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Abstract

Neutrophils are one of the first responders to tissue damage and are essential to the innate
immune system. Using microscopy, it was found that the TLR3 and MyD88 genes play a
role in the regulation of neutrophil migration in zebrafish. However, the exact underlying
mechanisms of neutrophil movements are unknown.

In order to gain insights in the movements of neutrophils, it helps to visualize their
trajectories. Several software tools exist for visualizing microscopy images. However, these
tools are not perfect for the task of visualizing neutrophil trajectory over time in 3D space.

This thesis provides a tool for the 3D visualization and annotation of cell trajectories
over time, called ZebraVishualizer. The tool helps to gain a better understanding of the
movement of neutrophils in zebrafish by providing a clear visualization of their trajectory. In
addition, ZebraVishualizer can be used for manually improving cell annotations. This improved
trajectory could be used for further research, such as training a deep learning algorithm. The
tool can also be used for research on other cell types.
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1 Introduction

1.1 Zebrafish

The zebrafish (Danio Rerio) is a freshwater fish from the Cyprindae family and of the order
Cypriniformes. The zebrafish is native to South Asia, where it lives in stagnant to moderately
flowing clear water of shallow depth and near neutral pH | |. Zebrafishes are often kept in
aquariums, due to their aesthetics, wide availability, cheap price and playful nature | ].

Zebrafish is a popular vertebrate model organism used in a multitude of research fields, such

as developmental biology, drug development and genetics | I Il ]. It possesses
many qualities that are useful for scientists.
First of all, zebrafish can reach a high population density of up to five fish per liter [ ]. In

addition, female zebrafish can lay up to 300 eggs per week, leading to a quick reproduction cycle.
Because of this, it is easy and cheap to obtain the amount of fish needed.

Zebrafish embryos are large and robust and develop rapidly. They are also able to develop outside
of the uterus and are transparent. In addition, their size remains nearly constant during early
development | |. This makes it possible to use non-invasive imaging techniques from fertilization
until later development, in order to obtain high-resolution views of cellular and subcellular processes.
Furthermore, zebrafish exhibit physological and genetical similarities to humans and other mammals.
Approximately 70% of all human genes have at least one zebrafish orthologue | ]. The full
zebrafish genome has been sequenced and several well-characterized zebrafish mutant strains are
readily available, making them even more useful.

The combination of these unique attributes makes the zebrafish a valuable model for a broad range
of scientific research.

1.2 Inflammation

Inflammation is the response of the body to pathogens, damaged cells or other harmful stimuli. It
is part of the innate immune system. The goal of inflammation is to maintain homeostasis of the
damaged tissue by eliminating the cause of the injury, repairing the damaged tissue and removing
cell debris [ ].

Usually, inflammation is acute. This means that the inflammation is temporary and ceases after
the repair process has started. Acute inflammation starts shortly after an injury and doesn’t last
more than a few days.

Acute inflammation is started by immune cells that are already present in the damaged tissue.
These cells use pattern recognition receptors (PRRs) for recognizing pathogen-associated molecular
patterns (PAMPs) and damage-associated molecular patterns (DAMPs) | |. PAMPs and
DAMPs are molecules that are associated with pathogens or damaged cells respectively.

Toll-like receptors (TLRs) are a prominent type of PRR in regulating the inflammatory re-
sponse | Il |. TLRs trigger the production of cytokines after sensing PAMPs. Cytokines
are a category of small proteins that attract immune cells. An example of a TLR is TLR2, which
recognizes bacterial liposaccharide. All TLRs, except TLR3, use myeloid differentiation primary
response 88 (MyD88) as an adapter to connect to proteins that relay signals inside of the immune

cell [ I ).



By recognizing these PAMPs and DAMPs, the immune cells get activated. Upon activation, the
immune cells will release variety of inflammatory mediators. These mediators will initialize the
immune response, which contains a vascular and cellular component | .

The vascular component involves an alteration of the local vasculature | ]. Macrophages and
mastocytes release mediators that increase the permeability of blood vessels, allowing blood plasma
to flow from the vessels into the infected tissue. The plasma contains several antimicrobial mediators
such as antibodies, which can immediately attack pathogens. In addition, several clotting mediators
are released that will provide a structural scaffolding that aids in repairing the damage.

