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ABSTRACT

Brain tissue sectioning presents a significant challenge in connectomics, particularly when
scaling to larger volumes. In the MICTONS 1 mm? mouse visual cortex dataset, 25.1% of
scanned images—representing over a month of imaging work—were discarded due to sectioning
defects. Current methods result in material loss during cutting and face limitations in tool
wear and process efficiency. This thesis examines tissue sectioning through an engineering
lens. Drawing from established machining practices and parallel industries, we propose and
evaluate potential improvements to sectioning methods. The work aims to contribute to
ongoing efforts in mapping larger connectomes, making it more practical and less error-prone.
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Chapter 1

Introduction

1.1 Objectives and Scope

Sectioning brain tissue is one of the biggest bottlenecks in connectomics. Despite massive
improvements in imaging and reconstruction, the tissue slicing and collection process remains
fragile, inefficient, and poorly understood. This thesis takes an engineering approach to the
problem, analyzing sectioning as a mechanical process shaped by cutting forces, material
properties, and machine design. I break down how and why sections fail and draw on other
industries to show how simple design changes could make the process more reliable. The
result is a practical reference to improve sectioning outcomes and a foundation to scale
connectomics beyond the limits of today.

Sectioning failures carry real costs. Cracks, folds, and uneven slices destroy valuable data
before imaging even begins. These problems waste months of imaging time and severely limit
the size and accuracy of connectomes. Tools such as microtomes and ATUM collectors have
changed little in decades and offer no feedback or control over when or why failures occur.
As imaging and reconstruction progress, sectioning has emerged as a limiting step, creating a
clear need and opportunity to rethink and redesign how it is done.

Removing sectioning as a bottleneck will allow connectomics to scale with greater speed,
reliability, and consistency. In turn, better connectomes will deepen our understanding of
brain structure and function, supporting advances in neuroscience, medicine, and brain-
inspired technology. This work offers a foundation for that future by showing that sectioning
is not an inherent limitation, but rather a solvable engineering problem.

1.2 Background and Motivation

1.2.1 What is a Connectome?

A connectome is a three-dimensional representation of the brain. Its purpose is to illustrate
the intricate network of connections among neurons. This network is complex; for the human
brain, it is estimated that the 86 million neurons each connect in thousands of ways, leading
to trillions of connections [1].
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We can study these complex networks at different scales of resolution, each revealing
distinct aspects of brain connectivity. Not all connectomes are the same; the insights gained
depend on the resolution of data acquisition. In the macroscale, connections between brain
regions can be observed [2|, while microscale analysis reveals individual neurons and the
synapses linking them [3]. Figure 1.1 illustrates the resolution levels required for three
different connectome scales.

(a) 100 10 10-2 10-3 10+ 10-% 10 107 10-° 10-° (m)

-ttt

b Macroscopic

Mesoscopic

Figure 1.1: Connectomics Across Resolution Scales [4]

1.2.2 Why Make Connectomes?

Specialists in the field of connectomics believe that detailed maps of brains can reveal
fundamental insight about brain function and therefore also about humankind. Sebastian
Seung popularized this concept with the phrase “I am my connectome,” suggesting that
the neural connections in our brain encode our individuality through holding not just the
basic functions the brain needs but also memories and experiences [5]. Similar to how the
human genome provides a blueprint of our genetic makeup, connectomes are believed to be
the physical representation of our unique neural development shaped by both genetics and
experiences.

Connectomes can create a window into understanding how the brain functions, from
movement and sensation to learning and memory. By mapping how individual neurons
communicate and identifying their types and roles, scientists can gain insights into the
brain’s operational principles. Additionally, connectomes help us understand how neurological
diseases develop by revealing structural abnormalities that may correspond to functional
disruptions, potentially improving future detection and treatment methods.
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1.2.3 Major Accomplishments

The foundations of connectomics were established as early as 1959, when E.G. Gray first ap-
plied electron microscopy to neural tissue [6]. This technical advancement enabled researchers
to visualize the nervous system at a previously unattainable resolution. This was a critical
step toward mapping the first connectome in 1986, that of the nematode Caenorhabditis
elegans, with its simple total of 302 neurons [7].

Building on this foundational work, there have been major technological advances in
electron microscopy and in reconstruction methods. Thanks to these advances, in 2019,
researchers published complete, whole-animal connectomes for both sexes of C. elegans,
offering extensive synaptic-resolution information of an entire animal nervous system |[8].
This extended C. elegans connectome is shown in Figure 1.2.

Since these foundational achievements, connectomics has advanced in both scale and
complexity. Table 1.1 summarizes key completed connectome projects, while Figures 1.2
through 1.6 illustrate these connectomes visually.

Table 1.1: Comparative Analysis of Existing Connectomes

Descriptor Drosophila Drosophila Platynereis Homo sapiens | Mus musculus
melanogaster melanogaster dumerilii

Subject 1st instar 7-day-old 3-day Larva 45-year-old Postnatal day
larva Female 87 Male

Year 2023 2024 [9] 2025 2024 2025

Region Whole Brain Whole Brain Whole Body Temporal Visual Cortex

[9] Cortex

Volume — 0.08 4.68 x 1073* 1.05 0.93

(mm?)

Sectioning Leica UC6 Leica UC6 RJ Ultracut E ATUM ATUM

Method [10] (11]

Collection Manual [10] Manual Manual ATUM ATUM

Method

Imaging TEM [10] TEM TEM mSEM TEM

Method

Section 4,841 7,062 4,846 5,019 19,974**

Count

Thickness 50 [10] 35-40 40 33.9 1 40

(nm)

Neuron 3,016 139,255 [9] 966 16,087 84,035

Count

* Calculated value

t Average section thickness
Default references (unless otherwise specified): [12] for first D. melanogaster, [13] for second D. melanogaster, [14] for P.
dumerilii, [15] for H. sapiens, [16] for M. musculus.
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Figure 1.3: Complete Connectome of 1st instar D. melanogaster larva [17]
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Figure 1.4: Complete Connectome of 7-day-old adult female D. melanogaster [18§]

anterior lateral
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portion 35
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Figure 1.5: Visual Cortex Subregions in the MICrONS Mouse Connectome (1 mm?) [19]
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1 mm?3 of human temporal cortex

Automatic
segmentation 1.4 petabytes of EM data
150 M synapses
57,000 cells

Synaptic
resolution

Triangular ,
neurons e \ Multisynaptic
: g connections

Figure 1.6: Connectome of the Human Temporal Cortex (1 mm?3) [15]
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1.2.4 The Future of Connectomics

The ultimate goal in connectomics is to map mammalian brains in their entirety. The mouse
hippocampus connectome is the following intermediate milestone. Google, along with other
research teams, has recognized this structure as a crucial aim that strikes a balance between
technical viability and scientific significance [20]. The mouse hippocampus alone is orders of
magnitude more complicated than completed connectomes, as shown in Figure 1.7, both in
terms of the amount of storage and number of neurons.

Landmark Connectomics Projects

Project Complexity Storage Timeline
g:rizgfgfm Wal) 2(e)tznons Terabytes 1970s-1986
gﬁf cﬂ);;hila ) ﬁ lzesusocr)g Tens of terabytes 2010-2023
(Ff'farg?:eart?i” “w :16;’82; ] 1.4 petabytes 2018-2021
Mouse 1,000,000

25 petabytes 2023-2028

hippocampus neurons

Ca
100,000,000
Mouse ’ neurons Hundreds of petabytes 2023-7

100,000,000,000
neurons

Human brain

(whole) Hundreds of exabytes ?

Figure 1.7: Timeline and Scale of Major Connectomics Projects [20]

Researchers must rethink current methods to overcome the core bottlenecks that limit the
scalability and accuracy of connectome reconstruction. Notably, recent large-scale projects
have encountered significant problems with data quality, primarily stemming from automated
collection techniques. While these automation methods offer the higher throughput necessary
for mapping larger volumes, they substantially compromise tissue integrity and image quality,
resulting in wasted imaging time on unusable sections and necessitating more complex data
processing to compensate for artifacts and errors. This quality-throughput trade-off will be
an issue as the projects scale up, creating a fundamental challenge for advancing the field.
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1.3 Structure of the Thesis

The structure of the thesis is as follows:

e Chapter 2 provides the background needed to understand the ideas developed through-
out the thesis.

e Chapter 3 explores key issues in the sectioning process that are creating a central
bottleneck in scaling connectomics.

e Chapter 4 proposes solutions to improve the quality of the sections produced.

e Chapter 5 pivots the focus to a broader systems-level view, by proposing modeling
and optimization techniques to help efficiently scale connectomics.

e Chapter 6 concludes by discussing the work’s broader implications for engineering
and large-scale connectomics.
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Chapter 2

Theoretical Framework

This chapter provides a technical foundation for understanding later discussions on issues
with the current process and potential solutions.

