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Abstract

Zebra sh are, because of their distinct features, easy to use and often used model organisms
for biological research. To help decrease imaging time for zebra sh larvae, researchers have
developed the Vertebrate Automated Screening Technology (abbreviated to/AST ). This
paper describes a method for zebra sh imaging aimed at high-throughput, high-quality imaging
using the VAST.

The created method uses microscope control through an open source micromanager imple-
mentation and VAST control through Maarten Lamers' VAI-box and the VAST applications'
external imaging functionality to create a two-camera setup for zebra sh imaging. The method
is capable of e cient bright- eld- and uorescent signal image capture for multiple zebra sh,
rotational angels, objectives and positions.

An implementation of the method was able to achieve 300 image captures in approximately
seven minutes after setup through its user interface. Although, among others, ease of use
could still be improved, the proposed method allows for e cient high-throughput, high-quality
zebra sh imaging using the VAST system.



Contents

Contents 3
1 Introduction 1
1.1 Research questions . . . . . . . . . . . . . e 1
1.2 ThesSiS OVerview . . . . . . . . . e e e 2
1.3 Background . . . . ... e e 2
1.4 Disclaimer . . . . . . . e e e e e 3
2 Materials and methods 5
2.1 Zebrash models system . . . . . . . . .. ... 5
2.2 VAST system . . . . . . . e 5
2.3 LEICA MICIOSCOPE . . . . v o i e e e e e e e e e e e e e e e 6
2.4 VAST pipeline . . . . . . . e e e 7
2.5 Computer hardware . . . . . . . . . . 9
2.6 Programming . . . . . . .. e e 9
2.7 Leica Application Suite . . . . . . . L 10
2.8 Manager . . . . .. e e e e e e 10
2.9 Wireshark . . . . . . e 10
2.10 VAST application . . . . . . . . . . e e e 11
2.11 Keyboard and Mouse libraries . . . . . . . . . . . 12
2.12 VAI-DOX . . o e e e 13
3 Design 14
3.1 Requirements from the research questions . . . . .. ... ... ... ........ 14
3.2 Flowchart . . . . . . . e 14
3.3 Methoddesign . . . . . . . . . . . e e 16
4 Results 17
4.1 Designimplementation . . . . . . . ... e 17
4.1.1 Microscope control . . . . . ... 17
4.1.2 VAST control . . . . . . . . . e 17
4.1.3 Ul spoong implementation . ... ... ... .. .. .. ........... 18
4.1.4 External imaging implementation . . . . .. ... ... ... ... .. ... 18
4.2 Results . . . . . . e e e e 18
4.3 WOIrKOW . . . . . e e e e 19
5 Conclusion and discussion 25
5.1 ConcClusions . . . . . . . . e e e 25
5.2 DISCUSSION . . . . o o i e e 25
5.3 FRuture Work . . . . . . e e 26
6 Acknowledgements 28



7 References 29

8 Appendix 31
8.1 Manager conguration le . . . . . . ... ... 31
8.2 VAST command packets . . . . . . . . . . 33
8.3 USBinformation . . . . . . . . . . . 35
8.4 VAl-box documentation . . . . . . . . .. .. 37
8.5 Manual zebrash loadingnotes . . . ... .. ... . .. ... .. ... . ... 40



1 Introduction

This thesis reports on the BSc thesis research as part of the BSc Bioinformatics. The research has
been done in the period March 2023 till July 2023.

1.1 Research questions

To accommodate zebra sh 3D model creation we propose a method for automation of zebra sh
image capture using the VAST Biolmager. We aim to create a method for high-throughput high-
quality zebra sh image capture using the VAST Biolmager as created and distributed by Union
Biometrica [ ] (Section 2.2) and a LEICA microscope (Section 2.3).

We aim to automate alternating image capture between the VAST system's inbuilt camera (the
VAST camera) and the LEICA microscope's Baumer Optronics camera (the microscope camera) at
di erent zebra sh rotations. This allows for better quality and multi- channel image capture, which
could in turn be used for the creation of the zebra sh models described in Section 1.3.
Therefore, this paper will focus on the improvement of zebra sh imaging using the VAST system.
We aim to optimize quality, reproducibility and throughput.

These research aims are summarised in the following research questions:

RQ1: How can the two-camera setup for VAST imaging be optimized to enable high-throughput

and high-quality imaging?

