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Abstract

Abstract

Cardiac cells originate from a population of progenitors which establish the early
heart tube following a long-range migration event that initiates during gastrulation.
After exiting the mid-anterior primitive streak, the trajectories of cardiac
progenitor cells (CPCs) up to the fusion of the primitive heart tube have been
previously characterised. Associating the function of signalling molecules with
these migration patterns and the subsequent outcome on heart development is
still poorly understood. The popular and versatile software TrackMate has
previously been used to track fluorescently labelled cells in embryos across time-
lapsed images, but the tool has not been evaluated in the context of CPC migration
in chick embryos. Here, we identified shortcomings in TrackMate’s cell detection
and single-cell-tracking methods in general, so instead developed a tracking
method based on kernel density estimates of generalized groups of cells. After
training and evaluating our approach using simulated migration datasets, we
applied the method on true CPC time-lapses to determine a significantly more
obtuse initial exit angle in CPCs treated with follistatin compared to controls. We
further provided a proof-of-concept machine learning-based workflow for
automatically comparing CPC migration time-lapses when current datasets are
expanded.
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Chapter 1. Background to cardiac progenitor cells

1.1 Introduction

The development of the heart as the first functional organ is shared amongst all amniote embryos and is
initially formed during early embryogenesis as a linear structure called the heart tube, which progressively
develops into a more mature heart through remodelling of the tube [1]. The cardiomyocytes that form
the heart tube originate from the mesoderm-fated cardiac progenitor cells (CPCs). During gastrulation,
CPCs ingress through the primitive streak before migrating bilaterally towards the medial-anterior of the
embryo, where they contribute exclusively to the splanchnic layer of the lateral plate mesoderm as
bilateral heart fields [2]. During neurulation, a cardiogenic crescent establishes, where both heart fields
migrate medially towards one another while the CPCs differentiate into endocardial tubes, which
subsequently fuse to form a single heart tube [3, 4].

Primitive strea

HH3 HH4 HHS HHS8

Figure 1.1 Migration of CPCs (green) at different Hamburg-Hamilton (HH) (1951) stages. At HH3
CPCs emerge from the mid-anterior primitive streak and migrate bilaterally towards the medial-
anterior of the embryo. At HH4 the CPCs cease emerging from the primitive streak. At HH5, the
cells establish bilateral heart fields specifically in the splanchnic layer of the lateral plate
mesoderm, which to move medially. At HH8 the heart fields form a cardiac crescent, though it
is disputed as to whether this is a single crescent or if it is separated (yellow).
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The regulated early development of the heart is a critical step in embryogenesis, as congenital defects in
heart tube formation can lead to cardiac dysfunction and often prenatal death of the organism such as
cardia bifida, where the heart tube fails to fuse. As CPCs are the main contributors to the heart tube, their
behaviour must be tightly controlled throughout early embryogenesis by morphogens or other signalling
molecules. Numerous studies have shown the upregulation or knockout of different signals can result in
defective heart tube fusion, with some demonstrating this is paired with abnormal CPC trajectories [5, 6].
As the complex network of converging signals that regulate CPC movement is poorly understood,
computational techniques used to analyse and quantify their migratory behaviours as a phenotype across
different signal treatments must be regularly benchmarked and improved when necessary.

1.1.1 The chick as a model organism for cardiac development

Chicken (Gallus gallus) embryos are a popular experimental model organism for investigations in
developmental biology, with their use predating modern molecular techniques. Early observations in
developing chick embryos identified the heart as the first functional organ, defined embryos into their
respective germ layers — the endoderm, mesoderm and ectoderm, and were used to support the
prevailing theory that organisms develop progressively from a simpler embryonic state as opposed to
being small, preformed adults (reviewed by Stern, 2005). Their continued use since the onset of modern
experimental embryology has led to numerous landmark discoveries in amniote development including
the characterisation of migratory patterns of epiblast derived cells in gastrulation [7, 8], the induction of
the primitive streak by the hypoblast and the identification of the Hensen’s node as the organizer region
in amniotes [9].

Chick embryos are an attractive model for studying early cardiac development for numerous reasons,
firstly being they develop in ovo, which makes them more accessible to manipulations compared to
organisms that develop in utero. This means early chick embryos can be readily separated from the egg
and allowed to develop in culture [10], making them even more exposed to interventions as well as
allowing for their analysis through the use of microscopy [5, 6, 11]. Additionally, like other nonrodent
amniotes, the embryonic precursor cells of the chick blastocyst form as a flat and disk-shaped epiblast
that allows for investigations to clearly observe cell movement and fate during gastrulation [12].

The entire development of a normal chick embryo from egg laying to hatching was categorised into a
series of 46 stages by Hamburger and Hamilton in 1951 [13], and more recently a review by Martinsen
[14] mapped developmental landmarks in heart formation to each Hamburger-Hamilton (HH) stage, which
is beneficial for researchers to use as a reference. The early stages of cardiac development are also highly
conserved between chicks and humans, both of which mature into a four-chambered heart [15], meaning
insights derived from the former can be highly applicable to understanding heart development and
defects in humans.
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1.1.2 Regulation of CPC migration and fate

The fate of avian CPCs is established pre-gastrulation, as cardiogenic precursors have been mapped to the
epiblast prior to primitive streak induction [16], where they are specified by activin-like signals from the
hypoblast and become mostly committed to a cardiogenic fate by HH3 [17]. Like other mesodermal cells,
the migration of CPCs away from the mid-anterior primitive streak at HH4 is regulated by a chemo-
attraction and -repulsion to FGF4 expressed at the anterior and FGF8 at the posterior respectively [18].
This chemotaxis towards the lateral plate mesoderm is supported by Wnt3a expression at the primitive
streak and Wnt8c across the posterior region of the embryo, which both inhibit further specification of
CPCs [19]. Wnt3a also guides their movement through chemo-repulsion [5].

Following the establishment of the heart fields at HH5, the formation of the epicardial tubes and their
subsequent fusion at HH10 requires the promotion of CPC differentiation by signals at the anterior
endoderm, including the Wnt inhibitor crescent [19] and the bone morphogenetic proteins (BMP) BMP2
and BMP4, which are known to induce the cardiogenic transcription factor Nkx2.5 [20]. The dysregulation
of these signals can disrupt cardiogenesis, with overexpression of Wnt3a near the lateral plate mesoderm
or BMP2/4 near the mid-primitive streak leading to significantly wider CPC migration trajectories that
results in cardia bifida [5, 6]. Additionally, if BMP2/4 signals are not inhibited by chordin at the mid-
anterior primitive streak prior to gastrulation, cardiogenesis does not occur [21].

Other signals such as the activin antagonist follistatin can inhibit the specification of CPCs prior to
gastrulation [17, 21], but it is not known what effect it has during their migration after HH3.
Overexpression of retinoic acid also interferes with the establishment of the cardiogenic crescent and can
result in cardia bifida, possibly due to the fact it activates non-canonical Wnt pathways such as Wnt3a [22,
23].

Understanding how different signal pathways control CPC migration using gain- or loss-of-function
interventions in chick embryos could offer important insights in the causes of cardia bifida or non-fatal
congenital heart defects in humans. Additionally, as they are candidates for cardiac cell therapies,
knowledge of regulating CPC behaviours may help in the development of new techniques to treat heart
failure [10].

1.1.3 Analysis of CPC migration

Localising CPCs is critical when studying their migration, as in standard brightfield microscopy images they
are indistinguishable from the rest of the developing chick embryo. Labelling of the cardiogenic mesoderm
with iron oxide was used in early investigations to show the establishment of the bilateral heart fields and
their coinciding fusion with heart tube formation [24], following which radiolabelling was used to develop
a refined cardiogenic fate map from HH5 to the fusion of the heart tube at HH10 [3]. Later studies using
antibody labelling of grafted chick-quail chimeric cells showed CPCs leave the mid-anterior primitive
streak at HH3 [2], where they migrate bilaterally towards the lateral plate mesoderm, which has more
recently been demonstrated in real-time from fluorescent labelling of CPCs at the mid-anterior primitive
streak with fluorescent proteins [5, 6].

