collection NA increases, the limited depth of focus of the collection objective
increasingly provides optical sectioning, thereby reducing the relative contribution of light-sheet
thickness to axial resolution. An implication of these observations is that while isotropic resolution
at high NAs may be desirable in theory [36,55,62—64], the simplicity and geometric advantages of
using an illumination NA less than the collection NA may offer an ideal compromise for many
practical applications of LSM. Additional discussion of PSF isotropy (in terms of PSF volume) is

provided in Appendix A.4.
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Figure 2.5. Impact of illumination NA on axial resolution for (a) an ODO system,
(b) a NODO system at a crossing angle of 60°, and (¢) a NOSO system using a 1.0
NA primary objective. In all cases, illumination NA is a primary driver of axial
resolution. Collection NAs of 0.4 and 0.7 are shown, but trends are similar for other
collection NAs. A diagram of each configuration is shown below each

corresponding plot.

2.3.1.3 For dual-objective systems, lateral resolution is entirely determined by collection NA

The previous plots showed that in a dual-objective system, the axial resolution is primarily
determined by illumination NA and crossing angle. We will now consider which factors are most
impactful to lateral resolution in a dual-objective system. Figure 2.6 shows how lateral resolution
varies as a function of collection NA for an ODO system (a) and a NODO system with a 60°
crossing angle (b). In these plots, the different colors correspond to different choices of
illumination NA. In all cases, increasing the collection NA improves the lateral resolution. We
also see that the different curves in each plot almost completely overlap, indicating that lateral
resolution is not influenced greatly by illumination NA. Further, the curves are nearly identical

between the ODO and NODO plots, indicating that lateral resolution is also independent of
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crossing angle. In summary, lateral resolution in a dual-objective system is almost entirely

determined by collection NA. Combined with the previous finding that axial resolution in a dual-

objective system is primarily determined by illumination NA and crossing angle, we observe that

using two objectives, which allows axial and lateral resolution to be decoupled, provides a designer

with significant flexibility for optimizing system performance.
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Figure 2.6. Lateral resolution as a function of collection NA for (a) an ODO system

and (b) a NODO system with a 60° crossing angle. Different curves on each plot

indicate different choices of illumination NA. Curves are largely unchanged both

within each plot and between plots, indicating that lateral resolution in a dual-

objective system is primarily determined by collection NA and is independent of

illumination NA and crossing angle.

2.3.1.4 For single-objective systems with moderate NA, axial and lateral resolution must trade

off

In contrast to the decoupling of axial and lateral resolution in a dual-objective system, axial

and lateral resolution in a single-objective system are intrinsically linked because the two light

paths share a single objective. Figure 2.7 shows two example NOSO systems: one using a
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moderate-NA primary objective (0.75, a) and one using a high-NA primary objective (1.0, b). In

each plot, the primary objective NA is held constant, showing the different performance

combinations a designer could achieve with a given optical element. For simplicity, the

illumination NA 1is also held constant (selected as 0.2 for these examples) as it is generally

restricted to a low value in a NA-constrained NOSO system. The plots show how axial and lateral

resolution vary as functions of collection NA. Note that varying the collection NA implicitly

changes the effective crossing angle of the illumination and collection light paths since they share

one objective (as seen in Eq. (2.4)).
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Figure 2.7. Lateral and axial resolution as a function of collection NA for a NOSO

system in the case of (a) a moderate-NA primary objective (0.75 NA) and (b) a

high-NA primary objective (1.0 NA). In each plot, the primary objective NA is held

constant to reveal the different performance combinations a designer could achieve
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with a given optical element. For simplicity, the illumination NA is also held
constant (0.2). Note that changing the collection NA implicitly changes the
effective crossing angle in our NOSO simulations. (¢) Cone angles and PSF
schematic for a moderate-NA shared primary objective. At moderate objective
NAs, the crossing angle 6 is constrained to relatively small values. Any further
reduction in crossing angle, resulting from an increase in collection NA, leads to a
degradation in axial resolution. Thus, there is a tradeoff between axial and lateral
resolution. (d) Cone angles and PSF schematic for a high-NA shared primary
objective. The crossing angle 6 is relatively large in all cases, such that axial
resolution is less sensitive to changes in collection NA. For ease of comparison, a
single example collection NA (0.6) is shown in both (c) and (d).

We first consider the moderate-NA case (0.75 NA shared primary objective). Unsurprisingly,
higher collection NAs result in superior lateral resolution. Interestingly, the increase in collection
NA causes a degradation in axial resolution because it results in a smaller crossing angle between
the illumination and collection light paths (Figure 2.7c), which lengthens the axial dimension of
the system PSF. This finding highlights the implicit tradeoff between axial and lateral resolution
in a single objective system. Note that Figure 2.7c-d illustrate one example choice of collection
NA (0.6), while the plots above show the full range of possible collection NAs (as described in
Appendix A.1).

At higher NAs (1.0 NA shared primary objective), the crossing angle remains relatively high
regardless of effective collection NA. Therefore, axial resolution is not strongly dependent upon
collection NA. In other words, for a high-NA NOSO system, axial and lateral resolution do not
trade off to the extent that they must for a NOSO system with a lower primary objective NA.

However, the beams must still share an objective, restricting the overall maximum collection NA

and crossing angle that can be achieved in comparison to a dual-objective system.
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2.3.2 Contrast

2.3.2.1 For dual-objective systems, larger crossing angles improve contrast until ~60°

In addition to the insights into resolution that have been discussed so far, we also identified
quantitative trends regarding the contrast of single- and dual-objective systems. In Figure 2.8a,
we consider the contrast of a dual-objective system as a function of crossing angle. See Appendix
A.2 for details on the simulated fluorescent bead phantom used to determine contrast and the
impact of different bead concentrations. Different curves represent different illumination NAs. A
collection NA of 0.7 is used in this example, though the trends are similar for other collection NAs
(with slight improvements in contrast at higher collection NAs). For example, plots for collection
NAs 0f 0.4 and 1.0 are provided in Appendix A.5. Like in Figure 2.4, the minimum and maximum
crossing-angle cases are depicted in Figure 2.8b and Figure 2.8c, respectively. Contrast improves
at higher crossing angles as the collection and illumination light paths are more spatially separated.
As with axial resolution of a dual-objective system, this dependence is strongest at small angles,
and contrast improves little beyond 60°. For example, increasing the crossing angle from 45° to
60° in the 0.2 illumination NA case shown improves contrast by 14.0%. Conversely, increasing
the crossing angle further from 60° to 75° only improves the contrast by an additional 5.4%. This
reinforces the observation that a NODO system with a ~60° crossing angle is ideal, with optical
performance close to that of an ODO system. Similar simulations with different bead

concentrations are considered in Appendix A.2.
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Figure 2.8. Contrast of a dual-objective system. (a) Impact of crossing angle on
contrast is plotted for three illumination NAs (different curves). A collection NA
of 0.7 is used in this example, though the trends shown hold for other collection
NAs (with slight improvements in contrast overall at higher collection NAs). The
minimum angle plotted for each system is the minimum crossing angle before the
illumination and collection cones overlap. The maximum angle plotted is 90° (the
conventional ODO case) which gives the maximum possible contrast. These cases
are shown for a 0.1 illumination NA and 0.7 collection NA system in (b) and (c¢),
respectively. Contrast improves with higher crossing angles, but gains begin to

saturate around 60°.
2.3.2.2 Contrast improves with higher illumination NA, and dual-objective systems exhibit
improved contrast over single-objective systems at moderate NAs

Figure 2.9 compares the contrast of an ODO, NODO (60° crossing angle), and NOSO system

as a function of illumination NA. In order to provide a fair comparison, we consider a moderate-
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NA case (0.7, a) and high-NA case (1.0, b), keeping the collection/primary objective NA constant
for each case. In other words, the plot shows the different configurations that could be constructed
with the same optical element (a 0.7 or 1.0 NA objective). For simplicity, the effective collection
NA is held constant (0.5 and 0.7 in a and b, respectively) for each NOSO curve in Figure 2.9.
Different choices of collection NA change the upper limit on illumination NAs (as the beams must
share one objective) but otherwise result in similar trends. Similar to axial resolution (Figure 2.5),
contrast in all systems improves with illumination NA but offers diminishing returns (nonlinear
dependence) at higher illumination NAs (as is true for standard microscopes). In addition, the ODO
and NODO systems exhibit superior contrast to comparable NOSO systems at moderate NA. The
main reason for this is that crossing angle plays a significant role in determining contrast, and dual-
objective systems can achieve higher crossing angles, particularly in the moderate-NA case. At

high NA, this effect is less significant, and all three systems provide similar contrast.
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Figure 2.9. Comparison of contrast for ODO, NODO (60° crossing angle), and
NOSO systems that can be built using (a) a moderate-NA (0.7) primary objective
and (b) a high-NA (1.0) primary objective (i.e., the collection objective for dual-
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objective systems or the shared primary objective for single-objective systems). For
simplicity, the effective collection NA is held constant for each NOSO curve (0.5
for the moderate-NA case and 0.7 for the high-NA case). For all systems, increasing
the illumination NA improves contrast but offers diminishing returns at higher
illumination NAs. The NOSO system provides poorer contrast than the ODO or
NODO systems in the moderate-NA case, while all systems provide similar contrast

in the high-NA case.

2.4  Discussion

We have identified several key trends in terms of the resolution and contrast of single- and
dual-objective LSM systems for cleared-tissue imaging, which we believe will be valuable as a
general guide for system designers. In particular, we evaluated three OTLS microscope
architectures: a conventional ODO system, a conventional NOSO system, and a novel NODO
system.
Regarding the resolution of these systems, there are four main observations.
(1) For dual-objective (ODO and NODO) systems, larger crossing angles improve axial
resolution until around 60° (Figure 2.4).

(2) For all systems, axial resolution is significantly affected by illumination NA, with
diminishing returns (nonlinear dependence) at higher illumination NAs (Figure 2.5).

(3) For dual-objective systems, lateral resolution is entirely determined by collection NA,
meaning that axial and lateral resolution are decoupled from one another (Figure 2.6).

(4) For single-objective (NOSO) systems at moderate NA, axial and lateral resolution must
trade off (Figure 2.7).

We also identified two trends regarding system contrast.
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(1) For dual-objective systems, larger crossing angles improve contrast until around 60°
(Figure 2.8).

(2) Contrast for all systems improves with illumination NA, with diminishing returns
(nonlinear dependence) at the highest illumination NAs, and dual-objective systems
exhibit better contrast than single-objective systems when the same moderate-NA
objective is used (Figure 2.9).

Collectively, these observations indicate that rather than one design being universally superior
to another, there are specific benefits and drawbacks to each configuration depending upon the
application.

There are a number of pros and cons for a NODO system. From a practical standpoint, a
NODO system allows the full working distance and full NA of a collection objective to be utilized
(see Appendix A.6 for further analysis of working distance between different configurations). The
collection objective should ideally be oriented normal to a horizontal sample holder/interface,
where refractive aberrations and index-matching requirements are minimized with modern well-
corrected objectives. However, similar to a NOSO system, NODO requires a strategy to image a
highly oblique non-orthogonal light sheet onto a camera chip (typically flat), such as by re-imaging
a tilted remote focus. This adds a degree of optical complexity absent from an ODO system (though
the remote focus does not limit performance to the extent it does in a NOSO system). Rapid time-
lapse imaging of a localized 3D volume is also more challenging in a NODO system than in a
NOSO system, making it less ideal for dynamic live-tissue imaging applications. Additionally, the
use of multiple objectives means that, unlike a NOSO system, a NODO system cannot be easily

integrated into a commercial widefield or confocal microscope.
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Our quantitative analysis reveals several important aspects of NODO optical performance.
For example, the NODO system (with ~60° crossing angle) provides axial resolution comparable

to an ODO system. Like an ODO system, the NODO system would require matched illumination

and collection objectives to achieve isotropic resolution. However, using an illumination NA less

than the collection NA offers similar resolution and contrast performance (Figure 2.5 and Figure

2.9) but with the simplicity and geometric flexibility that a lower-NA illumination arm can offer,
which may be most ideal for many applications. Image contrast for a NODO system is also
comparable to an ODO system and better than a NOSO system. In addition, the NODO architecture
decouples axial and lateral resolution, giving the designer more flexibility than a NOSO system.

To be clear, a 60° NODO system does exhibit slightly poorer performance, in terms of both
resolution and contrast, than an ODO system. However, the loss in performance is modest
(compared to the loss in performance if the crossing angle is reduced below 60°) and enables OTLS
designers to realize the practical advantages of the NODO configuration (orthogonal placement of
the collection objective with respect to the specimen surface). For some applications, this may be
a desirable tradeoff.

It is important to note that the NODO design described here has some mechanical similarities
to light sheet theta microscopy (LSTM), with both designs featuring a perpendicular collection
objective and angled, non-orthogonal light sheet(s) [39]. Instead of using a remote focus to bring
an entire 2D image into focus at the camera, LSTM only captures fluorescence from the central
row of pixels (at the beam waist of the light sheet) in a manner similar to line-scanned dual-axis
confocal (LS-DAC) microscopy [52,65,66]. This improves axial resolution slightly, as only the
absolute thinnest part of the light sheet is used for imaging, but requires complicated mechanical

scanning in order to align and synchronize the focus of the light sheet with the focal plane of the
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detection objective and the rolling shutter of the camera. The LSTM design is also not as optically
efficient compared to most LSM systems since most of the excited fluorescence is rejected by the
sCMOS rolling shutter.

The advantages of the NODO architecture are most impactful for moderate-NA imaging
systems. For low-NA systems, an ODO system is generally sufficient: long working-distance
objectives and minimal off-axis aberrations mean that the complexities of a NODO architecture
(e.g., having a tilted remote focus) are not warranted. At high NAs, a NOSO system allows the
illumination and collection beams to have relatively large cone angles and crossing angles, which
results in acceptable levels of resolution and contrast. However, as with any high-resolution (high-
NA) system, the working distance and field of view of such a system will be limited, and imaging
speeds will be slow. Finally, for moderate-NA systems (i.e., 0.5 < NA < 0.8), the NODO
architecture offers a combination of imaging performance (resolution and contrast), working
distance, and field of view that is challenging to achieve with other architectures.

In summary, we have performed a quantitative analysis of how several key design parameters
affect the performance of various OTLS microscope architectures. Our analysis reveals regimes in
which various architectures are most ideal, and also shows that a NODO configuration may offer
benefits for addressing cleared-tissue imaging applications where moderate spatial resolution is

desired.
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Chapter 3. Axially swept open-top light-sheet microscopy for densely labeled

clinical specimens

The work in this chapter was published in Optics Letters (Bishop et al. 2024) [31] and is reprinted
with permission. © 2024 Optica Publishing Group

3.1 Introduction

Open-top light-sheet (OTLS) microscopy is an emerging technique for high-speed volumetric
imaging of optically cleared tissues [26—30]. In an OTLS configuration, tissues are imaged through
a transparent sample holder from below, similar to a flatbed document scanner. Placing the
illumination and collection objectives beneath the tissue alleviates several sample-mounting
constraints present in conventional (e.g., cuvette-based) light-sheet microscopes, allowing samples
of arbitrary lateral size and shape to be easily imaged.

OTLS microscopy has enabled nondestructive 3D pathology, which offers several benefits
over conventional slide-based histology. These include analyzing complex tissue structures in their
native 3D context and sampling orders-of-magnitude more tissue than standard histology while
preserving tissues for downstream assays [3]. With 3D pathology, specimens are often labeled
with small-molecule stains, such as fluorescent analogs of hematoxylin and eosin (H&E) that
broadly target cell nuclei (H) and proteins (E). This results in dense labeling compared to tissues

labeled with highly targeted stains (e.g., neurons, vessels).
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In densely labeled tissues, tight optical sectioning (high axial resolution) is helpful to
minimize out-of-focus background signal for high-contrast imaging. Axial resolution can be
improved by increasing the numerical aperture (NA) of the illumination light sheet. However, this
reduces the field of view (FOV) and volumetric tile size (Figure B.1), as the depth of focus of a
Gaussian light sheet is proportional to 1/NA? (Figure 3.1a-b) [32]. Fusing many small tiles

together is computationally intensive and can be error prone.

a Low-NA unswept light sheet b High-NA unswept light sheet
Long depth /
of focus
27 7
I =

U\ Large field 57\ Small field

sCMOS camera of view of view

Short depth
Specimen of focus

Cc High-NA axially swept light sheet
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Large field of view

Figure 3.1. Open-top light-sheet (OTLS) systems using (a) a low-NA unswept
illumination light sheet providing a large FOV (green) on the camera, (b) a high-
NA unswept light sheet that underfills the camera due to the reduced depth of focus,
and (c¢) a high-NA light sheet that is swept in synchrony with the rolling shutter to

recover a large FOV.
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Axially swept light-sheet microscopy (ASLM) circumvents the tradeoff between axial
resolution and FOV [55]. In ASLM, the beam waist of a high-NA illumination light sheet is
scanned along its optical axis in sync with the rolling shutter of an sSCMOS camera, which images
the light-sheet-generated fluorescence signal from an orthogonal direction. By synchronizing the
exposed pixel rows to the thinnest part of the light sheet while scanning, ASLM can image large
effective FOVs with high axial resolution (Figure 3.1c). One important tradeoff is that ASLM
reduces a system’s sensitivity, as each row of pixels on the camera is only active for a fraction of
the total exposure time. However, 3D pathology applications of OTLS are not typically signal-
limited due to the use of bright exogenous fluorophores and abundant labeling.

A detailed review of ASLM has been provided recently [67]. In summary, initial ASLM
implementations used a remote-focusing method to sweep the illumination beam without
introducing aberrations [55,62]. While advantageous for high illumination NAs (>0.4), this
strategy adds significant optical complexity with fewer benefits at the moderate resolution levels
most relevant for 3D pathology. Several simpler ASLM methods based on electrically tunable
lenses (ETLs) have been shown [68], though high-speed scanning of ETLs is difficult to achieve
and may require custom drive electronics [69]. Typical ETLs also present practical challenges,
such as requiring vertical mounting to mitigate gravity-induced deformation and poor transmission
at short illumination wavelengths (<405 nm). Piezo actuators can overcome speed limitations of
ETLs but are typically limited in scan range and are best suited for imaging small FOVs at high
resolution. Voice coil actuators are an appealing alternative, and have been shown to offer a

compromise between speed and scan range for ASLM [70].
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Some initial work has demonstrated the utility of axial sweeping in OTLS systems [71,72].
While promising, these examples use an orthogonal dual-objective (ODO) arrangement that has a
limited effective working distance (<2 mm) and high sensitivity to refractive index mismatches,
both of which complicate imaging of large clinical specimens [30,32]. Here we demonstrate a
simple axial sweeping method in which a lens is scanned by a high-speed voice coil actuator
without remote focusing optics. We implement our method in a recently developed non-orthogonal
dual-objective (NODO) architecture ideal for imaging large clinical tissues with a long working

distance and low sensitivity to index mismatch [30,32].