2.1 How to Make a Connectome
The connectomics process can be broken down into four main steps:

1. Specimen Preparation: This can include in vivo experiments, followed by brain
harvesting, fixation, dehydration, labeling, and embedding for sectioning.

2. Sectioning: Involves cutting the brain into ultrathin slices, which together form the
individual layers that make up the complete connectome.

3. Imaging: The examination of the sample with a high-resolution microscope to capture
the neural structures and synapses of the sample.

4. Reconstruction & Analysis: The development of the digital model using manual or
automated techniques.

2.1.1 Specimen Preparation

Maintaining the structure of the brain on the nanoscale is essential for connectomics. The
goal is to minimize structural deterioration between living and harvested tissue. Effective
stabilization of brain tissue ensures that synapses, organelles, and cellular boundaries remain
intact throughout the sectioning and imaging processes.

Although protocols can vary according to the organism or specific research goals, the
following steps are generally carried out to prepare the sample, as illustrated in Figure 2.1:

1. In-Vivo Experiments: During this phase, neural activity data is collected in response
to various stimuli in the living specimen. These measurements form the basis for the
‘functional connectome’ that researchers use to gain insight into brain function and
establish a relationship to the structural connectome produced in subsequent steps.

21



2. Harvesting: Removal of the brain or region of interest. During this process, certain
ethical guidelines must be followed.

3. Fixation: Stabilizes the tissue structure. Occurs either before or after (perfusion vs.
immersion) harvesting, depending on the organism size.

4. Labeling: Enhances contrast in imaging. Markers (e.g. antibodies or chemical stains)
bind to specific structures or components of the brain, making them more visible under
the chosen imaging method.

5. Dehydration: Removal of water from tissue to help with the infiltration of the
embedding medium.

6. Embedding: This step wraps the tissue in a solid medium. The medium provides
structural support during the sectioning of ultrathin slices.

b (5

(/‘\\3} c)
- )
g i ¥ -
a) - .
f) g) h)
Perfusion Fixation Harvesting >
= — ——> — o |
d) e) [ Labeling Dehydration Embedding
In-Vivo Experiments '
B
-

Harvesting Immersion Fixation

Figure 2.1: Specimen Preparation Workflow a) [21], b) [22], ¢) [23], d) [24]

2.1.2 Sectioning

To properly visualize synapses, brain tissue must be sliced into ultrathin sections. Creating
smooth, defect-free cuts and successfully collecting each section is challenging due to their
extreme fragility and near-invisibility to the naked eye. This step fundamentally determines
the maximum quality and resolution achievable in the final connectome.

The following steps typically occur in the sectioning workflow, as shown in Figure 2.2:

1. Trimming: Removal of excess embedding medium surrounding the sample, improv-
ing sectioning efficiency, and potentially reducing imaging time in systems that lack
automatic detection of empty resin areas.

2. Sample-Blade Alignment: Repositioning of the sample to be at the correct angle
with the edge of the blade for effective sectioning.

3. Sectioning: Ultrathin sections (30-50 nm) are cut with a microtome and a diamond
knife.
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4. Collection: The water bath captures each newly cut section as it falls from the
microtome. Operators either manually transfer the section to an imaging grid or use
the ATUM (Automated Tape-collecting Ultra-Microtome) system, with a conveyor belt
that automatically collects sections.

a)\
§l%, l
|/ 4

Trimming Sample-Blade Sectioning
Alignment

ATUM Collection
System

Figure 2.2: Sectioning Workflow b) [25], d) [26], e) [27]

2.1.3 Imaging

After sectioning, transmission electron microscopy (TEM) is typically used to image the
tissue. Alternative methods include multibeam scanning electron microscopy (mSEM) and
serial block-face SEM (SBF-SEM), which are designed to image larger tissue volumes. Due to
the specific complexities associated with each microscopy system, this thesis does not discuss
them in detail.

2.1.4 Reconstruction & Analysis

The brain images are assembled into a 3D volume by stacking each layer. Errors such as
missing tiles, missing sections, or lost sections should be accounted for either manually or
with automatic tools. Once assembled, segmentation identifies neurons, synapses, and cellular
structures either manually or with machine learning. Finally, proofreading ensures accuracy
by reviewing and correcting errors in automated segmentation.
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2.2 Material Properties of the Brain

Brain tissue exhibits complex mechanical behavior, distinguishing it from rigid materials like
metals or ceramics. Several factors, such as the applied forces, water content, species, age,
and pathological conditions influence this behavior [28]. All these variables make testing and
modeling brain tissue particularly challenging.

The mechanical properties of brain tissue, specifically its stiffness, are critical across
many stages of the connectome pipeline. During sectioning, tissue stiffness determines the
cutting forces, directly impacting tool wear and blade longevity. In post-cutting stages,
these properties influence how sections behave during collection and mounting. Stiffer tissue
can resist deformation but may be prone to cracking, while softer tissue might stretch
more. Understanding and quantifying these mechanical properties enables immediate process
improvements that can optimize tool geometry, adjust cutting speeds to reduce wear, and
minimize tissue deformation. This understanding remains crucial as it informs how we can
safely manipulate and process brain tissue in any new approaches we develop.

Unfortunately, there is no single simple value to describe the stiffness of the brain, and
current research does not provide direct insights because the testing conditions do not
necessarily match what occurs during the connectomics process. However, several key factors
are known to influence stiffness. Table 2.1 draws extensively from the comprehensive review
by Budday et al. [28|, which compiled findings from multiple experimental studies.
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Category

Factors

Increases Brain Tissue
Stiffness

Higher myelin content

Increased strain and strain rate
Development (due to increased myelination)
In vivo conditions (compared to ex vivo)

Loading phase (compared to unloading, due to
hysteresis)

Decreases Brain Tissue
Stiffness

Higher water content (gray matter at 0.83 g/ml vs.
white matter at 0.71 g/ml)

Higher temperatures

Ex vivo conditions (due to hydration and biochem-
ical changes)

Preconditioning through repeated loading (tempo-
rary effect)

Pathological conditions (e.g., multiple sclerosis,
Alzheimer’s disease, demyelination)

Other Notable
Properties

White and gray matter exhibit distinct mechanical
responses

Generally isotropic despite structural variations

Hysteretic behavior (different response during load-
ing vs. unloading)

Table 2.1: Summary of Factors Influencing Brain Tissue Stiffness and Other Properties

In other machining processes, mechanical characterization has historically been essential
for managing advanced materials and improving manufacturing efficiency [29]. More research
should be done in this area to fully understand the practical implications of these properties
and their effects on connectome creation. This is particularly important when modeling tissue
sectioning, handling, and tool wear, factors that must be optimized to achieve our primary

objectives, such as producing high-quality sections.
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2.3 Cutting Mechanics for Brain Tissue Sectioning

Building on the mechanical properties of brain tissue, understanding fracture mechanics
is critical for optimizing cutting tools and techniques in connectomics. Proper sectioning
minimizes tissue deformation, preserves structural integrity, and improves tool longevity.
Fracture theory provides a framework to describe how cutting forces interact with materials,
which is especially relevant for brain tissue’s unique properties.

2.3.1 Fracture Modes

A key thing to know about fracture theory is that there are three main ways to initiate and
propagate a crack [30]. These modes describe the relative motion of crack surfaces during
failure. Figure 2.3 illustrates the motions of each mode.

/

Mode | Mode Il Mode llI
Figure 2.3: Modes of Fracture Analogy

e Mode I This is like pulling apart a sandwich. Imagine gripping the top and bottom
and pulling them straight apart. The crack opens vertically, with the surfaces moving
directly away from each other.

e Mode IT Picture pushing a deck of cards so the top slides forward and the bottom
slides backward. The crack surfaces move horizontally past each other, like sliding
doors moving in opposite directions.

e Mode III This is like tearing a piece of paper by twisting your hands in opposite
directions. The surfaces move sideways relative to each other as the crack opens.