The cellular component is characterized by leukocytes, a type of white blood cells. These cells aid
the inflammation in several different ways. Some leukocytes release enzymatic granules that damage
pathogens. Many leukocytes ingest and destroy viruses, bacteria and cell debris by phagocytosis.
Leukocytes also help develop and maintain the inflammation by releasing mediators.

There are 4 possible outcomes for acute inflammation | ]:

1. Resolution: The damaged tissue is fully restored to its original state. This is usually the
outcome of a limited inflammation.

2. Fibrosis: The damaged tissue cannot be regenerated completely. Instead, scar tissue will be
formed. This tissue does not contain specialized structures and thus may lead to functional
impairment. This is often the outcome when there was damage in a tissues that can’t
regenerate or if the amount of damage was very large.

3. Abscess formation: A cavity is formed. This abscess contains dead bacteria and white
blood cells and other cell debris.

4. Chronic inflammation: If the inflammation persists for to long, it can turn into a chronic
inflammation. Chronic inflammation is caused by a large amount of macrophages. These
macrophages try to remove pathogens by releasing toxins. However, in case of a chronic
inflammation, these toxins also hurt the organisms own tissue. Because of this, chronic
inflammation often leads to tissue destruction. Chronic inflammation can last many days or
months and even multiple years.

1.3 Neutrophil Migration Behaviour

Neutrophils are the most abundant white blood cell in the human body, they make up approximately
50-70% of all white blood cells. They are one of the first types leukocyte to be recruited towards
tissue damage | ].

At the site of injury, the neutrophils will release cytokines in order to recruit more immune
cells | ]. In addition, neutrophils directly attack pathogens. They do this in three different
ways | |:

e Phagocytosis, the eliminating of microbes by ingestion.

e Degranulation, the release of several anti-microbial proteins.

e Generation of neutrophil extracellular traps (NETs) that trap and kill extracellular mi-
crobes | ].



Neutrophils are able to migrate towards the site of inflammation because of chemotaxis via amoeboid
movement | ]. Receptors on the cell surface of the neutrophils, such as PRRs, detect chemical
gradients of PAMPs, DAMPs and cytokines. These gradients are used by the neutrophils to direct
their path towards the injury.

Neutrophil movement is often studied in mice or in zebrafish larvae. Zebrafish are useful because
of their transparency, making it convenient to use transgenic lines that fluorescently label neu-
trophils so that they can easily be tracked | ]. In some cases, neutrophils aggregate at the
surface level of tissue, which makes the thin tissue of mouse ears a good option for research | ].

When aggregated near the surface level, neutrophils are often migrating in a highly coordinated
way, called neutrophil swarming [ |. In order to be able to move coordinated, neutrophils
communicate between each other using homotypic communication, as well as with other leukocytes
using heterotypic communication. Neutrophil swarming is categorized in five different phases:

1. Initiation: Neutrophils near the injury switch from random to chemotactic movement and
use chemical gradients to move towards the injury | ]

2. Amplification: These first “pioneer” neutrophils rectruit more neutrophils by releasing
cytokines | .

3. Additional amplification through intercellular signalling: Even more neutrophils are
attracted towards the site of inflammation by intercellular communication using leukotriene
B4 (LTB4) | .

4. Aggregation and tissue remodelling: The neutrophils form aggregates that help in
creating a wound seal that isolates the inflammation site from other tissue | ]. The
neutrophils in these aggregations show less movement than in the first three phases. The
exact mechanisms of this phase are unknown.

5. Recruitment of myeloid cells and resolution: With the resolution of the inflammation,
the aggregates resolve. Myeloid cells move towards the inflammation site and release signals
attracting neutrophils, leading to less aggregation. Not much is known about how this process
is regulated.

1.4 TLR2 and MyD88 involvement in Neutrophil Migration

Hu et al. | | found that TLR2 and MyD88 are involved in regulating the behaviour and
speed of neutrophils and macrophages as a response to tail wounding in zebrafish. This conclusion
is the result of the following experiment.

First, the t1r2°¢19423 and myd88m3568 zebrafish mutant lines were identified | I ).
These mutants have truncated versions of the TLR2 and MyD88 genes respectively. The mutants
were crossed with the double transgenic line Tg(mpegl:mCherry-F); T¢BAC(mpz: EGFP), so that
they have green GFP fluorescence in neutrophils (due to T¢BAC(mpz: EGFP)) and red mCherry
fluorescence in macrophages (due to Tg(mpegl:mCherry-F)) | I ].



