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ABSTRACT

How Realistic are Synthetic Tomograms?
A Quantitative Embedding-Based Analysis

Joshua P. Blaser
Department of Physics and Astronomy, BYU
Bachelor of Science

Cryogenic electron tomography (CryoET) is a method that biologists use for taking 3D images
of bacteria on the nanoscopic scale. CryoET uses an electron microscope to capture a series of
projections which are then reconstructed into 3D volumes called tomograms. Then, scientists
attempt to identify and label every bacterial structure that can be found in the tomogram. In the past,
the tedious task of labeling cellular complexes was solved by either hand-labeling or very slow and
computationally expensive methods. Recently, the use of deep learning methods (AlI) has proven
to be much more efficient. However, these new adoptions of machine learning have led to the
increase in demand for reliable ground truth data for the purpose of training the models. To provide
such reliable ground truth data (perfectly labeled tomograms), programs are being developed to
simulate synthetic tomograms. Imperfections in such simulated tomograms can cause failures in the
models that they are being used to train. In order to improve the synthetic tomograms, I developed a
method of evaluating how ‘realistic’ they are using an open-source software called TomoTwin to
embed tomograms into a multidimensional latent space. The embeddings of synthetic and authentic
tomograms are then compared using Maximum Mean Discrepancy (MMD). A significant difference
is seen and measured between synthetic and authentic tomogram embeddings. Measuring the
shortcomings of the synthetic data will give rise to specific targets of improvement in synthetic data
generation and aid those developing the high-demand tomogram simulation software. Ultimately,
this will allow for better trained deep learning models to extract valuable information from authentic
tomograms. Doing so may help biologists to better understand the inner-workings of bacteria, fight
diseases, and save lives.

Keywords: Cryogenic Electron Tomography (CryoET), Synthetic Tomograms, Tomogram Realism,
Sub-tomogram Averaging (STA), Particle Picking, Machine Learning, Deep Learning, Embedding,
TomoTwin, Maximum Mean Discrepancy (MMD), Distribution Comparison, Point Cloud Analysis
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Chapter 1

1.1 Introduction: Why Bacteria?

Bacteria are the oldest, most numerous, and arguably the most important life forms on planet Earth.
Your first thoughts might be that bacteria just live in pond water or on your dirty dishes, but they’re
inside you too! Bacteria are essential to digestion, they trigger rain and snow formation, and some
can live miles underground and survive off of energy from radioactive rocks. Bacteria are also
responsible for causing deadly diseases like salmonella, cholera, and tuberculosis.

There is no question as to why bacteria might be a field
of interest among modern scientists. Understanding how
bacteria work has the potential impact of curing disease,
engineering drug targets, and even solving environmental
problems. One species at a time, biologists are seeking to

make molecular models of bacteria cells that accurately

. o represent their functions.
Figure 1.1 Model of Bdellovibrio bac-

teriovorus cell. From the Atlas of Bac- Like most organisms, bacteria are made up of various
terial and Archaeal Cell Structure[1]

structures and ‘machines’, each of which performs specific
functions. Biologists have developed genomic and biochemical methods that kill the bacteria and

have isolated and identified which genes and proteins make up some molecular machines. However,
1
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these methods do not reveal how the molecules are arranged or how they operate within their native
environment.
Richard Feynman, a Nobel Prize-winning physicist, is known to have said that “it is very easy

"’

to answer many of these fundamental biological questions; you just look at the thing!” That raises
the question: How can we ‘look at’ bacteria? Bacteria are so small that not even a powerful light

microscope is able to resolve important details. What can be done?

1.2 Electron Microscopy

Light microscopes use visible light to see samples, which allows users to detect details at about
200 nm resolution. Bacteria, only a few thousand nanometers in length, are only pictured as little
specks through a light microscope (see Figure 1.2a). In 1931, German scientists Ernst Ruska and
Max Knoll developed the world’s first electron microscope[2], which took advantage of the smaller
wavelength of electrons (100,000 times smaller than that of visible light) to achieve a resolution
of about 0.1 nm. The invention of the electron microscope would open science to a world of new

possibilities, including the detailed visualization of bacteria.

(a) Bacteria pictured with a light microscope. (b) Bacteria pictured with an electron mi-
From CSIR- Centre for Cellular and Molecu- croscope. From the Atlas of Bacterial and
lar Biology.[3] Archaeal Cell Structure.[1]

Figure 1.2 Two images showing the difference between light and electron microscopy.
Light microscopy reveals little to no details (just the relative cell shape) while electron
microscopy reveals much finer details like the components and structures contained in the
cell. Note the large difference in scale shown in the bottom corners of the images.


https://www.aaas.org/membership/scientia/development-electron-microscope
https://www.youtube.com/watch?v=JXO9fTOCFj4
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Transmission Electron Microscopy (TEM) is a type of microscopy that produces a beam of
electrons and shoots them through a thin sample. The electrons that have been transmitted and
scattered through the sample are then captured by an electron detector, revealing the physical
details of the sample. These special microscopes require extreme precision and special components,
including several magnetic electron lenses, a vacuum chamber, and an electron gun.

Cryogenic Electron Microscopy (CryoEM)
is a type of TEM that is used to image bacterial
cells. It requires that the sample be frozen by
liquid ethane to create a layer of vitreous ice.

This preserves the cells' natural state, allowing

biologists to study and observe them in a nekigure 1.3 Tank of liquid nitrogen and ethane in

_ _which the bacteria is submerged to create a ash
native, undamaged, and hydrated condition.[¢};en sample of a cell in its natural environment.

The frozen sample is then placed inside Hlsed in CryoEM. From the Atlas of Bacterial and
Archaeal Cell Structure [1]

the electron microscope. Plunge-freezing xes

the specimen in place “fast enough to cause minimal changes to atomic positioning”(Wikipedia).
Electron beams are shot through the sample, the sample is tilted, and a beam is shot again. This
process is repeated until a group of 2D projections (maps of electron scattering density from a 3D
object) called a tilt series have been collected. These tilt series projections are then reconstructed to
form a three-dimensional volume called a tomogram (See Figure 1.4). Collecting tomograms in this

manner is called Cryogenic Electron Tomography (CryoET).


https://www.cellstructureatlas.org/introduction.html
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