Time-lapsed-microscopy (TLM) involves taking a series of images at specific time-points, which can be
generated using microscopy techniques such as fluorescent microscopy imaging (FMI), where light of only
specific wavelengths are detected [25], phase contrast (PC) imaging and differential interference contrast
(DIC) imaging, both of which use the interference of light travelling through objects to generate images



Chapter 1. Background to cardiac progenitor cells

[26]. TLM-imaging of whole chick embryos has been used since the general “polonaise” movement of cells
during gastrulation was first characterised [7, 8], which continued throughout the development of the
aforementioned cardiogenic fate maps with early isotopic labelling [3], but these maps were only able to
investigate the fate and movement of CPCs after they have established in the splanchnic layer of the
lateral plate mesoderm at HH5.

Recent advancements in cell localisation have allowed for specific embryonic cell lineages to be labelled
during gastrulation using electroporation to transfect GFP expression plasmids into HH3 primitive streak
cells of a donor chick embryo, after which the GFP-labelled cells are transplanted into different primitive
streak regions of a host embryo, where their movement and fate can be observed [18]. Through this
method, it is now possible to generate fluorescent TLM-images that can analyse GFP-labelled CPC
trajectories across their entire migration from their departure of the primitive streak at HH3 to the fusion
of the heart tube at HH10, which was used previously to determine the effects of Wnt3a and BMP2/4
expression in CPC movement [5, 6]. Recent techniques have been developed to fluorescently label
primitive streak cells by transfecting expression plasmids directly to study somitogenesis [27], avoiding
the need for invasive cell transplantations.

Tracking CPCs is often performed using advanced techniques across the TLM-movie, where each greyscale
image is represented as a matrix containing intensity values from 0-255. While it is necessary for an image
matrix to contain at least two spatial dimensions (2D) matrices can be arrayed to produce images with
further dimensions. Many investigations have quantified morphological features of developing embryos
with the addition of another spatial plane in three dimensions (3D), but 3D imaging may also refer to an
array of matrices taken across different time points, as in TLM-movies, and time-lapsed arrays of spatially
3D images are often considered four-dimensional (4D) [28]. To avoid confusion in this terminology, the
dimensionality of a single or time-lapsed-series of images will be referred to according to only their spatial
dimensions, in which our TLM-images is 2D.

1.2 Cell Tracking overview

Tracking objects-of-interest across a time-lapsed image-series involves their detection and linkage
between image frames, which are usually independent algorithms performed sequentially. For cell
tracking, the approaches used by these algorithms can vary significantly depending on the resolution of
the images, the microscopy techniques used and the environment of the cells during the imaging.

The first step of a cell tracking method is to detect the cells by distinguishing them as objects-of-interest,
referred to as the foreground, from regions of no interest — the background. In TLM-movies, this is
performed for each image frame and, if successful, allows spatial features of each cell to be extracted for
the linkage step. This step can be particularly challenging when the lighting in images is uneven or if they
are saturated in noise, as this can lead to regions of the background being falsely detected as cells.

10
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Linking cells across image-frames automatically can be computationally costly, algorithmically non-trivial
and errors are rarely able to be avoided entirely, meaning that in TLM-movies with a small number of cells
across a few frames, manual tracking is often preferred [29, 30]. In an image-series with hundreds of cells
across hundreds of frames however, manual tracking would be time consuming to the point a method
that is at least partially automated is required. Algorithms designed for automatic cell linkage are generally
placed into two categories: model evolution, where the boundaries of detected cells are defined then
linked to cells in other frames based on their degree of overlap, and detection association, as shown in
figure 2, where cells are linked to others across the image-series based on their relatedness. The latter is
more common and almost universally involves distal proximity of cells, but they can include closeness of
other features such as size or shape.

TLM image-series

Image pre-processing

A

Segmentation and
detection of cells

Cell detection

Y

Frame-by-frame cell
feature extraction

Cell linking across frames

Cell linkage 1

Correction for merging,
splitting, crossing-over
and gaps in tracks

Complete tracks for
analysis

Figure 2. General approach for detection association-based cell tracking methods,
involving algorithms for detecting cells in each frame following by cell-linkage.
Adapted from Hamilton, 2009.
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The increased use of TLM techniques in biomolecular research to quantify cellular, subcellular or
extracellular movement patterns means there is a growing demand for improved tracking algorithms
which has led to a series of competitions by the IEEE International Symposium on Biomedical Imaging —
the Cell Tracking Challenges (CTCs) and Particle Tracking Challenges (PTCs), where participating
researchers attempted to develop high-performing tracking pipelines for cells or particle-like signals in
TLM-movies produced using different microscopy techniques across several biological contexts. The most
competitive tracking pipelines produced for the CTCs and PTCs have been reviewed by Ulman et al. [31]
and Chenouard et al. [32] respectively, both of whom showed no specific approaches were versatile
enough to perform optimally across all types of images and biological processes.

It is important to note that algorithms referred nominally by the challenges as “cell trackers” are often
considered distinct from “particle trackers”, which are designed for tracking intracellular particle-like
signals and do not consider mitotic events. In some TLM-movies of fluorescently labelled cells however,
the approaches used by “particle trackers” may be superior for cell detection and linkage than nominal
“cell trackers”. This is because poorly resolved cells often appear particle-like as opposed to the more
detailed cells in highly resolved images, which often have clearly visible spatial features and intracellular
structures that can be used in the linkage step.

CTC algorithms based on detection association have similar frameworks with those in the PTC, with many
of the approaches used for detection and linkage being identical, the major deviance of which being most
cell trackers detected division while particle trackers did not. The similarities between “cell” and “particle
trackers” are further demonstrated by the fact TrackMate, a popular and widely used tracking tool that is
often considered a “particle tracker”, can optionally detect division events and has been used for both
single-cell [28] and intracellular molecule tracking [33]. For this reason, we shall consider any method
which can be used for cell detection and linkage as a cell tracker.

While there is an abundance of cell tracking algorithms, most are available only as low-level libraries or
source code and using them to their full potential could require extensive computational experience
which many researchers do not possess. As the development of evermore competitively performing
algorithms has grown, so has the demand for them to be built into software tools designed so researchers
with little-to-no programming or mathematical experience can use them. A commentary by Carpenter et
al. [34] set several criteria for bioimaging tool usability, recommending they should aim to be user-
friendly, publicly available as a functional, tested and benchmarked software, modular for specific
purposes, interoperable with other imaging or analysis software and have an accessible open-source code
that is written idiomatically.

12
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1.2.1 Existing cell tracking tools

The availability of a cell tracking tool is possibly the most important of the Carpenter et al. criteria [34], as
limiting the access to a tool means it is less likely to be used, documented and benchmarked compared to
other more accessible tools. As shown in Table 1, many cell trackers, such as ImarisTrack [35] and Volocity
(Quorum Technologies) are restricted behind a paywall, the expensive access of which may discourage
their use by researchers. Many freely distributed tracking software used in previous studies also fail this
criterion, with tools such as CellTrack [36], CellCognition [37], TimeLapseAnalyser [38] and TLM-tracker
[39] being either unsupported for modern operating systems or inaccessible for public use. Another failed
criterion in all paid and some free tracking tools is the lack of open-source code for the software, which
may be advantageous for researchers to review or improve the performance and power of the tracking
algorithm. Some software are fully available, but appear to not function as intended, such as NucliTrack
[40].

Notable cell tracking tools that meet much of the usability criteria by being freely available, modular, open
source, interoperable and functional in modern operating systems include the TrackMate [41] plugin for
the software Imagel/Fiji, CellProfiler with the TrackObjects module [42] and Spot Tracker, a plugin for the
software Icy [43]. These tools can be considered semi-automated as they require user input for optimal
cell detection and tracking, which in high-throughput or batch processing could be problematic as TLM-
image stacks can vary in quality and thus require different inputs for optimisation.