RQ2: How can the measurement of uorescence in VAST imaging be optimized to achieve higher
e ciency?

RQ3: How can a protocol for 3D reconstruction from the VAST using the microscope setup be
developed?

The rst research question RQ1) deals with the creation of a two-camera setup. This term is used
to describe a setup enabling the interplay between the VAST system's camera and a microscope
camera. The concept of this arrangement entails seamless communication and coordination between
the VAST system camera, the camera that is part of the VAST system and used for calibration
and setup, and the microscope camera, used for high quality image capturing and uorescence,
allowing them to operate in tandem. This collaborative setup necessitates a robust communication
framework that e ectively integrates the functionalities of both the VAST system's camera and the
microscope camera.

The second research questiorRQ2 ) deals with multi-channel image acquisition. This research

guestion adds additional requirements to the two-camera setup (the ability to change Iter and

exposure settings) and requests an e cient solution for uorescent imaging using the VAST system.
Enabling e cient capture of uorescent data allows future researchers to normalise said data by
using the surface area and volume calculated from the bright eld 3D zebra sh model.

The third research question RQ3) deals with combining the solutions to the previous ques-
tions into a protocol allowing for automated image capture using both the VAST system and the
LEICA microscope. This allows for high-throughput high-quality multi-channel image capture.
The images created by this process can then be used in the VAST pipeline for the creation of 3D



reconstructions.

1.2 Thesis overview

The remainder of this thesis is structured as follows: in the next part of the introduction (chapter

1) some project background information will be given, followed by a disclaimer (chapter 1.4). In the
following chapter 2 important components for the creation of the method and the way they were
used are described. In chapter 3 the design of the imaging method is discussed. In chapter 4 we
will discus di erent implementations of the design, their results, and their impact on the zebra sh
imaging work ow. Finally, we will present conclusions from our results and discus the limitations

of this research, and propose possibilities for future work in chapter 5. Additional materials can be
found in the appendix (chapter 8).

1.3 Background

Zebra sh (scienti cally named Danio Rerio) is a commonly used model organism. The species has
proven to be an invaluable, widely usable model organism that o ers many bene ts over other model
organisms. One of the key bene ts of zebra sh as a model organism is its high genetic similarity to
humans. Around 70% of human genes have functional orthologues in zebra $h ]. This
similarity means that defects in the zebra sh genome often have the same consequences as in
humans, allowing the study of human diseases (or diseases similar to human diseases) in zebra sh.
A combination of easy reproduction (including external fertilisation), large o spring size[JS09,
(relatively) easy insertion of compoundsH ] and translucence during early life stages further
explains the choice foDanio Rerio as a model organism.

A few examples of recent scienti c research making use of zebra sh as a model organism are
given below:

1. Tuberculosis, a disease caused by bacteria, is a contagious disease which, if not properly treated,
can be fatal for humans. Tuberculosis can be studied in zebra sh by infecting them with a
tuberculosis inducing bacterium such as, for example, Mycobacterium Marinum. Zebra sh
were used to study correlation between transcribed genes and a tuberculosis infection. During
the study there was extra focus on genes related to the immune system. The results can be
used to further study diseases that are induced by mycrobacteria [ ]

2. Heart attacks are a major cause of death in humans. They occur when a blood vessel supplying
blood to the heart is blocked. When the person who su ered the heart attack survives, heart
tissue is irreversibly damaged, which makes them more susceptible to future heart failure
[ ]. Finding a treatment to restore damaged heart cells is a major goal in medicine.
It was discovered that adult zebra sh can, in contrast to humans, regenerate heart tissue. A
protein called Neuregulinl (abbreviated td\rgl) plays a major role in this process ].
Scientists are now investigating whether this protein could potentially repair mammalian
(human) heart tissue.

3. Danio Rerio is also used as a model for human cancer research | ]. Besides their role as
model organisms, zebra sh also have a conserved cardiogenesis compared to humans, meaning
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a wider range of experiments can be done in comparison to mammalian model organisms.
This wider range of experiments in combination with more general advantages such as cost
make the zebra sh an excellent model organism for cancer research.

The research mentioned above makes use of the fact that due to the translucence of zebra sh
embryos, changes in phenotype (usually visualised through uorescence) can easily be assessed. This
process of monitoring phenotype changes is called whole-organism phenotype screeniag (2.
Phenotype-based screening, in contrast to target-based screening, allows researchers to examine
a broader area than just the targeted cells. Since the whole organism is screened for changes,
phenotype-based screening allows for the detection of o -target e ects in addition to monitoring
on-target e ects.