This resulted in zebrafish that have either a non-functional TLR2 gene (t[r27/~) or MyD88 gene
(myd88_/ ~) and express fluorescence in neutrophils and macrophages. Wild-type zebrafish of the
double transgenic line were used as a control group (t72+/*, myd88*/*). The caudal fins of these
zebrafish were wounded three days post fertilization (dpf) at the site indicated in Figure 1.

Figure 1: Drawing of a zebrafish. The red dashed line indicates the wounding site. The black square
is approximately the imaged area. | ]

Time-lapse imaging was performed on wounded and unchallenged 2dpf larvae of both groups using
a Leica MZ16FA fluorescence stereo microscope equipped with a DFC420C color camera using
a 20x objective (N.A. 0.75). During 120 minutes, images were taken each minute at 8 different
depths in the sample.

The images were used for cell tracking. Cell tracking was either done manually by using a plugin
from Fiji | I | or automatically with the Viterbi Algorithm | ]. A number of
variables were calculated using the manual tracking data, such as the distance to the wound and
the mean speed. A statistical analysis was performed on these variable. This analysis showed that
TLR2 and MyD88 are both essential for the directed migration of neutrophils and macrophages
towards the wounded tissue.

1.5 Related Work on Tools for Visualization

In order to better understand the migration of neutrophils, research is done towards their trajectories
in response to wounding, such as in the research of Hu et al. | |. Experiments like these
often yield information about the neutrophils in the form of microscopy imaging.

These images are challenging to interpret without any processing, because of several reasons.
First of all, neutrophil migration is a process that takes place in three dimensional space over
a certain time period (3D + Time space). Therefore, images are made of different layers in the
sample as well as at different time intervals. It is hard to get a clear overview over all these
dimensions without any processing of the images. Secondly, there are often multiple cells visible
at the same time, which makes it difficult to keep track of a singular cell over all the different images.

In order to make it easier to understand data like this, a multitude of software tools was made.
One such tool was made by Zhe Deng | |. This tool creates a 2D visualization of neutrophil
and macrophage trajectory, using data from an experiment similar to that of Hu et al. | .
This visualization shows the trajectories as lines and cells as dots. In addition, there is a static
module. This module contains static images of each path and statistics about the paths.

This visualization gives a good overview of the trajectories of the cells and makes it easier to
interpret the data. However, the visualization is in 2D, while the cells move in 3D space. Therefore,



it does not give a complete representation of the trajectories.

Another tool for visualizing neutrophil trajectory is Zebrafishualizer by Robert Gijsbers | ].
Zebrafishualizer is an interactive 3D video of neutrophils from the microscopy images of Hu et
al. | |. Zebrafishualizer first creates object meshes of the cells in the images, which are then
rendered in an interactive environment. The visualization allows the user to move freely between
the cells so that they can be viewed from any angle.

The tool makes it easy to view the neutrophils close-up from many different sides. However, the
animation does not include a visualization of the trajectories of the neutrophils. The object-
based method that was used results in a poor space complexity, because all object-files need to
be saved. In addition, it makes it difficult and time consuming to create new animations of other data.

There also exist more generalized software for visualizing microscopy imaging. A notable example
of such a program is ImagelJ | |. ImagelJ is a tool for the processing and analyzing of scientific
images. The tool provides many techniques, under which segmentation and tracking. There are
many plugins which can be used that provide even more options behond the basic functionality.
ImageJ is open source, which makes it easy to create new plugins.

ImagelJ is also able to visualize data in both 2D and 3D. However, since ImageJ is mostly meant for
processing, it is difficult to create an interactive animation. In addition, ImageJ can be overwhelming
when needed for only one specfic purpose, because of its large amount of options.

1.6 Goal of the thesis

The goal of this thesis is to create a software tool that is able to visualize the trajectories of
neutrophils in 3D space. The trajectories are visualized in an interactive 3D animation. The user is
able to view the cells from all possible angles in order to get a good overview of their locations
and shapes. The visualization is animated so that the movement of the neutrophils through time
can be observed. The tool can import and show trajectories from an external source. The accuracy
of these trajectories can be improved by adjusting the annotated locations of cells. In addition,
new trajectory data can be created for unannotated neutrophils. Despite the tool being built for
specifically data about neutrophils, data in the same format about other cell types can be used as
well.