Table 1.1 Accessibility and functionality of different software tools for cell tracking. Green indicates potential
usability, red indicates non-usability

Accessibility Supported OS Functionality

Installs compiler-|Windows
free 10

Free Publicly available Open source Ubuntu 18.04 |[Runs without crashing Language

Python
Python
C+

X X
X X
X X
v X
v X
X X
v X
v v

TrackMate is a tracking tool that uses particle tracking-based principles within its algorithm, but it has the
option for lineage tracing and has been used previously to track singe-cells [28, 41]. Having over 1000
citations across various studies, TrackMate’s overall method is considered versatile and robust, using a

13
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blob detection approach followed by a frame-to-frame particle-linking algorithm called the linear
assignment problem (LAP) solution, which is based on a mathematical formulation by Jagaman et al. [44].
Being a plugin for Imagel/Fiji, there are numerous pre- and post-processing tools that can be used to
complement or correct the cell tracking and, as Bioformats is integrated into ImagelJ, TrackMate can also
analyse imaging data of many file types without formatting issues, including videos, image stacks and
single image files.

The detection stage requires the user to define an estimated radius of the cells, which can be problematic
if cell sizes are different. Also, the performance of the cell-linkage phase can only be fully optimised by
manually setting parameters such as the maximum linkage distance, but users may not be able to
determine which values will generate the most accurate tracks. While the semi-automated design of
TrackMate could be argued to be beneficial to allow fine-tuning, it could be considered less user-friendly
than a fully automated method. Requiring manual input for each image is also problematic when analysing
batch or high-throughput imaging data, as each TLM-movie may require different parameters.

CellProfiler is a popular bioimaging software proclaimed to be designed specifically for high-throughput
image analysis while also possessing a user-friendly interface, containing multiple guided pipelines for
qguantifying cell features in images such as cell tracking in TLM-movies [42]. Unlike TrackMate, CellProfiler
takes only image stacks and cannot analyse TLM-image files in video format directly, of which the
conversion of the latter into the former is time consuming and storage intensive. The cell detection
algorithm involves binarization of the image and labelling of each cell, requiring input from the user to
select the segmentation method. Like TrackMate, the LAP algorithm [44] is used for cell-linkage and the
parameters must be set by the user. This suggests CellProfiler may suffer from the same disadvantages in
usability and analysing images in batches as TrackMate.

SpotTracker is a particle-based tracking plugin for Icy [43], a bioimaging software similar to Imagel/Fiji
that offers the same versatility in analysing imaging files across different formats. The tracking algorithms
requires more user input than TrackMate and CellProfiler which use a wavlet transform to detect spots
only of user-defined sizes before the multiframe cell-linkage multiple hypothesis tracking (MHT) algorithm
is used, as described by Chenouard et al. [45]. SpotTracker appears to be designed with user-control in
mind, as it offers options allowing users to manually define which cells are to be tracked.

While the aforementioned software use algorithms that are designed to be versatile, the Tracking
Challenges demonstrated no single cell tracking method can perform optimally across all types of imaging
data [31, 32]. The software also only generates tracks, usually as labelled cartesian coordinates, and do
not provide methods for analysing them quantitatively, while supplemental software developed to
analyse cell track data often focus on cell lineages, rather than their movement [46]. For these reasons,
an approach designed specifically for tracking fluorescently labelled cells in whole-embryo fluorescent
TLM-images of nonrodent amniotes could outperform present software while also having an incorporated
algorithm to analyse the data, thus allowing for more a more quantitative analysis of CPC migration.
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1.3 Project aims

The objectives of this project were to assess the performance of existing cell tracking software in capturing
the migration of GFP-labelled CPCs in fluorescent TLM-movies of the early chick embryo and to identify
potential shortcomings in both cell detection and linkage when generating cell trajectories. We aimed to
overcome these flaws by testing a variety of computer vision and machine learning techniques, from
which we will select the highest performing approaches for our specific TLM-movies, which will then be
used to quantitively characterise differences in CPC migration patterns in chick embryos with varying gain-
or loss-of-function interventions. Finally, we developed our algorithms into a frame-work designed to
meet many of the automated criteria defined by Carpenter et al. [34] for bioimaging software.

All TLM-movies used in this project were provided by the Miinsterberg group, members of which also
contributed to their generation as well as the culturing and labelling of chick embryos, as described in
Chapter 2. The limitations of existing cell tracking software and the need for tools designed specifically for
tracking fluorescent cells across TLM-images of whole embryos was first noted by the group, which
coincides with the conclusions by Chenouard et al. [32] and Ulman et al. [31] that no single tracking
algorithm has been shown to perform optimally across all imaging data and biological contexts.

Python 3.7 [47] was chosen to design the tool due to it being a widely used programing language for
computer vision and data analysis while possessing an intuitive syntax for more idiomatic code. It also
supported by many powerful libraries such as OpenCV for general computer vision techniques, Numpy for
array and matrix operations [48], and scikit-learn [49] for machine learning algorithms, which are all
compiled modules that can perform efficiently. OpenCV offers basic functions for image processing [50],
including blurring for noise filtering, global and adaptive techniques for thresholding, and morphological
operations for watersheds.

The results of my thesis are presented across different chapters with each focusing on a different stage of
the research project. More detailed descriptions of some methods are described in a supplementary
Github: https://github.com/ConnorReynoldsUK/MScRes_thesis. Chapter 2 demonstrates the challenges
when using common cell tracking tools and suggests they are not suitable for our biological context. We
therefore set out to implement our own cell tracking method.

Chapter 3 explores using different methods for cell detection, as accurate positional information is
required for accurate tracking. Our custom convolution filter for segmentation and cell centroid extraction
can be found accessed via the Github notebook Chapter3_SEGMENTATION.ipynb.

Chapter 4 introduces the approach of tracking cells as generalized groups using probability density
estimates. To ensure our methods can be evaluated, we generated simulated movies with an established
ground-truth trajectory as shown in the notebook Chapter4_simulation.ipynb. We then implemented
two tracking methods, Frametrack (Chapter4_Frametrack.ipynb) and Mudtrack
(Chapter4_Mudtrack.ipynb).

In Chapter 5, we show how Mudtrack generated trajectories can be used to extract a phenotype in the
form of exit angle to compare between experimental groups. We also explore other methods for
comparing these groups using Trackmate and machine learning models.
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Chapter 2. Evaluating TrackMate

2.1 TrackMate overview

Of the numerous algorithms for cell detection and tracking described in Chapter 2, TrackMate is
potentially the most widely used tool for the spatiotemporal analysis of TLM-images, possessing over
1000 citations in literature involving cell or particle tracking across various biological contexts [41]. It is a
default plugin for Fiji/Image) [51], a popular software which provides multiple out-of-the-box tools in
image processing and analysis for users at all levels and is designed to be user-friendly so researchers
with little computational experience can use it. The cell detection and tracking methods were developed
to be robust in that they are suitable for multiple types of microscopy images and cell types in datasets
with varying degrees of quality.

Using approaches intended to identify objects as “spots” (or intensity signals) irrespective of their shape
and linking them across all frames, TrackMate is considered a single-particle tracker, though the tool has
been previously used for spatiotemporal analyses of both subcellar molecules and cells in both 2D and
3D space [28, 52-54]. As the algorithms for spot detections and linkages are dependant on user-defined
parameters, the software can be considered semi-automated, with the detection stage requiring
defined values for a quality threshold and an object radius, while the tracking stage requires manual
input for maximum linkage distances with the allowance of gap closing and object splitting or merging.

TrackMate’s Spot Detector includes several convolution-based methods for object detection, but the
most commonly used is the Laplacian of Gaussian (LoG) detector, where a convolutional filter is first
applied using a sigma with a kernel size proportional to the radius provided, following which points of
local maxima are detected and assigned a quality value based on the intensity and the closeness
between the object diameter and the provided diameter. When two detections have a distance closer to
that of the provided radius, the one with the lower quality is discarded. Using a quadratic function of the
local pixel intensities surrounding the initial detection, which was inspired from a study by Lowe [55], a
more accurate position of the cell and quality value is predicted by finding the peak of the parabola,
which is localized to a sub-pixel resolution, following which detections with quality values lower than the
user-defined threshold are discarded.