Although whole organism phenotype screening has an advantage over target-based screening,
it is a time-consuming ordeal. In the case of zebra sh, phenotype-based screening requires, among
other things, the correct positioning and rotation of the zebra sh. Getting the zebra sh in the right
position for imaging is not an easy task, since the used zebra sh organisms are very small.

To help decrease imaging time for zebra sh larvae, researchers have developed the Vertebrate
Automated Screening Technology (abbreviated t&AST) [ ].

The VAST system has already been used for improvements in zebra sh visualisation. Using

axial view images acquired by the VAST camera (explained in section 2.2) 3D models of zebra sh

were created { ]. These images are used to calculate the surface area and volume of the
zebra sh.

Although the VAST system was used, image acquisition was very time-consuming, since every image
for the model had to be manually acquired. Each acceptable model requires a minimal amount of 42
axial views, with each view equally distant from the previous rotational position. Usually 84 up to
100 images are used for model creation to guarantee good model qualiy/| ]. Taking the bare
minimum (42) means that the creation of zebra sh models requires at least 42i images { 1.

Model quality could further be improved by switching to a microscope for image acquisition.
This would increase image quality and allow for multiple channels (like uorescence) to be captured.
However, usage of the microscope camera further increase the amount of images that have to be
taken for each organism, since the required images would have to be acquired at multiple positions
(at higher magni cations) with multiple channels. Fori zebra sh, j positions andk channels, a
minimum of 100 i | k axial view images have to be acquired. This is infeasible to do by hand.

1.4 Disclaimer

This thesis came to be as a cooperative e ort between its two authors. Most work has been done
in collaboration, with each author adding to the whole by contributing their distinctive line of
thought on the same problem.

Sybe van Benthum mostly focused on designing the method and perfecting the implementa-
tion for microscope control. Jens van Bijsterveld mostly focused on implementing the designs and



understanding the di erent forms of VAST control. The order in which the author names appear
on the title pages is alphabetical and does not indicate anything additional.

Overall, each author has evenly contributed to the execution and presentation of the research, and
the creation of this paper. The synthesis of the e orts of both authors has resulted in a good design
and a good approach for extending the usage of the VAST Biolmager.



2 Materials and methods

This section deals with important components of the proposed imaging method. Each component
Is discussed together with the way it was used in this project.

2.1 Zebra sh models system

As brie y mentioned before (Section 1.3), research for creating 3D models by using the VAST
system has already been done at Leiden University [ ]

The 3D models were made by rst capturing at least 42 images (each of a di erent angle, sampled
systematically at uniform intervals) of a zebra sh by using the VAST camera, the camera that
is part of the VAST system, used for basic image capture and control of the system. The images
are then preprocessed, segmented, and fed into multiple mathematical equations that return a
3D representation of the zebra sh by using parameterisation. The surface area and volume of the
zebra sh are also determined.

An example of a 3D zebra sh model can be seen in Figure 1.

Figure 1. An example of a 3D zebra sh model created by Guo et al.[ ]

The research by Guo et al. can be seen as the instigation for this paper. Based on their research a
zebra sh pipeline was developed under the supervision of Fons Verbeek. This thesis provides one of
the nal parts of this pipeline. The zebra sh pipeline is further explained in Section 2.4.

2.2 VAST system

In this paper, when the term VAST system is used, it is used as a reference to the VAST Biolmager
as produced by Union Biometrica [ ].

The heart of the VAST system consists of a very thin glass tube called the capillary. The capillary is
placed between two stepper motors that allow it to rotate. Both ends of the capillary are connected
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to tubing, which in turn is connected to a pump. The tubing and pump allow uids (containing

zebra sh) to be pumped through the capillary.

The stepper motors hold the capillary in place in a small plastic container, which is lled with
Milli-Q water during imaging. This submersion in Milli-Q is used to get a constant breaking index
with respect to the glass. A tray light provides light for the laterally placed VAST camera, that
captures the contents of the capillary through a prism.

A schematic illustration of the VAST system can be seen in Figure 2.

Figure 2: A schematic illustration of the VAST system as created by Union Biometrica. The
microscope camera (Microscope camera #2) was not discussed yet in the text. The microscope
camera for this project will be discussed in Section 2.3.