3.2 Optical design

Our design consists of independent illumination and collection optical paths. A complete
listing of components is provided in Table B.1. In the illumination arm (Figure 3.2a), a multi-
wavelength (405, 488, 561, and 638 nm) fiber-coupled laser provides input light. Galvo mirrors
approximately conjugate to the illumination objective’s back focal plane provide fine adjustment
of the light-sheet position at the sample. To axially sweep the beam, a high-speed voice-coil
actuator scans an achromatic doublet lens (L2). The axial magnification between the focal point of
L, and the sample is 3.5x, such that scanning L, by £1.32 mm scans the beam waist by £375 um
at the sample, matching the full camera sensor size of 2048 x 2048 px (750 x 750 um in the
sample). We crop the sensor to 2048 x 1024 px (750 x 375 um) here due to aberrations in the
collection arm at the edges of the full FOV. This is not a fundamental limitation of the axial
sweeping method, and different collection optics could utilize the full sensor. By adding a DC
offset to the sinusoidal scanning waveform, the voice-coil also corrects defocus between

wavelengths in multi-channel experiments.
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wheel

The beam is finally relayed to a 10% /0.2 NA air objective (O1), which is paired with a custom-
designed SIMlens [73]. The SIMlens is a wavefront-matching element allowing the air
illumination objective to be used in an immersion configuration with minimal aberrations at the
air/glass/liquid interfaces. The SIMlens also increases the beam’s NA by a factor of the immersion

index, for an effective illumination NA of 0.312 for the ethyl cinnamate (ECi, n = 1.56) immersion
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used here. A ray-trace simulation of the illumination arm was performed in Zemax OpticStudio to
validate the optical design and axial-sweeping mechanism (Figure B.2).

The collection arm (Figure 3.2b) uses a non-orthogonal dual-objective (NODO) OTLS
configuration described previously [30,32]. Briefly, a primary collection objective (O) is oriented
vertically and perpendicular to the planar sample holder, while the illumination objective (O1) is
oriented at 50° relative to the vertical axis to deliver a tilted light sheet (Figure 3.2c). The vertical
arrangement of Oz minimizes aberrations introduced by index mismatches between the immersion
liquid, sample holder, and tissue, as well as allowing the objective’s full 10-mm working distance
to be used.

The tilted sample plane is relayed to a remote focal plane (between O3 and O4) with optics
selected to provide a 1:1 spatial mapping of the light sheet from the sample to the remote focus,
which minimizes distortions and aberrations [58]. A final 20x / 0.8 NA air objective (O4) and tube
lens (L¢) are oriented orthogonal to the remote-focus replica of the light sheet, which is imaged
onto an SCMOS camera. A coverslip was glued to Os by Applied Scientific Instrumentation for
high-quality imaging with this coverslip-corrected objective. Note that compared to our previous
design [30], we use a lower-magnification remote objective (O4) in order to increase the FOV and
volumetric imaging speed (750 x 375 um here compared to 340 x 40 um previously, or a 20-fold
increase in area). This results in a reduced effective collection NA compared to the full NA of the

primary objective, O2 (0.53 here compared to 0.7 previously).

3.3 Results & discussion

To measure the system’s resolution, we imaged 150-nm diffraction-limited gold nanoparticles
embedded in a 3D agarose phantom index-matched to ECi [74]. The beads were imaged at 638 nm

in scattering mode (i.e., no emission filter). We used a custom Python script to identify beads in
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the imaging volume and fit a 3D Gaussian point spread function (PSF) to each bead [74]. The
resolution, defined as the PSF full width at half maximum (FWHM) in each dimension, was
1.13+0.48 pm in the x-dimension, 1.10+0.38 um in the y-dimension, and 2.014+0.75 pm in the z-
dimension (median + standard deviation across the imaging volume). The z-resolution is slightly
worse than the theoretical limit due to minor aberrations and the impact of the collection arm optics
on the system PSF [32]. Here, the x- and y-axes lie in the plane of the sample holder, and the z-
axis is perpendicular to the sample holder (Figure 3.1).

We compared bead datasets collected from the same system with and without axial sweeping
(Figure 3.3). Each bead’s position in the plot corresponds to its location within the FOV, and the
bead’s color indicates the FWHM in the z-dimension (axial resolution). In the unswept case
(Figure 3.3a), the axial resolution deteriorates rapidly as a function of distance from the light-
sheet beam waist at the center of the FOV. Far from the beam waist, the axial resolution is
dominated by the collection objective’s depth of focus (Oz) rather than the light sheet thickness,
causing the FWHM to reach a plateau. In the swept case (Figure 3.3b), the beam waist moves
across the FOV in synchrony with the camera’s rolling shutter, resulting in uniform axial

resolution.
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Figure 3.3. (a-b) Axial PSF measurements from a bead phantom with and without
axial sweeping across the FOV. (¢-d) One camera frame of a human kidney
(FLARE amine stain) with and without sweeping, demonstrating an increased

usable FOV.

To evaluate the impact of axial sweeping in tissue, we captured the same FOV from a human
kidney specimen with axial sweeping turned on and off. The kidney was labeled using the
fluorescent labeling of abundant reactive entities (FLARE) protocol and cleared in ECi [75]. The
amine stain, which labels proteins (638 nm channel), is shown in Figure 3.3. Without axial
sweeping, poor optical sectioning away from the beam waist degrades the image quality (Figure
3.3c), while axial sweeping provides tight optical sectioning across the FOV (Figure 3.3d). Axial
sweeping also reduces shadowing artifacts (vertical stripes) that are visible in the unswept case, a
known challenge in static light-sheet systems [76].

Finally, we compared the microscope to another NODO OTLS system in our lab that uses
low-NA illumination without axial sweeping [30] (Figure 3.4). The unswept system has a

measured axial resolution (FWHM of diffraction-limited beads) of 3.67+0.58 um (median +
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standard deviation) over a 2048 x 256 px (750 x 94 um) FOV. The two systems have identical
collection arms (i.e., identical lateral resolution), enabling a controlled comparison between a
system with and without axial sweeping. We imaged the same human prostate specimen on each
system. The specimen was labeled with a fluorescent analog of H&E staining using TO-PRO-3

(638 nm channel) and eosin (561 nm channel) along with ECi clearing [74].
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Figure 3.4. 3D dataset of a human prostate specimen stained with a fluorescent
analog of H&E and imaged with both a high-NA swept illumination light sheet and
low-NA unswept light sheet. (a-b) En face views (XY cross section) false-colored
to mimic conventional H&E staining show fused glands indicative of Gleason
pattern 4 carcinoma, arrows in (a). (c-d) Zoomed views of the cytoplasm channel
show improved contrast and separation of red blood cells with axial sweeping. (e-
f) Axial views (XZ cross section) from the nuclear channel show improved contrast

and axial resolution (sharper peaks) with axial sweeping. Line intensity profiles (g)
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from the nuclear channel of (a-b), (h) from the cytoplasm channel of (c-d), and (i)

from the nuclear channel of (e-f).

En face (XY) views from the volumetric dataset captured with the high-NA, axially swept
illumination system and low-NA, unswept illumination system are shown in Figure 3.4a-b
(recolored with FalseColor-Python to mimic the appearance of conventional H&E staining [77]).
Zoomed regions show en face (XY) views of red blood cells in the eosin channel (Figure 3.4c-d)
and orthogonal axial (XZ) views of cell nuclei in the TO-PRO-3 channel (Figure 3.4e-f). Intensity
line profiles comparing the same regions in both datasets demonstrate improved signal-to-
background ratio (SBR), contrast, and axial resolution with axial sweeping (Figure 3.4g-1).

In terms of imaging speed, the high-NA swept system described here (2048 x 1024 px frames)
runs at 17 frames per second (fps), while the low-NA unswept system (2048 x 256 px frames) runs
at 100 fps (50% faster in terms of data output rate). However, the swept system requires fewer
overlapping seams (redundant imaging) due to larger volumetric tiles, reducing stitching artifacts
and computational time for fusing the 3D datasets. Note that the speed of both systems is currently
limited by computational bottlenecks (camera data transfer and disk writing speeds) rather than
fundamental hardware limits — we have demonstrated stable axial sweeping rates of up to 50 Hz.

In summary, we have developed a NODO OTLS system with rapid axial sweeping that
provides improved optical sectioning in comparison to our previous OTLS systems, resulting in
higher image quality in densely labeled specimens. In addition to the OTLS implementation
targeted here, our straightforward axial sweeping method holds potential value for other light-sheet
microscope architectures (e.g., for dynamic sample imaging) where high-speed, large FOV

imaging is needed.
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Chapter 4. An end-to-end workflow for nondestructive 3D pathology

The work in this chapter was published in Nature Protocols (Bishop et al. 2024) [74] and is
reproduced with permission from Springer Nature. © 2024.

4.1 Introduction

Anatomic pathology, which entails the microscopic analysis of biological tissues, is often
regarded as the gold standard for clinical diagnostics/prognostics and for many preclinical studies.

While conventional slide-based 2D histology remains the most widespread approach for high-
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resolution interrogation of tissue specimens, 3D pathology of intact tissues is gaining attention for
both research applications and potential clinical assays[2,3]. Compared to conventional
pathology, 3D pathology interrogates orders-of-magnitude more tissue and provides a feature-rich
volumetric context for complex tissue morphologies, all without destructive tissue sectioning. This
novel volumetric “big data” has the potential to improve diagnostic sensitivity and accuracy,
prognostication of patient outcomes, and prediction of treatment response in comparison to 2D
pathology, with the ultimate goal of improving clinical decisions for diverse individuals.

To accelerate the preclinical and clinical adoption of 3D pathology, well-controlled studies
with large, curated sets of tissue specimens are needed. Here we present a comprehensive, end-to-
end 3D pathology workflow termed Path3D to guide researchers in generating consistent, high-

quality 3D-pathology datasets, with a focus on large-scale clinical and preclinical studies.

4.1.1  Development of the protocol

A variety of approaches have been developed for staining, imaging, and visualizing pathology
specimens in 3D with impressive proof-of-concept results [2,3]. However, consistently generating
high-quality 3D pathology datasets across hundreds of samples for large-scale clinical studies is
nontrivial, requiring refined protocols for tissue preparation, imaging, data processing, and quality
control. Generating reliable data is complicated by the fact that no general microscopy end-user
can be expected to be an expert in all stages of this cross-disciplinary pipeline. Therefore, a
comprehensive and detailed protocol that can be implemented by general researchers would be of
value. In addition to the technical workflow requirements (image resolution, dye selection, etc.),
key practical requirements include quality control, throughput/ease-of-use for hundreds of
specimens, and a visualization format that is familiar to researchers and clinicians. Here we attempt

to address these requirements and to provide a drop-in alternative to conventional 2D histology.
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Our protocol is designed for formalin-fixed (FF) or formalin-fixed paraffin-embedded (FFPE)
tissues, which describes the vast majority of archived clinical specimens. The final output of the
workflow described here is a 3D dataset that can be viewed as a stack of 2D images by
pathologists/researchers and that can optionally be false colored to match the appearance of
standard hematoxylin and eosin (H&E) histology to facilitate interpretation. While we do not
discuss downstream image-processing and computational-analysis workflows, which will vary
greatly between end-users, the H&E-analogue 3D datasets generated by our protocol are also an
ideal starting point for many of these computational efforts [9,78,79].

Our Path3D protocol includes four main sections (Figure 4.1 and overview in Video S1,
available online in reference [74]): (I) tissue preparation (staining and optical clearing), (II) 3D
microscopy, (III) data processing, and (IV) quality control. The first three sections generate the
initial datasets, which can mimic the appearance of standard H&E images if helpful (Figure 4.2).
The last section ensures high-quality results in large-scale studies and provides feedback for
iterative parameter optimization within the first three sections, as is often needed during the early
stages of a project. Path3D uses a relatively fast labelling and clearing method (a few days from
start to finish) that can be reliably carried out by a student (including advanced undergraduates) or
research technician. In summary, Path3D enables well-controlled clinical or preclinical studies
where consistent, high-throughput 3D pathology datasets are needed for tens to hundreds of

specimens.
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scientific analyses based on computational analysis, visual interpretation or a

combination of the two. Al artificial intelligence; ECi, ethyl cinnamate.
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a Prostate cancer, 3-mm diameter punch biopsy
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Figure 4.2. (a) 3D rendering (produced using Imaris) and en face 2D cross sections
of a 3-mm-diameter punch biopsy of prostate cancer tissue (FFPE) false-colored to
mimic the appearance of standard H&E staining. (b) 3D rendering (produced using
Imaris) and orthogonal 2D cross sections of a 1-mm-diameter core-needle biopsy
of prostate cancer tissue false colored to mimic the appearance of standard H&E
staining. (¢) 2D cross section of squamous mucosal tissue false colored to mimic
the appearance of standard H&E staining. (d) 2D cross section of colon cancer
tissue shown with both H&E false coloring and standard fluorescence coloring. (e)
2D cross section of esophagus tissue (Barrett’s esophagus) shown with both H&E
false coloring and standard fluorescence coloring. Images are shown with a
standard sharpening filter. Panel (c) adapted from reference [77] under Creative

Commons license CC BY 4.0.

4.1.2 Protocol overview

The initial tissue-processing steps (Figure 4.3) of Path3D are designed to mimic the
traditional H&E stain while making the tissue transparent (optically clear) for high-throughput
volumetric microscopy. The traditional absorption-based H&E stain for 2D histology offers
general-purpose contrast by combining hematoxylin, which stains negatively charged DNA (i.e.,
nuclei) with a purple hue, and eosin, which stains positively charged proteins (i.e., cytoplasm and
extracellular matrix) with a pink hue. To provide a fluorescent analogue of standard H&E for 3D
microscopy, Path3D likewise uses both a nuclear dye (TO-PRO-3) and a cytoplasmic dye (eosin,
which is naturally fluorescent). The use of small molecule dyes is essential for efficient penetration
into thick tissues. After tissue staining, optical clearing is used to render thick specimens optically
transparent by homogenizing the refractive index within each sample, thereby enabling
fluorescence imaging deep within the tissue. Path3D is optimized for tissue clearing with ethyl

cinnamate (ECi) [80], a solvent-based protocol similar to immunolabeling-enabled three-
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dimensional imaging of solvent-cleared organs (iDISCO) methods [81,82]. Ethyl cinnamate

clearing is relatively simple and uses nontoxic reagents.

a Various sample types b Loaded 6-well cassette

' Simulated punch

biopsy
Multi-specimen Large single
block specimen
c Deparaffinization in Xylene d Stain incubation e Clearing in ethyl cinnamate

Figure 4.3. (a) Various sample types, including common archival specimens such

as multi-specimen blocks, large single specimens and punch biopsies, can be used
with Path3D. (b) Tissue punches are loaded into six-well cassettes for
deparaffinization (Step 1A). (¢) Cassettes are incubated in xylene on a hot plate
with a magnetic stir bar (Step 1B). (d) Biopsies are individually incubated in the
staining solution in a Roto-Therm rotator (Step 2B). (e) Biopsies are individually

cleared by incubating in ECi on an orbital shaker (Step 2D).

Following tissue processing, samples are imaged with non-destructive 3D microscopy. Light-
sheet microscopy (also known as selective plane illumination microscopy [SPIM]) is an ideal

platform for high-throughput 3D pathology, enabling rapid and gentle imaging of cleared
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specimens. We initially developed Path3D for use with open-top light-sheet (OTLS) microscopy.
In an OTLS architecture, illumination and collection optics are placed below a planar sample
holder such that specimens are imaged from below, much like a flatbed document scanner. This
approach is specifically optimized for pathology specimens of arbitrary size and shape [25-30].
Many other custom-built light-sheet systems exist [24,83—85], as do a number of commercial
options (e.g., SmartSPIM, Leica SP8, Zeiss Lightsheet 7, Luxendo LCS SPIM/MuVi SPIM,
Olympus/PhaseView Alpha3, 3i Cleared Tissue LightSheet). Of particular note are single-
objective light-sheet variants, which maintain a similar open-top geometry [41-43,45-47,49,86—
89]. We use light-sheet microscopy in this protocol to illustrate key imaging considerations.
However, our pipeline is in principle applicable to other 3D microscopy platforms (e.g., confocal
microscopy, multi-photon microscopy). Further discussion of imaging platforms is provided in the
‘Comparison with other methods’ section. We provide strategies to establish the baseline
performance of each microscope system for a given clearing protocol using 3D phantoms of
diffraction-limited beads and an automated method to quantify a microscope’s point spread

function (PSF, adapted from a method developed by Sofroniew

[https:/ / github.com /sofroniewn /psf], which is key for later quality control and troubleshooting
(Figure 4.4). We also offer guidelines for establishing ideal imaging conditions (considering

detector counts, photobleaching, etc.).
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Figure 4.4 Initially, agarose bead phantoms are qualitatively assessed in real time
while being previewed to optimize the focus and alignment of the microscope (Step
5). (a) An example bead image (single slice) shows the relative bead density. Line
profiles of a well-focused bead, (b), in the X, (¢), and 7, (d), directions show
symmetric Gaussian profiles with peak detector counts well above the background
level. After imaging a 3D volume, the Bead PSF computation package is used to
quantify the full width at half maximum (FWHM) values for each bead (Step 6). (e)
A histogram of lateral (X) FWHM values from all beads acquired with a well-
aligned microscope shows a distribution centered near the expected resolution with

minimal spread. The inset shows an XY slice of the average 3D Gaussian curve
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fit. (f) A heat map from a well-aligned example shows consistent lateral resolution
with respect to the X and Y position within the imaged volume. A perceptually
uniform diverging colormap [90] (Matplotlib [91], ‘coolwarm’) is intentionally
used to accentuate regions of particularly poor resolution. See Figure C.4 for

additional details on heat maps.

For data processing and visualization, we focus on a fully open-source approach that can be
performed by researchers with basic programming skills in Python. For nearly all 3D microscopy
platforms, volumetric datasets of millimeter- to centimeter-scale tissues are first acquired by
scanning the specimen in one primary direction (vertical or horizontal) to generate a 3D tile (a
“volumetric brick™) of image data. Adjacent tiles are typically stitched and blended together to
create a large contiguous volume before further image processing or visualization is performed.

Various academic [92,93] and commercial options (e.g., Aivia [https:/ /www.aivia-software.com],

Imaris [https:/ /imaris.oxinst.com], Stitchy [https://www.translucencebio.com /products/stitchy])

exist for reconstructing 3D volumes from adjacent tiles. Likewise, a number of file formats have
been developed for storing 3D datasets including HDF5 [94], Zarr [95], OME-Zarr [96], and
N5 [97]. This protocol utilizes an open-source method of aligning and reconstructing tiles
(‘stitching and fusion’) using BigStitcher [98] with HDF5 [94], which can be run as a FIJI [99]
plugin and requires minimal manual tuning of parameters.