This tool will help biologists in understanding the movement of neutrophils and other types of cells
by giving a clear view of their trajectories. In addition, the tool can create and improve trajectory
data which can be used in future research, for example for training a machine learning based
tracking method.

The tool is named ZebraVishualizer, as a combination of the model organism that was used for
obtaining the data and its use case of visualizing this data.

1.7 Thesis overview

First, chapter 2 describes the materials and methods that were used to create a tool for visualizing
and annotating cell trajectories. Then, chapter 3 shows and explains the workings of the resulting
software ZebraVishualizer. Finally, chapter 4 concludes the thesis by discussing the advantages and
shortcomings of the tool and provides suggestions for further enhancements and research.



The code and data that was used for and created by this thesis can be found at https://github.
com/luckey-Luuk/ZebraVishualizer_annot3d

2 Materials and Methods

2.1 Data

The data that is used in this thesis was obtained by Li et. al | |. Tail wounding was
conducted on 3dpf zebrafish and images were taken using the same method that Hu et. al | ]
used. However, only the neutrophils are shown in green GFP fluorescence, the macrophages are not
visible. A feature weighted tracking method was used on this data.

The data consists of 120 tagged image file format (TIFF) files, a flexible format for the storage of
images. Each TIFF file contains an eight-layer 3D stack of images taken from different depths in
the zebrafish sample at a certain time step. The interval between layers is 5~6um, the thickness of
the zebrafish tails was 35~42um. The images were taken at a time interval of one minute over the
course of 120 minutes. This results in data of the size (512, 512, 8, 120), corresponding to the axis
(X, ¥, 2, t). Nine of these time-lapse series were taken.

Several pre-processing methods were used in order to improve the image quality. First, the contrast
was enhanced in order to highlight the cells. However, background noise was enhanced as well and
thus a median filter was used for denoising. Subsequently, the cell surface was smoothed by applying
a Gaussian blur. The effects of these pre-processing steps can be seen in Figure 2. Because the data
has only 8 layers on the Z-axis, it is difficult to observe movement along this axis. Therefore, linear

interpolation was used twice to increase the amount of layers on the Z-axis to 29, resulting in a size
of (512, 512, 29, 120) | ]

(a) (b) (c) (d)

Figure 2: The image preprocessing steps. (a) An unprocessed image. (b) Image with enhanced
contrast. (c¢) Denoised image. (d) Image smoothed with Gaussian blur. | ]

In order to identify the positions of the different cells, a 3D U-Net segmentation model was
used | ]. The 3D U-Net generates new TIFF files in which each cell has been given a cell
ID, by giving all pixels that belong to the same cell the same colour value. Because of this, the
image loses its original colours and instead becomes black-and-white as seen in Figure 3. The new
files are called masked TIFF files.


https://github.com/luckey-Luuk/ZebraVishualizer_annot3d
https://github.com/luckey-Luuk/ZebraVishualizer_annot3d

Figure 3: The 15th layer of the first TIFF file from time lapse 20190701--2 after preprocessing
and segmentation. The cells are not colored green anymore, instead they each have a unique integer
value as their cell ID. This is the result of the segmentation.

The cells were tracked by a feature weighted algorithm. This algorithm uses three different cell
features in order to calculate which cell on the next frame is most likely to be the same as a cell
on the current frame. The trajectories are stored by linking the cell indexes of similar cells frame
by frame. The trajectories of all nine time-lapses are saved in this way in a .pkl file and can be
indexed by the interval name. The trajectories are saved as a list of tuples. Each tuple contains
three values: the cell ID on the current frame, the current cell ID and the cell ID that this cell was
linked to on the previous frame. This .pkl file can be used in combination with the masked TIFF
files in order to obtain the actual trajectories.

2.2 Forked Code

A tool for manual 3D cell tracking that was made by Aaron Bos | ] was used as the basis of
the code for ZebraVishualizer.
This tool is in turn based on Annot3D | |. Annot3D is an interactive tool for annotation of

3D TIFF volumes. TIFF files are visualized in an isometric view using volume rendering, as well
as in a planar view. Annot3D is supposed to generate semi-automated binary annotations using
U-NET predictions. However, its development has not finished, so this is not yet fully functional.
The tool made by Bos | | is meant for annotation of cell trajectories in 3D TIFF files. The
tool uses TIFF files similar to the ones used by ZebraVishualizer. Trajectories are annotated by
clicking on cells in the “Render View” and can be easily saved for later use or exported. However,
annotation can only be done manually and the only trajectories supported for import are created
by the tool itself. The tool shows the time steps of the timelapse one-by-one, there is no animation.
Only the trajectory of one cell can be edited or shown at the same time. The tool offers a good
starting point for ZebraVishualizer, because it already provides many functionalities that are needed
for ZebraVishualizer. However, there are still several functions missing.