When using the VAST system zebra sh larvae are loaded into the capillary from a multiwell plate
(LP-sampler), falcon tube (default), or petri dish (manual). The zebra sh larva can then be imaged
from all di erent angles and positions by either moving (through the usage of the pump) or rotating
(through the usage of the stepper motors) the zebra sh. This is controlled through the VAST
application (Section 2.10) that runs on a connected personal computer.

Images of the correctly positioned zebra sh can be made by using the laterally placed VAST camera.
An example of an image taken by the VAST camera can be seen in Figure 3.

The VAST system used for this project also comes equipped with the optioBxternal Communi-
cations PackageThis means the VAST system also has TTL ports, which allow for communication
with external devices by sending and receiving TTL triggers. What these triggers are for will be
explained later.

2.3 LEICA microscope

The VAST system schematic (Figure 2) also shows a second, external, camera. In this project the
VAST system is mounted to the stage of a LEICA DM6000 B microscope, equipped with a DFC
450 C (Baumer Optronics) CCD camera. The microscope is suitable for bright eld and uorescence



Figure 3: An example of images taken by the VAST camera.

microscopy. It is eqquiped with a Xeon lamp for providing the excitation wavelengths. For emission,
two lters are in the lIter block:

~

N21, allowing visualisation of green uorescence

~ 13, allowing visualisation of red uorescence

The microscope is equipped with three lenses. The automation process described in this paper has
been created for usage with the lowest available magni cation (2.5x), because a higher magni cation
would require repositioning of the zebra sh subject during the imaging process. The other two
lenses, which might be used in future research improving on this thesis (outlined in Section 5.3),
are lenses enabling 4x and 10x magni cation.

The microscope is controlled by the CTR6000 controller, either through a touch operated panel
with manual controls, or through either the proprietary LEICA Application Suite (Section 2.7) or
through comparable software like Manager (Section 2.8).

2.4 VAST pipeline

The VAST pipeline is a term used to describe a long-term project by Fons Verbeek and others to
create a high-throughput pipeline for 3D zebra sh model visualisation.

The pipeline starts with image acquisition through an interplay of the VAST system (Section 2.2),
the LEICA microscope (Section 2.3) and the VAST PC (Section 2.5). That part of the pipeline,
the last part to be nished, will be provided by the method proposed in this paper.

The acquired images are then processed in the way described by Guo et al. to create a 3D model.
This model will then be uploaded to a user interface designed and implemented Rgsa Zwart

[ ] called the ZVizApp. The ZVizApp will provide users with a dashboard for visualising all
processed zebra sh. The app supports both bright eld and uorescence reconstructions. This is
typically made for the Microscope camera output. Most reconstructions shown are based on output
from the VAST camera. A visual representation of the VAST pipeline can be seen in Figure 4.
Examples from the ZVizApp can be seen in Figures 5 and 6.



Figure 4: A visual representation of the VAST pipeline. Images acquired with the VAST system
and the LEICA camera (both controlled through the VAST PC: Section 2.5) get sent to a server.
The server creates 3D zebra sh models, which are displayed on the ZVizApp.

Figure 5: The ZVizApp homepage as it can be found dtttps://zebrafish.liacs.nl/#/gridTab
The homepage shows all currently available zebra sh models, and allows you to select one for
additional information. This can be seen in Figure 6.



Figure 6: An example of an additional model information page in the ZVizApp. The shown page
contains information about the zebra sh line, imaged channels, derived statistics, contact and
general experiment information. The page also contains the zebra sh model in an interactable
state. The information is derived from the.json metadata les as described byRosa Zwart
[?]. It is important to note that the interface accomodates both Bright Field and uorescence
reconstructions. Most reconstructions currently shown on the ZVizApp are made with the VAST
camera and therefore lack this information. The VAST camera reconstructions are used as control
reconstructions.

2.5 Computer hardware

As can be seen in the schematic representation of the VAST pipeline (Figure 4), the VAST system
and LEICA microscope are both controlled by a computer. This computer, which we will call the
VAST PC, is running Windows 10 and is equipped with two monitors.

The VAST PC is connected to all important hardware components. The main distinction is
between the VAST camera and the microscope camera. The microscope camera is directly con-
nected to the VAST PC, but the microscope itself is controlled through a CTR6000 controller. The
nature of the connections is listed below.