Following reconstruction, datasets may be false colored to mimic the pink and purple
appearance of standard H&E histology. While anatomic pathologists are skilled at interpreting
chromogenic (absorption-based) H&E slides, most are not experienced with interpreting multi-
channel greyscale or arbitrarily colored fluorescence images. A variety of false-coloring methods
have been developed, including machine-learning-based style-transfer methods [100-104]. While

these strategies are appealing to convert images from one contrast mechanism to another, such as
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converting unstained whole slide images into H&E-like images [105], they require large amounts
of training data and are often hard to generalize to new data types (e.g., imaging conditions or
tissue types not represented in the training data). Because Path3D datasets contain direct
fluorescent analogues to conventional hematoxylin and eosin, we prefer a deterministic physics-
based approach that models the absorption of light by conventional H&E dyes [106]. The
explainability of this digital staining strategy is particularly appealing in the context of clinical
studies and adoption by pathologists. Our approach is implemented as an open-source Python
package, FalseColor-Python [77].

Compared to viewing standard 2D whole-slide images, viewing and navigating 3D pathology
datasets is not straightforward nor standardized. Many clinical or preclinical studies require
interpretation of 3D datasets by panels of pathologists and researchers, so an easy-to-navigate
visualization and annotation method is often desired. Here we offer guidance for using Napari, an
open-source Python-based package for 3D image visualization (Figure C.9)[107]. In our
experience, Napari provides relatively smooth and user-friendly visualization of 3D pathology data
and offers built-in annotation features. Critically, Napari can dynamically load pyramidal file
formats to minimize the amount of memory needed to navigate large 3D datasets. For users
familiar with Python, Napari also offers additional analysis tools and freedom to write custom
Python plugins. Other open-source visualization packages include QuPath [108], which is
designed for digital pathology and is ideal for viewing individual 2D slices in a 3D dataset, and
FII (ImagelJ) [99], which is a widely used general-purpose tool for scientific image visualization.

Commercial tools like Imaris [https:/ /imaris.oxinst.com], Arivis [https:/ /www.arivis.com], Aivia

[https: / /www.aivia-software.com], and Amira

[https: / /www.thermofisher.com /us/en/home/electron-microscopy / products/software-em-3d-
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vis /amira-software.html] provide excellent volumetric (object rendering) as well as slice-by-slice

visualization and annotation capabilities along with the professional technical support that many
researchers value (Figure 4.2a-b; Video S1, available online in reference [74]). Recent academic
studies have also explored novel methods for volumetric rendering and visualization of 3D
pathology data, including augmented/virtual reality approaches [109,110]. For large studies with
unique visualization requirements, custom interfaces (e.g., web-based) can also be developed.
Throughout the Path3D protocol, continuous dataset evaluation and iterative optimization are
essential to ensure that datasets are of consistently high quality for large-scale clinical or preclinical
studies. Quality control is intentionally included as a routine step in the protocol rather than as a
supplementary option, and we offer quantitative methods to assess resolution, contrast, and
uniformity. Finally, we provide rough recommendations for the level of data quality that is
necessary to produce high-quality false-colored imaging results that meet pathologists’
expectations. Our metrics also generally reflect the level of quality needed for effective
downstream computational analyses. Note that in some cases, commercial imaging systems may
improve consistency compared to custom instruments. Nonetheless, we suggest routine dataset
evaluation as data quality can be impacted by every step of the process (tissue preparation,

imaging, and data processing).

4.13 Applications and limitations

We have used Path3D to explore a number of clinical use cases for 3D pathology to date
(Figure 4.2). For example, various iterations of the protocol have been used to examine and
quantify the 3D morphology of prostate cancer specimens [27-30,73,77-79]. This includes a
proof-of-concept demonstration that 3D pathology can reduce certain ambiguities when

performing Gleason grading of prostate cancer (which heavily influences treatment
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recommendations) [27] and preliminary studies showing that the computational segmentation and
analysis of prostate glands and nuclei in 3D have advantages for risk stratification [78,79].
Recently, we used a variation of Path3D to image whole lymph nodes from breast cancer patients
and demonstrated that 2D pathology can underrepresent metastasis size compared to
comprehensive 3D pathology [8]. We have also leveraged Path3D to show that diagnosis with
deep-learning-assisted 3D pathology can detect esophageal neoplasia with higher per-biopsy
sensitivity than standard 2D histology while also reducing pathologist workloads [9]. Additionally,
the protocol has been used to generate 3D image atlases for various tissue types and disease
states [10,111]. Larger studies comparing 2D and 3D pathology are underway, considering both
inter- and intra-observer variability and overall accuracy (i.e., pathological grade vs. clinical
outcome), and there are abundant opportunities to explore additional clinical applications of 3D
pathology. Finally, the Path3D protocol has enabled a variety of preclinical studies such as
characterizing 3D mouse liver cell cultures for microfluidic drug screening [112], evaluating
dissolvable microneedle arrays for transdermal drug delivery in mice, and imaging whole mouse
kidneys at different scales to count and assess glomerular structure and function (Figure C.1c¢).
Manually reviewing 3D datasets using conventional workflows built around 2D slides can be
labor-intensive, suggesting novel 3D-based review processes will be needed. Designing clinical
studies that effectively use the large data volumes available from Path3D requires careful planning,
and while not described here, computational analysis in conjunction with, or instead of, manual
review is often appropriate. It is also critical to establish a robust data management plan, as raw
datasets can be up to a terabyte (TB) in size (depending on image volume, resolution, etc.).
Fortunately, there are many options for cloud-based storage and computational processing, which

should be decreasing in cost over time. We have successfully used Path3D datasets for a number
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of computational use cases including image translation and glandular segmentation [78], nuclear
segmentation [79], and deep learning-based triage [9], and there are likewise opportunities to adapt
computational techniques developed for 2D digital pathology to 3D datasets [113].

Regardless of the specific staining and clearing protocol used (TO-PRO-3/eosin and ECi
here), our data-processing and false-coloring workflow can be applied to generate H&E-like
images from any fluorescent dataset with distinct nuclear and cytoplasmic channels. For example,
we have used SYTOX-G or propidium iodide and NHS-ester staining with clear, unobstructed
brain imaging cocktails and computational analysis — histoVision (CUBIC-HV) clearing to
generate false-colored 3D datasets of human lymph nodes (Figure C.1a) [8]. We have also
combined ECi clearing with fluorescent labelling of abundant reactive entities (FLARE) staining
as an H&E analogue [75]. Furthermore, we have shown that our workflow can be adapted for
single-channel (acridine orange) datasets that are computationally separated into nuclear and
cytoplasmic channels (Figure C.1b) [114]. Our focus here is on generating datasets that replicate
standard H&E stains, the most commonly used by pathologists, meaning that Path3D datasets
show tissue structure but do not on their own provide molecular information. However, we and
others have shown that deep learning-based virtual-staining methods can be used to mimic certain
targeted stains (e.g., immunolabeling) based on H&E-like datasets [78,101].

It is important to note that while conventional H&E slides can be reimaged indefinitely,
Path3D specimens, like any fluorescently labelled tissue, are subject to eventual photobleaching.
The exogenous dyes used here are relatively bright (compared to endogenous fluorescent proteins,
for instance) and photobleaching during initial imaging rounds is usually not an issue for well-
stained specimens imaged at modest illumination powers (a few milliwatts of optical power

measured at the sample). Nonetheless, repeated imaging of the same region will eventually lead to
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a significant drop in signal level. To avoid photobleaching valuable specimens with multiple
redundant imaging rounds, it is important to ensure staining and imaging conditions are well-
optimized before starting a large clinical study and that imaging regions are judiciously selected.
While we have not attempted stripping and restaining Path3D specimens, previous reports suggest

this may be possible [115,116].

4.1.4  Comparison with other methods

One alternative to non-destructive 3D microscopy of cleared tissues is automated serial-
sectioning microscopy, in which thin tissue sections are rapidly cut from a thick specimen such
that 2D images can be obtained throughout the specimen [12—17]. While serial sectioning obviates
the need for chemical clearing, it can introduce sectioning artifacts and complicate the
reconstruction of 3D volumes. Both non-destructive Path3D and serial-sectioning approaches can
enable downstream analyses such as conventional 2D histology and molecular assays, which will
be key to demonstrating the clinical value of 3D pathology and ultimately incorporating it into
clinical workflows. Serial-sectioning approaches enable direct capture and mounting of sections
for conventional analyses when a standard microtome is used, requiring fewer additional steps
than re-embedding and sectioning whole-mount Path3D specimens. However, serial-sectioning
approaches can make it challenging to archive valuable clinical specimens, as slide-mounting and
physically storing every slice from a specimen could be impractical. Path3D does not require
physically sectioning the tissue, meaning whole specimens can be archived. Archival needs will
depend on the application, and users should consider these trade-offs when selecting a 3D imaging
approach. Note that preliminary studies have shown that the H&E-analog and ECi-clearing steps
described in this protocol do not adversely affect downstream standard pathology workflows

(histology and molecular assays) and we are continuing to perform studies to rigorously
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demonstrate the “gentleness” of our methods when used on standard formalin-fixed
specimens [9,111,117].

An additional consideration is the maximum specimen size that can be accommodated by each
imaging approach. For non-destructive 3D microscopy, imaging depth is a function of both the
microscope’s working distance (10 mm for the OTLS system used to image many of the specimens
shown here [30]) and the degree of optical clearing, which depends on the tissue type. ECi-based
clearing reliably achieves imaging depths of at least 500 um for most tissue types, and much greater
imaging depths are possible for some specimens (e.g., whole mouse brains [30]). For much deeper
imaging than this, some level of physical sectioning is typically required for either imaging
approach (similar to conventional histology). An important caveat is that thick sections (e.g., 1 —
10 mm) can be imaged with cleared-tissue imaging, which may have advantages.

There are several alternatives to the labelling protocols chosen for Path3D. Antibody stains
are the primary alternative to small-molecule stains for clinical tissues, where genetically
expressed endogenous labels are not possible. While antibodies are the gold-standard in terms of
molecular specificity, the diffusion of large (~150 kDa) antibodies into thick tissues can be
extremely slow. Staining protocols that rely on passive antibody diffusion can take several weeks
for tissues that are only hundreds of micrometers thick and tend to be complex compared to those
using small molecule dyes [75,78]. A variety of methods have been developed combining
immunolabeling and clearing, including strategies to speed penetration in thick tissues [118—123].
Variations of Path3D using antibodies instead of (or in addition to) small molecule dyes are
possible, and while many antibody clones are compatible with ECi- and iDISCO-based clearing

methods [https://idisco.info/validated-antibodies], combining immunolabeling and clearing can

require specifically tailored protocols [82,124-126].
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It is also worth noting that a wide range of clearing protocols have been developed that vary
in complexity, protocol duration, fluorophore compatibility, and achievable level of
transparency [76,127]. Aqueous clearing methods are the primary alternative to solvent-based
clearing approaches. These protocols tend to be gentler on the tissue and compatible with a wider
range of fluorescent labels (especially endogenous markers). However, aqueous methods come
with some practical challenges especially during extended imaging sessions. These include the
tendency to form precipitates, which can be problematic for immersion-based microscopes, and
the gradual evaporation of the water in the tissue and/or immersion bath, which can deteriorate
tissue clarity and lead to refractive index mismatch issues. We have found that ECi-based clearing
(used in our Path3D protocol) is a simple, fast, and reliable method for most tissues for imaging
depths of up to a few millimeters. For applications where ECi clearing is inadequate, aqueous
protocols like CUBIC [128-130] can work well, as can more-elaborate solvent-based approaches,
some of which involve detergents or delipidation steps [126,131]. An important note is that ECi-
based clearing results in some degree of tissue shrinkage [80] due to ethanol-based dehydration,
which can have both advantages (modest reduction in imaging time) and disadvantages (modest
reduction in effective spatial resolution).

Finally, there are several alternatives to light-sheet microscopy for non-destructive imaging
of thick tissues [132]. Initial studies used point-scanned techniques such as confocal and multi-
photon microscopy [5,19-23]. Commercial point-scanned systems are widely available in core
facilities, where dedicated staff and established imaging protocols can be leveraged to quickly
establish feasibility in proof-of-concept studies. A major drawback to these laser-scanned systems
is relatively slow imaging speed. In addition, some laser-scanned modalities, especially confocal

microscopy, are highly light-inefficient, as they only collect a small fraction of the total excited
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fluorescence. In the most-basic form of light-sheet microscopy, a 2D plane within the specimen is
selectively illuminated and imaged with a high-speed scientific CMOS camera, such that there is
very little wasted light and, consequently, reduced photobleaching of the sample. By acquiring
datasets plane-by-plane (as opposed to point-by-point or line-by-line), light-sheet systems can also
achieve significantly higher imaging rates than laser-scanned microscopy systems and are ideal
for high-throughput imaging of large tissue specimens. Depending on the system, light-sheet
microscopes can, however, have more complicated sample-mounting workflows than commercial

point-scanned systems.

4.1.5 Experimental design

Here, we outline several considerations when designing studies using our Path3D protocol.
We specifically focus on large studies in which tens to hundreds of samples must be processed and

imaged, and in which large data volumes must be managed.

4.1.5.1 Compatible tissues and selection of sample number and size

We have developed Path3D to work with formalin-fixed (FF) tissues as well as formalin-fixed
paraffin-embedded (FFPE) tissues, which are first deparaffinized in the protocol. The procedure
has shown success for a variety of clinical tissues including prostate [27-30,73,77,78,111],
esophagus [9,10], lung [77], kidney [77], bladder, breast, pancreas, and colon (Figure 4.2). We
have also had success with preclinical specimens (mouse skin and kidney). For certain tissue types,
we have found improved results with alternative staining and/or clearing protocols. As an example,
lipid-rich lymph nodes benefit from CUBIC-HV clearing with aggressive delipidation to improve
dye penetration (Figure C.1a) [8]. Additionally, in vivo delivery of antibodies via retro-orbital

injection allows for efficient and complete labelling of mouse kidney vasculature and glomeruli
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within minutes, even in the deepest layers of the organ (Figure C.1c). Nonetheless, Path3D works
well for a wide variety of tissues and is the suggested starting point for new tissue types.

It is important to consider sample number and size when designing a study using 3D
pathology. Tissue incubation times generally scale with sample size (the smallest dimension) and
are typically longer than for 2D specimens to allow for diffusion of reagents into thick tissues.
However, by obviating the need for mounting and sectioning by a skilled histotechnologist, the
number of hands-on human hours is often less than or comparable to what is required for 2D
histopathology. One should consider the trade-off between tissue-preparation times and the
amount of contiguous tissue volume that is needed for a selected analysis. For instance, the
staining/clearing time for five 100-pm-thick specimens will likely be shorter than for a single 500-
um-thick specimen.

One should also note that imaging times and dataset sizes scale roughly linear with tissue
volume and to the third power with resolution. In other words, a 200 um % 200 um % 200 um
sample will, in general, take 8x longer to image and produce 8x more data than a 100 pm x 100
um % 100 pm sample imaged on the same microscope. Likewise, imaging a sample with 1-um
resolution will take 8% longer and produce 8x more data compared to imaging with 2-pm
resolution (given Nyquist sampling). Given that datasets can easily reach hundreds of gigabytes
(GBs) and imaging sessions can take many hours for large samples, one should carefully consider
what resolution and tissue volume are needed for a given study. In some cases, it may be preferable
to image a smaller region of interest (ROI) rather than an entire specimen to reduce the total
imaging volume. However, it is important to select ROIs with enough coverage to avoid reimaging
(for instance if structures of interest are inadvertently truncated or missed) due to both the time

required for reimaging and photobleaching concerns addressed above.
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4.1.5.2 Computational and data storage requirements

The data processing workflow here was designed to run on a standalone workstation or local
server running a standard Windows operating system set up with Python (e.g., Anaconda) but
could in principle be adapted for cloud-based storage and processing. Fusing is the most
computationally intensive step and benefits from a powerful CPU and large amount of RAM (for
reference, we use a local server with 24 CPU cores (48 threads) and 662 GB of RAM). Stitching
is much less computationally intensive but for convenience is often done with fusing on the same
machine. Our stitching and fusing methods currently do not require a GPU. False coloring is less
computationally intensive and can be run on a standard workstation with optional GPU
acceleration. Napari performance is generally related to GPU specifications and RAM, though in
most cases a standard workstation and GPU are adequate. For large studies, a large-capacity (~100
TB) storage drive is necessary. Finally, compression schemes are worth considering. A variety of
compression methods are available, including standard image compression algorithms (e.g.,
JPEG), popular lossless algorithms (e.g., BLOSC, ZSTD, GZIP), and certain lossy algorithms
optimized for scientific applications (e.g., B3D [133], SZ [134]). The ideal compression scheme
for each study depends on factors such as the available storage and computational infrastructure,
specific processing workflow, and microscopy platform.

Even with a powerful computer, processing times can be significant (often several weeks
depending on dataset sizes and numbers). It is important to establish a streamlined workflow that
requires minimal human input, such as batching datasets to run overnight. One should likewise
consider how data will be transferred both internally (between local machines) and externally (to
cloud-based resources, collaborators, etc.). Options include using a high-speed (10 Gbps) internal

fiber network connection or loading data onto high-capacity portable drives that can be physically
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transferred or shipped. Regardless of strategy, transferring tens to hundreds of TBs of data is
always a slow process, and we suggest planning workflows to minimize the number of transfers

required.

4.1.5.3 Light-sheet microscopy platform

Factors to consider when selecting a specific light-sheet microscopy platform include
volumetric imaging rate, ease of batch imaging (e.g., imaging successive samples without user
intervention), maximum sample size, and maximum imaging depth (i.e., working distance). One
should also consider the platform’s resolution, as this impacts both dataset size and imaging times
as discussed previously. To use our stitching and fusing workflow, raw microscope datasets should
be in a file format compatible with BigStitcher (e.g., HDF5). Alternatively, datasets can be stitched
and fused using other methods (such as with native microscope pipelines) and converted to a

standard format (e.g., HDF5, TIFF stack) for false coloring and/or visualization.

4.1.5.4 Visualization software

The most straightforward approach for image visualization by downstream users (e.g.,
pathologists), as described in this protocol, is to install display software (e.g., Napari, QuPath) and
to load datasets onto a computer that can be accessed by users physically or via remote login. An
alternative approach is to use a web-based viewer. While convenient, there are not yet open-source
options for web-based viewing and this option is not discussed here. We do not recommend loading
data and software directly onto every user’s computer given differences in hardware, installation

requirements, etc.
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4.1.6  Required expertise

This protocol is intended for microscope end-users, including bioengineers, clinical
researchers, and life scientists ranging from undergraduates to postdocs and staff scientists. As this
is a multidisciplinary end-to-end workflow, no reader is expected to be an expert in all aspects of
the process. For tissue preparation (steps 1 — 2), some experience with tissue staining and clearing
is helpful but not required. For additional background, readers may consult previous work on
clearing and staining, particularly ECi/iDISCO methods [76,80-82,135]. For sample imaging
(steps 3 — 8), researchers should be competent using their chosen microscope platform (e.g.,
sample mounting, previewing samples, adjusting imaging parameters). For image processing
(steps 9 — 20), users should have basic familiarity with Python (including package installation,
development environments, Anaconda, etc.). Experience with using BigStitcher is also helpful; we

recommend new users consult online tutorials [https:/ /imagej.net/plugins /bigstitcher].