3 Results

The result of this thesis is a software tool called ZebraVishualizer. This section will explain all the
features that is has to offer.



When opening ZebraVishualizer, first a file selection menu will pop-up. In this menu, the user can
select a folder containing TIFF files the user wishes to visualize. Only folders can be selected and
only folders containing TIFF files will work. These TIFF files should be named in the format s++t
or s——t, where s is the sample name and t contains the time step at which the image stored in the
TIFF file was taken. ZebraVishualizer will order the files according to t and also play the animation
in this order. If the cancel button is pressed instead of choosing a folder, ZebraVishualizer will
load the folder containing masked TIFF files of neutrophils from Li et al. | | by default.
This folder is named “20190701--2_inter_29layers mask 3a”. This default was put in place for
convenience during development and because the main goal of the thesis was to specifically visualize
this data.

After picking the data to visualize, the main interface of ZebraVishualizer will open. The interface
is shown in Figures 4 and 5. This interface consists of three sections: the toolbar, the render view
and the options panel.

3.1 Toolbar: load, save and export

The toolbar is located at the very top of the window and contains only one drop-down menu “File”.
This drop-down menu contains four options:

e Load trajectories: used to load trajectories for the currently visualized data that were
generated by either ZebraVishualizer or Li et al.’s algorithm. Only .zlsx or .pkl files can be
selected. The files should contain the right information.

Trajectories saved in an excel file were generated by ZebraVishualizer and can immediately
be imported.

However, trajectories saved in a pkl file are originated from Li et al.’s algorithm and therefore
need more pre-processing. The pkl files store trajectories by linking cell numbers on a certain
frame to cell numbers on the next frame. Therefore, pkl files can only be used if the currently
visualized data contains cell numbers, this is the case for masked TIFF files. ZebraVishualizer
will find the centroid of each numbered cell and use the data from the pkl file to determine
the trajectories. Because of this, it will take longer to load trajectories from a pkl file then
from an excel file.

This option can also be called with the hotkey Ctrl+O.

e Save trajectories: used to intermediately save the currently shown trajectories in an excel
file so that they can be loaded again later. The saved excel file contains five columns: time step,
dot (cell number) and the x, y and z coordinates. This way the location of each annotated
cell at each time step is saved. This save file can be loaded into ZebraVishualizer.

This option can also be used with the hotkey Ctrl+S.

e Export dataset: used to save the finalized trajectories in an excel file with extra information.
The exported excel file contains the same columns as an intermediate save, but with one extra
column for the distance that a cell travelled compared to the previous frame. This distance

is calculated using the formula d = \/(xt —x-1)%+ (ye — yi—1)? + (20 — z1-1)?, where t is the
time step and xy, y; and z; are the coordinates of the cell at time step ¢. If a cell was not
visible on the previous slide, the distance is set to -1.

In addition, it is possible to change the scale of the data when exporting, because the



dimensions of the TIFF file often do not correspond with the actual size of the pictured
sample.
This option can also be called by using the hotkey Ctrl+E.

o Exit: closes ZebraVishualizer, the same as closing the window.

3.2 Render View

The render view is located at the right side of the window when starting ZebraVishualizer as seen
in Figure 4. However, its place can be swapped with the options panel on the left, as well as popped
out for it to become its own window. This can be done by pulling on the top bar of the render view
to pop it out, after which it can be moved to the left of the options panel.

The render view uses Mayavi in order to show a scene that can include a 3D volume rendering
of the TIFF file on the current frame and the annotations and trajectories of annotated cells. In
Figure 4, only the 3D volume is shown. Figure 5 also shows the annotations of cells as colored dots
and their trajectories as colored lines.

Aside from showing the animation, the main use of the render view is to annotate the cells or
adjust already made annotations. An annotation can be set by simply clicking with the left mouse
button anywhere on the scene. If there already was an annotation on the current frame for the cell
that is being annotated, then the previous annotation on the current frame will be overwritten.