" Firewire connection with the DFC 450c microscope camera
Ethernet (GIgE) connection with the VAST camera

~ USB connection with the CTR6000 controller

USB connection with the VAST Biolmager

USB connection with the VAI-box (explained in Section 2.12)

2.6 Programming

For the implementation of our design, we chose the programming language Python. Mainly because
it 0 ers a APl to communicate with the microscope through Manager. Also, Python programs can
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often intuitively be read, meaning they should (within reason) be accessible for scientists without
extensive programming experience.

Python further allows easy installing and importing of modules, which makes usage of, for example,
Keyboard and Mouse (Section 2.11) convenient.

2.7 Leica Application Suite

Leica Application Suite (or LAS for short) is the proprietary, closed-source, microscope control
software provided by LEICA.

Although LAS allows for complete control over the LEICA microscope, it does not allow automation.
When using LAS, every action (changing a Iter, capturing an image, changing the objective) needs
to be done by pressing the buttons in the user interface. This is, unfortunately, not high-throughput.

Throughout the project, LAS was used as a reference. It showed the di erent microscope functions
that could be controlled through the CTR6000 controller and was used as a point of comparison
for the images captured by our method.

2.8 Manager

Manager is an open source equivalent to LAS (discussed in Section 2.7). TiManager repositories,
which are hosted on GitHub | ], contain a wide variety of implementations, ranging from
completely user focused (with a graphical user interface) to completely developer focused (with an
API).

For this project, we opted for the pymmcoreplus (short for Python MicroManager Core Plus)

implementation of Manager, an extension of thggymmcore module, which allows access to the
Manager C-core through a python API. The choice for a developer-oriented implementation

enabled automated microscope control without the need for a traditional graphical user interface.

Since Manager can be used for many di erent types of microscopes, a con guration le is

needed. This con guration le speci es the capabilities of a speci ¢ microscope, thereby telling

micromanager what can be controlled through the CTR6000 controller.

The con guration le for this project's LEICA DM6000 B microscope was made by comparing

options in LAS to di erent options in the Manager con guration le creation wizard in the
Manager user interface. Con guration les can also be made by hand. The con guration le

syntax can be found on the Manager website [Vic].

The con guration le used for this project (and by extension, for the method proposed in this
paper) can be found in the Appendix (Section 8.1).

2.9 Wireshark

Wireshark is an open-source packet sni er. A packet sni er is a tool that is used to examine trac
over di erent computational communication channels (WiFi, USB connections, etc.).
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Wireshark (together with similar tools like USBPCap and Device Monitoring Studio) was used in
an attempt to reverse engineer communication between the VAST application (Section 2.10) and
the VAST system (Section 2.2).

The reverse engineering process was ultimately unsuccessful because of a closed source (Cypress)
driver. Some artifacts from the reverse engineering process like, for example, a list of packets and
matching commands and a list of USB information, can be found in the appendix (Sections 8.2
and 8.3).

2.10 VAST application

The VAST application is an application for controlling the VAST system, provided by Union
Biometrica. Like LAS (Section 2.7), the VAST application allows for full control of the VAST sys-
tem but is unfortunately not scriptable. An example of the VAST application can be seen in Figure 7.

Central to the VAST application is the live VAST camera stream that displays the capillary.
While looking at this stream buttons can be used to for example, position, rotate or image the
capillary (and its contents).

Figure 7: An image capture taken while using the VAST application as created by Union Biometrica.
The VAST application displays the full range of control options for the VAST system, together
with a livestream from the VAST camera.

The VAST application also has some more complicated functions, like, for example, zebra sh
loading. Zebra sh loading is supposed to be an automated process, where the only user interaction
is the button LOAD. The VAST application should be able to use prede ned templates to recognise
zebra sh, and thus make the distinction between air bubbles, debris, and imaging subjects.
However, during our usage of the VAST application, this zebra sh recognition function was far from
perfect. It kept classifying zebra sh as bubbles, and thus discarding them. The only way to allow
a zebra sh to remain in the capillary was to prematurely abort the loading operation while the
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zebra sh was visible on the camera stream. We call this process manual loading. Manual loading is
described in Section 4.3.

Another more complicated function of the VAST application is theExternal Imaging functionality.
The external imaging menu allows users to de ne the actions that should be taken by the VAST
system upon receiving TTL triggers.

An example of the external imaging menu can be seen in Figure 8.