A microtome operates primarily in Mode I; the blade functions as a wedge that pulls
apart sections. A vibratome, on the other hand, combines Mode I and Mode II, creating both
opening and shearing forces. These cutting mechanics and their implications are explored
further in Chapters 3 and 4.
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2.3.2 Stages of Cutting

Research on soft tissue cutting has been driven primarily by surgical applications, particularly
to develop automated surgical robots. Through this work, researchers have established that
the cutting process follows three distinct stages [31, 32]:

1. Deformation Stage: When the blade first touches the tissue, it pushes and squishes
the tissue without actually cutting through it. During this time, energy builds up in
the compressed tissue.

2. Rupture State: Once enough force is applied, the built-up energy is suddenly released
as the tissue begins to break apart, and the cutting force drops sharply.

3. Cutting Stage: The cutting process starts off uneven but eventually settles into a
smooth, continuous cutting motion with steady forces as the blade moves through the

tissue.
2b: Doformation Phase iCutting F i Cutting i Cutting { Cutting
b-c: Rupture Phase o idirection i direction s idirection i direction
c-d: Cutting Phase . : :
Z 151 d-e: Remove Phase Blade v \/ \/ v
o
2
o
S F Tf =
= s
3 F J
0
0 ; 10 15 Soft tissue F
Pisplacement, mm Deformation phase Cutting phase 1(cc,) Cutting phase 2(c,d)

Figure 2.4: Stages of Cutting Soft Tissue [32]

Figure 2.4 depicts the cutting process, with the force-displacement curve (left) showing
the forces involved during each stage, and the illustrations (right) demonstrating the physical
progression of blade-tissue interaction through each phase. This highlights the importance
of separating each stage, as the cutting force can vary dramatically, decreasing by nearly
80% during the rupture phase alone before stabilizing at lower forces during steady-state
cutting. Brain tissue sectioning likely follows a similar pattern, and quantifying this could
enable the optimization of cutting parameters, such as blade speed and angle, to minimize
tissue deformation, improve section quality, and ensure consistency.

2.3.3 Cutting Geometry

This section provides a basic representation of the microtome blade and the geometry of the
brain sections, highlighting the key parameters that influence the cutting process. Figure
2.5 shows the relevant variables, including the blade angle (), clearance angle («), section
curvature (R), tip radius (r), cutting speed (v) and the thickness of the section ().
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Figure 2.5: Microtome Geometry

Optimizing these parameters is essential for reducing friction, preventing tissue curling,
and maintaining structural integrity during sectioning. These aspects are critical for achieving
consistent, high-quality slices for connectomics analysis.

2.4 Energy-Based Modeling of Cutting Forces

Modeling cutting forces helps define the sectioning process and provides a foundation for
more consistent results and more accurate connectomes. To avoid damage, cutting should
be as efficient as possible, as any excess force beyond what is needed to fracture the tissue
is absorbed through deformation. Fine-tuning cutting parameters and enabling real-time
control can help maintain this efficiency and reduce sectioning errors.

Although there are well-developed models for metal cutting, supported by extensive
empirical data [29], comparable models for brain tissue sectioning are largely unavailable.
However, an energy conservation model provides a simple starting point to estimate cutting
forces [31, 33, 34]. This approach estimates the minimum energy required for cutting while
accounting for various inefficiencies, such as tissue deformation.

Material property characterization of brain tissue has direct relevance to traumatic
brain injury research, particularly the measurement of fracture energy [35|. Although these
measurements were conducted under different conditions than those used in connectomics,
they provide a valuable baseline estimate. Fracture energy, measured in J/m?, quantifies the
energy required to create a crack with a characteristic area determined by the depth and
width of the newly formed surface. This metric is commonly used in energy conservation
models like the one described below.
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The total energy applied by the tool (Ei..) during cutting can be expressed as:

Etool = Efracture + Eelastic + Eplastic + Efriction + Elosses

where:

o Fhctwe: Energy required to create a crack in the tissue.

Eaastic: Energy temporarily stored as elastic deformation within the tissue.

Eastic: Energy dissipated due to irreversible plastic deformation of the tissue.

FEiction: Energy lost due to friction at the interface between the blade and the tissue.

Flosses: Miscellaneous energy losses, such as heat generation or viscous damping effects.

The energy required to create a crack (Egacture) depends on the fracture toughness (G.)
of the tissue and the area of the newly formed crack (A). It can be expressed as:

Efracture = Gc -A

where:

e (G.: Fracture toughness, representing the energy per unit area required to initiate a
crack.

e A: Area of the cutting path, determined by the blade width and depth of cut (A =
Blade Width x Depth of Cut).

This energy-based model breaks down the main energy sources in the cutting process such
as fracture, friction, and deformation. By identifying where excess energy is consumed beyond
what is needed for fracture, we can target design improvements that minimize inefficiencies
and reduce tissue section damage. Future work will involve empirically validating and
determining physical properties, such as fracture toughness, then developing more complex
force models correlated to process parameters such as blade geometry, embedding media, and
cutting speed.
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Chapter 3

When Sectioning Fails

Among the many challenges in scaling connectomics, the sectioning process stands out as
a critical limitation and serves as the focus of this chapter. The issues at the heart of
this process boil down to two key factors: (1) the microtome has remained fundamentally
unchanged since the first connectome was produced in 1986, and (2) current attempts at
automating section collection contribute to section damage and reduced quality prior to
imaging.

The two largest synapse-level connectomes to date, each spanning 1 mm? of mouse visual
cortex and human temporal cortex, highlight how sectioning issues become more prevalent
at larger scales. The level of physical damage in these datasets is noticeably higher than
in smaller connectomes, largely due to the lack of innovation in microtome design and the
introduction of the ATUM system as a replacement for manual collection.

Although advanced reconstruction techniques can help mitigate these issues, they cannot
precisely recreate the lost information. These errors not only compromise the quality of the
connectome, but also result in many cut and imaged sections becoming unusable, wasting
valuable resources and equipment.

This chapter examines the root causes of sectioning failures to convert seemingly un-
predictable problems into solvable challenges. Table 3.1 summarizes the key failures in the
sectioning process, each discussed further in the subchapters that follow.

Cause Cracks Folds Uneven Thickness Partial Sections Material Loss Knife Wear
Microtome v v v v v v
ATUM* v v

* These errors existed previously, but have become more frequent with ATUM use.

Table 3.1: Common Sectioning Errors and Their Associated Causes
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3.1 Section Defects

This subchapter analyzes surface-level errors that occur during the cutting process and affect
image quality. Three primary defects are particularly relevant: (1) cracks and folds, (2)
partial sections, and (3) uneven thickness. These defects compromise section quality before
the imaging stage even begins.

Unfortunately, these errors are difficult to detect prior to imaging, meaning that defects
often only become apparent once a section has been cut and imaged. In some cases, it is
worth proceeding with the scanning just to definitively determine whether a questionable
section is usable for the final dataset. Depending on severity, affected images may be excluded
from the final connectome, wasting both the sectioning and imaging resources invested in
producing that layer.

Table 3.2 illustrates this problem using the MICrONs 1 mm?® mouse visual cortex dataset.
Most strikingly, approximately 25.1% of scanned data, representing nearly two months of
imaging work, was ultimately excluded due to severe sectioning defects [16]. Even among the
accepted sections, numerous errors complicated the reconstruction process, creating additional
challenges for connectome assembly [36].

Sectioning Value
Total Time 12 days
Wasted Time 3.4 days
Sections Discarded | 28.6%
Imaging Value
Total Time 6 months
Wasted Time 1.5 months
Images Discarded | 25.1%

Table 3.2: Sectioning and Imaging Losses in the 1 mm?® Mouse Visual Cortex Dataset [16]

Although errors like these are disclosed in the articles, the underlying causes are not
addressed, leaving room for speculation. Here, we define the defects and the potential factors
that cause them. Despite its long history, connectomics research continues to rely heavily on
traditional microtome methods for brain tissue sectioning. This dependence on conventional
techniques suggests significant potential for methodological innovation. To properly scale the
field, sectioning techniques must undergo a fundamental change.