The view of the scene can be changed by using various mouse actions:

left mouse button: Holding down the left mouse button and dragging will rotate the view
around the centre. Some buttons can be held in order to change the view in a different way:

+Shift: Holding shift while dragging with the left mouse button will pan the scene.
+Ctrl: Holding control rotates around the camera’s axis (roll).

+Shift+Ctrl: Holding both shift and control while dragging up or down will respectively
zoom in or out.

middle mouse button: Holding the middle mouse button will pan the scene, in the same
way as left+Shift.

right mouse button: Holding the right mouse button and dragging up or down will zoom
in or out, in the same way as left+Shift+Ctrl.

mouse wheel: Scrolling the mouse wheel up zooms in and scrolling downwards zooms out.

In addition, there are some useful keyboard shortcuts that can be used:

+: Zoom in.

-: Zoom out.

F: Set the camera’s focal point to the current mouse position.

1/1: Rotate the camera up or down respectively.

Shift+1/]/+/—: Pan the camera in the direction of the arrow key.
<+ /—: Go to the previous or next slide respectively.

P: Play/pause the animation.



T: Change mouse interactions to trackball mode, this is the default mode and works as
explained above.

J: Change mouse interactions to joystick mode. This will change the mouse interactions to be
similar to a joystick. Holding the left mouse button will rotate the view towards the location
of the mouse.

L: Opens a ui for adjusting the light configuration of the scene.

E/Q/Esc: Exit full-screen mode.

_spacebar_: Use the last pressed button from the options panel again.

Located at the top of the render view, there are some built in buttons from Mayavi:

3.3

The first button from the left opens the Mayavi pipeline. The Mayavi pipeline can be used to
interactively change the displayed scene and inspect the objects that make up the scene. It is
not recommended to use this button, as the scene already gets updated by the Python code
and making changes can result in unintended behaviour.

The next eight buttons X, X, Y, Y, Z and Z are used to quickly change the perspective to
view along the negative or positive x-, y- or z-axis respectively.

The next button, with the cube symbol, changes the perspective to the default isometric view.

The button with the two rectangles turns on parallel projection, instead of the default
projection. This option projects the rendered objects as if they are on a fixed plane.

The eleventh button toggles the visibility of an indicator for the axes. This is very useful for
orientating from which side the animation is being viewed. In Figure 4 this button is toggled
on, thus the axes indicator can be seen in the bottom left of the render view. Figure 5 has
the button switched off and therefore the axes indicator is hidden.

Pressing the next button switches to full-screen mode. If the render view is attached to the
rest of the application, the entirety of ZebraVishualizer will be shown in full screen. However,
if the render screen has been popped out as its own window, then only the render view will be
in full screen. Full-screen mode can be exited by either using the button again or by pressing
the Esc, E or Q key.

The second to last button saves the current view as a 2D image. A variety of image formats
can be chosen.

The last button provides a UI in which the scene properties can be edited. It is not recom-
mended to use this button for the same reasons as with the first button.

Options Panel

The options panel is located at the left of the render view when starting ZebraVishualizer. The
option panel consists of three parts: navigation/animation buttons, the “Options” tab and the
“Cell Selection” tab. The two tabs are located at the top of the panel and can be switched between.
The navigation /animation buttons are located at the bottom of the options panel and will always
be visible.

10



3.3.1 Navigation/Animation Buttons

This section of the Ul contains buttons that help with navigating to the frame and playing the
animation.

The “play/pause” button will start the animation if it is not running and will pause it otherwise.
The animation works by automatically going to the next slide at a regular interval. The field at the
left contains the delay in milliseconds between each frame while playing the animation. Increasing
this value will make the animation slower, while decreasing it will speed up the animation.

The buttons “<” and “>" are used to navigate to the previous and next slide respectively. Pressing
the “go to frame” button opens a small window in which a frame number can be entered. After
selecting “OK”, the render view will show the entered frame.

Next to the “go to frame”, the current frame number and total amount of frames are shown. In the
UI, the first frame gets number 1 in order to make it easy to understand for the user. However,
internally the frame numbers start at 0, because this is more convenient for coding. This is mainly
important to keep in mind when inspecting saved or exported files.

3.3.2 Options Tab

The first tab on the options panel is the “Options” tab. This tab is opened in Figure 4. The tab
has two different sections.