Figure 8: An example of the VAST applications external imaging menu, which can be found under
Imaging/Imaging with an external device in the VAST application's main screen (Figure 7).

As can be seen in Figure 8, the external imaging menu consists of a table and some additional
options. The table lists actions corresponding to received triggers from top to bottom. When
external imaging is activated, the actions in the top row will be executed. When the rst trigger is
received, the second row will be executed. This goes on until all rows have been executed.

Although it was rst attempted to completely circumvent VAST application usage in the -
nal method (by reverse engineering VAST application commands using Wireshark, Section 2.9)
both nal implementations use the VAST application.

2.11 Keyboard and Mouse libraries

Keyboard and Mouse are two (suitably named) Python libraries for controlling a computer's
keyboard and mouse. This allows programmers to spoof user interaction, thus automating user
interface usage. Both libraries are open-source and hosted on GitHub [ 11 ]

The Keyboard and Mouse libraries were used in the Ul spoo ng implementation (Section 4.1.3) to

press buttons in the VAST application, thereby automating VAST control. The external imaging
implementation does not use Keyboard and Mouse, since it does not need spoo ng of user interaction
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to work. The Ul spoo ng implementation, which does use Keyboard and Mouse, was used for fast
prototyping.

2.12 VAl-box
The VAI-box (VAST Arduino Interface box) is an Arduino UNO created by Maarten Lamers.

Since the VAST PC does not have TTL ports, a way to convert TTL triggers to serial com-
munication was needed. To accommodate this, the VAI-box acts as an interpreter between the
VAST system's TTL ports and the VAST PC's USB port.

The VAI-box GPIO pins are connected to the in- and output TTL connectors on the VAST system.
The VAI-box is also connected to the VAST PC by USB connection. Power is supplied through a
power supply. A schematic view of the wiring can be found in Figure 9.

Figure 9: A schematic representation of wiring between the VAI-box, VAST PC, VAST system and
the power grid. The VAI-box documentation can be found in the appendix (Section 8.4).

If the VAI-box receives a trigger from the VAST system (GPIO pin 2 becomellIGH, the VAI-box
sends a messagd() to the VAST PC using serial communication. The VAI-box can also be used
to send messages back to the VAST system. By sendiig, the VAI-box will send a trigger to the
VAST system's TTL Input 1. By sending TS the VAI-box will send a trigger to the VAST system's
TTL Input 2.

The VAl-box was necessary for usage of the external imaging implementation 4.1.4 in order
to facilitate communication between the VAST PC and the VAST system.
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3 Design

We will now describe the process of designing a method that combines components from Section
2 into a workable approach for high-quality high-throughput image acquisition using the VAST
Biolmager.

In practice, designing the method required designing an overarching application for controlling
both the VAST system and the LEICA microscope with as little user interaction as possible.

3.1 Requirements from the research questions

Before starting work on the design, it was necessary to take inventory of all requirements and
restrictions we had already de ned in the research questions.

As discussed, research question 1 mainly deals with e ective communication between the VAST sys-
tem and the LEICA camera. E ectiveness for imaging sets speci ¢ requirements for both microscope
and VAST control.

E ective microscope control would mean an implementation that could autonomously capture
images. This would mean control over light, objectives, table height and camera actions. E ective
VAST control would mean complete control over relevant VAST actions for zebra sh positioning.
These are the rotate, pump and move options.

Research question 2 extends upon the requirements from research questions 1 by adding multi-
channel imaging (uorescence imaging) to the requirements. This means an extension on the
microscope features mentioned above. Control over diaphragms, Iters and exposure time are added
to the requirements.

VAST control requirements are also extended with control of the traylight. In theory, bright eld
LEICA images would be possible with and without the traylight, but an active traylight during
uorescence imaging would negate any uorescent signal.

Research question 3 deals with combining the previous research questions into a single workable
solution. This solution should rst capture images with the VAST camera. These images will be
used to create a control reconstruction. Afterwards, the microscope camera will be used for image
capture. Since the microscope has better lenses and is able to capture uorescence, these captures
will be used for creating the desired reconstructions (with gene expression information).

3.2 Flowchart

To help in implementing the method, a owchart was created. This owchart contains a walk
through the nal approach. Blue boxes represent actions taken by the VAST system, while red
boxes represent actions taken by the LEICA microscope. The coloured containers in the background
are the states that need to be kept by the VAST PC.

The owchart can be found in Figure 10.