4.1.7  Regulatory approvals

Experiments using human or animal tissues must follow appropriate regulations with respect
to informed consent/care of animals, which may include regulatory approval. This section is based
on our experience with regulations in the United States (where our research is conducted).

The cost of Institutional Review Board (IRB) review for human-subjects research will vary
by institution and IRB selection, ranging from no cost (such as for some internal or federally
operated IRBs) to several thousand dollars or more (for some external IRBs). IRB review speed is
likewise variable and can take several months, so researchers should plan ahead. Approval for
initial 3D pathology studies that do not affect the standard of care (e.g., saving resected surgical
specimens that would otherwise be discarded) is generally more straightforward than for

interventional studies. Studies conducted using only de-identified human tissues (e.g., from an


https://imagej.net/plugins/bigstitcher

68

institutional tissue bank) may not require separate IRB approval, which can greatly simplify
regulatory considerations.

Institutional Animal Care and Use Committee (IACUC) review for animal research similarly
ranges from no cost to several thousand dollars and can take several months. Using tissue from
already-euthanized animals (e.g., from carcass donation programs after animal trainings) can be
appropriate for some studies. This approach may not require separate IACUC approval.

The human specimens shown in Figure C.1b were obtained with approval from the University
of Washington IRB and with informed consent from patients. All other human tissues shown in
this manuscript were de-identified specimens provided by an institutional tissue bank and were not
subject to IRB approval at the University of Washington. The animal tissues shown in Figure C.1c
were collected with approval by the Animal Care and Use Committee at the Indiana University
School of Medicine and in accordance with National Institutes of Health Guidelines for the Care
and Use of Laboratory Animals. The animal tissues shown in Figure C.8b were collected from
already-euthanized animals donated by an institutional animal facility at the University of

Washington and not subject to IACUC approval.

4.2  Materials

4.2.1 Biological materials

¢ Formalin-fixed (FF) or formalin-fixed paraffin-embedded (FFPE) tissue specimens
I CAUTION Experiments using human or animal tissues must follow appropriate
institutional and governmental regulations with respect to informed consent/care of

animals.
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Reagents

Ethanol (Decon Laboratories, cat. no. 2701)

' CAUTION Ethanol is flammable and volatile, work with small amounts and store large
quantities in a flammables cabinet. Ethanol is also an eye hazard. Wear appropriate
personal protective equipment (PPE).

Deionized (DI) water

Sodium chloride (NaCl) (Spectrum Chemical, cat. no. SO160)

0.1N Hydrochloric acid (HCI) (Fisher Scientific, cat. no. SA54-1)

' CAUTION Hydrochloric acid is a skin and eye hazard. Wear appropriate PPE.

Xylene (Fisher Scientific, cat. no. X3P-1GAL)

' CAUTION Xylene is flammable and volatile, work with small amounts and store large
quantities in a flammables cabinet. Xylene is also a significant skin, eye, and respiratory
hazard. Wear appropriate PPE and do not handle outside of a fume hood.

TO-PRO-3 iodide, ImM solution in dimethyl sulfoxide (DMSO) (Thermo Fisher
Scientific, cat. no. T3605)

CRITICAL STEP TO-PRO-3 should be protected from ambient light during storage to
avoid photobleaching.

Alcoholic eosin Y 515 (Leica Biosystems, cat. no. 3801615)

! CAUTION Alcoholic eosin is flammable and volatile, work with small amounts.
Alcoholic eosin is also an eye hazard. Wear appropriate PPE.

CRITICAL STEP Alcoholic eosin should be protected from ambient light during storage
to avoid photobleaching.

Ethyl cinnamate (ECi) (Thermo Fisher Scientific, cat. no. A12906.36)
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! CAUTION Ethyl cinnamate degrades polystyrene and other plastics. Use glass or
polypropylene (PP) containers. Using incompatible plastic containers can cause the
container to rupture or contaminate the contents.

e Agarose powder (Benchmark Scientific, cat. no. A1700)

e [50-nm diameter gold nanoparticles, stabilized suspension in citrate buffer (Sigma-

Aldrich, cat. no. 742058)

423 Reagent setup

Path3D staining buffer

The Path3D staining buffer is a mixture of 70% v/v ethanol in deionized (DI) water with 10
mM NaCl at pH 4. Saline conditions improve TO-PRO-3 penetration in thick tissues [123], and
acidic conditions improve eosin binding. To prepare 100 mL of staining buffer solution, add 70
mL ethanol and 58.44 mg NaCl to 10 mL DI water in a 250 mL beaker. Mix the staining buffer on
the orbital shaker until the NaCl is fully dissolved. Add 0.1N HCI to the solution using a transfer
pipette until the solution reaches pH 4 (typically 6 — 7 drops), measured using the pH meter.
Finally, add DI water until the total volume of the solution is 100 mL. The buffer solution may be
stored for one month at 4 °C but should be brought to room temperature (RT, ~21 °C) before use.
' CAUTION Ethanol is flammable and volatile, work with small amounts and store large quantities
in a flammables cabinet. Ethanol is also an eye hazard. Wear appropriate PPE.

' CAUTION Hydrochloric acid is a skin and eye hazard. Wear appropriate PPE.

4.2.4  Equipment

e 250 mL beaker (Kimble Kimax, cat. no. 14000-250)

e Scale (VWR, cat. no. VWR-164AC)



Orbital shaker (Labnique, cat. no. MT-201-BD)

Transfer pipets (Fisher Scientific, cat. no. 13-711-9AM)

pH meter (Thermo Fisher Scientific, cat. no. 13-645-611)
Magnetic hotplate stirrer (VWR, cat. no. 97042-606)

1” magnetic stir bar (VWR, cat. no. 58948-138)

Immersion thermometer (VWR, cat. No. 89095-628)

Razor blades (VWR, cat. No. 55411-055)

6-well biopsy cassettes (Simport Scientific, cat. no. M503-10)
Standard pencil (Ticonderoga, #2/HB)

Tweezers (POLYPLAS Hameln GmbH, cat. no. 1404B-SA)
Standard aluminum foil (Miktomeh, 1000 SQ FT)

Standard micropipettes (Rainin, cat. no. HU Start Kit PL-LTS 20,200,1000u)
2.0 mL Eppendorf safe-lock tubes (Eppendorf, cat. no. 022363352)
Roto-Therm rotator (Southern Labware, cat. no. H2024)

15 mL polypropylene conical tubes (Cellstar, cat. no. 188271)

50 mL beaker (Kimble Kimax, cat. no. 14000-50)

50 mL polypropylene conical tubes (Cellstar, cat. no. 227270)

Light-sheet microscopy platform (see Experimental design section for details)

Computing and data storage setup (see Experimental design section for details)
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4.3  Procedure

4.3.1 Tissue preparation

The following procedure is optimized for 1- to 3-mm diameter punch-biopsy or needle-
biopsy specimens (~5 — 50 mm?® biopsy volume after trimming excess wax). Incubation
times and reagent volumes may need to be adjusted based on sample size.

! CAUTION Experiments using human or animal tissues must follow appropriate
institutional and governmental regulations with respect to informed consent/care of
animals.

1 OPTIONAL Deparaffinization of FFPE specimens (51 hrs)
(A) Specimen trimming and loading

(1) Trim any large pieces of excess wax (Figure 4.3a) from FFPE specimens using

a razor blade.
CRITICAL STEP Use caution if trimming small or thin specimens as they are
prone to cracking. Aggressive trimming is not necessary, and excess wax that
is challenging to trim can be removed through longer xylene incubation in the
following steps.

(i1) Load FFPE specimens into 6-well histology cassettes (1 specimen per well, i.e.,
up to 6 specimens per cassette). Label cassettes with pencil or a xylene-resistant
ink (Figure 4.3b).

CRITICAL STEP We do not recommend using cassettes other than standard
histology cassettes (a durable polymer), as many plastics (such as polystyrene)
are not chemically resistant to xylene and may dissolve.

(B) Xylene incubation
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(1) In a fume hood, fill a 250 mL beaker with 100 mL xylene and heat to 60 °C
(measured using an immersion thermometer) on a hot plate. 100 mL of xylene
is adequate to process 1 or 2 cassettes. For more than 2 cassettes, larger volumes
and/or multiple beakers may be needed to ensure adequate circulation of xylene.

(i) Add cassettes to the beaker of preheated xylene, ensuring they are fully
immersed. Add a magnetic stir bar (Figure 4.3c).

(ii1)Adjust hotplate to maintain a constant xylene temperature of 60 °C (measured
using the immersion thermometer) and incubate with stirring (~200 rpm) for 48
hours.

CRITICAL STEP Cover beaker with aluminum foil to prevent evaporation.

(iv)OPTIONAL Exchange xylene with fresh xylene after 24 hours for tissues with
excessive amounts of wax.

! CAUTION Xylene is flammable and volatile, work with small amounts and
store large quantities in a flammables cabinet. Xylene is also a significant skin,
eye, and respiratory hazard. Wear appropriate PPE and do not handle outside of
a fume hood.

(C) Ethanol wash

(1) Turn off heat and let xylene cool for 15 — 20 minutes. Once xylene and cassettes
have cooled to RT, remove xylene and add enough 100% ethanol to submerge
cassettes (~50 — 100 mL). Incubate with stirring (~ 200 rpm) at RT for 1 hour.

(i1) Exchange the ethanol with fresh ethanol and incubate for 1 more hour.
PAUSE POINT For temporary storage (a few days), samples may be left in

100% ethanol in a sealed container to prevent evaporation.
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2 Staining with a fluorescent analogue of hematoxylin & eosin (H&E) and optical
clearing
(A) Tissue rehydration (3 Ars)
(1) In the 250 mL beaker, place cassettes in enough 70% ethanol (v/v solution in
DI water) to submerge (~50 — 100 mL) and incubate for a minimum of 3 hours
on the orbital shaker with gentle agitation (~60 — 80 rpm) at RT.
PAUSE POINT For temporary storage (a few days), samples may be left in
70% ethanol in a sealed container. For longer storage, samples should be
rehydrated in graded-ethanol steps and stored in phosphate-buffered
saline (PBS) with 0.1% sodium azide at 4 °C to prevent protein extraction. Note
that sodium azide is highly toxic and appropriate usage and handling are not
discussed here. Users should consult other protocols for additional guidance on
storing tissues in PBS/sodium azide.
For possible problems and solutions encountered in this protocol at steps
indicated with the TROUBLESHOOTING label, see the troubleshooting
section (Table 4.1).
(B) Tissue staining (2 days)
(1) Prepare staining solution of 1:500 v/v TO-PRO-3 and 1:100 v/v eosin (together)
in Path3D staining buffer (see Reagent Setup).
(i1) Transfer each specimen to a separate 2 mL Eppendorf tube and add 1.5 mL
prepared staining solution to each tube. Incubate specimens for 48 hours in the

Roto-Therm rotator with mixing mode at 20 rpm at RT (Figure 4.3d).
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! CAUTION Alcoholic eosin is flammable and volatile, work with small
amounts. Alcoholic eosin is also an eye hazard. Wear appropriate PPE.
CRITICAL STEP Ensure that specimens are completely submerged in
staining buffer during incubation. For this and all subsequent steps,
fluorescently labelled specimens should be protected from ambient light (e.g.,
by covering tubes in aluminum foil) to prevent photobleaching.
TROUBLESHOOTING

(C) Tissue dehydration (2 hours)

(1) Transfer each specimen to a separate 15 mL polypropylene tube and add ~10
mL 100% ethanol to each tube. Incubate specimens for 1 hour on the orbital
shaker with gentle agitation (~60 — 80 rpm) at RT.

(i) Exchange ethanol with fresh ethanol and incubate for at least 1 more hour.

(111))OPTIONAL Incubate large samples in 100% ethanol overnight to ensure
complete dehydration.

CRITICAL STEP It is important to remove all water in the specimen during
this step as any residual water will impede clearing. Ensure that all sample
holders and storage tubes are free from condensation and are completely dry,
especially in humid environments.

CRITICAL STEP Dehydrated specimens can be brittle. Be gentle if using
tweezers to transfer specimens.

TROUBLESHOOTING

(D) Tissue clearing (4 hours)
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(1) Transfer each specimen to a new 15 mL polypropylene tube and add 10 mL
ECi. Incubate specimens for 2 hours on the orbital shaker with gentle agitation
(~60 — 80 rpm) at RT (Figure 4.3¢).

(i1) Exchange ECi with fresh ECi and incubate for 2 more hours.

! CAUTION Ethyl cinnamate degrades polystyrene and other plastics. Use
glass or polypropylene (PP) containers. Using incompatible plastic containers
can cause the container to rupture or contaminate the contents.

PAUSE POINT Cleared specimens may be stored in 100% ECi at RT for
several weeks to months before imaging. Ensure that specimens are protected
from light. We do not recommend storing cleared specimens in the refrigerator.
For extended archival storage (e.g., after imaging), specimens may be re-
embedded in paraffin.

TROUBLESHOOTING

4.3.2 3D microscopy

4.3.2.1 Characterize systems with optically cleared agarose bead phantoms

3 Make agarose nanoparticle phantoms (7 hour)
(A)Fill the 50 mL beaker with 19 mL DI water. Add a magnetic stir bar and heat the
liquid to ~85 °C (measured using an immersion thermometer) on a hot plate.
(B) Set stirring to a high speed (~400 rpm) and add ~1% wt/vol agarose powder (~0.2
g for a 20 mL final volume).

CRITICAL STEP Add the agarose powder slowly to prevent clumping.
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(C)Cover the beaker with foil and incubate with continued stirring until agarose

powder is completely dissolved (~10 — 15 min), adjusting the hotplate setting as
needed to maintain a liquid temperature of ~85 — 90 °C.
CRITICAL STEP Keep the beaker covered with foil throughout agarose
preparation and avoid overheating the mixture to prevent excessive evaporation. If
too much water evaporates (more than ~20%)), the final agarose concentration will
change and may make it hard to form or use phantoms. We do not advise preparing
less than 20 mL of agarose at a time, as excessive evaporation may occur.

(D) After dissolution, add ~5% v/v 150-nm diameter gold nanoparticle suspension to
the solution (~1 mL nanoparticle suspension for a 20 mL final volume, yielding a
target concentration of ~2 x 10° nanoparticles/mL).

CRITICAL STEP Nanoparticles may settle to the bottom of the citrate buffer.
Shake or vortex the container thoroughly before removing nanoparticles.

(E) Turn off the heat and cool the mixture to 70 °C with continued stirring (10 — 15
min).

(F) Pipette mixture into 2 mL microcentrifuge tubes (~0.5 mL per tube). Close tubes
and place lid-side down on a flat surface until cooled to RT (~30 min). Remove
each phantom and proceed with dehydration or transfer the phantoms to DI water
for storage. Microcentrifuge tubes create ~1 cm diameter cylindrical phantoms with
flat bottoms, which are convenient for inverted or open-top microscopes with a
planar sample holder (Figure C.2). However other mold shapes can be used to

accommodate other sample mounting requirements.
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CRITICAL STEP Work quickly as the mixture will cool and solidify rapidly once
it is in a small volume in the pipette or tubes. Close and invert each tube as it is
filled to prevent the mixture from solidifying in the bottom of the tube.

PAUSE POINT Uncleared phantoms may be stored indefinitely (several months
or more) in DI water at RT. Many phantoms can be stored in the same container as
long as they remain submerged. As nanoparticles are reflective as opposed to

fluorescent, it is not necessary to protect phantoms from ambient light.

4 Dehydrate and clear agarose nanoparticle phantoms (8 hours)

5

Use a minimum of ~10 mL of liquid per phantom in each step (e.g., use 40 mL of liquid
for 4 phantoms in a 50 mL conical tube), and ensure phantoms are fully submerged.
The listed incubation times are minimums and longer incubations times will not
adversely affect the phantom. Phantoms can be treated much like a fixed tissue and
dehydrated/cleared in other media as needed.
(A) Incubate phantoms in 100% ethanol for 2 hours at RT.
(B) Exchange the ethanol with fresh ethanol and incubate for 2 more hours.
(C) Incubate phantoms in 100% ECi for 2 hours on the orbital shaker with gentle
agitation (~60 — 80 rpm) at RT.
(D)Exchange the ECi with fresh ECi and incubate for 2 more hours.
CRITICAL STEP Multiple phantoms may be processed together.
PAUSE POINT Cleared phantoms may be stored indefinitely (several months or
more) in ECi at RT. Many phantoms can be stored in the same container as long as
they remain submerged.

Image the agarose nanoparticle phantoms
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Image phantoms in reflectance mode (i.e., no emission filter) with red light (e.g., 638

nm) illumination. The scattering signals from gold nanoparticles tend to be

significantly brighter than fluorescent dyes, so it may be necessary to use a low laser
power or place a neutral density filter in the illumination or collection light path to
avoid saturating the detector.

(A)Preview the bead phantom and qualitatively assess the bead size and shape (Figure
4.4a-d). Adjust the imaging parameters until the microscope is well aligned and
beads are optimally resolved based on the following conditions:

(1) Beads should have a signal to background ratio (SBR) of at least ~20 (see Box
1). Peak signal counts should be well above the background level (i.e., signal
counts in regions of agarose with no beads) and well below the detector’s
saturation point. For a 16-bit detector with a background level of 100 — 300
detector counts, we aim for peak signal levels of at least 5,000 detector counts.

(i1) For most systems, optimally resolved beads should form a symmetric
(approximately Gaussian) point spread function (PSF) in all three dimensions.
When previewing the phantom, view the beads in successive image planes (i.e.,
scrolling through a small volume) to qualitatively check the PSF shape and size
in all three dimensions.

(ii)For Nyquist-sampled imaging, the full width at half maximum (FWHM) of each
bead should be ~ 2 — 3 pixels in width. For some system geometries, the imaging
plane seen while previewing may not be the highest resolution plane. Likewise
in systems with anisotropic resolution, Nyquist sampling may not be expected

in every spatial dimension.
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(iv)Bead size and shape should be consistent across the field of view in terms of

region-to-region trends. Outliers and some variation between individual beads
are expected (Figure C.3).
CRITICAL STEP To accurately quantify resolution, beads should be
diffraction-limited (i.e., 5% — 10x smaller than the microscope’s resolution).
Smaller beads may be necessary for some imaging systems. However, if the
goal is to ensure uniformity and not to accurately quantify the PSF, slightly
larger beads are acceptable.

(B) Once the beads are well-focused, collect a 3D volume (~ 1 x 1 x 1 mm?). Select a
volume that does not include the edges of the phantom or defects (cracks, air
bubbles, etc.), as these can interfere with PSF quantification.

6 Quantify PSF dimensions across a 3D volume (Computational time on the order of
several hours)

(A) Compute PSF dimensions using the Bead PSF _computation Python package (see
Appendix C.11 for additional details). The provided package requires an input bead
phantom dataset as a TIFF stack. In the computed results, the X and Y dimensions
are in the TIFF image plane, while the Z dimension is orthogonal to the image
plane.