TrackMate uses a spot linkage approach inspired by the linear assighment problem (LAP) method
developed by Jagaman et al. [44], in which multiple costs are calculated to determine if cells are to be
linked across a frame, if a gap closing event is to occur or when cells split or merge. The ‘problem’ of the
LAP method refers to the computational issue in assigning optimal costs for each event, which can be
highly costly using a brute-force approach when there are multiple possible assignments, thus
TrackMate solves the LAP mathematically using a greedy algorithm developed by Munkres [56] to find
the assignment series with the smallest sum of costs.
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Despite having been used extensively, TrackMate has limited use in tracking cardiac progenitor cells
(CPCs) in chick embryos. The landmark spatiotemporal investigation on CPC migration by Song et al. [6],
alongside preceding investigations in the movement of primitive streak derived cells developing Gallus
gallus embryos [5, 18], involved tracking based on overlaying sequential frames to generate a trajectory
rather than a single-particle-tracking based approach. A more recent study on cell movement in chick
embryo somite morphogenesis did use TrackMate, but the images analysed were spatially 3D, contained
relatively well resolved cells that had distinguishable boundaries, and pre-processing was used prior to
running the tool [28].

We initiated our investigation in characterising migrating CPC trajectories in TLM-images of fluorescently
labelled chick embryos by first testing the suitability of using TrackMate for the analysis, where we
wanted to determine how accurate the tool was for cell capture and tracking across frames, how
consistent the optimal user-defined parameters were across different movies, and if there were
significant differences between movies expressing different fluorescent markers. We further sought to
use the results from this analysis to suggest solutions to potential limitations in TrackMate’s detection or
linkage methods and to establish how suitable single-particle-tracking methods are in general for our
TLM-movies.

2.2 Materials & methods

2.2.1 Embryo culturing and GFP-labelling

Fertile brown chicken eggs were grown in a humidified incubator at 38°C until reaching HH3, following
which the embryos were harvested and cultured as described by Chapman et al. [10]. The mid-anterior
primitive streak where CPCs are localised was microinjected with IRES-GFP expression plasmids following
protocols described by Yue et al. [5]. Expression plasmids were transfected into CPCs through
electroporation using methods described by Yang et al. [18], following which embryos were left to heal
overnight.

2.2.2 Time-lapsed-microscopy of embryos

GFP-labelled embryos were cultured in six-well plates, after which long-term time-lapsed-image-series
were generated using an inverted wide-field microscope (Axiovert, Ziess), with brightfield and fluorescent
images being captured at 5-minute time-points across 24 hours. Time-lapses from HH3-4 up to HH8-10
were exported as ZVI files containing images that were exclusively greyscale.

2.2.3 Software for cell detection

Raw ZVI TLM-movies were imported into Imagel with the Fiji plugins, following which the brightfield and
fluorescent channels were separated, the former being discarded. We then randomly selected 16 movies
from both the GFP and cherry expressing movies, after which a 200x200 pixel image slice focused on the
right side of the primitive streak was taken from the middle frame of each of the selected time-lapses.
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Figure 2.1 Methodology of generating a predictive model for estimating an ideal quality
threshold in TrackMate’s spot detector using the mean pixel intensity. The most accurate
ideal quality threshold is found using a manually counted ground-truth, from which the ideal
threshold is predicted in test image partitions.

An initial cell count was produced for each image slice using Imagel’s multi-point tool, which was used to
represent a ground truth value to compare against numerous cell capture tools, including TrackMate,
CellProfiler, SpotTracker and NucliTrack Testing showed CellProfiler consistently over-segmented the
image, SpotTracker detected too few cells (<5), while NucliTrack crashed during the segmentation stage.
Therefore, TrackMate was the only software considered suitable to be used for our TLM-movies.

We ran TrackMate’s Spot Detector using the LoG method with the blob diameter set to 6 pixels and
median filtering selected and repeated the detection using quality thresholds ranging 0.0 — 1.0 in intervals
of 0.1 for each image slice. We used the cell detection counts across these thresholds to produce a simple
2" degree polynomial linear regression model, following which the ground truth cell count was used to
predict what the ideal quality threshold should be for each image.

As shown in Figure 2.1, we then calculated the mean pixel intensities for each image, which were used
alongside the ideal quality threshold to produce a linear model for images including GFP, cherry and the
combination of both fluorescent signals. We selected the model with the lowest p-value to predict the
ideal quality threshold in any given image.

2.2.4 Testing TrackMate’s single-particle-tracker

To investigate how successfully TrackMate’s LAP algorithm successfully links individual cells across frames
in our context, we tested the same 32 movies selected for cell detection, but this time used the full-time-
lapses and did not crop the images. To select an appropriate quality threshold for each time-lapse, we
first calculated the grand-mean pixel intensity, referring to the mean of mean pixel intensities across all
frames, which was then used as an input for the linear model described in 2.2.3 to predict the ideal
threshold value for the LoG Spot Detector. For the tracking method, we used the LAP Tracker with a
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maximum distance of frame-to-frame linking set to 30 pixels with track segment gap closing set to a 30
pixel max distance and a max frame gap of 2, and as cells were not expected to divide or fuse together,
we set track segment splitting/merging off.

In the absence of a ground-truth for cell linkages to identify specific errors in TrackMate’s results, we
chose instead to determine the difference between the number of cell detections included in tracks with
the total number of tracks generated as a proxy for errors in frame-to-frame linkage and gap closing. The
cell count was established by identifying the maximum number of cells in any frame, excluding those
which were not considered part of any track.

2.2.5 Statistical analyses

Statistical tests were carried out using SciPy and Statsmodels in Python 3.7. We tested data for normality
and equality of variances using the Shapiro-Wilk and Levene’s test respectively. All comparisons
performed between GFP and cherry expressing movies and other independent values were made using
the Mann-Whitney test.

2.3 Results

2.3.1 Identifying optimal TrackMate parameters

We randomly selected 16 movies of migratory cells in early embryonic chick development, including
those expressing GFP and cherry, and multiple experimental interventions such as overexpression of
BMP2, FST, Wnt3a and Smad1, as well as morpholino knockdowns. We took the central frame from each
movie and cropped each image to equal-sized partitions focused on the right cluster of cells as samples
for testing TrackMate’s cell detection, as shown in Figure 2.2 and $2.1-2.2.
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Figure 2.2 Exemplary 200x200 pixel image slices from GFP (top A) and cherry (bottom
A) expressing cells in time-lapses of early embryonic chick development, with

histograms (B) showing manual cell counts for all images shown for GFP (blue) and

cherry (red).
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Manual counts were made for each partition (Figure 2.2B), establishing a ground truth to compare with
detections made using TrackMate’s Spot Detector, or custom designed tools. Across all images, the
mean cell count was 98.6 cells (SD 91.0), with 61.3 (SD 57.2) in GFP expressing cells and 135.9 (SD 102.4)
in those expressing cherry, however since each image partition can be considered independent from
one another, we did not compare means between groups.

We applied TrackMate’s LoG spot detection algorithm for each image partition using sequential
threshold values ranging from 0.0 — 1.0, the determined cell counts of which were used to produce a
linear model that allowed us to input the partition’s ground truth cell count to predict the ideal quality
threshold value as shown in S2.3-2.4. The predicted ideal threshold values were not uniform across all
partitions, with the value for combined groups being 0.83 (SD 0.41), and 0.91 (SD 0.45) in GFP and 0.73
(SD 0.31) in cherry expressing movies specifically, with no significance found between the two groups (P
>0.05).
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----- Combined
209 @ Train X
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Ideal quality threshold
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Figure 2.3 Predicted ideal quality threshold determined using polynomial regression TrackMate’s
LoG spot detector as the mean pixel intensity of an image changes, with linear regression models
for GFP (blue), Cherry (red) and combined (black) fluorescent biomarker groups.