Using the owchart, an initial design of the resulting GUI could be made. This design shows what
controls are required, and uses grouping and continuity derived from the owchart to depict the
expected ow. This GUI design derived from the owchart can be seen in Figure 11.
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Figure 10: The owchart depicting the nal design of the imaging method proposed in this paper.

Figure 11: The initial design for the GUI accompanying the nal implementation. It shows the
grouping of buttons and the expected control ow. White buttons require information about the
process as a whole, for example, the amount of sh that are to be imaged, or which channels to use
for imaging. Green buttons require user interaction. These buttons are used for processes needed to
prepare for autonomous imaging. The red button starts the automated imaging procedure.

15



3.3 Method design

Using the requirements set by the research questions, and the crude design shown in the owchart
(Figure 10), pseudo-code for the automated imaging process was created. This pseudo-code is shown
below.

For f in fish # Repeat procedures for each fish that needs to imaged
For r in rotations # For each rotation (between 42 and 240)
Do rotate(r) # Move the subject to the correct angle using the VAST
Do VAST .imaging # Image the subject using the VAST camera
For o in objective # For each objective we want to use
Do LEICA objective(o) # Switch the current objective
Do LEICA height(o) # Switch to the optimal height for objective o
For p in positions # For each position needed for that objective
Do move(p) # Move the subject to the correct position
For r in rotations # For each rotation (between 42 and 240)
Do rotate(r) # Move the subject to the correct angle using the VAST
For c in channels # For each imaging channel we want to use
Do LEICA imaging(c) # Image the subject using the LEICA camera
Do create_metadata(f, o, p, r, channels)
Do save metadata() # Save metadata for these captures

From this pseudo-code design, it was concluded that for maximum coherence and minimum
dependency, interaction between the VAST system and the LEICA microscope was not necessary.
It is su cient for both systems to communicate with the VAST PC, which will keep track of the
current place in the program, and send commands to either system if an action is required.

This state machine approach was required, since our tests pointed out that direct VAST control
through code would be nearly impossible, meaning the VAST application would need to be used
as preparation for the imaging procedure. Prototyping (using the Keyboard and Mouse libraries:
Section 2.11) pointed out which preparations a user should do before the automated process could
take over.

Using the owchart, GUI design and pseudo-code as a guide, two di erent implementations were
made (Section 4.1). Each implementation uses the ow as described in the owchart and pseudo-
code, but a di erent kind of VAST control. The Ul spoo ng implementation (Section 4.1.3) was
used for fast prototyping of the eventually created external imaging implementation (Section 4.1.4).
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4 Results

4.1 Design implementation

Implementing the design found in the owchart (Figure 10) was done in multiple steps. First of all,
classes for executing microscope actions and VAST actions were created. Then, two overarching
iImplementations were created. The Ul spoo ng implementation (Section 4.1.3) was used for
prototyping. The external imaging implementation (Section 4.1.4) was made as an improvement on
the Ul spoo ng implementation.

4.1.1 Microscope control

For implementing control of the LEICA microscope, we used theManager implementationpymm-
core_plus (Section 2.8) and the con guration le (Section 8.1). We implemented this combination in
a specialised classMicroscopeManage) containing functions speci cally designed for controlling
the LEICA DM60000B through the CTR6000 controller.

The MicroscopeManagerclass allows for easy control of the LEICA microscope without having to
rely on complicated labels as found in the con guration le. The class was implemented in such a
way that changing the class attributes prightness , light , lens, objectives ) directly results in
changes in the underlyingpymmcoreplus class, thus resulting in physical changes on the microscope.

The class functions ¢witch _filter |, switch _objective , snap_picture ) allow for easier implemen-
tation of microscope control in the main code by applying changes to multiple class attributes
(like for example turning on the light, then snapping a picture), but also by checking if requested
changes are valid. This makes the implementation more robust and allows for less mistakes during
code execution in the overarching implementations.

The le containing the MicroscopeManagerclass can be found in the paper's GitHub reposi-
tory [ ]. The class makes use of a con guration le with some information extracted
through trial and error. This le can also be found in the GitHub repository [ ].

4.1.2 VAST control

Control of the VAST system was rst attempted through reverse engineering VAST application
(Section 2.10) commands through Wireshark (Section 2.9). Sending the found commands over the
USB connection would, theoretically, allow for headless VAST control.