(1) Install the Bead PSF computation package by running the following command
from a git command line:
git clone

https://github.com/kevinwbishop/Bead PSF computation

(i1) Fuse the HDF5 dataset to a TIFF stack in BigStitcher, reorienting as needed

(stitching is not necessary to quantify PSFs). See steps 9 — 12 for details.


https://github.com/kevinwbishop/Bead_PSF_computation
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(ii1)Open PSF _notebook.ipynb in Jupyter and run on the fused TIFF stack.

Step-by-step instructions are provided in the notebook file.
PAUSE POINT Initially computing the PSFs is computationally intensive and
can take several hours on a standard workstation. Once initial results are
computed, the data can be saved by the notebook as a CSV file and loaded again
later to quickly produce additional visualizations.

(iv)As a starting point, refer to the histograms (Figure 4.4¢) showing the X, Y, and
Z dimensions (FWHM) of each bead’s PSF. For a well-aligned microscope, the
median FWHM should roughly match the system’s resolution (within ~25%),
and the histogram should show an approximately normal distribution with
minimal variance (< 25% standard deviation) in bead dimensions. The scatter
plots (Figure C.3) and heat maps (Figure 4.4f, Figure C.4) produced by the
Jupyter notebook can subsequently be used to understand how the system’s
resolution varies across the field of view in one or two dimensions. A well-
aligned system should have global variations in FWHM of < 25% across the
field of view (though bead-to-bead variance may be higher and local outliers
will exist, Figure C.3).

TROUBLESHOOTING
(B) Agarose phantom results provide a benchmark of the resolution achievable with the
imaging system’s current alignment and are valuable for downstream
troubleshooting. If the resolution measured with agarose phantoms is not within
~25% of the microscope’s specifications, there is likely an alignment issue that

needs to be addressed before proceeding.



82

4.3.2.2 Imaging of tissue

Due to variations in sample preparation, tissue structure, etc., some tuning of initial
imaging parameters is typically required for each sample type to optimize image quality.

7 Mount the stained and cleared tissue on the microscope and preview the cytoplasm
(eosin: 525 nm excitation peak, 545 nm emission peak) and nuclear (TO-PRO-3: 640
nm excitation peak, 655 nm emission peak) channels.

8 Adjust the microscope’s exposure time and laser power until signal levels are adequate,
then image the tissue. Use the following steps to assess signal levels while previewing
the specimen:

(A) Estimate the peak signal level and signal to background ratio (SBR) of each channel
(see Box 1).

(B) For optimal false-coloring results, the SBR should be ~10 or more. The peak signal
level should be well above the image background level but below the detector’s
saturation point in order to maximize dynamic range. For a 16-bit detector with
background detector counts of 100 — 300, we ideally aim for peak signal levels of
at least 2000 detector counts (SBR ~10). Note that the required peak signal level
and SBR will depend on the application.

CRITICAL STEP Specimens are particularly prone to photobleaching while
previewing the sample, where one may be continuously viewing the same plane in
a specimen. We suggest starting with minimal laser power to initially identify a

region of interest.
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Box 1 | Signal, background, and noise

Here, we define peak signal level as the average component of detector counts in brightly stained
regions of the sample and background level as the average component of detector counts in
unstained regions of the sample. The background level is a combination of detector background
(e.g., dark counts), sample autofluorescence, and other sources of stray or ambient light.
Background regions are typically straightforward to identify in the nuclear channel (any regions
without nuclei). For the cytoplasm channel, identifying background regions can be challenging as
eosin will stain most tissue components to some degree. For certain tissues, the gland or vessel
lumens can be used to quantify the eosin background level. We define the noise level as the random
variation (standard deviation) in the background of an image (Figure C.5).

We confirm adequate signal levels by checking the peak signal level and the signal to background
ratio (SBR), or “contrast” (which can be readily estimated by comparing the peak signal level to
the background level), for each specimen. The random noise level tends to be dominated by detector
noise in the context of Path3D (sCMOS-based light-sheet imaging) and is typically well below the

target signal levels. Therefore, adequate peak signal level and SBR usually also implies adequate
signal to noise ratio (SNR), or “brightness”.

Data processing

In this section, we describe our overall data-processing workflow and offer practical
guidance relevant to Path3D datasets. The exact programmatic steps will vary with each
experimental and data-management setup. For detailed usage instructions and examples,
users should consult the online documentation for each software package:

BigStitcher: https://imagej.net/plugins/bigstitcher

FalseColor-Python: https://github.com/serrob23/falsecolor

Napari: https://napari.org/stable

4.3.3.1 Image tile stitching and fusing using BigStitcher (Computational time on the order of

several hours)

9 Install FIJI [99] and the BigStitcher plugin [98].


https://imagej.net/plugins/bigstitcher
https://github.com/serrob23/falsecolor
https://napari.org/stable
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11
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Load the raw dataset and inspect the image data under different views, regions, and
magnification scales. Ensure that the image tiles are roughly aligned to one another and
that image quality is relatively consistent across the dataset. Note that BigStitcher
supports a variety of import file formats. Multiresolution pyramidal formats such as
HDF5 [94] offer efficient navigation of large datasets, which is convenient for
interactive previewing.
Run stitching (via the Stitching Wizard) to align the tiles based on image features,
which can compensate for minor misalignments between raw image tiles.
TROUBLESHOOTING
Run fusion to blend individual tiles into a continuous and seamless 3D volume.
CRITICAL STEP The image fusion process can be very slow (several hours for 100-
GB-scale datasets on a workstation with ~512 GB of RAM). We recommend fusing
the dataset on a workstation with a large amount of RAM (> 256 GB) for faster
processing. Processing time and fused dataset size can be reduced by cropping the
dataset to a subregion using the “Bounding Box™ feature or reducing the resolution via
downsampling.
(A)OPTIONAL When fusing to a TIFF stack file format, the slicing plane must be
specified. Before fusing, use the “Interactively Reorient Sample” option to orient

the sample view to lie in the desired slicing plane.
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4.3.3.2 OPTIONAL Generating virtual H&E images using FalseColor-Python (Computational

time minimal)

13

14

15

16

Install the Cuda Toolkit followed by FalseColor-Python. We recommend installing
FalseColor-Python in its own virtual environment. Note that many methods within
FalseColor-Python (e.g., fc.rapidFalseColor)require a Cuda-enabled GPU. For
use without a GPU, equivalent CPU-based methods (e.g., fc.falseColor) are
provided.

All false coloring and image processing methods are contained in the coloring module
of FalseColor-Python. Import this module using:

import falsecolor.coloring as fc

Generating a virtual H&E image using FalseColor-Python requires two grayscale
images: a nuclear channel (TO-PRO-3) and a cytoplasm channel (eosin), which will be
referred to as “nuclei” and “cyto” below.

Read nuclei and cyto into memory using any standard image processing library such as

Scikit-Image [136], OpenCV [https://opencv.org], Tifffile [137], or HS5py

[https://www.h5py.org]. Both the nuclei and cyto images should be NumPy

arrays [138] of the same lateral dimensions.

To improve the appearance of smaller structures within the final virtual H&E image,
FalseColor-Python has an image-sharpening method, fc.sharpenImage. This
method returns an image that has been convolved with a horizontal and vertical edge-
sharpening kernel. For example:

sharp nuclei = fc.sharpenImage (nuclei)

sharp cyto = fc.sharpenlImage (cyto)


https://opencv.org/
https://www.h5py.org/
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17 Load nuclei and cyto color settings for the virtual H&E image using
fc.getColorSettings:
color settings = fc.getColorSettings() #dict with
‘nuc’ and ‘cyto’ as keys
nuclear settings = color settings|[‘nuc’] # list of
floats containing weights for nuclear RGB levels
cyto settings = color settings[‘cyto’] # list of
floats containing weights for cyto RGB levels
The color settings represent the weights that each channel (nuclei and cyto) contributes
to the final RGB (red green blue) levels of the virtual H&E image. Default settings
were empirically derived to match the hue and saturation levels seen in standard
histology [77]. However, color preferences in histology are subjective and these
weights can be adjusted to tune the coloration as desired. Each individual color level
affects the relative color balance in the final H&E image. For example, nuclei with a
bluer hue in the final virtual H&E image can be achieved by increasing the first constant
in the nuclear settings list. Further discussion of color settings and their effect
on the final appearance of the virtual H&E image is available in the Adjusting
Color Settings.ipynb notebook.
18 Generate a virtual H&E image from nuclei and cyto using fc.rapidFalseColor:
virtual HE = fc.rapidFalseColor (nuclei, cyto,
nuclear settings, cyto settings)
CRITICAL STEP rapidFalseColor has four additional input parameters:

background levels for each  channel (nuc bg threshold  and
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cyto bg threshold) and normalization factors (nuc normfactor and
cyto normfactor). These parameters are designated as integer values, which have
been optimized for datasets in our lab but will likely change depending on the
microscope and individual dataset. Each of these parameters affects the saturation
levels of the final virtual H&E image in a slightly different way (Figure C.6).

The background threshold for each channel is the pixel value (assumed 16 bit)
below which all pixels will be set to zero (and thus appear white in the final virtual
H&E image). This can help reduce nonspecific background in empty regions of the
image. Note that this level is subtracted from a// pixels, and thus higher values for each
channel will result in a lighter appearance in the virtual H&E image.

The normalization factor for each channel is the constant that all pixels are divided
by before the final coloration. This helps to reduce overly bright regions in the
grayscale image such that they do not appear unrealistically saturated (or dark) in the
final virtual H&E image. Further discussion of normalization settings and their effect
on the final appearance of the virtual H&E image is available in the Adjusting

Color Settings.ipynb notebook.

Visualizing fused and (optionally) false-colored datasets using Napari

CRITICAL STEP While Napari can be used out of the box on a standard workstation
to view small datasets (i.e., smaller than the available RAM), viewing larger datasets can
be inefficient or impossible. To view large datasets, users should use dynamic loading
and/or compressed datasets to reduce computational requirements (Appendix C.12).

19 Install Napari [107] using Pip (we suggest the “batteries included” installation) in a

new virtual environment.
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20 Launch Napari and load the data Z-stack (raw fluorescence data or false-colored data).

The Napari viewer allows users to pan, zoom in and out, and scroll in the Z-dimension
through the dataset. Annotations can be added interactively using the “Layers” feature.
CRITICAL STEP For visualization in Napari, false-colored datasets must be saved as
an RGB TIFF stack.
CRITICAL STEP Save annotations using “Save All Layers”. For 3-dimensional
datasets, layers cannot be saved as a “napari SVG (*.svg)” file. Instead use “napari
Save to Folder (*.*)”. The folder will include the original dataset and the coordinates
of the shapes, points, and labels from each layer stored in a CSV file. Load saved
annotations by dragging and dropping the CSV file into Napari.

TROUBLESHOOTING

4.3.4  Quality control

CRITICAL Ongoing quality control is essential to generating consistent data. The
following steps should be used to iteratively establish the staining and imaging conditions
at the start of a study, as well as to evaluate each collected dataset during a study. Quality
control should be performed throughout an imaging study so that any problems can be

caught and addressed promptly.

4.3.4.1 Quantitatively assess signal counts for each specimen

21 Fuse the raw HDF5 dataset as a TIFF stack sliced parallel to the tissue surface (HDF5
files must be viewed in BigStitcher, which does not allow for easy quantification of

signal counts). See steps 9 — 12 for details. For large datasets, it is more efficient to fuse
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a few discrete Z levels of interest rather than the entire specimen. Accurate stitching is
not necessary for initially assessing signal counts.

Plot line profiles across the specimen at multiple Z levels (e.g., near the tissue surface,
250 um deep, 500 um deep) (Figure 4.5). Based on qualitative assessment of images,
select line profiles that adequately capture variations in signal counts (e.g., through a
dimmer core, across intensity gradients from one side of the tissue to the other). When
comparing across multiple specimens, select line profiles with similar positions and
orientations as signal counts may be impacted by scan direction, light-sheet
illumination direction, etc. Line profiles can be plotted in FIJI [99] using the “Plot
Profile” tool.

Confirm that the peak signal level and SBR are high enough without saturating the
detector. See step 8 for additional details on assessing signal levels.

CRITICAL STEP Datasets with inadequate signal levels can often be made to appear
bright and well contrasted by tuning display settings in BigStitcher/FI1JI. However, such
datasets may not yield reliable false-colored results and may not be ideal for
computational analysis. It is therefore essential to quantitatively assess signal levels
using line profiles.

TROUBLESHOOTING

Confirm that signals within each specimen are consistent both laterally and with depth.
Ideally, peak signal counts for similar structures should vary by < 25% across a
specimen (Figure 4.5).

TROUBLESHOOTING
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4.3.4.2 Qualitatively assess image sharpness for each specimen

25 Assess image sharpness as a function of depth by qualitatively inspecting small features
in the tissue architecture (such as isolated nuclei/subnuclear features in the nuclear
channel or collagen fibers in the cytoplasmic channel). The degree of degradation with
depth is driven primarily by the quality of optical clearing, and some degradation in
sharpness is expected even for well-cleared tissues. For most tissue types, images
should remain reasonably sharp at imaging depths of at least 500 um.

TROUBLESHOOTING

4.4  Troubleshooting

44.1 General approaches to troubleshooting image quality

Loss of signal and loss of sharpness often occur together as they are related effects caused by
refractive-index heterogeneities within the sample (leading to scattering and aberrations).
However, in general, problems with staining or laser power/exposure time have a greater impact
on signal counts, while problems with alignment and clearing have a greater impact on sharpness.

For elusive image quality issues, we suggest sketching out the light paths of both the
illumination beam and excited fluorescence for different regions of tissue. These details will vary
based on the geometry of the specific imaging system, and understanding how light is traveling
through the tissue to and from the imaging plane can provide insights into the source of a particular
problem. For instance, low signal near a tissue edge where the illumination path length in tissue is
significantly longer than the collection path length could be indicative of illumination attenuation

rather than collection attenuation (Figure C.7).
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442 Specific problems and possible solutions
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Figure 4.5 Images and line profiles (the yellow line in each image) are from human
prostate tissue imaged with OTLS microscopy and show various staining, clearing
and imaging conditions. (a) Optimal staining and imaging conditions showing high
SBR (>10) and peak signal levels (>2,000 detector counts) in both channels with

uniform signal levels across the tissue. Insets show well-resolved collagen fibers
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(eosin channel) and nuclei (TO-PRO-3 channel). (b) Poor clearing results in
scattering of illumination and/or collection beams, degrading image sharpness with
depth. (¢) Insufficient deparaffinization results in poor staining (especially at the
core of the sample) in both channels. (d) Excessive eosin concentration causes the
illumination light to be absorbed before reaching the interior of the tissue, resulting
in bright edges and a dark core. Note the laterally asymmetric brightness when
imaging at depth because of the illumination light entering from one side of the
tissue in this particular imaging geometry (OTLS microscopy) (Figure C.7). (e)
Uneven staining because of poor TO-PRO-3 penetration in tissue resulting in bright
edges and a dark core. (f) Low eosin signal level (resulting in poor SNR) because
of inadequate dye concentration, laser power or exposure time. Note the presence

of noise artifacts (vertical stripes) in the image because of insufficient SNR.

Table 4.1. Troubleshooting of Path3D

Step Problem Possible reason Solution

Step 2 Samples shows signs of  Direct transitions between Use graded steps of ethanol
distortion after 100% ethanol and 70% ethanol when dehydrating and
dehydration or cause distortion. rehydrating specimens.
rehydration.

Step 2 Staining, particularly TO-PRO-3 is typically stained  Verify NaCl concentration
the blue TO-PRO-3 in saline buffer conditions and  and increase concentration if
stain, is visibly uneven = may not penetrate into tissue if needed, and ensure the tissue
across tissue upon gross salt concentration is too low. is sufficiently agitated while
inspection after staining staining.

(Figure C.8a).

Step 2 Sample is visibly not Sample was not fully cleared Increase the clearing time in
transparent upon gross  in ECi. 100% ECi, and/or use
inspection after multiple rounds of ECi.
clearing (Figure C.8b).

Step 6 Python script fails to Bead concentration is too high ~ Visually inspect the bead
identify sufficient or too low. Beads must be well dataset and compare to
beads. separated in order to be Figure 4.4a to assess

properly quantified, so too concentration. Increase or
high of a concentration will decrease bead concentration
result in few well-separated as needed.

beads. Likewise, too low of a
concentration will result in few
beads overall.



Table 4.1. Troubleshooting of Path3D

Step

Steps 9 — 11
Steps 19 — 20
Steps 21 — 24
Steps 21 — 24

Problem

Obvious misalignment
of structures between
tiles.

Only one 2D image
from a 3D dataset is
viewable in Napari.

Uneven TO-PRO-3
signal: signal counts are
high at the tissue
surface on all sides, but
low in the tissue core
(Figure 4.5¢).

Signal counts are too
low across tissue (for
either channel) (Figure
4.5f)

Possible reason

Overlapping areas are too
small, causing the stitching
algorithm to fail.

The dataset is saved as a multi-
channel composite image stack
instead of an RGB image
stack.

Insufficient salt concentration
in the staining buffer causes
TO-PRO-3 to bind rapidly to
the tissue surface before
diffusing into the tissue core.

Insufficient dye concentration,
laser power, or exposure time.
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Solution

Increase overlapping regions
between adjacent tiles.

Open the dataset in FIJI and
convert to an RGB stack
using “Image > Color >
Stack to RGB”. Save the
converted dataset and reopen
in Napari.

Increase salt concentration to
slow TO-PRO-3 binding and
allow time for dye to diffuse
into the tissue core.

Increased dye
concentrations, higher laser
powers, and longer exposure
times will all increase signal
counts. Generally, the first
step should be to increase
the dye concentration. Laser
power or exposure time can
be increased when dye
concentration cannot be
further increased (e.g., due
to signal crosstalk between
channels or excessive
absorption of light).
However, increasing the
laser power and exposure
time will increase
photobleaching, and
increasing exposure time
will increase imaging times.



Table 4.1. Troubleshooting of Path3D

Step

Steps 21 — 24
Steps 21 — 24
Steps 21 — 24

Problem

Eosin signal is bright at
sample edges but dim
at the center and may
be laterally asymmetric
(Figure 4.5d).

Staining appears
uneven in all channels
(Figure 4.5c¢).

The overlapping
regions of adjacent
imaging tiles are
dimmer than the non-
overlapping regions.

Possible reason

[llumination light can be
overly absorbed by excessive
eosin staining, resulting in
poor light transmission further
into the tissue. This can give
the appearance of poor dye
penetration even when the
sample is uniformly

stained [75]. Depending upon
the microscope configuration,
this effect may result in
asymmetrically bright edges:
signal counts are high at
surfaces facing towards the
illumination beam, but low in
the tissue core and surfaces
facing away from the
illumination beam (Figure
C.7).

Tissue was not sufficiently
deparaffinized, causing
localized regions to remain
unstained.

Sample is experiencing
significant photobleaching due
to excessive light exposure.
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Solution

Reduce the eosin
concentration (e.g., 1:200
dilution of alcoholic eosin).
Alternatively, switch to an
illumination wavelength
with less efficient eosin
absorption (e.g., use 561 nm,
~8% relative eosin
absorption, instead of 488
nm, ~37% relative eosin
absorption). Finally, one
may confirm adequate dye
penetration by cutting the
specimen in half after
staining and then imaging
the cut surface en face.