For each image partition, the mean pixel intensity was calculated, showing a grand-mean intensity of
27.98 (SD 24.01) in the combined groups with 19.09 (SD 20.50) in GFP images and 36.87 (SD 23.98) in
those expressing cherry , the difference of which was shown to be significant (P < 0.05). We used the
ideal quality threshold and mean intensity of training partitions to produce linear models in the
combined groups and in each group separately (Figure 2.3). In our training set, the MAE was 0.162 in
GFP images, 0.170 in cherry and 0.201 using a model combining both fluorescent tags. Under evaluation,
GFP and cherry images separately gave lower MAEs at 0.284 and 0.392 respectively than the combined
model at 0.557, thus we chose to use each model for their respective fluorescent label independently.
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2.3.2 Evaluating trajectories generated in TrackMate
Having generated two models which can estimate a suitable quality threshold for TrackMate’s spot
detection algorithm in any image based on its mean pixel intensity, we next decided to test the tool’s
accuracy in generating cell tracks in full time-lapses of uncropped frames when segmentation is
determined by a uniform function. Using the full and uncropped TLM-images from all the movies in
which we obtained our 200x200 partitions, we first determined the grand-mean pixel intensity
calculated from all frames from each time-lapse, which was then used to predict an ideal quality
threshold for spot detection before initiating the cell-linkage algorithm.
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Figure 2.4 Difference in the maximum cell count in any given frame of the movie vs. the total
number of tracks generated in TrackMate (A). The absolute errors between cell count and track
number in GFP (blue) and cherry (red) movies (B).
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We visualized the tracks generated by TrackMate in the TLM-movies, which appeared to contain
numerous errors in the cell linkage stage, with segmentations of the tracks suggesting a failure in gap
closing between frames and sharp angles in some trajectories indicating cells may have linked together
incorrectly. As TrackMate identified well over 1000 tracks most movies, quantifying specific failures in
the cell-linkage tool by manually interpreting the visualizations would be time-consuming and prone to
error; we chose instead to use the difference between the number of cell detections and the number of
tracks as a proxy for said linkage-errors as shown in Figure 2.3, as in an ideal analysis these values would
be expected to be identical.

Across GFP and cherry movies combined, the mean maximum cell count was 1201.85 (SD 1407.46) and
the mean number of tracks was shown to be 5865.63 (SD 6772.01), the difference of which was found to
be significant (P < 0.05). The MAE between the maximum cell detections and the number of tracks was
4654.78 (SD 5446.68) in combined groups, with 6199.18 (SD 7902.66) in GFP and 3593.00 (SD 2087.82)
in cherry expressing movies specifically, with no significant difference being found between the two
groups (P > 0.05).

2.4 Discussion

While we showed TrackMate’s LoG spot detection algorithm has the potential to capture a quantity of
cells close or equal to the number of cells countable by the user in specific images, this is dependent on
an optimal threshold value which appears to vary across different images. This inconsistency could be
problematic for the reproducibility of analyses involving different images with varying features as well
across frames of a TLM-movie, since an accurate cell detection in each image could require a unique
threshold value that would be unknown to the user. As an example, a previous study investigating cell
motion in somite morphogenesis [28] made no mention of the threshold value used and did not provide
an approach for finding a suitable value, meaning other researchers could have difficulty reproducing
the method.

Our decision to use a statistical approach to predict an ideal threshold value was driven by a desire to
use a reproducible and justifiable method to capture cells across each TLM-movie, rather than merely
estimating the value “by eye”. The ideal threshold value generally increased proportional to the mean
pixel intensity of an image with a relatively strong correlation, but since small changes to the threshold
value can have a large impact on the cell detections, the model would not be expected to accurately
predict an optimal value, though we did not have ground-truth data to test this. TrackMate also uses a
single threshold value for the entire movie, meaning variations between image frames were not
considered, resulting in us having to use a grand-mean of pixel intensities across all frames to predict
the value, which may have been unsuitable for cell capture in some frames.

Our regression model used the mean pixel intensity as the only variable to estimate the ideal threshold
value, however it would be possible to use a multiple regression analysis with other image features,
such as median intensity, weighted average intensity and pixel variance, as well as using said values
when images are processed through different convolutions or binarizations. It is possible this could
result in a model which can predict the ideal threshold with more accuracy, however as previously
stated, this would require more image datasets for a more valid evaluation of the model’s performance.
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Another possible limitation in the reproducibility of the particle detector’s algorithm for capturing cells
is that the cell diameter must be user-defined, which TrackMate’s user manual itself identifies as an area
for future improvement [41]. As the size of the Laplacian kernel, which is used in segmenting the objects
and assigning a quality value, is determined by the diameter, cells smaller or closer than this constant
value could be falsely removed by the threshold, while larger cells may be over-segmented into multiple
false detections. Since we did not consider the size of individual cells or validate the accuracy of the
detections however, we cannot say how this limitation affected our results, but if an approach was used
to identify whole objects through contour modelling [57], we could be able to detect cells of different
sizes more effectively.

To test TrackMate’s spot linkage algorithm, an exhaustive approach would have involved manually
tracking each cell and comparing it to the tool’s results [31]. We were unable to use this method, as
manually tracking cells with high density and hundreds of frames would be too time-consuming and
prone to error. We instead chose to use the difference between the number of tracks generated and the
maximum number of cells detectable across all frames of a movie as a proxy to represent errors such as
mis-linkages and failed gap closing events. An idealised and error-free cell tracking analysis would be
expected to generate a number of tracks equal to the number of detected cells, which is in contrast to
our analysis that showed that the number of tracks was significantly larger than the maximum
detectable number of cells across all movies. This indicated that even with consistent estimations for
spot detection, numerous errors in cell linkage were occurring.

It was also notable that the difference between cell and track counts increased significantly as the cell
count increased, suggesting that the tracking could be improved using a smaller number of high
confidence cell detections by increasing the quality threshold. This would however mean a large amount
of movement information is lost, with high confidence cells potentially being a poor representation of
the overall CPC population. Our analysis also showed that even when the cell count was relatively small,
the track number was still considerably greater than the cell count, suggesting that the high cell density
alone may not be enough to explain the errors in our results.

In previous studies where TrackMate appears to generate relatively linear and connected trajectories,
the analyses tend to use data with features that would be expected to reduce the number of linkage
errors, such as being high resolution in both imaging and time-pointing, containing low object density
and involving cells which move linearly with minimal stochasticity [28, 52—54]. This is in contrast with
our own TLM-images, in which cells are not highly resolved, they are often highly abundant with up to
1000 possible detections in a single frame, and their movement is sporadic with frequent occlusion
events, suggesting TrackMate’s method may be unsuitable for our analysis.
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As the chick emrbyo is a relatively rare context where we can assume there will be two main groups of
cells which emerge from the primitve streak and migrate bilaterally, we considerd tracking the
movement of these cell groups as a whole rather than tracking each cell indivually, which would avoid
many of the issues found in single-particle-tracking such as mis-linkages and gaps. Many investigations
have previously tracked the movement of cells during early chick emrbyos which did not involve single-
particle-tracking, but instead generated trajectories based on the combined movement of multiple
signals, either through the successive additon of frames [5, 6, 18] or by using optical flow-based
methods to estimate cell or tissue velocity [58]. A possible disadvatnage of these methods is that they
do not involve detecting cells as objects but instead follow their singals, which could vary between cells
and be an inncaruate representation of their density. It may be possible to overcome this limitation by
using cell detections first before assinging them into separate groups and tracking them based on their
density across frames using a mean-shift approach [59].

Chapter 3. Improved detection of cardiac progenitor cells

To analyse the migration of CPCs in our TLM-movies, we wanted to use a method in which detections
are an accurate representation of the CPC population and allows for the largest possible number of true
cells to be used in generating trajectories with minimal false detections. The results from Chapter 3
indicated that while TrackMate can be optimised to produce accurate cell counts in our TLM-movie
partitions, the ideal parameters were unique for each image. This could lead to issues in reproducing the
methods to capture CPCs in future investigations, as researchers may be left to estimate these
parameters “by eye” or instead rely on manual counting.

Manually counting cells in our images would be exhaustive and time-consuming due to the large
number of frames in our TLMs. While we attempted to overcome the reproducibility problem using a
regression model to predict an ideal quality threshold based on an image’s mean intensity, the fit was
not strong enough to assume the estimation could be used to accurately capture cells across diverse
images. This also did not resolve other discussed issues, including parameters being non-adaptive across
time-lapsed frames and a detection approach that assumes uniformity in cell sizes in each movie.