3.1.1 Cracks & Folds

Cracks and folds are two major defects that create discontinuities in tissue section images,
distorting the accuracy of the images of the collected sections. Cracks (Figure 3.1c) form
when tensile forces pull the section apart at weak points, resulting in two destructive effects:
the creation of physical gaps and irreversible damage to tissue features along the edges of the
crack. Folds (Figure 3.1a) occur when the section buckles, causing the previously flat surface
to adhere to itself and obscure all the information within the folded region. In severe cases,
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both types of damage can result in complete loss of critical neural structures, including entire
cell bodies [36].

C cCrack

Figure 3.1: Examples of Cracks and Folds in Sectioned Brain Tissue [36]

During the reconstruction of the MICrONS 1 mm?® mouse dataset, researchers found
that “virtually every section had developed numerous cracks and folds” [36]. These defects
were present even in the final connectome images, after the unusable images had already
been removed from the dataset. Although the MICrONS project had previously developed
realignment tools during their pilot-scale version, these tools proved inadequate for the 1
mm? dataset. This was because the larger dataset contained far more extensive and complex
image defects than in the pilot study, rather than just a proportional increase in the same
types of defects.

Potential Causes

Collection methods differed significantly between projects. Despite the seemingly more
efficient ATUM system, the larger study saw more sectioning defects than the pilot study,
which relied on manual methods [16, 36]. Compared to the fruit fly full brain connectome
project, the error rates do not scale proportionally. Table 3.3 illustrates the substantial
difference in efficiency: 96.8% of sections were successfully utilized for the fruit fly project
versus only 71.4% for the mouse project. A key distinguishing factor appears to be the
collection method, as the fruit fly sections were collected manually rather than through
automated systems.

Metric Mouse — Imm?® Visual Cortex [16] | Fruit Fly — Full Brain [13]
Collection Method ATUM Manual

Total Sections 27,972 7,062

Sections Imaged 26,652 (95.3%) 7,050 (99.8%)

Sections in Connectome | 19,974 (71.4%) 6,839 (96.8%)

Table 3.3: Section Usage in Mouse Visual Cortex and Fruit Fly Whole-Brain Connectomes
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The ATUM system uses a TEM compatible film ‘tape’ to collect and preserve the sample
for subsequent scanning [37]. A key feature of this tape is its ‘wettability’, which allows
samples to adhere to its surface [38]. Although this strong adhesion is beneficial for sample
retention, it can create cracks and folds. Below are a couple of scenarios during the collection
process that are likely to contribute to the defects:

1. Opposing forces during transfer: The stickiness of the tape and the drag from
the water create forces that act in opposite directions, putting the tissue section under
tension, as shown in Figure 3.2b. This tension can exceed the yield strength of the
section, resulting in crack formation.

2. Bending stress during transfer: The angle at which the ATUM collects sections
from the water causes the section to bend. This creates a stress gradient where the
lower surface is in tension while the upper surface is in compression, as shown in Figure
3.2c. If high enough, this stress might cause the section to crack.

3. Velocity mismatch: When the section approaches the ATUM at a speed greater than
the ATUM collection speed, the section may curl onto itself before the tape advances
sufficiently to allow the section to adhere flatly, as illustrated in Figure 3.2d.

Tissue
Section
‘/ Diamond
Tape Knife

/ \

Figure 3.2: Failure Modes of the ATUM Collection System Leading to Tissue Section Damage

34



These challenges inherent to the automated collection process may explain the higher
incidence of sectioning artifacts in projects using ATUM collection compared to manual
collection, despite the apparent efficiency advantages of automation.

Although the ATUM collection method adds to this, cracks and folds can occur earlier in
the sectioning process, albeit less frequently. The interaction between the knife and sample
heterogeneity may create uneven forces during cutting, leading to folds [27]. Furthermore,
the MICrONS 1 mm?® mouse dataset had a pattern of small folds that appear around myelin
and blood vessels [36]. This observation is consistent with research showing that increased
myelination is correlated with increased stiffness of brain tissue [28]|. These local variations in
tissue stiffness create conditions favorable for fold formation even before the collection stage.

Improving the collection and cutting procedures will be necessary to remove folds and
cracks. However, the ATUM system appears to be the source of the most significant issues
and presents greater challenges for mitigation. Since automated collection is essential for
scaling connectomics projects, developing an improved collection system should be prioritized
while still preserving the benefits necessary for large-scale brain mapping efforts.

3.1.2 Partial Sections

Partial sections occur when there is misalignment between the microtome blade and the
tissue block. When properly aligned, the knife edge should be parallel to the block face,
cutting off complete sections with consistent outlines. However, if misaligned, the knife cuts
only through a portion of the tissue, resulting in sections with irregular or truncated shapes.
This happens when the cutting plane intersects the block face at an angle rather than being
perfectly parallel to it. Complete and consistent section shapes that represent the entire
cross-section of the tissue block are essential for successful imaging and reconstruction. Figure
3.3 shows how a change in angle during sectioning can produce partial sections.

First Angle Second Angle

Complete Sections Partial Sections

Figure 3.3: Blade Angle Changes Creating Complete versus Partial Sections



During the sectioning of the 1 mm?® mouse dataset, the blade had to be replaced. Removing

and replacing the blade changed its orientation, misaligning it with the block. As a result, 45
sections cut immediately after replacement were partial [16]. The alignment of the images
revealed that the misalignment was < 0.06° [36], a small but sufficient change to cause
substantial reconstruction problems. These affected sections required special handling during
alignment, as their orientation differed significantly from the remainder of the dataset. Figure
3.4 illustrates the realignment implemented to address this issue. This issue also happened
with the human petascale cortical dataset. After knife replacement, the angular misalignment
resulted in 30 partial sections with some material loss [39].
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Figure 3.4: Correcting Blade-to-Block Misalignment [36]

The blade fixation method may be unreliable and may introduce variability into the
sectioning process due to challenges with consistent blade repositioning. However, there
have been no real improvements to the microtome that include sensors or mechanisms that
ensure precise blade alignment after replacement, suggesting an urgent need to invest in new
hardware solutions.

3.1.3 Uneven Thickness

Tissue sections must be cut to a uniform thickness to obtain an accurate scan. Microscopes
operate with fixed focal lengths, which causes inaccurate sample representation when section
thickness variations push structures too far or too close to the optimal focal plane [40]. This
misalignment disrupts the accurate imaging of neural structures, compromising the accuracy
of the connectome. Since no system can be built to perfection, it is important to establish
acceptable error tolerances. Whether a 1 nm or 10 nm variation is acceptable, quantifying
this sets clear performance requirements that the system can be redesigned to meet.

With regard to the underlying causes of thickness variations, thermal expansion during
the sectioning process has been identified as a significant factor. As the sample expands
thermally, the microtome’s pre-set increment no longer determines section thickness; instead,
the degree of thermal expansion becomes the controlling factor. Figure 3.5 shows how thermal
expansion during cutting can cause a deviation from the expected thickness of the section.
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This phenomenon specifically affected data quality in the MICrONS 1 mm?® mouse visual
cortex dataset, where thermal fluctuations compromised sectioning uniformity [16].

—t,
—it,

Sample Block

Diamond Knife

Figure 3.5: Effect of Thermal Expansion on Ultramicrotome Section Thickness

To address this issue, it is important to know how much heat can affect the sectioning
process. The thermal behavior or the sample can be calculated using established parameters;
the estimates are summarized in Table 3.4.

Parameter Value
Coefficient of Thermal Expansion (a) | 9 x 1076°C~!
Initial Block Length (L) 1 mm

Detectable Dimensional Change (AL) | 5 nm
Estimated Temperature Change (AT') | 0.55°C

Table 3.4: Thermal Expansion Estimates of Epoxy Resin During Sectioning

Due to limited amounts of research on the mechanical properties of the brain, there are no
estimates of the thermal expansion properties of brain tissue [28]. Instead, we will estimate
the thermal behavior using the properties of the embedding medium, EMS Hard Plus resin.
The manufacturer’s datasheet does not provide a thermal expansion coefficient, so for this
analysis we can approximate it using a low thermal expansion epoxy coefficient 9 x 107%1/°C
[41].

If we consider a sample block with a length of 1 mm that experiences a 5 nm expansion,
we can calculate the necessary heat input using the linear thermal expansion formula. We
can estimate the thermal expansion using the linear expansion formula:

AL = OéLoAT

37



Rearranged to solve for the temperature change:

-9
ar = 2L _ Sx107m g ssec
aLy (9% 1076°C7)(1 x 103 m)

This calculation shows that even a small temperature change of just 0.55°C would be
sufficient to cause a 5 nm expansion in epoxy. This suggests that even minor heat sources,
such as warm air currents, could alter the thickness of the section.