The first section provides various options that help with annotating the trajectories of the selected
cell. The “copy last frame” button will place an annotation for the selected cell at the same location
it was annotated at on the previous frame. “delete annotation” will remove the annotation for the
selected cell on the current frame. The grid of buttons below these first two buttons are used to
move the annotation slightly in the positive or negative X, Y or Z direction. This can be useful for
improving the accuracy of annotations.

The second section contains a few options to change the look of the rendered scene. “show image”
toggles showing the volume rendering of the TIFF files. The annotated cells and trajectories can
still be viewed when the volume rendering is hidden. Hiding the volume rendering will significantly
reduce the amount of computations that ZebraVishualizer has to make for going to the next slide.
The animation will therefore be smoother and faster, at the cost of providing less details.

The “transparency” slider is used to increase or decrease the transparency of the volume rendering.
The slider for “sphere size” alters the size of the spheres that annotate cells. These two sliders can
be used if the volume rendering or spheres obstruct each other from view or simply to adjust the
animation according to preference.

3.3.3 Cell Selection Tab

The second tab makes it possible to add new cells for annotation and allows to select which cell
trajectories are visible and which trajectory is being edited. The “Cell Selection” tab is opened in
Figure 5.

To select a cell for editing its annotations, the checkbox before “edit” needs to be selected. When
clicking with the left mouse button in the render view, a new annotation will be made for the cell
that is selected in this tab. The annotation options on the “Options” tab will also apply to only

11
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Figure 4: The Ul of ZebraVishualizer. The “Options” tab is selected and the axis indicator is shown.
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Figure 5: The UI of ZebraVishualizer. The “Cell Selection” tab is opened and the trajectories of
multiple annotated cells are shown. The cell numbered with 3 is selected for editing. The annotations
for this cell are shown in orange.
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the selected cell. At all times exactly one cell is selected for editing. When selecting another cell,
the previously selected cell will be deselected.

By checking the checkbox before “show trajectory” after a certain cell, the trajectory of that cell
will be shown as a line in the color of the cells annotations. The trajectory is drawn by connecting
the annotations of the specific cells on each consecutive frame. The trajectory is only shown up to
the current frame and will be removed if the cell doesn’t have an annotation on the current frame.
If one or more frames is missing an annotation for the selected cell, then there will be a gap in the
trajectory. The trajectory can be shown for multiple cells at the same time, as well as for only one
cell or no cells at all. The spheres indicating annotations on the current frame will always be shown.
When importing trajectories, one row of options will be added to the “Cell Selection” tab for
each cell that has annotated trajectories in the imported file. If more cells need to be manually
annotated, these can be added by using the “+ add cell” button. Pressing this button will add a
new row to the tab, allowing for another cell to be manually annotated. Rows can not be removed
from the “Cell Selection” tab.

4 Conclusion and Discussion

The goal of this thesis was to create a software tool for visualizing the three dimensional move-
ment of neutrophils in zebrafish. This goal was accomplished by the creation of the application
ZebraVishualizer. ZebraVishualizer uses volume rendering in order to create 3D projections of the
original neutrophil data. Other data in a similar format can be used as well. It is also possible to
import trajectory data generated by the algorithm of Li et al. | | or by ZebraVishualizer
itself. The trajectories will then be visualized as colored lines. It is also possible to adjust these
trajectories or to create new ones by annotating the cells. The volume renderings and trajectories
can be played as an animation by automatically showing each frame in order. The scene in which all
of this is rendered can easily be navigated so that the cells and trajectories can be viewed from all
possible angles and distances. ZebraVishualizer provides several options to adjust the visualization
for optimal vision.

Despite all these features, there is still a lot that can be improved about ZebraVishualizer.

First of all, there is a bug which in some cases causes the cameras location to automatically change
so that all elements in the scene are be visible in the view. This bug occurs when something in the
scene changes, for example when going to another frame or when making an annotation. After a
change like this happens, the camera will automatically move to a position from where all elements
of the scene are visible and centered in the view. This will change panning and zooming of the
camera. The rotation of the camera will remain the same.