VAST control was eventually established through the VAI-box (Section 2.12). Communication with
the Vai-box was implemented through the Python moduldySerial in a class {/astManage).

The VastManager class connects to the VAI-box by scanning all available COM ports for a
device with a matching description eld (Arduino UNQ. Once the correct COM port is found, a
serial connection is established using a baudrate of 115200.

The VastManagerclass also has helper functions for, for example, waiting until a message is received

by the VAST PC (listen _for _response, printing the current VAI-box settings (get _settings ),
and sending the \Send pulse to Input 1" command to the VAI-box {rigger _vast).
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The le containing the VastManagerclass can be found in the paper's GitHub repository/| ]

4.1.3 Ul spoo ng implementation

The rst overarching implementation that was created was the Ul spoo ng implementation. This
implementation combines microscope control through th#licroscopeManagerclass with auto-
mated VAST control by spoo ng Ul interaction through the Keyboard and Mouse Python modules
(Section 2.11).

The Ul spoo ng implementation can be found in the GitHub repository [ ]

4.1.4 External imaging implementation

The Ul spoo ng implementation returned great results, but also had some downsides (described
in Section 4.2). The second overarching implementation, the External imaging implementation,
improved on the Ul spoo ng implementation by combining microscope control through the
MicroscopeManagerclass with VAST control through the VastManagerclass and VAST application
external imaging functionality (Section 2.10).

Usage of the external imaging functionality requires the ability to send and receive triggers,
which was handled throughvVastManagerand the VAI-box, and the ability to create a text le with
actions for each trigger. The external imaging implementation manages the creation of the text le.
This is done by creating a le with all required data entries based on the amount of objectives and
uorescent channels that should be used during imaging.

Since (like the Ul spoo ng implementation) the external imaging implementation still requires
some form of user interaction, a small user interface was made for ease of use. This user interface
does nothing more than enforcing the order of operations, and is not a nal application, but more

a proof of concept.

Both the external imaging implementation code and user interface can be found in this paper's
GitHub repository [ ][ ]. The complete work ow for using the external imaging
implementation is described in Section 4.3.

4.2 Results

As mentioned in Section 4.1.3, one of the two nal implementations (the Ul spoo ng implementa-
tion) does have some drawbacks. They are listed below.

First of all, the Ul spoo ng implementation has a xed set of not automated prerequisites before
execution. Before deploying the Ul spoo ng implementation the target directory for the VAST
camera image acquisition should be empty. This is done by either emptying the default target
directory or changing the target directory by saving a picture to a di erent directory before
executing the python script. Another prerequisite is that the VAST system's traylight should be
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turned on at the start of the process. Since the traylight is controlled by a toggle box, the python
application does not know its state, so it assumes the traylight as on at the start of the script.
The last prerequisite to using the Ul spoo ng implementation is that the VAST application should
be maximised in the leftmost screen. Since th@ouselibrary uses coordinates to click certain
buttons, the positions of relevant Ul elements should be constant. By always having the VAST
application maximised on the left-most screen, this is achieved.

The second disadvantage, after the prerequisites, is that the Ul spoo ng implementation is not
as headless as we would have liked. This means that movement of the mouse at an inopportune
moment can disrupt image acquisition. This means that, since the mouse and keyboard are used,
the computer cannot be used during image acquisition.

The second functional implementation, the external imaging implementation, does not su er
from these drawbacks. However, it does require a little more user interaction than the Ul spoo ng
implementation, since relevant steps in the VAST application, like for example loading the external
imaging le, are not automated.

By using the external imaging application, images were acquired from a Fli GFP zebra sh (a ze-
bra sh with green uorescent proteins in the cardiovascular system). Figure 12 shows a compilation
of 100 bright eld images acquired through the VAST camera. Figures 13 and 14 show compilations
of the same positioning taken with the LEICA microscope, using bright eld and uorescence
(respectively). A single uorescent channel capture can be seen in Figure 15. All images were taken
in approximately 7 minutes, which would not have been possible by hand.

It can be seen that the LEICA captures (Figure 13) has a better resolution than the VAST camera
(Figure 12). This is the reason for using the VAST camera reconstructions as a control for the
LEICA camera reconstructions.

Figure 12: A compilation of 100 bright eld images of a ea zebra sh acquired by the VAST camera
during execution of the external imaging implementation.

4.3 Work ow

This section will describe the work ow that was used to acquire the images shown in the section
above (Section 4.2).
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