The cutting process itself generates heat because of friction in the whole process. Studies
have shown that mechanical cutting of meat, a soft tissue, can generate significant heat,
raising temperatures by 11.7°C in beef and 14.1°C in pork [42]. Although heat generation
during the brain sectioning process has not been directly measured, these findings suggest
that cutting-generated heat and environmental temperature fluctuations could contribute to
the observed expansion.

Beyond thermal effects, microtome setups can also shift, leading to thickness inconsistencies.
The process of changing a knife can introduce instability [39]. The position of the knife
can change while cutting, sometimes causing it to bump the block and unintentionally
damage areas [16]. Microtomes need to be redesigned to improve tool-changing reliability
and eliminate existing instability issues.

3.2 Material Losses from Sectioning

An understudied phenomenon in connectomics is axial compression, a distortion in which
the digitally reconstructed volume ’shrinks’ along the cutting axis, resulting in dimensions
smaller than those of the original physical tissue prior to sectioning. Figure 3.6 illustrates the
direction in which this compression manifests itself, specifically along the cutting direction.

Lost

Reconstructed

Original Sectioned Reconstructed

Figure 3.6: Visualization of Compression in Sample Reconstruction

The human 1 mm?® temporal cortical connectome dataset shows 28% axial compression,
although only three sections were lost out of the entire sample (0.05%) [39]. Since section loss
accounts for a negligible portion of this compression, other factors must be responsible. The
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compression magnitude matches the estimates in the electron microscopy (EM) sectioning
protocols, which consistently document section thickness reductions of 20-30% [43].

The magnitude of this compression warrants further investigation. A reduction in depth
could indicate substantial data loss due to distorted or lost structural information within
each section. Understanding this phenomenon is crucial for accurate three-dimensional
reconstruction and interpretation of the neural tissue architecture. The following are potential
mechanisms that cause compression, or in other words, cause material loss.

3.2.1 Inevitable Losses

The act of cutting has been shown to destroy material close to the cut edge. This phenomenon
is observed in many materials and presumably occurs when cutting brain tissue as well.
However, this effect has not yet been quantified in neurological samples. Understanding what
parameters control damage is key, as this will help minimize losses. Factors such as cutting
speed and cutting angles could all be relevant to minimize damage.

The Lake-Thomas theory, which explains the mechanisms of polymer fracture, has been
successfully used to understand how polymer gels fracture [44]. This theory suggests that
chemical bonds undergo breakage during the fracture process. Given that hydrogels, a subset
of polymer gels, are commonly used as brain tissue phantoms [45], this understanding of
molecular damage is particularly relevant for cutting brain tissue. The Lake-Thomas theory
has been further developed to account for larger affected regions beyond the molecular
plane [46], providing information on broader patterns of soft material. The expanded model
identifies the distinct response zones, including a notable damage zone, a finding corroborated
by other studies [47]. Figure 3.7 illustrates the spatial distribution of these distinct zones
during cutting.

Y-shaped cutting

Figure 3.7: Soft Material Fracture Response Zone
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In metallic materials, permanent (plastic) deformation occurs within specific stress fields
and along slip lines. These phenomena can be measured and predicted to optimize the cutting
parameters, ultimately minimizing plastic deformation while maximizing the longevity of the
tool and the surface quality [48]. The metal industry pays attention to these effects due to
work hardening concerns, a permanent material alteration that accelerates tool wear [49].
Although deformation mechanisms differ between soft tissues and metals, particularly in how
the cutting tool engages with the material [47], this parallel underscores the importance of
investigating permanent tissue damage during brain cutting procedures.

The significance of this analysis lies in the establishment that cutting brain tissue inherently
induces material damage. Understanding the extent of this damage and its contributing
factors is crucial to improving current practices. Although more comprehensive research
is needed, existing connectome studies have already yielded important insights into this
phenomenon.

3.2.2 Vibratomes

A critical consideration when using vibratomes is material loss due to kerf, the gap created
by the tool’s grinding action. Unlike a conventional knife’s clean slicing motion, vibratomes
operate more like a saw, with the blade moving at high frequencies in the tangential direction,
making multiple back-and-forth sawing motions for each forward advancement. This sawing
behavior inevitably removes material during cutting, as shown in Figure 3.8.
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Figure 3.8: Kerf Produced by the Vibratome

The hemibrain connectome of the fruit fly illustrates this loss of material. When using a
vibratome to section thick slabs (20 mm) for later processing with FIB-SEM, approximately
30 nm of tissue was lost between consecutive slabs [50]. They used a Diatome diamond knife
(Cryo 25°) operating at 39 kHz. Although the knife tip has a diameter of only 4 nm [51], the
grinding action resulted in material loss of 30 nm; more than seven times greater than the
size of the tool tip. This shows how the sawing motion inherently removes more material
than the physical dimensions of the tool would suggest.

Vibratomes are often used because their high-frequency slicing motion reduces cutting
forces and tissue deformation during sectioning [43, 52, 53]. However, this benefit comes at
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the cost of material loss from the grinding action. Alternative approaches exist that can
achieve low-force, low-deformation cutting without as much material loss, as discussed in
Chapter 4.

3.2.3 Knife Marks

Permanent surface deformations in tissue sections are known as knife marks [37, 43, 52|.
Both dulling of the knives and the accumulation of debris are thought to be the cause of
them [43, 52|. Knives are frequently cleaned during the sectioning process; specifically, for
the MICrONS 1 mm? mouse dataset, the knife was cleaned every few hundred sections to
maintain section quality [16].

An analogous phenomenon occurs in metal cutting, where "built-up edge marks" appear
on the machined surface [54]. In metalworking, these marks develop when broken metal
particles adhere to the cutting tool and, due to the heat generated during cutting, weld onto
the edge of the tool, as shown in Figure 3.9. This modification of the effective cutting-edge
compromises the quality of the surface finish.

Figure 3.9: Built-Up Edge Formation on Cutting Tool During Metal Cutting [54]

Although tissue sectioning does not involve welding material to the diamond blade, the
precise mechanics of how tissue particles accumulate on the blade and subsequently affect
surface quality remain poorly understood. The material is lost, but it is not understood where
the particles end up. More research is needed to characterize both the particle accumulation
process and its relationship to section surface quality.

3.3 Tool Wear and Maintenance

Tool wear remains poorly characterized in connectomics, with scientists lacking clear criteria
for optimal blade replacement timing. In the MICrONS 1 mm? mouse visual cortex dataset,
scientists switched the blades three times in the total of 27,972 slices; first after slice 7,930,
then after completing 6,843 more slices, and finally using the third blade to complete the
remaining 13,199 slices [16]. The 1 mm® human temporal cortex dataset demonstrated
different switching patterns, with scientists replacing the blade after only 1,695 sections [39].

The cost of blades presents an issue, as three blades for the mouse would cost around a
total of $15,000 using a 4 mm wide 35° or 45° blade, matching the type used for the human
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dataset [39, 55| (see Table 3.5). Additionally, blade angling issues occur after reinstallation,
leading to partial sections that complicate alignment algorithms, as described in Section 3.1.

Dataset Blade Switches | Total Sections | Blade Cost (USD)
Mouse Visual Cortex 3 27,972 ~15,000
Human Temporal Cortex 1 1,695 ~5,000"

*Estimated based on similar blade type and section count.
Table 3.5: Estimated Costs for Blade Switches for the 1 mm?® Mouse and Human Connectomes

Drawing parallels to the razor industry, quantification of blade wear remains to minimize
costs. Researchers have investigated the mechanisms by which hair damages steel, specifically
examining how steel blades dull during hair cutting [56]. Using scanning electron microscopy
(SEM) to examine the blades, they discovered that hair creates stress concentrations in the
steel that intensify with continued use until portions of the blade eventually chip away. These
experiments measured blade wear at 12nm?/nm after five shaving cycles. Similar analytical
approaches should be applied to diamond blades used in tissue sectioning. Despite diamond’s
exceptional hardness, even nanometer-scale material loss significantly impacts performance,
as the blade tip maintains a critical radius of only 2 nm [51].