For singe-particle-tracking tools such as TrackMate, an accurate cell tracking would necessarily follow an
accurate detection of said cells, as demonstrated by the tracking algorithms which participated in the
Cell/Particle Tracking Challenges [31, 32], where the most accurate cell tracks were consistently
followed by the most accurate cell detections. It is possible that TrackMate’s failure to generate
accurate and consolidated tracks in our movies was a result of an inaccurate cell detection stage, which
may itself be due to the fact our movies contain dense frames with cluttered cells that appear to express
their signals transiently, since they are often visible in some frames but disappear in others. This issue
could be avoided by detecting only high confidence spots after selecting a higher quality threshold, but
this may come at the cost of analysing a sample that is not representative of the entire cell population in
terms of migratory behaviour.
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TrackMate’s spot detection algorithm is mathematically complex and designed to be robust in that it can
be used across diverse biological contexts using different microscopy techniques, as evidenced by
previous studies focused on the movement of cells or molecules [28, 52—-54]. As we were unable to
reproduce accurate cell detections and trajectories similar to these investigations however, it may be a
suboptimal tool for specific scenarios such as in capturing CPCs in fluorescent microscopy images in
chick embryos, suggesting an alternative approach may be required.

It is possible to abandon the conventional single-particle-tracking approach of detecting and linking
individual cells by instead tracking the change of pixel intensities using an optical flow approach [58] or
by sequentially imposing successive frames to produce a track [5, 6, 18], leading to the generation of an
overall trajectory of changing intensities. While tracking cells as a combined group may be useful in
avoiding cell linkage errors resulting from cluttered and transient signals, generating a trajectory based
on estimated pixel velocities could lead to larger cells or those with greater signal expressions being
overrepresented when analysing cell migrations.

We sought to develop a custom segmentation and cell feature extraction scheme developed specifically
for detecting fluorescently labelled CPCs in microscopy movies of chick embryos. With our fixed
biological context, we wanted to explore and evaluate classical computer vision techniques used for
object detection as well as to test their accuracy against the more complex TrackMate spot detection
algorithm.

3.1 Cell Segmentation

Image segmentation is a form of image processing that refers to the separation of sets of pixels in an
image into simplified homogenous regions, where objects-of-interest of the foreground are distinguished
from the background [25]. Image segmentation is critical for detecting objects-of-interest as well as
characterising and extracting their features such as quantity, size, shape and positions. In unprocessed
images the intensities of both the foreground and background are not uniform and the object boundaries
are undefined. This means extracting said features directly would be challenging even in manual detection
and implausible using algorithmic methods.

A segmentation algorithm designed for cell detection can be judged based on its power of capturing true
cells (or true positives) and its tendency to capture false cells, also known as the false discovery rate (FDR).
A perfect segmentation of an image with ideal quality would be sensitive enough to allow the
identification of all true cells while also being specific to said cells with a FDR of zero, but this is rarely
achievable due to limitations in current segmentation methods and imaging techniques, as cells may be
lost in some frames or falsely detected due to low SNR, uneven lighting and overlapping of cells.

For cell tracking tools, it is essential that the segmentation method allows for a sensitive and specific
detection of cells, as the proceeding cell-linkage algorithm cannot perform accurately when true cells are
undetected or false cells are detected. The importance of segmentation is supported by the Ulman et al.
review [31], as for most of the CTC TLM-movies, the methods with the top cell-linkage performances also
used the top performing segmentation algorithms.
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In most current automated tracking methods, the segmentation algorithms used to capture cells follow a
generalized principle shown in Figure 3, where the images are first pre-processed using filters, usually to
remove noise that could falsely be captured as cells. The main segmentation processing step is used to
detect the signals, but the algorithms can involve various combinations of approaches including using
additional filters to detect particle-like “blobs” or edges [41, 60], binarizing the image into simplified
regions [61], and transforming the image using morphological operations to ensure cells are presented as
single objects [62]. The position of each cell is typically found by determining their features, such as
centroids, or through detecting peak intensity maxima. Post-processing may also be used to filter non-cell
signals based on features such as size or shape.

Cell segmentation using sophisticated machine learning techniques and convolutional neural networks
can perform highly competitively compared to the more standard approaches, but their development is
complex and requires a large amount of data to train [63]. This means that, despite their increasing in
popularity, most current methods are developed with more basic principles.
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Figure 3.1 General approach for segmentation in cell tracking methods, involving pre-
processing to remove noise, main processing where cells are detected and post-
processing to further filter noise. Dotted boxes represent stages which are common,
but not universal across all segmentation algorithms. Adapted from Hamilton, 2009.
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Cell segmentation methods can vary greatly in sensitivity and specificity when capturing cells in different
types of images, with algorithm reviews for both the CTC and PTC suggesting there is no single approach
that performs optimally across all images produced using different microscopy techniques or within
different biological contexts [31, 32]. In the case of images with fluorescently labelled particle-like cells,
features such as intense background noise defined by the signal-noise-ratio (SNR) and uneven lighting are
common which can demand more complicated filtering or thresholding methods compared to DIC or PC
images [26]. The most widely used cell tracking software are applicable to many image types and biological
contexts, usually involving semi-automated segmentations, which is likely why they are so versatile. A
method designed specifically for detecting particle-like fluorescently labelled cells in TLM-images of whole
embryos could potentially outperform current these software in said context however.

3.1.1 Image convolution

Convolving an image refers to a matrix operation that uses miniature matrices called kernels or
convolution matrices, which can consist of different shapes, sizes and arrangements of values that act as
weights. The kernel centers on each image pixel and determines the weighted sum of all local pixel
intensities that fit within the kernel shape, which is then assigned said pixel [64]. The technique allows the
filtering of specific pixel intensities from an image and can be used in cell segmentation approaches for
removing noise, highlighting edges or detecting blobs.

(i) Noise filtering

The pre-processing stages of cell tracking algorithms usually involve noise removal, which is essential to
prevent the detection of false cells, especially in fluorescent microscopy images, which often possess low
SNRs compared to other imaging techniques. Image convolution is often used to smoothen or blur the
images with the aim to reduce background regions with high intensity, which are assumed to be small
points typically less than a few pixels in size.

Simple filters can use box blurs (figure 3.2A), where the kernel filter is designed with uniform values
multiplied by a set fraction of one, but this method can lead to edges being too smooth to detect through
the main segmentation process. In Gaussian blurring, shown in Figure 3.2B, the kernel values are produced
by a Gaussian function, which can be used to filter noise while also retaining distinct edges [65], making
it preferable for cell detection. Some techniques can result in even more edge retention, such as median
filtering [66].
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Figure 3.2. Kernels designed for noise filtering including a basic box filter (A) and a

Gaussian filter (B).

(ii) Blob detection

For particle-like cells, image convolution can highlight them as small regions of high intensity against the
background, after which they can be detected by thresholding and labelling, or by finding peak intensities
across the image. For this purpose, Laplacian kernels are often used (Figure 3.3), which are distinguished
by containing large values at the center and much smaller (often negative) values at the peripheral, or
vice versa. Kernels can be automatically produced with such characteristics by applying a Laplacian
operation on a Gaussian distribution, resulting in a Laplacian of Gaussian (LoG) filter, which is used in the
TrackMate spot detector [67]. A Difference of Gaussian (DoG) approach, where the difference of an image

is found when applied with two Gaussian filters, can offer similar results to using LoG filters.

1 1 1
.

Figure 3.3 Laplacian kernels designed for blob detection for low intensity blobs (A)

and high intesity blobs (B).
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3.1.2 Thresholding

Thresholding is one of the most common segmentation techniques and involves categorizing pixels in an
image into those with intensities that are above or below specified values, allowing the image to be
partitioned into distinct regions [25]. Typically, a single threshold value is used to binarize the image,
which, assuming the intensities of the foreground are sufficiently distinct from those in the background,
allows for objects-of-interest such as cells to be separated from the background and detected.

In greyscale images where the pixel-intensity histogram displays two or more peaks a global thresholding
approach, where the threshold value is the same for all pixels, is often used to detect cells. While the
threshold value can be set manually, finding the value that allows for the greatest cell detection specificity
and sensitivity can be time-consuming, especially when analyzing a time-lapsed series of images, where
the ideal threshold value may vary between frames. For this reason, automated methods are typically
used to predict the ideal threshold value of an image based on the distribution of intensities. Techniques
involving blob detection often use an automated or manual global threshold to homogenize the high-
intensity regions of cells following their convolution.