Refresh xylene at least once
or use a higher temperature
during deparaffinization.

Reduce laser power,
increasing staining
concentration as needed (to
allow for lower laser powers
and/or shorter exposure
times).



Table 4.1. Troubleshooting of Path3D

Step

Problem

Steps 21 —24  Signal counts decrease

Step 25

with depth.

Image sharpness
decreases with imaging
depth (Figure 4.5b).

Possible reason

[llumination and/or collection
light is attenuated due to
imperfect clearing.

Stray illumination light while
imaging near the surface has
photobleached deeper regions
before they are imaged. To
confirm presence of
photobleaching, image the
same sample twice and look
for a global drop in signal
counts between datasets.

Incomplete dehydration causes
scattering of illumination or
collection beams.
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Solution

Increase clearing time and/or
use multiple rounds of ECi.
Note that some attenuation
with depth is expected even
in well-cleared specimens,
especially at shorter
wavelengths. If clearing
cannot be further improved,
one can increase the laser
power with imaging depth
(depending on the imaging
system) to improve signal
uniformity. However, this
has the potential to increase
photobleaching effects.
Image-processing steps can
also be performed to
normalize/adjust the signal
levels as a function of depth
(if the SNR and dynamic
range of the raw images
allow for it). See Appendix
C.13.

Reduce laser
power/exposure time,
increasing dye
concentrations as necessary
to maintain adequate signal
counts. Alternatively,
samples may be cut into
thinner pieces and imaged
separately. Samples can also
be imaged from deep to
shallow so that
photobleaching occurs most
at the surface where signal
counts tend to be highest.
Increase incubation time in
100% ethanol or use
multiple rounds of 100%
ethanol (Step 2c¢).



Table 4.1. Troubleshooting of Path3D

Step Problem Possible reason

Incomplete clearing causes
scattering of illumination or
collection beams.

4.5  Outline of timing

Step 1 (optional), deparaffinization: 51 hours
Step 2, tissue staining and clearing: 57 hours

Step 3 — 4, agarose phantom preparation: 9 hours

Step 5 — 6, agarose phantom imaging and quantification: variable

Step 7 — 8, tissue imaging: variable
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Solution

Increase incubation time in
ECi or use multiple rounds
of ECi (Step 2d).

Step 9 — 12, stitching and fusing: variable (generally several hours)

Step 13 — 18 (optional), false coloring: variable (minimal computational time)

Step 19 — 20, visualizing data: variable

Step 21- 25, quality control: variable

4.6  Anticipated results

We have employed Path3D on a range of tissue types including both human pathology tissues

and preclinical animal tissues (both FF and FFPE). Here we present example results imaged with

OTLS microscopy using both the standard Path3D protocol presented in this manuscript (Figure

4.2) and protocol variants that have been adapted for specific use cases (Figure C.1). We also

show examples of various visualization platforms that can be used to interact with Path3D datasets

(Figure C.9 and Figure C.10).
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4.6.1 Archived human pathology specimens using standard Path3D

The standard Path3D protocol described here works well on a variety of archived human
pathology specimens and is the suggested starting point for most tissue types. For example, we
have used Path3D with prostate cancer specimens of various sizes [27-30,73,77,78,111], including
3-mm punch (Figure 4.2a) and 1-mm core-needle (Figure 4.2b) biopsies. We have also used
Path3D to image archived human squamous mucosa (Figure 4.2c) [77], colon cancer (Figure
4.2d), and Barrett’s esophagus (Figure 4.2¢) [9,10]. Datasets are shown with both false coloring
to mimic conventional H&E staining and with standard fluorescence coloring. Volumetric datasets
allow both comprehensive assessment of tissue architecture (e.g., heterogeneous glandular
morphology in prostate tissue, a key prognostic indicator for prostate cancer) and visualization of
individual cellular and subcellular structures (e.g., subnuclear features) at high-resolution. Three-
dimensional renderings (Figure 4.2a-b; Video S1, available online in reference [74]), orthogonal
cross sections (Figure 4.2b), or scrollable stacks of 2D images can be used to visualize three-

dimensional tissue architecture.

4.6.2  Path3D variants for clinical and preclinical tissues

For tissue types or use cases where the standard Path3D protocol is not ideal, variants using
alternative clearing and/or staining methods can be employed. For example, human lymph nodes
may be prepared with a protocol variant using a SYTOX-G or propidium iodide nuclear stain and
an NHS-ester cytoplasmic stain with CUBIC-HV clearing (Figure C.1a)[8]. Volumetric
renderings and cross sections taken at different depths show changes in tissue morphology with
respect to depth that would not be apparent from a single 2D histology section. We also show an
unfixed head and neck cancer human surgical specimen (tongue) imaged using a rapid single-stain

variant (acridine orange) without clearing (Figure C.1b) [114]. In this case, a surface extraction
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algorithm was applied to generate a single 2D view of the irregular tissue surface from a thin 3D
imaging volume. Nuclear and cytoplasmic channels were then computationally extracted from the
single fluorescence channel and visualized with our standard false-coloring procedure. Finally, we
show a whole mouse kidney with antibody labelling of vasculature and glomeruli using ECi
clearing (Figure C.1c). Antibodies were delivered via in vivo retro-orbital injection to provide
complete labelling within in a few minutes. This example uses a maximum intensity projection
color-coded by depth to show kidney vasculature across the entire organ, an additional

visualization option that works well for viewing sparse 3D structures as a single 2D image.

4.6.3  Viewing and interacting with Path3D datasets

Path3D datasets can be generated in standard 3D image formats (e.g., TIFF, HDF5) for use
with a range of existing 3D visualization tools. The Napari interface described above, being used
to visualize a false-colored prostate specimen, is shown in Figure C.9. Figure C.10a shows a
false-colored esophagus specimen with overlayed pathologist annotations visualized using
QuPath, an alternative open-source viewing method [9]. Custom visualization methods are also
possible for specific applications. Figure C.10b shows a custom web-viewer developed by Ground
Truth Labs being used to visualize a false-colored prostate specimen, which provides integrated

grading tools to record specimen-level pathologist annotations.

4.7  Code availably

All code used in this protocol is provided on GitHub. For license information, please see the
corresponding GitHub page.

PSF computation: https://github.com/LiuBiophotonicsl.ab/Bead PSF computation

FalseColor-Python: https://github.com/serrob23/falsecolor



https://github.com/LiuBiophotonicsLab/Bead_PSF_computation
https://github.com/serrob23/falsecolor
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Normalizing signal levels: https://github.com/LiuBiophotonicsLab/FixImage3D

4.8  Acknowledgements

I would like to thank the following individuals (co-authors on the published version of this
chapter) who were instrumental in the development the Path3D protocol: Lindsey A. Erion Barner,
Qinghua Han, Elena Baraznenok, Lydia Lan, Chetan Poudel, Gan Gao, Robert B. Serafin, Sarah
S.L. Chow, Adam K. Glaser, Andrew Janowczyk, David Brenes, Hongyi Huang, Dominie
Miyasato, Lawrence D. True, Soyoung Kang, Joshua C. Vaughan, and Jonathan T.C. Liu

The work in this chapter was supported by funding from the National Institutes of Health
(NIH): RO1IEB031002 and RO1CA268207 (J.T.C.L.); ROOCA240681 (A.K.G.); U01CA239055,
IROILMO013864, 1U01DK133090, U01CA248226, and 2R01DK118431 (A.J.); the Pacific
Northwest Prostate Cancer SPORE P50CA097186 (L.D.T); and the Indiana Center for Advanced
Renal Microscopy and Molecular Imaging U54DK 137328 (J.C.V. and J.T.C.L.); the National
Science Foundation (NSF): 1934292 HDR: I-DIRSE-FW (J.T.C.L.) and NSF Graduate Research
Fellowships DGE-1762114 (K.W.B. and L.A.E.B.); the Department of Defense (DoD) Prostate
Cancer Research Program: W81 XWH-20-1-0851 (J.T.C.L.) and W81XWH-18-10358 (L.D.T. and
J.T.C.L.); Prostate Cancer UK: MA-ETNA19-005 (J.T.C.L.), and a Washington Research
Foundation Postdoctoral Fellowship (C.P.).

I would also like to thank the following individuals for assistance with specimen collection
and preparation for data presented in this manuscript: Suzanne M. Dintzis, Michael C. Haftner,
Priti Lal, Chenyi Mao, Michelle M. Martinez Irizarry, Nick P. Reder, Deepti M. Reddi, Ruben M.
Sandoval, Etsuo A. Susaki, and Inti Zlobec. Finally, I acknowledge the Canary Foundation and
the University of Washington Center for Laboratory Animal Training Resources for providing

some specimens used in this study.


https://github.com/LiuBiophotonicsLab/FixImage3D

100

Chapter 5. Future work: Assessing the prevenance of the “poorly formed gland”

morphology in prostate cancer using 3D pathology

The work in this chapter describes an in-progress clinical study leveraging the 3D pathology
methods described in the prior chapters to resolve ambiguities in Gleason grading of prostate
cancer.

5.1 Introduction

Cancer of the prostate gland (part of the urinary and reproductive systems) is the most
common cancer and second leading cause of cancer death in men” in the United States, with an
estimated 299,000 new cases diagnosed and 35,000 deaths in 2024 [1]. The majority of prostate
cancers are slow-growing, and in many cases may not have a significant clinical impact on the
patient for years or decades. Prostate cancer also tends to be diagnosed in older patients who are
more likely to have comorbidities, with 93.3% of all cases being diagnosed in patients over 55 and
amedian age at diagnosis of 67 years old [139]. As a result, aggressive treatment of prostate cancer
is not warranted in many situations. Patients with low-risk indolent (slow-growing) disease are
often candidates for “active surveillance”, or regular monitoring for disease progression without
immediate therapy. Conversely, patients with high-risk aggressive disease are generally
disqualified from active surveillance and instead offered aggressive treatment options, such as
radiation therapy or radical prostatectomy (surgical removal of the prostate). Though these
treatments reduce the likelihood of metastatic disease, they carry a risk of life-altering side effects,
including incontinence or impotence. Diagnosis of aggressive disease and subsequent treatment

also carries a significant psychological burden for patients. Accurate stratification between high-

* Many medical statistics, including those reported here, are inadequately stratified into binary male and female groups.
The term “men” is used here to reflect the categorization used in the original data, with the acknowledgement that
some people who have prostates do not identify as men and vice versa.
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and low-risk patients is therefore essential for effective management of prostate cancer to avoid
both overtreatment of patients with indolent disease and undertreatment of patients with aggressive
disease. Unfortunately, reliably distinguishing between aggressive and indolent cases remains
challenging [140].

Currently, prognostic determination in prostate cancer is made in part by microscopic analysis
of biopsy specimens (2D pathology), which are graded based on glandular morphology using the
Gleason grading system (Figure 5.1) [141]. Cancerous glands are separated into one of three
Gleason patterns based on glandular morphology (for historical reasons, Gleason pattern 3 is the
least aggressive and Gleason pattern 5 is the most aggressive, while Gleason patterns 1 and 2 are
no longer used for clinical diagnosis of cancer). Biopsies are assigned to a Gleason grade group
based on the primary and secondary patterns observed by a pathologist. Distinguishing between
Gleason patterns 3 (low grade) and 4 (intermediate grade) is of particular clinical importance, as
patients with exclusively Gleason pattern 3 are typically candidates for active surveillance while

patients with any Gleason pattern 4 component are virtually never enrolled in active surveillance.
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Figure 5.1. Schematic of Gleason grading system for grading of prostate cancer
based on 2D glandular morphology, where higher scores indicate more aggressive
disease. © The Trustees of Indiana University. Reproduced with permission.

Variable levels of interobserver disagreement when assigning Gleason grades have been well
documented [142—-146]. In particular, reliably distinguishing between Gleason pattern 3 and
certain Gleason 4 subpatterns (and by extension, between patients who are candidates for active
surveillance and those who are not) using 2D pathology remains a challenge. Separated glands
with a distinct lumen are considered “well formed” and categorized as Gleason pattern 3, whereas

separated glands lacking a discernible lumen are considered “poorly formed” and categorized as
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Gleason pattern 4. However, if well-formed glands are tangentially sectioned through the gland
wall, they can appear indistinguishable from poorly formed glands [142,143,145]. In an attempt to
resolve this artifact, pathologists often apply heuristic rules to distinguish between true poorly
formed glands and tangential sections of well-formed glands, such as considering the number of
apparent poorly formed glands in a cluster and their proximity to nearby well-formed glands.
However, even with these proxy measures, there is a lack of robust agreement among pathologists
(x = 0.34, or fair interobserver agreement) [147]. Moreover, given the lack of a reliable ground
truth to identify poorly formed glands, the true prevalence of poorly formed glands relative to
tangential sectioning artifacts and the absolute accuracy of these heuristic rules is unknown.
Non-destructive 3D pathology is an emerging tool to examine the 3D structure of unsectioned
pathology specimens. Mounting evidence suggests that 3D pathology may provide clinically
relevant insights for prostate cancer and other diseases, including resolving ambiguities in 2D
Gleason grading. An early example used serial sectioning to analyze an entire prostate gland (2,678
slides). Comprehensive analysis revealed morphological heterogeneities not apparent in an initial
set of 19 slides, though in this example did not alter the ultimate pathological stage [148]. More
recent work leveraging 3D microscopy has aimed to assess 3D structure in addition to increasing
the volume of tissue sampled. Studies by our group and others have shown examples of continuous
glands that transition between distinct Gleason subpatterns (well-formed Gleason pattern 3 glands
to cribriform Gleason pattern 4 glands [111], and cribriform Gleason pattern 4 glands to sheet-like
Gleason pattern 5 glands [149]), suggesting that the sectioning plane may bias grading decisions
in 2D pathology. Van Royen et al. provided several examples where a structure’s Gleason
subpattern was ambiguous in 2D but could be clearly identified in 3D [23]. Verhoef et al.

characterized the three-dimensional structure of all four Gleason 4 subpatterns and two Gleason 5
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subpatterns, providing a valuable starting point for developing guidance to identify each Gleason
subpattern in 3D [149]. Finally, previous work from our lab has shown examples where glands
appear poorly formed (Gleason pattern 4) in 2D, but 3D analysis reveals that the same structures
have clear lumens in subsequent levels, indicating that these structures are tangential sectioning

artifacts of well-formed (Gleason pattern 3) glands (Figure 5.2) [27,111,150].

=0um
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=45 um

Depth

=70 uym

Depth

Figure 5.2. Two-dimensional cross sections taken from a 3D prostate cancer
dataset. Yellow arrows indicate a gland that appears poorly formed (i.e., lacking a
lumen), indicative of Gleason pattern 4, at a depth of 70 pm. Upon 3D examination,
the same gland is revealed to be a tangential section of a well-formed Gleason

pattern 3 gland. Adapted from [150]. CC BY 4.0.
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In summary, 3D pathology provides additional structural information relative to 2D
pathology, and critically can unambiguously distinguish between true poorly formed glands and
tangential sectioning artifacts. Here we propose using 3D pathology to characterize the prevalence
of true poorly formed glands and assess the accuracy of standard-of-care heuristic rules in

distinguishing poorly formed glands from sectioning artifacts.

5.2 Methods

5.2.1 Specimen preparation and imaging with open-top light-sheet microscopy

Our lab has generated 3D pathology datasets from archived formalin-fixed paraffin-embedded
(FFPE) radical prostatectomy specimens taken from 120 prostate cancer patients at University of
Pennsylvania. A simulated biopsy (3-mm tissue punch) was taken from the index lesion of each
specimen as identified by a practicing genitourinary pathologist. Each tissue punch was processed
using a previously published protocol [74]. Briefly, specimens were deparaffinized in xylene,
stained with a fluorescent analog of conventional H&E dyes (consisting of TO-PRO-3 as a nuclear
dye and eosin-Y as a counter stain), and optically cleared in ethyl cinnamate (ECi) to enable high-
quality optical imaging in thick tissues.

Specimens were imaged with an open-top light-sheet (OTLS) microscope using a previously
described non-orthogonal dual-objective (NODO) architecture [30]. The magnification of the
system’s collection arm was reduced in order to increase the field of view and volumetric imaging
rate (as described in [31]), yielding effective illumination and collection numerical apertures
(NAs) of 0.15 NA and 0.53 NA, respectively, and a field of view 750 X 94 pm. Specimens were
imaged in multiple volumetric tiles by stage-scanning in order to cover the entire specimen, and
tiles were fused into a contiguous volume using BigStitcher [98]. Datasets were downsampled in

all dimensions by 2x, which reduces the volumetric dataset size by 8x and, for the purpose of
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human interpretation, does not appreciably impact image quality. The final effective optical
resolution of each dataset is approximately 2 pm laterally and 4 pm axially. Finally, greyscale
fluorescence datasets were false-colored to mimic the appearance of H&E staining using a physics-

based algorithm that models absorption of light by conventional chromogenic dyes in tissue [77].

5.2.2  Selection of candidate glands

A trained researcher under the supervision of a practicing genitourinary pathologist will select
30 datasets that show potential poorly formed glands (in 2D). Candidate glands (i.e., possible
poorly formed glands based on 2D morphology) will be identified from a central (simulated) 2D
level taken from each these 3D datasets. Up to five candidate glands will be selected from each
case, prioritizing spatial and morphological diversity and avoiding regions where morphology is
ambiguous due to poor imaging quality. Candidate glands will include any gland which is
separated from adjacent glands (i.e., not fused) and lacks a discernible lumen. Standard of care
heuristic rules (e.g., presence of adjacent well-formed glands) to rule out sectioning artifacts will
not be considered in selection of candidate glands. Each candidate gland will be cropped to a 100
pm x 100 um region of interest (ROI), roughly equivalent to one field of view of a standard 20x

pathology objective, and all ROIs will be randomized (i.e., not grouped by patient).

5.2.3  Pathologist annotation

Three practicing genitourinary pathologists will independently categorize each candidate
gland as either a true poorly formed gland or a sectioning artifact based on both 2D and 3D
analysis. First, each pathologist will view three levels, each separated by 20 pm, from each gland
ROI (centered around the level used to identify the candidate gland), which corresponds to the

standard of care for prostate cancer grading at the University of Washington. Pathologists will
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categorize the candidate gland as either (1) a poorly formed gland or (2) a sectioning artifact of a
well-formed gland based on their best clinical judgement, including standard heuristic rules.
Following a two-week washout period and randomization of ROI order, each pathologist will
then view a 100 pm % 100 pm % 100 pum volume around each candidate gland (viewed as a
scrollable z-stack of images sliced in the same orientation as in the 2D view). Pathologists will be
asked to view the entire volume and characterize the candidate gland as either (1) a poorly formed
gland or (2) a sectioning artifact of a well-formed gland. In this phase, pathologists will only
consider the candidate gland’s morphology and will not use heuristic rules that consider the
morphology of adjacent glands. Here, poorly formed glands are defined as glands which lack a
discernible lumen over the entire volume, whereas well-formed glands are defined as glands which
show a discernible lumen at any point in the volume. Finally, pathologists will have the option to
enter free-text descriptions of each dataset and will be encouraged to comment on 3D

morphological characteristics of the tissue.