Given the lack of repeatability when switching blades in the sectioning process and the
issues that arise affecting section quality, it is important to minimize wear to maximize the
lifetime of a blade. This approach also offers cost improvements. However, more studies are
needed to understand which parameters in the cutting process affect blade wear.
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Chapter 4

Rethinking Sectioning

The quality of the sections that enter the imaging stage is problematic. Both blade-induced
defects and collection method flaws create significant obstacles to scaling up for larger volume
cutting. Current technologies that are meant to scale, such as the ATUM, produce high error
rates. The sectioning process needs a transformation that goes beyond the microtome. This
chapter introduces conceptual ideas meant to inspire exploration and guide future design
directions.

Error Type Automation | Improved Collection | Reduced Cutting Force
Cracks v v v

Folds v v

Uneven Thickness v v

Partial Sections v

Material Loss v

Knife Wear v

Checkmarks indicate solutions that help reduce the corresponding sectioning error.

Table 4.1: Techniques for Mitigating Common Sectioning Errors

4.1 Minimizing Forces to Improve Quality

A way to improve the quality of the tissue section surfaces is by reducing the force exerted
by the blade onto the tissue. While a theoretical minimum amount of energy is required
for cutting, exceeding this threshold redirects excess energy into compressing and damaging
the tissue. By decreasing mechanical stress on samples, the section structure is preserved
and quality is improved. Minimizing cutting forces not only improves the quality but also
extends the lifespan of the diamond blades. Less force means they wear down less over time,
resulting in fewer tool changes. This section examines various techniques to minimize the
cutting force that should potentially be prototyped.
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4.1.1 Slicing vs Chopping

Previous studies have established that using a slicing motion significantly reduces the required
cutting force in soft tissue sectioning [34, 57|. This technique combines downward pressure
with lateral movement, creating more efficient cuts by minimizing tissue deformation. The
underlying mechanical principle can be understood through fracture mechanics. The slicing
motion combines two fracture modes: Mode I (opening) and Mode III (tearing). Mode III
fracture is particularly efficient as it creates separation with minimal bulk deformation of the
material. Mode I would be the equivalent of chopping, and is more prone to smashing soft
materials.

To help visualize the difference between chopping and slicing, refer to Figure 4.1, showing
both cutting methods on a tomato. Applying a pure downward force compresses the tomato
(Figure 4.1.1) before the knife ruptures the skin, the tomato is unstable and the initial crack
formed is jagged (Figure 4.1.1.c). However, adding a sliding motion (Figure 4.1.2) allows the
blade to easily initiate and propagate a clean cut through the skin without smashing the
tomato (Figure 4.1.2.b-c). This slicing technique is consistently recommended across culinary
instruction [58-60)].

a b c

Figure 4.1: Comparing Tomato Cutting Techniques [61]

For connectomics, where sections are cut using diamond knives, this principle becomes
particularly important for minimizing tool wear and maintaining consistent section quality.
When applying purely vertical force, brain tissue undergoes substantial elastic deformation
along the cutting axis, increasing mechanical stress on both the tissue and the cutting edge.
The effectiveness of slicing motion is even observable in manual brain sectioning [62, 63].

People instinctively use a slicing motion when cutting brain slabs by hand, even though
it is not explicitly recommended in either video [62, 63]|. Figure 4.2 breaks the slicing motion
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into two orthogonal components: Fpus, and Fyjice. These forces act in perpendicular directions,
with Faqe representing the resultant and overall direction of the blade.

I:push l
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Figure 4.2: Manual Brain Slicing Technique and Force Diagram [62]

Despite the benefits of slicing, only the vibratome offers a cutting method similar to slicing.
But as established in Chapter 3, by design it saws away significant amounts of material.
Beyond this exception, there are no machines that replicate what humans would instinctively
do with their own hands. Figure 4.2 illustrates the brain being supported at multiple contact
points: the table with two railings constraining the brain in X and Y, and the hand applying
downward pressure for additional stability in Z. This external support system stands in stark
contrast to the cantilevered configuration of the sample blocks on a microtome.

Industrial Applications of Slicing Techniques

Brain tissue sectioning is fundamentally a machining process where the removed material
is the desired product. Only a few industries share this focus on valuing what is cut away:
foam slicing, veneer sheet production, and food processing industries that specialize in meat,
cheese, and vegetable slicing.

These industries deal with viscoelastic materials, just like the brain, so many use slicing
in the cutting mechanism. Below are a few examples of the machines used in those industries.

Foam is typically cut with a flexible wire that bends at points of maximum force. This
compliance of the wire minimizes deformation of the foam during cutting. Figure 4.3 illustrates
a foam slicer in operation. The wire naturally forms an arch-like shape during use, with each
side of the arc creating a slice angle that effectively cuts through the material.
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Figure 4.3: Wire Slicer for Cutting Foam Sheets [64]

Some kinds of veneer sheet cutting machines utilize a slicing motion. The blade forms an
angle with the wood that creates an effective slicing action, as shown in Figure 4.4.

b) Slice Angle

Figure 4.4: Horizontal Wood Veneer Slicer [65]
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Industrial cheese and meat slicers employ a rotating blade that descends onto the food at
an angle, creating an efficient slicing effect, as illustrated in Figure 4.5.

Figure 4.5: Industrial Cheese Slicer [66]

These established technologies for cutting soft materials all implement a slicing motion.
The proven effectiveness of slicing in minimizing deformation and facilitating easier cutting
should encourage the field of connectomics to move away from the traditional motion of a
microtome. While these three industries operate at high volumes, they are not cutting at
the nanometer scale. However, the fundamental principles and benefits of slicing remain
applicable; it is simply a matter of adapting the technique to this specific application.

4.1.2 Embedding Mediums

The embedding medium has a significant impact on the quality and efficiency of the sectioned
samples. Current evidence suggests that embedding media properties impact tool wear
and cutting success. This is shown in protocols that advise to trim most of the resin to
prevent wrinkles and extend the longevity of the diamond knife [67]. The importance of these
properties is further exemplified in the preparation of the fruit fly hemibrain connectome,
where different resins were strategically used for specific cutting processes; Epon for the
initial sectioning process and Durcupan for FIB-SEM to prevent milling streaks [50].
Matching the material properties of the embedding medium with brain tissue could
be beneficial. Because these properties are currently different, they respond differently to
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cutting forces. This mismatch creates challenges for uniform sectioning due to uneven force
distribution that deflects the blade in unpredictable ways.

Figure 4.6 illustrates this phenomenon. When the blade encounters different ratios of
embedding medium to tissue along the cutting edge (1a, 2a, 3a), it experiences varying force
distributions (1b, 2b, 3b), resulting in different loading conditions on the blade (1c, 2¢, 3c).
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Figure 4.6: Different Loading Scenarios During Progressive Tissue Sectioning

These changing loads cause the blade to wear unevenly, altering the cutting edge over time
and potentially introducing inconsistencies in the sectioned tissue surfaces. This mechanical
mismatch creates a non-uniform deformation, which causes irregular cuts.

Similar mechanical properties should minimize these deviations in the force distribution,
potentially reducing tool wear and improving section quality. However, making the embedding
medium as soft as possible has its trade-offs since it minimizes the structural integrity of
the entire sample block. The search for the optimal embedding medium is nuanced and
represents an important area for further study and optimization.

4.1.3 Lubrication to Lower Friction

The fly brain hemibrain connectome project utilized a hot knife technique to section the brain
into slabs suitable for FIB-SEM imaging [50, 68|. They used thread cutting oil to reduce
an effect called ’stick-slip’, where the brain section sticks to the knife during cutting. This
approach mirrors common practices in metal machining, where cutting fluids reduce friction
between tools and workpieces while dissipating heat [69].

While using thread-cutting oil was an innovative step toward reducing cutting forces,
there’s room for improvement. The Master Plumber thread cutting oil used has a kinematic
viscosity of 27.5-33.5 mm?/s at 40°C, qualifying it as an ISO VG 32 oil [70, 71|. Although
effective, this viscosity is relatively high. Using a lower-viscosity lubricant could further
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reduce friction between the knife and brain section, potentially decreasing the risk of tissue
dragging during cutting.