This makes it more difficult to get a close up view of only one cell or a few specific cells while
playing the animation. If a cell moves off the edge of the view, this bug can sometimes cause the
camera to unexpectedly move when going to another frame, because then the center off all visible
cells changes. This is especially a problem when the volume rendering is hidden, because then only
the annotations are visible and not always all cells are annotated, causing a “shaky” animation.
Despite the severity of this bug and the understanding of what it does, the underlying cause of the
bug could not be found and thus the bug remains a problem.
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There are no other major bugs in the software other than the one mentioned above. However, there
is still another important feature that could be improved. The rendering of the volume and cell
trajectories is very slow. Because of this, the maximum speed at which the animation can played is
severely limited. If the delay time is set to a very low value, the animation will sometimes not show
frames in order to try and keep up.

This may be improved by saving the matrices that are used for creating the volume rendering.
However, this may increase the memory that is used by the software. It may also reduce the loading
time upon opening or during the first playback of the animation, since the matrices will still need
to be created at some point.

Furthermore, there are many useful features which are not implemented yet.

For example, selecting many cells for showing their trajectory is currently very tedious. Adding a
button to select all cells would make this a lot quicker.

In addition there isn’t a way to delete a cell from the “Cell Selection” tab. Being able to remove
unannotated cells would remove unnecessary clutter from this tab. The “Cell Selection” tab could
also be improved by allowing the user to change the name and colour of cells. This would make it
easier to distinguish between different cells.

At the moment, the volume rendering is colored green by the code, not because the original image
was this colour. This was implemented in this way, because the masked TIFF files from Li et al. lost
their colour during segmentation in order to label the cells, see Figure 3. The volume is then colored
green in order to make it recognizable as GFP to biologists. If the imported data was not using
GFP, it would be better if the user could choose the colour of the volume rendering themselves.
If the data sample contains different cell types that were made visible with multiple fluorescent
markers, then it would be important that ZebraVishualizer can assign multiple different colours to
each of these cell types.

Another useful feature would be the ability to obtain information about certain aspects of the
trajectories, such as their velocity, acceleration or direction. An option to compare different trajec-
tories with each other would be useful as well. At the moment, ZebraVishualizer can solely be used
for annotating the trajectory and viewing it. Adding calculations on the trajectory would allow
ZebraVishualizer to be used as an analytics tool as well. In this way, the tool could provide even
more new insights. A feature like this could probably be best added into a new tab next to the
existing “Options” and “Cell Selection” tabs.

It would also be useful if there was an undo-button, in case an annotation is accidentally changed.
This can easily happen while trying to adjust the camera. However, such a feature will probably be
difficult to implement.

Currently, it can be difficult to know in which direction the scene is rotated, even when the axis
indicator is shown, because it is not easily possible to tell which axis corresponds to which side
of the sample. This could be made easier by adding the outline of the zebrafish tail into the
scene. However, in order to implement this, it needs to be clear from the imported data which
side of the data corresponds to which side of the zebrafish, which is not the case. The addition
of a zebrafish tail object would also make ZebraVishualizer specific for experiments on zebrafish
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tails, while one of its advantages is that it could also be used for similar data from other experiments.

Finally, an executable version of ZebraVishualizer could be made. Right now, ZebraVishualizer is a
Python project and thus it is needed to install Python and all the needed libraries in order to run
the software. This can be challenging for less tech savvy users. Releasing ZebraVishualizer as an
executable would make it easier and quicker to install and would take less storage space.

A web version of the tool would be even easier to use, since it wouldn’t need any installation.
However, this will probably be more difficult to realize then an executable version.

For further research, ZebraVishualizer could be used to generate trajectory data and improve data
obtained by tracking algorithms. The resulting trajectories can then be used as training data for
a machine learning algorithm. Because the trajectory data is improved by ZebraVishualizer, the
machine learning algorithm will be able to learn well and provide more accurate results. In the
future, this machine learning algorithm can then be used for finding the trajectories of cells, which
may be faster and easier than other existing methods.

Aside from this, ZebraVishualizer can already be used itself for research on the movement of
neutrophils in zebrafish, especially if the above mentioned improvements are made. By using the
animation and trajectory data of multiple samples, new insights can be gained about for example
the speed, acceleration and direction in which the neutrophils move. The effect of certain genes,
such as TLRs and MyD88 or of different types of injuries and pathogens can be investigated as
well by using different datasets. ZebraVishualizer can also be used to research the movement of
other cell types, such as macrophages.

In conclusion, ZebraVishualizer is a useful tool for annotating or improving cell trajectory data and
visualizing this data. The tool can still be improved in several ways. However, it already provides
multiple functions that will be valuable for research on cell movements.
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