5.3  Anticipated results

Based on annotations above, we expect to answer three research questions:

(1) What fraction of apparent poorly formed glands are considered by pathologists to be true
poorly formed glands (Gleason pattern 4) vs. sectioning artifacts (Gleason pattern 3) using
standard of care methods?

(2) What fraction of apparent poorly formed glands are considered by pathologists to be true
poorly formed glands (Gleason pattern 4) vs. sectioning artifacts (Gleason pattern 3) using
3D pathology?

(3) What are predominate 3D morphologies among glands which appear poorly formed in 2D

sections?
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Questions (1) and (2) will provide quantitative answers as to the prevalence of poorly formed
glands and tangential sectioning artifacts. Crucially, if 3D pathology is assumed to provide
unambiguous identification of true poorly formed glands as reported in prior studies [27,111,150],
the sensitivity and specificity of 2D pathology in identifying poorly formed glands (using standard-
of-care heuristic rules) can be computed. Question (3) will characterize the breadth of 3D
morphologies that may appear as poorly formed glands in individual 2D sections, which is
currently unknown. Specifically, we will use pathologist free-text comments to guide selection of
representative 3D morphologies and generate an image atlas of 3D poorly formed glands and
sectioning artifacts. We anticipate that this atlas focused on poorly formed glands will supplement
existing 3D image atlases of prostate glandular morphology [111,149], eventually helping

researchers and clinicians to develop standards for interpreting 3D prostate pathology datasets.

Chapter 6. Conclusion

Non-destructive 3D pathology is an emerging platform that provides comprehensive analysis
of 3D tissue microstructure without destructive tissue sectioning. This approach has been explored
for a number research and clinical applications. This dissertation has focused on 3D pathology to
improve diagnostic and grading accuracy of cancer biopsies, which could improve treatment
planning and ultimately lead to better clinical outcomes for patients. Specifically, this work has
presented optimized 3D pathology technologies and workflows leveraging open-top light-sheet
(OTLS) microscopy for large-scale clinical studies, which will be essential for future clinical
adoption.

First, I have described a systematic simulation-based analysis of various OTLS architectures,
exploring both practical and performance (optical resolution and contrast) tradeoffs in the context

of cleared tissue imaging. This analysis helped identify a novel non-orthogonal dual-objective



109

(NODO) OTLS architecture advantageous for imaging large cleared tissues. Second, I described
a NODO OTLS microscope optimized specifically for efficient imaging of clinical specimens.
These tissues are often densely stained with fluorescent analogs of H&E dyes, presenting a unique
imaging challenge where contrast, in addition to optical resolution, is a key driver of image quality.
The optimized NODO microscope incorporates axially swept illumination to enable high-contrast
imaging in these densely labeled tissues while maintaining high throughput, essential for large-
scale studies. Third, I presented an end-to-end protocol covering the tissue processing, imaging,
and data processing steps necessary to generate 3D pathology datasets from archived clinical
specimens. This workflow includes an iterative optimization and quality control phase, informed
by the needs of specific downstream applications, to ensure robust and consistent data quality
across hundreds to thousands of specimens. Finally, I have described an in-progress clinical study
leveraging the tools presented here exploring 3D pathology for Gleason grading of prostate cancer.
The study will use 3D pathology to understand the prevalence of confounding sectioning artifacts
when identifying the “poorly formed gland” Gleason subpattern. In summary, the suite of methods
presented here offers a toolkit for large-scale clinical studies of 3D pathology and an important

step towards eventual clinical adoption.
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Appendix A. Performance tradeoffs for single- and dual-objective open-top light-

sheet microscope designs: a simulation-based analysis

A.1 Remote focus geometric analysis and NA limits for single-objective systems

When a sample is illuminated with a non-orthogonal light sheet in a single-objective light-
sheet microscopy (LSM) system, the resultant image is no longer perpendicular to the optical axis
of the system. In order to form an in-focus image at the camera, a remote focus can be used to
optically rectify the image at the camera plane (Figure A.1a) [59]. Dunsby employed this method
to develop the first single-objective LSM system by combining several precursor

designs [42,151,152].
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Figure A.1. (a) Optical schematic of a non-orthogonal single-objective (NOSO)
LSM system, showing the illumination (blue) and collection (green) light paths. (b)
Inset of the shared primary objective of a NOSO system showing the angled light
sheet and collection path. (¢, d) Inset of the remote focus of a NOSO system (c)
without a refractive prism, showing some light is lost at the remote focus and (d)
with a refractive prism, showing collection of otherwise lost light. CL: cylindrical

lens, TL: tube lens, DBS: dichroic beam splitter.

From Figure A.1b, we see that the angle at which the light sheet is tilted relative to the focal

plane in a single-objective system, 81, can be expressed as:

Orie = 90° = opj + ¢ (A.1)

Here, ¢op; and ¢; are the geometric half cone angles of the shared primary objective and the
illumination cone, respectively.

Consequently, the image formed by the light-sheet-generated fluorescence is also tilted, which
prevents an in-focus image from being formed on an untilted camera. An intermediate image plane
is created along the collection light path using a secondary objective, essentially creating an exact
3D replica of the angled fluorescence sheet. The virtual light sheet is then imaged onto the camera
by a final "remote" objective, which is physically tilted by 8. such that it is normal to the light
sheet, thus bringing the light sheet into focus at the camera chip (Figure A.1c). Bouchard et al.
subsequently presented another single-objective LSM system, and was among several groups to
present variations on Dunsby’s work that laterally (rather than axially) scanned the light
sheet [43,44,46]. Li et al. similarly described a variation on Dunsby’s work in which a single
remote objective paired with an oblique mirror allows refocusing of a plane tilted at an arbitrary

angle [45].
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While the systems described above allow an in-focus image to be generated from a single-
objective, the tilt of the remote objective often causes a portion of the light (related to the degree
of tilt) to fall outside the acceptance cone of the remote objective, thus reducing the effective
collection numerical aperture (NA) of the system (Figure A.lc). To mitigate this NA loss, a
refractive element can be placed at the image plane to refract light into the remote objective
(Figure A.1d). The element is arranged such that the intermediate image is formed on the surface
of the element and such that this image is in the focal plane of the remote objective. This principle
is described with a prism below (as presented by [56,57]), but other methods such as a diffraction
grating can also be used [47]. This development means that using a remote focus to correct for a
tilted image plane does not by itself necessitate a reduction in collection NA (resolution and optical
throughput).

To understand the extent to which a prism can mitigate NA loss, it is useful to consider the
"limiting" incident angle in terms of rays that could theoretically be collected. If a prism of
refractive index n; is placed at the front of the remote objective, which is an immersion objective
designed for index n2, then a theoretical ray incident at the limiting angle travels in the image plane

(red arrow in Figure A.1d). This ray is incident on the prism at 90° relative to the surface normal.

Applying Snell’s law to such a ray gives:

Ngir SN 8, = n, sin 6, (A.2)
(1.0)sin90° = n, sin 6, (A.3)
1.0 = n, sin 6, (A.4)

From this equation we can find the remote objective NA necessary to collect this ray:

NAremote =N, sin 92 (AS)

NA,emote = 1.0 (A.6)
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In theory, any remote objective with an NA of at least 1.0 can collect all rays incident at angles
up to 90°, that is, all rays incident on the front surface of the prism. This is true regardless of the
remote objective tilt. Any rays incident at angles larger than 90° hit the side of the prism rather
than falling incident on the front surface of the prism and therefore can never be collected,

regardless of the objective used. Because the ray at the limiting angle is also parallel to the central

axis of the "virtual" illumination cone, this condition can be written mathematically as:

bi + 2¢c < 2¢0p; (A7)

This effect (also described elsewhere [56]) results in a fundamental maximum on the
collection NA that may be used for a given primary objective. Note that this limit arises from
sharing a primary objective, not from the remote focus itself. Equation (A.7) together with
Eq. (2.4) describe the physical limits on a single objective system that we use to limit our
simulation conditions. In other words, we only consider effective collection NAs that can be
propagated through the system without geometric truncation (e.g., by employing a high-index
prism) [47,56,57,153].

Practically speaking, light entering at such an extreme angle would suffer significant loss due
to reflection (Fresnel) at the air/prism interface. The interface would also alter the polarization of
the collected light, which may be undesirable. In practice, a designer would want to limit the
collection light path to avoid such extreme angles. For simplicity, we will not consider these effects
in our analysis, with the acknowledgment that this edge case represents a maximum limit on

collection and illumination NA rather than a practical region of operation.

A.2  Resolution and contrast computation

A.2.1  Spatial resolution computation
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In order to quantify spatial resolution, we computed the intensity point spread function (PSF)
of each microscope configuration in MATLAB (R2019b, MathWorks, Natick, MA, USA) using
the adjoint method [52,154—156]. The adjoint method is as follows. For each simulation condition,
3D intensity PSFs were first computed for the illumination and collection beams. Gaussian
illumination was assumed (where NA is defined at the 1/e? intensity point), along with uniform
collection of angularly isotropic fluorescence emission (also at various NAs). The collection PSF
was generated using a Java plugin implementing the Born and Wolf model [157]. The illumination
PSF was rotated relative to the collection PSF at various crossing angles [43], and the overall
system PSF (intensity) was calculated as the product of the two beams at each point in space
(Figure A.2a). The system PSF describes the 3D spatial intensity distribution of signal that is
detected from a point source of fluorescence. Note that due to the oblique crossing angle, in most

cases the resultant system PSF is neither perfectly symmetric nor on-axis.

Gaussian Uniform System PSF System PSF System PSF
illumination PSF collection PSF center slice

(c)

C = Ipeads — Ibackground

1 beads +1 background

System PSF Bead phantom Response

Figure A.2. Computational methods for analyzing the resolution and contrast of a

given configuration. (a) Three-dimensional point spread functions (PSFs)
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(assuming Gaussian illumination and uniform collection) are computed separately
and multiplied together using the adjoint method to calculate a system PSF. (b)
Resolution is computed by finding the full width at half maximum through the
center of the system PSF in the lateral and axial directions (relative to the collection
objective). (¢) To analyze relative differences in image contrast, the system PSF is
convolved with a random bead phantom, in which single voxels are set to a value
of 1 to simulate diffraction-limited fluorescent beads. Relative contrast levels are
then computed based on the value of the response at the locations of the beads
(Ipeads) relative to the background signal level seen in the images (Ipackground).
The resolution in a particular direction is defined as the full width at half maximum (FWHM)
through the center of the system PSF in that direction (Figure A.2b). Lateral and axial resolutions

are defined with respect to the collection objective, as is common for LSM. A wavelength of 500

nm was used for all simulations.

A.2.2  Contrast computation

Contrast was computed by simulating the system’s response to a diffraction-limited
fluorescent bead phantom. A 3D volume with a voxel pitch of 100 nm was generated. Voxels in a
random subset were designated as "beads" and set to a value of 1, while all other voxels were set
to a value of 0. A bead concentration of 0.5% of voxels was used for all simulations in the main

text. The normalized system PSF was then convolved with this bead phantom to simulate the

system’s response (Figure A.2c). Contrast was computed as:

Ipeads—Ibackground
C = g (A.8)
Ibeads‘”background

Here, C is contrast, [peads 1S the intensity of the response averaged over all the bead locations,

and Ipackground 18 the average intensity of the response over the bottom 5% of pixels, which
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adequately represents the background signal for this relatively sparse phantom. Figure A.3 shows

an example phantom and response with a 0.01% fluorescent bead concentration.

Phantom Response

1.0

0.8

0.6

pum

0.4

0.2

0 5 10 15 20

pum pHm

Figure A.3. Example of a diffraction-limited fluorescent bead phantom and
response for contrast computation. A 0.01% bead concentration is shown for an
orthogonal dual-objective (ODO) system with 0.7 collection NA and 0.2
illumination NA. Note that the figure shows a single slice of a 3D phantom, so
many beads visible in the response cannot be seen in the phantom as they are in

planes in front of or behind the plane shown.

For this simulated phantom, it is relevant to consider how different bead concentrations impact
contrast measurements. Figure A.4 shows contrast as a function of crossing angle for a dual-
objective system computed using three different bead concentrations: 0.01%, 0.1%, and 0.5% (a,
b, and c, respectively), similar to Figure 2.8. For simplicity, a moderate collection NA of 0.7 is
used for all cases. An example phantom response for each concentration is shown below each plot
(d-f). For low bead concentrations, near-perfect contrast (close to 1.0) is achieved for all

configurations (a) as beads are generally well separated (d). This is representative of a sparsely
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labeled sample (e.g., one stained for subnuclear features), in which axial resolution is most
important. At higher bead concentrations (c), contrast varies significantly with configuration (as
described previously in Figure 2.8) due to significant background fluorescence. In this case, strong
optical sectioning [50] is critical to reject background fluorescence and yield high contrast. Such
a phantom is representative of a densely labeled specimen, for instance one stained with a stromal
stain such as eosin. We therefore selected a bead concentration of 0.5% for all simulations in the
main text above in order to capture the impact of LSM configuration on contrast in densely labeled

specimens, where contrast is a key consideration.

(a) (b) (c)
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Figure A.4. Variation in contrast measurement for a dual-objective system for

various bead concentrations in the simulated fluorescent phantom. (a-c¢) Impact of

crossing angle on contrast for 0.01%, 0.1%, and 0.5% bead phantoms. Each plot

shows contrast at three different illumination NAs (different curves). A collection
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NA of 0.7 is used for all systems in this example. (d-f) Example phantom responses
for bead concentrations of 0.01%, 0.1%, and 0.5%, respectively. Near-perfect
contrast is achieved regardless of configuration at low concentrations (sparsely
labeled samples; (a) and (d)) but varies significantly with configuration at higher

concentrations (densely labeled samples; (c) and (f)).
A.3  Survey of commercial objectives

In order to establish an appropriate range of objective NAs to consider (collection objective
NA for dual-objective systems and shared primary objective NA for single-objective systems), we
surveyed relevant commercial objectives. As it would not be feasible to consider every existing
microscope objective, we limited our search to those designed for, or amenable to, cleared-tissue
imaging. Specifically, we considered immersion objectives compatible with refractive indices
between 1.38 and 1.56, a range covering most popular clearing protocols [28]. In addition, we only
considered objectives with a working distance of at least 1 mm, as shorter working distances would
be impractical for volumetric imaging of many cleared-tissue specimens. Finally, we only included
objectives with an NA of at least 0.4 (~1um or better lateral resolution). Note that some
specifications (magnification, NA) change with immersion index for multi-immersion objectives.
In these cases, the manufacturer’s nominal specification is used. The objectives identified that
meet these criteria are shown in Table A.1 and range in NA from 0.4 to 1.0. As such, we used this

range for our analysis.

Table A.1. Survey of commercial objectives for cleared tissue imaging

Manufacturer Model Mag NA WD Index Index Clearance  Housing
(mm) min max angle (°) headroom (°)
LaVision 12x NA 0.53 MI Plan-  12x 0.53 8.5 133 1.4l 424 20.3
BioTec DC33 WD8&.5 W
LaVision 12x NA 0.53 MIPlan-  12x 0.53 109 142 1.48 394 18.4

BioTec DC49 WD10.9 AB
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Table A.1. Survey of commercial objectives for cleared tissue imaging

Manufacturer Model Mag NA WD Index Index Clearance  Housing
(mm) min max angle (°) headroom (°)
LaVision 12x NA 0.53 MIPlan- 12x 0.53 10 149 1.57 40.3 20.6
BioTec DC57 WD10 O
Leica HC FLUOTAR L 25x/1.00 25x 1.0 6 1.46 1.46 - -
MM
Leica HCX APO L 20x/0.95 20x 095 195 1.56 1.56 - -
MM
Nikon CFI PLAN APO 10XC 10x 0.5 55 133 1.51 63 43.7
Glyc
Nikon CFI90 20XC Glyc 20x 1.0 82 144 1.50 51.2 9.4
Olympus XLPLN10XSVMP 10x 0.6 8 1.33 1.52 50 26.8
Olympus XLSLPLN25XGMP 25x 1.0 8 141 1.52 56 14.9
Olympus XLSLPLN25XSVMP2  25x 095 8 1.33 140 55 12.3
Olympus XLPLN25XSVMP2 25x 1.0 4 1.33 140 60 14.4
Special Optics 54-10-12 17x 04 12 133 1.56 32 16
(ASI)
Special Optics 54-12-8 24x 0.7 10 133 1.56 37.9 9
(ASI)
Zeiss ClIr Plan-Apochromat 10x 05 3.7 138 1.38 55.5 34.3
10x/0.5 nd = 1.38
Zeiss ClIr Plan-Apochromat 20x 1.0 56 138 1.38 64.1 17.7
20x/1.0 Corr nd = 1.38
Zeiss Clr Plan-Neofluar 20x/1.0 20x 1.0 5.6 145 145 64.1 20.5
Corr nd = 1.45
Zeiss CIr Plan-Neofluor 20x/1.0 20x 1.0 6.4 153 1.53 - -
Corrnd =1.53

For each identified objective, we also identified the clearance angle of the objective’s
mechanical housing in order to provide a first-order approximation of which objectives could be
physically positioned together (as in a dual-objective system) without colliding. We define
clearance angle as the angle between the optical axis and the furthest extent of the objective’s
housing (with the vertex of this angle being the focal point of the objective). Clearance angles were
determined based on published mechanical drawings. Three objectives had no mechanical drawing

available, indicated in Table A.1 by a "-". Additionally, we computed the additional housing
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"headroom" of each objective, defined as the difference between the clearance angle and the half
cone angle of the objective’s NA (i.e., an objective whose light cone is perfectly flush with the
mechanical housing would have a housing headroom of 0°). For multi-immersion objectives with
a variable cone angle, we used the maximum immersion index (maximum headroom).

The housing headroom varies significantly among objectives (from 9° at the lowest to 43.7°
at the highest), making it challenging to generalize the feasibility of an objective pair, in terms of
this particular constraint, based on NA alone. Further, the working distance of the objectives must
be taken into account, as in some cases a long working distance can allow one objective to be
positioned far enough away from the other objective that the mechanical housing permits a smaller
crossing angle than suggested by the headroom parameter. It is thus important for designers to
evaluate the positioning of specific candidate objectives, as there is no uniform rule for effective
positioning. Lastly, we note that while consideration of mechanical housing is important, the
objective housing primarily limits the minimum crossing angle in a dual-objective design. In most
cases, however, operating at the minimum crossing angle is undesirable from a performance

standpoint (as shown above).

A.4 PSF focal volume for various architectures

In addition to considering axial and lateral resolution separately, it is sometimes useful to
consider combined resolution metrics, such as the 3D PSF volume. This can be especially relevant
for samples where structures of interest do not follow a particular spatial orientation, and thus
resolution in each direction is equally important. While a small and fully isotropic focal volume
may be ideal, there are tradeoffs involved in optimizing focal volume (as with other metrics).