4.1.4 Assisted Cutting

Expanding on the slicing mode, a way to reduce the forces experienced by the blade would be
to assist the cut with external means. Using Mode I fracture, the concept involves attaching
a mechanism to the slice that helps to remove it while it is being cut, shown in Figure 4.7.
This promotes crack propagation and reduces the forces experienced by the blade.
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Figure 4.7: Mode I Fracture on Sample Block

This approach offers two key advantages for slice quality. First, the same mechanism
that helps peeling can serve as the final support surface during imaging, eliminating the
transfer steps where damage could occur. Second, by maintaining continuous control of the
slice from cutting through to scanning, we minimize the time the section is ’free-floating’ or
unsupported, a critical period when distortions or damage often occur. Although coordinating
the peeling action with the cutting motion presents engineering challenges, the benefits of
continuous slice control could outweigh this complexity.

4.2 Improving Section Collection

Sections are currently collected manually or with the ATUM system. Each method has its
own trade-offs; manual collection, while generally less prone to error, is labor-intensive and
slow. Conversely, ATUM offers significantly higher throughput but frequently results in
section artifacts such as cracks and folds, as discussed in Chapter 3. Neither method, in their
current forms, is viable for long-term scaling of connectomics.

A major bottleneck in section handling arises from the physical fragility of ultrathin sec-
tions. These sections lack structural stability and are particularly susceptible to deformation.
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The standard workflow requires the section to traverse from the cutting blade to a water
bath prior to collection, a stage during which a high number of errors may be introduced,
shown in Figure 4.8.

Figure 4.8: Travel Length of Section from Blade to ATUM |[72]

Minimizing or altogether eliminating this transitional step could significantly reduce errors.
By reducing the time the section spends unsupported and in transit, the section is less likely
to sustain damage, as its integrity will not be left to chance. The following are two conceptual
approaches that may help address this issue. Although preliminary and speculative, they are
intended to spark further design thinking around improved section handling.

4.2.1 Direct Contact

A recently patented approach offers an improvement to the current ATUM system. As
shown in Figure 4.9, this new design maintains the core conveyor belt mechanism, but
innovates by collecting sections directly from the block face during cutting, potentially
reducing deformations [73].
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Figure 4.9: Automated Tissue Section Capture System with Conveyor Transport [73]

One of the main benefits of this method is the direct interaction between the freshly cut
tissue piece and the conveyor belt. The technique reduces the distance the piece must travel
through the fluid by catching it as soon as it is cut. This could potentially lessen the damage,
folding, and distortion that occur frequently during this crucial transition.

This method is currently implemented by TissueVision for collecting sections in the
10-1,000 micron range. Its effectiveness for ultrathin sections remains to be validated.

4.2.2 Vertical Collection System

In this concept, after the section is cut and falls into the water bath (Figure 4.10a), a
flat collection surface would rise vertically to meet the floating section (Figure 4.10b). The
controlled ascent should allow the section to settle onto the platform with minimal disturbance,
eliminating the horizontal sliding motion that can introduce folds and cracks. The platform
would then retract and move to the section to a storage system. This system could operate
at a deliberate pace, as the rate-limiting step in connectomics research remains the imaging
process rather than section collection.
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4.3 Introducing Automation

The frequency of sectioning errors with current techniques, as detailed in Chapter 3, reveals a
lack of adaptability and real-time oversight. Even with the current design of the microtome,
without transforming its fundamental cutting mechanism, errors can be prevented with
automation. Broadly speaking, automation should achieve these two main functions:

1. Error Detection: Monitor and detect sectioning failures in real time and stop opera-
tions to prevent more destruction.

2. Dynamic Adjustment: Assess cutting conditions and make real-time adjustments
based on tissue feedback.

4.3.1 FError Detection

At minimum, sectioning and collection equipment should have modes to track and detect
failures. With this in place, the process could automatically be stopped when it detects issues
such as severe deformation or incomplete cutting, preventing complete specimen destruction.
Although more complex monitoring systems could be developed, a simple starting point
would be to add cameras connected to the microtome that trigger immediate stops when
errors are detected.
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4.3.2 Dynamic Adjustment

Brain tissue, as discussed in Chapter 2, is viscoelastic and heterogeneous, meaning its behavior
and response to cutting varies depending on the region cut and how much time has elapsed.
Since the behavior of the tissue varies throughout the cutting process, the parameters of
the process should change accordingly. However, current microtomes operate with static
parameters (e.g. fixed speed) regardless of any variations.

Unlike machines, human operators naturally modify cutting pressure and speed based on
tactile feedback. Although imprecise, this intuitive adjustment allows adaptation to physical
variations in material behavior that change with space and time.

Drawing inspiration from this adaptive capability while cutting manually, automated
solutions should incorporate systems that detect resistance variations and time-dependent
tissue responses, adjusting the cutting parameters accordingly. This dynamic approach would
allow for the optimization of the sectioning across heterogeneous tissues while accounting
for their viscoelastic and heterogeneous properties, ultimately improving consistency and
reducing artifacts and tool wear.
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Chapter 5

Optimizing Connectomics for Scale

Scaling up connectomics to map increasingly complex neural circuits at the synaptic level
requires numerous processes to work at peak performance with high fidelity. However,
current connectome creation methods introduce significant errors, primarily during sectioning.
These errors stem from design approaches that do not properly account for the numerous
interrelated variables that affect quality, cost, and time. Without understanding how these
variables interact and create unavoidable trade-offs, researchers rely on intuition rather than
quantitative reasoning when making critical process decisions.

Modeling and careful tuning of process variables can help manage trade-offs and improve
overall performance. For instance, section thickness presents a critical trade-off. Although
thinner sections improve resolution by providing finer data, they are prone to tearing, which
can reduce the overall accuracy. Determining the ideal section thickness requires a model
that incorporates quantifiable variables with functions that relate them to key performance
metrics. This framework allows for parameter optimization to meet specific research goals.

Currently, such models and optimization practices do not exist. This chapter focuses on
introducing this method, with special emphasis on the sectioning process. As discussed in
Chapter 3, sectioning errors lead to significant data loss and resource-intensive correction
efforts, making it important to analyze first. However, the general modeling and optimization
framework could be extended to other steps in the connectome creation process.

5.1 Defining Success Metrics

Before diving into the optimization model, we must define success criteria. In connec-
tomics, three fundamental metrics provide a consistent basis for evaluating both practical
implementation and scientific significance.

e Quality refers to the fidelity of data and reconstruction in capturing neural circuitry
and synaptic connections. While the definition can vary with research goals, it generally
reflects how accurately the connectome represents the original brain tissue.

e Cost encompasses the resources required to produce a connectome, including labor,
instrumentation, computing infrastructure, and funding. Cost is a critical consideration
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for research organizations, funding agencies such as IARPA and NIH [74], and stake-
holders in the private sector such as Google, Intel, and Amazon [16] when evaluating
scalability and potential returns on investment.

e Time refers to the duration required to complete a connectome, from specimen prepa-
ration to final reconstruction. To maximize scientific and practical impact, connectome
mapping must be achievable in a meaningful timeframe.

These three metrics, quality, cost, and time, form what is commonly referred to as the
‘iron triangle’ in project management [75], illustrated in Figure 5.1. The concept highlights
the inherent trade-offs, where improving one objective often comes at the expense of another.
Due to these inevitable compromises, researchers and stakeholders must carefully analyze all
available options to make informed decisions that balance research objectives with resource
constraints.

GOOD

Expensive Slow

Not
sustainable

poor | CHEAP

Quality

Figure 5.1: The Iron Triangle: Good, Fast, or Cheap [76]

Quality, cost, and time function as guiding principles throughout this chapter. In the
following sections, we break down the modeling framework, apply it to the sectioning process,
and identify specific variables that influence each metric at each step.

5.2 Optimization Model Breakdown

The main goal of the modeling framework is to map out how adjustable process variables
impact quality, cost, and time, then find the optimal settings that deliver the best possible
results.

The heart of the model is the brain state and how it transforms throughout the connectome
creation process. Each step subjects the brain to a transformation while also adding to the
time and cost. The state of the brain is ultimately what defines the quality of the connectome.
For example, a torn brain section will result in a lower quality connectome than an intact
one, so steps that might cause tears should be optimized to prevent such damage. The
amount of error of the sample entering the imaging stage effectively sets an upper limit
on the expected quality of the final connectome. Understanding the condition of the brain
before the completed product is crucial for predicting and optimizing the final quality of the
connectome.
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Figure 5.2 illustrates this model. Each brain state represents the condition of the brain at
a given moment, encompassing various properties that change as the tissue progresses through
the pipeline. Each action is characterized by parameters (like blade speed for sectioning) and
outputs an updated brain state while adding to cumulative cost and time. After all actions
are applied, the final brain state determines the resulting quality.