Otsu’s thresholding was one of the earliest automated global techniques developed for greyscale image
segmentation [68], ideally used when pixels display a bimodal distribution. Based on the assumption that
the image foreground and background form each histogram peak as two separate classes, the algorithm
finds the intensity with the maximum variance between classes and assigns it as the threshold value.
Previous studies have successfully extracted cell features following the use of Otsu’s thresholding in
DIC/PC microscopy images or in fluorescent images with low background noise [26, 69], as these images
fit the assumptions of a bimodal distribution of pixel intensity. Microscopy images of fluorescently labelled
cells are however often saturated with background noise that may lead to a pixel-intensity histogram that
is unimodal, which is common in fluorescent imaging as a result of uneven lighting caused by background
autofluorescence, overexpression of fluorescent proteins and photobleaching [61]. In such images, Otsu’s
method and other global thresholding approaches are considered unsuitable as the background noise can
be falsely detected as cells.

K-means clustering is an unsupervised machine learning approach that is used across a wide variety of
different contexts to establish different classes based on the structure of the data, but is similar to
Otsu’s method in that it exhaustively searches to find the point of maximum variance between classes
and assesses each pixel by a global standard. K-means is generally considered more computationally
efficient in image binarization than Otsu’s method [68], making it an important algorithm to compare
with, but our segmentation scheme would not benefit from its other advantages such as allowing for
more than two k-numbers and the segmentation of colour images.

To resolve the segmentation issues found in images with unimodal pixel intensities, adaptive thresholding
techniques (or dynamic thresholding) are often used, where a mutable threshold value is assigned to each
pixel as opposed to all pixels in global techniques. Each adaptive threshold value is based on the intensities
of local pixels, with the most common techniques including adaptive mean thresholding, where the
threshold value is based on the mean of the local area, and adaptive Gaussian thresholding, where the
value is based on a Gaussian weighted sum of the local pixel intensities.
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There is however a tendency for fluorescent images to be over-segmented by local adaptive thresholding
techniques, where the cells are often hollowed and fragmented into multiple spots, making it difficult to
detect each cell. Morphological operations such as closing, where images are sequentially dilated and
eroded to combine the disjointed fragments into whole cells, are often used in an attempt to correct this
issue [70], but this itself could lead to issues where smaller cells could be conjoined to other cells or lost
by the transformation, especially in images with particle-like cells.

3.1.3 Morphological operations

Mathematical morphology refers to operations that can transform binary images, the most basic
operations of which include erosion and dilation. The operations work similarly to convolutional filtering,
but instead applies a kernel with a specific shape called the structuring element (Figure 3.4) across each
pixel [71]. In erosion, if any pixels within the structuring element are not equal to 1, said pixel will be
assigned 0, leading to a portion of the object boundary being removed. In contrast, the dilation operation
assigns 1 to the pixel if at least one other local pixel is also 1, causing the boundaries to expand. The size
and shape that a structuring element takes within a kernel has a significant impact on the result of the
morphological operation, with those used on cells typically being elliptical due to their shape typically
being circular.

A B
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Figure 3.4. Kernels with structuring elements containing rectangles (A) and ellipses

(B).

(i) Opening and closing

Opening and closing combines erosion and dilation operations by performing them consecutively. These
are common techniques used in the post-processing stages of cell detection following segmentation and
binarization. Opening involves erosion followed by dilation, resulting in objects smaller than the
structuring element being removed while mostly respecting the original size of larger objects which can
be useful in determining cell boundaries [72]. While opening has been used as a noise filter in some
contexts (Argawai and Doermann, 2009), for filtering in cell images it could lead to a loss of lowly resolved
particle-like cells. In contrast, closing involves image dilation followed by erosion, often leading to the
joining of previously separate objects or the filling in of hollow objects. The technique has been used to
de-hollow and reform single cells following their over-segmentation by adaptive thresholding [70], but it
risks closely clustered cells becoming joined.
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(ii) Watershed

Watershed transforms are commonly used in image segmentation to define boundaries of cells that
overlap, which would make them indistinguishable in contour detection using binary thresholding alone,
as well as labelling them [73]. The algorithm is based on elements from topography, where the cells are
considered points of low elevation with high elevation boundaries, after which cells are “flooded” as
separate regions. Many watershed algorithms are based on an initial thresholded image that is distance
transformed. Opening and closing techniques are used to define markers located roughly at the centre of
each cell before being used as points of “flooding” [74], thus allowing the boundaries of cells to be
distinguished.

3.1.4 Feature extraction

Detection association-based cell tracking algorithms require features of cells to be detected across frames,
with the most universal being position but can also include intensity, size and spatial features, as reviewed
by Meijering et al. [75]. For tracking particle-like cells of near-uniform size, the position and intensity are
often the only features used, since it is impossible to distinguish other features. Detection usually involves
finding a centroid to each cell, which can occur following Laplacian filtering, thresholding, watershed
transforming, or a combination of the three.

(i) Extrema detection

Extrema detection is a method of detecting cells used in TrackMate [67], which is most effective following
segmentation processes that involve Laplacian filtering or other blob detection approaches. Particle-like
cells can be detected as described in Chapter 2- by applying a LoG filter, from which sharp local maxima
of intensity are detected before each pixel around each maxima are compared to local neighbours within
a defined area, where the highest intensities are determined as the centre of the cell [55]. While the
method is computationally efficient compared to contour detection, our results in Chapter 4 suggested it
is difficult to identify optimal parameters that generalize across unseen datasets.

(ii) Contour detection

A common method of extracting cell centroid positions in binarized images involves first tracing the
boundaries of an object using contours, where an active model is fitted across a boundary based the
energinicity of the edge and the surrounding regions [57]. As opposed to using extrema detection, which
could result in cells of different sizes being lost or lead to false detections, contour fitting is a more robust
approach to cell detection that makes no prior assumptions about the cell sizes and allows the extraction
of multiple cell features including centroid position, intensity, size and shape [76]. A disadvantage is that
the method could become computationally costly as cell populations increase.

It is possible to use the region within contours to determine the central position, or centroid, of an
object using image moments. Moments can be used to calculate the cartesian coordinates of a centroid
in a binarized image via the formula:
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Where the zeroth order moment u 0, 0 is used to sum all interesting pixels (non-zero) within the
contour, which can be used to represent the object’s area, using the formula:
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The other moments u 1,0 and u 0, 1 are calculated by determining the sum of all x and y coordinates
respectively in which an interesting pixel is present using the formulas:

©1,0 =sum, = Z fo(x»Y)
RO1= sumy= ) > yf(xy)

Contour fitting is most effective following a binary segmentation, as this would allow clearly defined
edges to separate cells from background regions.

3.2 Cell detection methods

3.3.1 Image selection

We chose to analyse the same 200x200 pixel image partitions used to generate the statistical model for
predicting an ideal quality threshold described in Chapter 2, but only included GFP expressing movies
and excluded those taken from movies in which spot linkage in TrackMate did not complete. Cherry
time-lapses were also excluded, as cells in these movies tended to shift in the opposite direction to
which would be expected, even following image stabilization.

3.3.2 Classical segmentation methods

The OpenCV library [50] in Python 3.7 was primarily used to apply different computer vision techniques
in our images, which were read in greyscale and converted to a Numpy array. We applied a number of
classical segmentation techniques, including Otsu’s binarization and k-means segmentation, which were
run with automatic parameters. We additionally used local mean thresholding, local Gaussian
thresholding and LoG filtering segmentation each with a pixel kernel size of 3x3. A marker-based
Watershed transformation was then applied to the binarized images to establish small markers near the
centre of each cell. An outer boundary for each cell was estimated by dilating the image and subtracting
the markers, which was applied in black to define cells as independent objects.
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To extract features from our partitions, we first fitted contours to the binarized images using the
OpenCV findContours function to identify the locations of the cell boundaries. We then determined the
cartesian coordinates of the centroid of each cell using an image moments function. We nested cell
centroids for each image analysed into 2D arrays to allow feature extraction across multiple frames in
further analyses. Cell counts were established for using different segmentation techniques by
determining the length of the centroid array in each image, which were then compared with the ground
truth and the TrackMate spot detection results using our linear model established in Chapter 3.