Figure A.5 compares the PSF volume of ODO, NODO (60° crossing angle), and NOSO
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architectures (similar to the axial resolution comparison shown in Figure 2.5). The PSF

volume V is computed by approximating the PSF as an ellipsoid:

PSF volume (;1m3)

4
V = nR.R,R, (A.9)
ODO NODO (60° crossing angle) NOSO
NAc
0.4
0.7

14
0.54

T 1 0 T T T 1

T T T
0.1 0.2 0.3 0.4 0.5 0.1 0.2 0.3 0.4 0.5 0.1 0.2 0.3 0.4 0.5
NAi NAi NAi

Figure A.5. Impact of illumination NA on PSF volume for (a) an ODO system, (b)
a NODO system at a crossing angle of 60°, and (¢) a NOSO system using a 1.0 NA
primary objective. Collection NAs of 0.4 and 0.7 are shown. In all cases, PSF
volume depends significantly on both illumination NA and collection NA. All three
configurations show similar focal volume trends, indicating that architecture is not

a significant driver of focal volume on its own.

Here, Ry, Ry, and R; are the X, y, and z resolutions, respectively, as described in Appendix

A.2. Unlike axial or lateral resolution, total PSF volume depends on both illumination and

collection NA for all architectures, meaning that a designer must consider both parameters is

combination in order to optimize total PSF volume. Further, total PSF volume is relatively similar

for all architectures at a given illumination and collection NA pair, suggesting that architecture on

its own is not a significant driver of focal volume. However, architecture can indirectly impact
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focal volume in that different architectures have different limits on NAs that can be easily

achieved, as discussed previously.

A.5 Contrast of a dual-objective system at various collection NAs

As shown in the Analysis results section, the contrast of a dual-objective system increases
with crossing angle until around 60°. Figure A.6 shows that this trend holds for other collection
NAs (0.4 and 1.0). The plot for a 0.7 collection NA is also reproduced here. Note that there is
slight improvement in contrast overall at higher collection NAs. This is because higher collection
NAs provide some degree of additional optical sectioning, which makes the PSF in the axial

direction narrower and provides a slight boost in contrast.

Dual-objective, NAc = 0.4 Dual-objective, NAc = 0.7 Dual-objective, NAc = 1.0
7 11 NAi=0.3 1 NAi = 0.3
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Figure A.6. Contrast of a dual-objective system as a function of crossing angle for
collection NAs of 0.4, 0.7, and 1.0. In all cases, contrast improves with crossing
angle until around 60°, at which point further gains are minimal. Contrast also
improves slightly at higher collection NAs, as the collection objective provides

some additional optical sectioning at higher NAs.

A.6 Differences in working distance between configurations for example designs
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An important practical difference between the ODO, NOSO, and NODO configurations is the
available working distance. The ODO configuration limits the usable working distance of the
collection objective as the objective is placed at a 45° angle with respect to the sample holder
(Figure 2.1b). In both the NOSO and NODO configurations, the objective is instead oriented
perpendicularly to the sample holder such that the full working distance can be used for imaging
(Figure 2.1d and Figure 2.3b). Note that in either dual-objective case (ODO or NODO), the
illumination objective generally has a much longer working distance than the collection objective
(as it is lower NA) and consequently does not limit the system’s working distance in most cases.

Due to variability in specific objective geometry (as discussed in Appendix A.3), the
difference in effective working distance between the ODO and NOSO/NODO configurations
depends on which objective is used. Table A.2 shows the effective system working distance for
each configuration for two example objectives from Special Optics (selected because they were
designed specifically with a multi-immersion ODO LSM configuration in mind). The effective
system working distance is defined in all cases as the vertical distance from the sample holder to

the focal point of the collection objective.

Table A.2. Comparison of effective system working distance between ODO and NOSO/NODO

configurations
Objective ODO working distance (mm) NOSO/NODO working distance (mm)
Special Optics 54-10-12 5.09 12
Special Optics 54-12-8 2.02 10

Appendix B. Axially swept open-top light-sheet microscopy for densely labeled

clinical specimens
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B.1  List of optical components

Table B.1. Optical components used in axially swept OTLS microscope

Reference Description Vendor & part number
- Laser source Hiibner Photonics Cobolt Skyra
A 100 mm aspheric lens Edmund Optics 16-277
GVx/GVy Galvo mirrors Thorlabs GVS212
C 75 mm cylindrical lens Thorlabs ACY254-075-A
L: 60 mm spherical lens Thorlabs AC254-060-A-ML
- Voice coil actuator Thorlabs BLINK
L, 30 mm spherical lens Thorlabs AC127-030-A
L; 30 mm aspherized doublet lens Newport APAC15
O 10x /0.2 NA air objective Nikon MUE31100

BMYV Optical Technologies (custom part): 31.5 mm and

a Sl 30 mm radii of curvature

26 x/0.75 NA (RI 1.56) Multi-

0O . . . Applied Scientific Instrumentation 54-12-8
immersion objective
L4 200 mm tube lens Edmund Optics 58-520
Ls 165 mm tube lens Thorlabs TTL165-A
0O; 20% / 0.45 NA air objective Nikon MUE10200
O4 20x /0.8 NA air objective Olympus UPLXAPO20X
. Contains Semrock filters FF01-618/50-25 (561 nm
Fw Filter wheel channel) and BLPO1- 647R-25 (638 nm channel)
Le 100 mm tube lens Thorlabs TTL100-A

- sCMOS camera PCO Edge 4.2

B.2 Volumetric tile size

Volumetric tile size

Z
4‘?@ I<: X (stage scan direction)

7 v
Large field of view, Small field of view,
large tile height small tile height

Figure B.1. Volumetric tiles are created by stage scanning the sample along the X

axis through a stationary field of view (determined by the width and depth-of-focus
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of the illumination light sheet). The volumetric tile width and height (YZ cross
section) are determined by the field of view, and the depth (X dimension) is
determined by the scan extent. Imaging larger tiles decreases the total number of
tiles required to cover a given volume, reducing the number of overlapping seams
(redundantly imaged regions). Fewer seams significantly reduces the
computational time required to fuse tiles into a contiguous 3D volume and reduces

stitching artifacts.

Ray-trace optical simulation
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Figure B.2. A ray-trace simulation of the illumination arm was performed Zemax
OpticStudio to validate the voice-coil-based axial sweeping method. The solid
curves show the RMS line spread (half width) at the illumination light sheet beam
waist for each wavelength (i.e., the spread due to geometric aberrations alone). The
dotted lines show the diffraction-limited half line width (i.e., without aberrations).
The line spread is below the diffraction-limited line width across the axial focal
range for each wavelength, indicating near-diffraction-limited performance. O; was
modeled based on US patent 9001420B2. Models for the remaining lenses were

obtained from their manufacturers.

Appendix C. An end-to-end workflow for nondestructive 3D pathology

C.1

137

Image atlas of clinical and preclinical tissues processed with variants of the

standard Path3D protocol
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Figure C.1. Image atlas of clinical and preclinical tissues processed with variants
of the standard Path3D protocol. (a) Fixed human lymph node prepared with a
CUBIC-clearing-based Path3D variant [8] and false colored to mimic the
appearance of standard H&E staining, shown as volumetric renderings (generated
using Aivia) and 2D cross sections. (b) Fresh human head & neck cancer surgical
specimen (tongue) prepared using a single-stain (acridine orange) Path3D variant
without clearing. A single 2D view of the irregular tissue surface was
computationally extracted from a thin 3D volume. Nuclear and cytoplasmic
channels were computationally separated and false colored to mimic the appearance
of standard H&E staining [114]. (¢) Whole mouse kidney with vasculature and
glomeruli labelled with antibodies delivered via in vivo retro-orbital injection and
cleared with ECi. A maximum intensity projection color-coded by depth (left)

allows visualization of the whole kidney vasculature in a single image.

Photos showing agarose bead phantom preparation

Phantom mould Unmoulded phantom

Figure C.2. Photos showing agarose bead phantom preparation. Phantoms molded
in inverted microcentrifuge tubes (step 3F) form flat-bottomed cylindrical plugs,
which are convenient for use with inverted or open-top microscopes with a planar

sample holder.

Example scatter plot illustrating local vs. global PSF variations

139



C4

4 . Bead-to-bead variance
. may be large

w
1

FWHM X (um)
N
1

I~ ~ Global variance
- T within £ 25%

0 100 200 300 400 500 600 700
X position (um)

Figure C.3. Example scatter plot illustrating local vs. global PSF variations. The
plot was produced by the Bead PSF computation package (step 6) and shows
individual beads in a volumetric agarose phantom dataset. Scatter plots show how
a microscope’s lateral resolution (FHWM of individual beads) changes across the
field of view (X position). Well-aligned microscopes should have a global variance
(i.e., average FWHM values in one region relative to another) of 25% or less. Due

uncertainty inherent in measuring the FWHM of diffraction-limited beads, there

may be significantly higher variance between individual beads.

PSF heatmaps of well-aligned vs. misaligned microscopes
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Figure C.4. PSF heatmaps of well-aligned vs. misaligned microscopes. Heat maps

were generated with the Bead PSF computation package (step 6) from example

agarose bead datasets and show how a microscope’s resolution varies across the

field of view (FOV). Each point represents a single diffraction-limited bead. The

bead’s position indicates its location in the FOV (XZ plane in this case), while the
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color indicates the full width at half maximum (FWHM) of the fit Gaussian function
in the lateral or axial direction. In the well-aligned case, (a) there is minimal
variation in resolution across the FOV. In the rotated case, (b) the axial resolution
is degraded in the lower left and upper right corners of the FOV, suggesting the
light-sheet focus is rotated relative to the camera. In the decentered case, (c) the
axial resolution at the bottom of the FOV is degraded relative to the top of the FOV,
indicating the light-sheet focus is not centered within the FOV. Note that a
perceptually uniform diverging colormap [90] (Matplotlib [91], “coolwarm™) is
used, such that beads near the center of the FWHM range appear dull and beads at
the edges of the range appear brightly colored. This was selected intentionally to
accentuate regions of particularly poor resolution, as these regions are typically the

most informative for assessing resolution uniformity.

C.5 Identifying peak signal level, background level, and noise level
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Figure C.5. Identifying peak signal level, background level, and noise level. (a)
Human prostate tissue with eosin staining. (b) Profile of yellow line shown in (a)
indicating peak signal level and background level. Empty gland lumens indicated
by orange arrows in (a) show up as regions of background signal in (b). (¢) Zoom

in of a background region indicated by red box in (b) shows random noise level.
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C.6  False coloring settings

a Raw data
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Figure C.6. False coloring settings. The same raw fluorescence data, (a) can be
used to generate false-colored data with a range of appearances, (b) by adjusting

the color parameters (such as normalization factors) in FalseColor Python (step 18).

C.7  Schematic of beam paths for troubleshooting
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Figure C.7. Schematic of beam paths for troubleshooting. Understanding light
paths of a given microscope can be useful to troubleshoot image quality issues. (a)
In this example, a uniformly stained specimen is imaged on an open-top light-sheet
(OTLS) microscope. Due to excessive eosin concentration, illumination light is
rapidly attenuated by dye absorption at the tissue surface. This results in bright
signal at the edges facing the illumination beam (I) and low signal at the tissue core
and edges facing away from the illumination beam (II). (b) Upon initial inspection,

en face views of the dataset can give the appearance of poor dye penetration,
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illumination light attenuation, or collection light attenuation. However, evaluation
of light paths reveals that high signal is seen in areas of short illumination path
length in tissue (I) and that low signal is seen in areas of long illumination path
length in tissue (II), suggesting that illumination attenuation due to excessive dye

concentration is the culprit.

Photos showing visual appearance of tissue after tissue preparation problems

Uneven TO-PRO-3 staining b Impact of clearing time

5 min

1hr 2hr

Figure C.8. Photos showing visual appearance of tissue after tissue preparation
problems. (a) Uneven TO-PRO-3 staining of a human prostate specimen results in
visible dark patches on the tissue surface (yellow arrows). (b) Mouse flank skin
specimen shown after increasing amounts of time in ECi clearing medium. Short
clearing times result in a relatively opaque specimen. By 2 hours of clearing, the

specimen is relatively transparent and suitable for imaging.

Napari interface for interacting with Path3D data.
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Figure C.9. Napari interface for interacting with Path3D data. Napari viewer (steps
19 - 20), showing a false-colored Path3D dataset of a human prostate core needle

specimen. The interface allows users to pan, zoom, and scroll to different depth

levels, as well as add annotations.

C.10 Alternative interfaces for interacting with Path3D data
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Figure C.10. Alternative interfaces for interacting with Path3D data. (a) QuPath
interface,

showing a false-colored human esophagus biopsy. Pathologist

annotations indicating regions of low-grade dysplasia (yellow) and high-grade
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dysplasia (red). (b) Custom web interface developed by Ground Truth Labs
showing a false-colored human prostate core needle specimen. The integrated
grading section below the image allows pathologists to record information such as

Gleason grade and presence of cribriform glands for each specimen.
C.11 PSF computation details

The Bead PSF computation package allows automatic computation of point spread function
(PSF) dimensions across a 3D imaging volume. The input dataset is a 3D volume of diffraction-
limited beads (e.g., gold nanoparticles embedded in agarose). First, beads centroids are located
within  the 3D volume wusing a  method  developed by Sofroniew

[https://github.com/sofroniewn/psf]. Beads which are not well separated from one another, or

whose PSFs are significantly truncated by the volume edges are excluded from further analysis.

Next, a 3D Gaussian function is fit to each bead, which takes the following form:

cwrn-conbal - o

where C and 4 are intensity offset and amplitude constants, respectively, xo, Vo, and z, are
expected values in each dimension, and oy, 6y, and o: are standard deviations in each dimension.
Finally, the full width at half maximum (FWHM) is computed in each dimension for each bead’s
Gaussian fit. An arbitrary rotation can optionally be added if the expected PSF is rotated relative
to the volume’s coordinate system (note that this will impact the relative orientations of FWHM
measurements).

Note that diffraction-limited beads are inherently barely resolved (i.e., 2 — 3 pixels per FWHM
given Nyquist sampling) and significant variation in Gaussian fits and FWHM measurements

between individual beads is expected. A properly aligned microscope should have a global
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variance (i.e., average FWHM values in one region relative to another) of 25% or less, while
variance between individual beads may be significantly higher (Figure C.3).

The resulting data (i.e., centroid coordinates and FWHM values for every bead) can be plotted
against one another using the package’s three plotting functions:

Histograms (Figure 4.4¢) show the distribution of FWHM values in a given dimension
without regard to the spatial position of each bead. Histograms are a useful starting point to assess
the resolution variation within an acquired volume. Some outliers are expected, but most beads
should be clustered around a central value.

Scatter plots (Figure C.3) show each bead as a single point and plot the bead’s FWHM value
in a given dimension relative to the bead’s centroid coordinate in one dimension. Scatter plots are
helpful to visualize changes in resolution as one moves across the field of view.

Heat maps (Figure 4.4f and Figure C.4) show each bead as a single point, which is color-
coded according to the bead’s FWMH value in a given dimension and plotted based on the bead’s
centroid coordinate in two dimensions. Heatmaps are helpful for visualizing higher order changes
in resolution. Beads are colored using the “coolwarm” colormap from Matplotlib [91], a
perceptually uniform diverging colormap [90]. This choice is intentional in order to accentuate

regions of particularly poor resolution.

C.12 Improving Napari efficiency

Napari will by default attempt to load entire TIFF stacks into RAM for visualization, which
can be inefficient for large datasets. Computational performance can be improved by instead
dynamically loading subregions of a tiled pyramidal TIFF file as the user views them (“lazy
loading”). This can be accomplished by using Tifffile [137] to read data as a Zarr format [95] into

a Dask array [https:/ /docs.dask.org/en/stable]. For example:
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import dask.array

import napari

import zarr

import tiffile

store = tifffile.imread('dataset.tif', aszarr=True)

z = zarr.open(store, mode='r')

data = dask.array.from zarr(z)

viewer = napari.view image (data)

Loading time and storage requirements can also be improved by compressing TIFF files
before storage. For example, Tifffile can be used to apply JPEG compression, where a 90% quality

compression level can reduce file sizes by ~10x in some cases:

import tifffile
tf = tifffile.TiffFile ('dataset.tif')

with tifffile.TiffWriter ('compressed.tif', bigtiff=True) as tif:
options = dict (metadata=None,
photometric="rgb',
tile=(512, 512),
compression=('jpeg',90))
for page in tf.pages:
tif.write (page.asarray (), **options)

C.13 Image processing approaches to normalize signal level

Optimizing experimental conditions should be the first step in addressing nonuniform signal
levels across a dataset. However, even after careful optimization, some variation in signal level
across large datasets can be unavoidable. Image-processing steps may be applied to improve signal
level uniformity if the SNR and dynamic range of the raw images allow. Here we describe
computational approaches to two common problems, lateral variations across multi-tile datasets
and drops in signal level with depth. The code snippets provided below are for illustrative

purposes; complete implementations of these approaches are provided on GitHub:

https:/ / github.com /LiuBiophotonicsLab / FixImage3D
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C.13.1 Lateral variations

A variety of factors, such as photobleaching of the overlapping regions between adjacent tiles
or illumination light intensity variations across the width of the light sheet can result in lateral
variations in signal level across a dataset. These variations are often especially apparent at seams
between tiles.

The stripe fix function normalizes the lateral signal level across a dataset. First, the

average horizontal line profile is computed across each Z level:
## Calculate profiles with background removed
line prof n nobg = np.zeros((img nobg.shape[l]), dtype = np.float64)
## Grab horizontal line profile
for col in range(img nobg.shape[1l]):
line prof n nobglcol] =

np.sum(img nobg[:, col].astype(np.float64))

## Normalize line profile
line prof n nobg = line prof n nobg / np.max(line prof n nobg)

Then, each row of the Z level is divided by the line profile, levelling the intensity horizontally

across the image. Any negative values (a result of background subtraction) are set to be zero:

for row in range (img nobg.shape[0]) :
img nobg[row, :] = img nobgl[row, :] / line prof n nobg

## Set negative values to zero
img nobg[img nobg < 0] = 0
return img nobg.astype (np.uintl6)

C.13.2  Depth variations

Even in well-cleared specimens, light scattering or absorption can lead to some attenuation of
light intensity as the imaging depth is increased. This results in a drop in signal levels at deeper

layers relative to the tissue surface.
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The Fix script.py script corrects lateral and depth variations throughout the depth of a
dataset. First, the 2" percentile (p2) and 98" percentile (p98) of signal intensities are computed

for every layer from an 8% downsampled dataset:

p2, p98 = np.percentile(img 8x,
(2, 98),
axis = (1,2))

Then, in each z-level, the lateral normalization function (stripe fix, described above)
and a contrast stretching function (contrast fix) are applied. The contrast stretching function
rescales the intensity profile of each layer to a consistent intensity scale, commensurate to the

surface level, based on the calculated p2 and p98:

for z in range(len(img 3d)):

img corrected[z] = stripe fix(img[z])

img corrected[z] = contrast fix(img corrected[z],
p2lz],
po98[z])

The correction is performed independently on each layer, ensuring that the result of one layer
remains unaffected by the others. This enables the possibility of parallelization to expedite the

processing time.
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