+COST +TIME +COST +TIME QUALITY

Figure 5.2: Overview of Optimization Model

It’s important to note that some brain characteristics change through these transi-
tions—such as shape, size, or physical integrity—while others remain constant, like species or
anatomical region. Both static and dynamic characteristics influence how actions interact
with the tissue and how it behaves after going through the action.

The next section will discuss ways to model the sectioning process, focusing on optimizing
the physical state of the brain before it enters imaging. Future work should address character-
izing the digital brain state, which results from the imaging transition that takes a physical
input and produces a digital output.

For optimal results, the connectome process may benefit from a holistic modeling approach
that considers all stages together. Rather than optimizing each step in isolation, accounting
for their interdependencies could offer better control over overall cost, time, and quality.

5.3 Quantifying Sectioning Performance

Requirements for sectioning are currently loosely defined in the field. In many cases, parame-
ters for this process are chosen based on prior experience, intuition, or trial and error rather
than empirical evidence. However, as connectomics scales, the need for concrete, quantifiable
goals becomes increasingly critical. This section proposes a framework for defining target
values for sectioning-specific success metrics—quality, cost, and time—so that future modeling
and optimization efforts can be grounded in measurable outcomes.

This discussion proposes a set of metrics that should be quantified in practice. Establishing
empirically validated target values and tolerance ranges for each parameter will require future
work, tailored to the specific goals and constraints of the connectome being mapped.

5.3.1 Quality

Having established that quality is a critical metric of success for evaluating connectomics,
we must now define measurable parameters that objectively assess this somewhat abstract
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concept. So how do we quantitatively define the quality of brain tissue after it leaves the
sectioning process?

Since we consistently frame quality in terms of error minimization in our field, a natural
approach is to quantify the specific errors present in sectioned tissue. Quality in sectioned
brain tissue can therefore be quantitatively defined through three primary categories of error
measurements:

1. Structural Integrity: measures tears, folds, and artifacts introduced during sectioning.
2. Material Recovery: measures tissue loss during the cutting process or collection.
3. Dimensional Consistency: measures thickness variation across the section.

These measurements can be formalized into target values that reflect the specific aims of
each connectome effort. These goals guide our optimization efforts as we adjust the sectioning
process to achieve desired quality levels. Real-world processes inevitably contain some degree
of error. However, this doesn’t mean accepting whatever error occurs.

Instead, we should establish tolerance ranges - acceptable error boundaries that balance
quality needs with practical constraints. Within the model, this means optimizing parameters
for every action in the sectioning process to minimize errors while staying within those defined
limits. There’s no justification for expending additional resources pursuing perfection when
we make room for error.

5.3.2 Cumulative Factors: Cost and Time

Quantifying cost and time in the sectioning process follows a straightforward relationship.
Each action has identifiable expenses and durations that, when properly tracked, create a
clear foundation for minimizing resource expenditure. Although the relationship between
actions and their costs is simple, careful documentation becomes crucial as these effects
compound at scale.

Table 5.1 outlines the main cost and time variables relevant to the sectioning process.

Table 5.1: Cost and Time Variables in the Sectioning Process

Cost Variables Time Variables
Diamond blade replacement Cutting duration
Equipment depreciation Reset and calibration time
Machine operating costs Sample collection duration
Labor (manual collection) Downtime due to malfunctions
Maintenance and repairs Setup time between samples
Consumables (e.g., lubricants) Throughput rate

When setting target values for the cost and time of the sectioning process, it’s best to
focus on order-of-magnitude estimations rather than precise measurements. The difference
between projects requiring months versus years is more significant than needing to calculate
down to the millisecond.
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5.4 Sectioning Process Dependencies

Figure 5.3 outlines the relationships between key variables in the sectioning process and the
three performance metrics. The brain volume and slice thickness determine how many slices
are needed, which sets the total blade travel, essentially, how much work the blade must do.
The knife material, blade travel, and cutting speed together influence tool wear. In turn,
travel distance and speed define the overall time required for sectioning. Tool wear affects
cost, particularly due to blade replacement and maintenance. Most importantly, tool wear
also impacts section quality by influencing effective slice thickness and the amount of section
loss. These outcomes can be measured to evaluate the quality of the final data.

Brain State 1 Sectioning Specific Parameters Brain State 2

Knife
Material
Effective

Section

Thickness
Total Blade Travel Tool Wear
Slices Length

Slice
Thickness
Section Loss
Tool Speed

v ¥

Performance Metrics

Figure 5.3: Map of Dependencies Relating Diamond Blade Wear

The following simplified scenarios show how some upstream choices could influence tool
wear. They are not outcomes shown in the dependency map itself, but rather possible
interpretations of the relationships it outlines.

e Increasing section thickness — fewer total slices — less blade travel — reduced wear
e Reducing cutting speed — less tool stress — reduced wear

e Matching embedding stiffness to tissue properties — stable cutting — uniform wear

Tool wear is just one of many interacting factors in the sectioning process, and this repre-
sentation should be expanded to capture the broader system. Although not yet quantitative,
it outlines relationships that future experimental and simulation work can build on to better
understand and optimize sectioning performance.
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Chapter 6

Conclusion

This thesis identifies sectioning as a bottleneck in connectomics. It compiles and analyzes
sectioning failures, identifies their physical causes, and approaches them as solvable engineering
problems rather than inevitable limitations.

These contributions aim to transform sectioning into a reliable process, laying the ground-
work for faster, higher-quality, more scalable, connectome production.

6.1 Key Contributions

Identified sectioning as a bottleneck in scaling connectomics

By analyzing sectioning errors in existing connectomes, this thesis identifies the specific
mechanisms behind tissue defects, material losses, and tool wear. These failures incur
substantial costs. The ATUM system, over-optimized for speed, introduced cracks and folds,
resulting in 28.6% of discarded sections and 25.1% of excluded images in the MICrONS 1
mm? dataset, ultimately wasting 1.5 months of imaging time. Left unaddressed, these failure
modes will become increasingly costly as connectomics scales to larger volumes.

Reframed sectioning as a solvable engineering problem

This work shows that sectioning errors are not random or inevitable consequences of working
with brain tissue. Through rigorous quantitative analysis, we can identify patterns in section-
ing failures, isolate critical variables required for modeling and prediction, and systematically
improve results.

Proposed design and optimization strategies for scalable sectioning

This work identifies three key strategies for advancing sectioning: minimizing cutting forces,
improving collection reliability, and implementing intelligent automation. It also presents a
practical framework to help see how specific process adjustments affect quality, speed, and
cost; replacing intuition-based decisions with measurable, quantitative approaches.
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6.2 Future Work

Tissue sectioning remains one of the least understood and least optimized steps in the
connectomics pipeline, despite its critical importance. This thesis lays the foundation for
the transformation of sectioning into a predictable, high-performance process. The following
areas represent the most urgent and impactful directions for future work.

Tissue Characterization and Predictive Modeling

Accurate mechanical models are needed to predict the sectioning outcomes under varying
conditions. This requires experimental characterization of brain tissue properties like fracture
energy and ultimate yield strength. These data are essential to simulate and understand how
tissue responds throughout all steps of the sectioning process. Such predictive capabilities
would enable the design of optimized sectioning protocols and tooling that reduce error and
improve connectome quality.

Tool and System Redesign

The limitations of current microtome designs constrain both section quality and scalability. A
clean-slate redesign of the sectioning and collection process is warranted—one that integrates
automation, real-time sensing, and innovative cutting mechanics such as guided peeling,
compliant wire slicing, and rotary sectioning. These alternative approaches should be
evaluated based on their ability to reduce cutting forces, minimize defects, and enable reliable,
high-throughput operation. Prioritizing automation and defect resilience from the ground up
will be essential for scaling to larger, more complex datasets.

Optimizing Process Parameters

Once sectioning is sufficiently understood, we can create mathematical models that link key
process variables (e.g. cutting speed, section thickness) to the relevant outcomes: quality,
cost, and throughput. Then, standard optimization methods can be applied to the resulting
formula in order to determine optimal parameters, ultimately saving resources and increasing
the quality of the final connectome. Developing these models represents a critical area for
future research. Such models should initially only take into account sectioning for simplicity,
but should eventually include the entirety of the physical process—from sample preparation
to reconstruction and analysis—in order to maximize efficiency.
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