3.3.3 Custom convolution-based cell detection scheme

For our Laplacian inspired segmentation approach, we first generated multiple filters including those
with kernel sizes of 3x3, 5x5, 7x7 and 9x9 and all elements, except for the central value, defined as -1,
with an example shown in Figure 3.5. For each kernel size we generated unique filters with different
central element to values, which ranged from 5 — 100 in intervals of 1. We then convolved the image
with each filter and applied Otsu’s binarization followed by a Watershed transform as described
previously.

For our custom segmentation scheme, we detected cell centroids as described previously, but removed
those with cartesian coordinates of [0, 0], which not considered true cell detections and should not be
used for comparison to the cell counts determined by the ground truth and other techniques.

Code for the custom convolutional-based cell detector can be accessed:

https://github.com/ConnorReynoldsUK/MScRes_thesis/blob/main/Chapter3_SEGMENTATION.ipynb
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Figure 3.5. Custom Laplacian-inspired convolution filters developed each containing a
central element value of 50 with kernel size 5x5 (A), 7x7 (B) and 9x9 (C).

3.3 Results

3.3.1 Classical segmentation methods

We ran each segmentation and first looked at the distribution of pixel intensities for each image
partition prior and following each segmentation (Appendix A), which showed in all cases our raw images
displayed a unimodal distribution. This initially suggested a global thresholding approach as used by
Otsu or K-means would not be expected to be suitable for our images, since both approaches involve
identifying differences within a bimodal distribution. The segmented images all displayed two distinct
classes of pixel intensity, with a small number of pixels at 255, representing our objects-of-interest and a
larger number valued 0O, representing the background, thus confirming a binarization had taken place.
While there were differences in objects-of-interest pixel numbers between each segmentation
approach, we did not investigate these as they may not be representative of the cell count.
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We interpreted our image partitions (Figure 3.6), where Otsu’s and k-means segmentation visually
appeared to produce similar binarizations in our partitions, with cells generally materializing as clear
spots which sometimes clustered together, even after the Watershed transform. Both local thresholding
approaches appeared to over-segment our partitions, resulting in noisy images with cells that seemed
fragmented and were less distinguishable than shown following Otsu and k-means, which was surprising
since global approaches generally perform poorer in images with a unimodal pixel intensity. The LoG
approach was similar to local thresholding, but appeared less fragmented and contained a large number
of connected cell edges rather than spots.

Original K-means Otsu

Adaptive-G Adaptive-M

Figure 3.6 Image partition from Exp2_GFP including the original unprocessed image
and those segmented by K-means, Otsu, Laplacian of Gaussian, Adaptive Gaussian
thresholding and Adaptive median thresholding, in addition to the Watershed
transform. Ground-truth sites displayed in blue.

The mean cell counts detected following said segmentation schemes showed that the k-means
clustering approach had the smallest number of detections at 71.21 (SD 79.29) cells, closely followed by
Otsu’s binarization with a detection count of 71.43 (SD 78.36), supporting the previous suggestion that
Otsu’s and k-mean segmentations were similar based on the visual results. Larger values were found
from the LoG method which gave a cell count of 396.57 (SD 240.48), in local Gaussian thresholding with
565.21 (SD 474.24) and local median thresholding with 510.14 (SD 451.84).

3.3.2 Custom segmentation scheme

We wanted to test an alternative approach involving image convolution using a custom Laplacian-
inspired filter with a reduced central value in a spot detection-based segmentation for cell feature
extraction. We first sought to identify a filter with the ideal kernel size and central element value for our
image partitions by applying all combinations to find the convolution filter which gave the smallest
difference between the mean detection count and the mean ground truth cell count (Figure 3.7).
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Figure 3.7 (A) Difference matrix showing the differences between mean ground truth cell counts
and the number of cell detections made in GFP partitions with changing kernel sizes and central
element values of a custom Laplacian-inspired filter. The smallest of 0.57 difference identified in
yellow at kernel size 9x9 and central value 62. Colour bar represents the difference with red being
higher and blue being closer to zero. (B) Mean absolute errors in Training and test datasets.
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The optimal kernel filter was sized 9x9 with a central element value of 62, which, for our training
dataset, gave the smallest MAE of 14.7 cells (SD 17.4) as shown in Figure 3.7. We ran this on our
independent test set, which gave a MAE of 10.3 cells (SD 10.0). We considered this an appropriate error
and thus selected this filter for comparison with other methods.
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Figure 3.8 (A) Image partition from Exp2_GFP including the original unprocessed image and those
segmented by our custom Laplacian-inspired filter, K-means, Otsu, Laplacian of Gaussian, Adaptive
Gaussian thresholding and Adaptive median thresholding, in addition to the Watershed transform.
Ground-truth points shown in blue. (B) Histograms showing the distribution of pixel intensities in
Exp2_GFP in the original partition, the image following segmentation by our custom filter and the
final segmentation following Otsu binarization.
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Before comparing the method with other segmentation approaches, we wanted to verify that the
custom filter was transforming the original unimodal distribution of pixel intensities into a bimodal one
(Figure 3.8), thus justifying the use of Otsu’s binarization. We found that in contrast to the raw images,
those processed with our filter displayed a more varied intensity distribution, with a small class of high
intensity pixels representing the objects-of-interest being present in addition to the larger class of low
intensity pixels of the background. Our filter also included pixels with intensities between the two
classes which were not found in the original image, many of which were classified as interesting objects
following Otsu’s binarization.

Table 3.1 Mean absolute error between ground truth cell detections

and detections made using each method

Method Mean-absolute-error Standard-deviation
(MAE)
Custom filter 13.429 15.769
TrackMate 50.857 67.159
Otsu 62.429 76.778
K-means 62.214 77.734
Adaptive-G 499.143 451.845
Adaptive-M 554.214 474.238
Laplacian 385.571 240.486
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Figure 3.9 Box plot comparing the MAE of cell counts determined using of our custom filter, k-
means clustering, Otsu’s binarization, TrakcMate’s spot detector, Laplacian of Gaussian, Local
Gaussian thresholding and local mean thresholding.
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We then compared the detected cell counts using different segmentation techniques with the ground
truth count and spots detected using TrackMate’s spot detector, as described in Chapter 2. As shown in
Table 3.1 and Figure 3.9, the MAE between the ground truth and the cell count determined using each
method was smallest using our custom filter at 13.429 (SD 15.769), the next highest being TrackMate’s
spot detector with a MAE of 50.857 (SD 67.159). This justifies the use of our custom filter against other
approaches, which we chose to use as our main cell detection method moving forward.

3.4 Discussion

Our results demonstrated that by convolving images using a 9x9 sized Laplacian-style kernel with a
central element value of 61, we were able in general to achieve a cell count closer to the manually
counted ground truth than TrackMate for our images. Assuming that our image partitions are an
accurate representation of the TLM-movies in general, we chose to use this specific approach to detect
cells for cell tracking and trajectory analysis. We would not however assume that the method would be
suitable for any biological context other than detecting primitive-streak derived cells in early chick
development in fluorescence microscopy images, as other datasets may have different resolutions, cell
distributions or SNRs to ours.

While not as accurate as our custom approach, segmentation by K-means clustering and Otsu’s
binarization also did not show a significant difference between the ground truth and their respective cell
detection counts and were more accurate than TrackMate’s spot detector. This was unexpected, as our
images were shown to display a unimodal pixel intensity distribution, while both methods are designed
to distinguish between two or more pixel classes and have been shown previously to perform poorly in
some investigations involving cell detection [61]. It is possible that the use of a Watershed transform
allowed cells to be better distinguished in our analysis, or that said investigations used images with
higher noise levels than in our images.

The local thresholding approaches appeared to over-segment the images and thus the following cell
detections displayed a significant difference from the ground truth, suggesting they were less suitable
for cell detection than the global approaches, despite the fact the opposite is usually suggested in
images with unimodal intensity distributions. The prevalence of cell fragmentation in images segmented
by local approaches has been shown previously to occur, but these cells were able to be reconstituted
with morphological operations [70], which is potentially an area for future investigation.

The LoG approach using a standard Laplacian filter was also significantly different from the ground truth,
which alongside the interpretation of the image, was likely because a large number of regions of sharp
changes in pixel intensities were being amplified, potentially resulting from noise. This contrasts with
our custom approach, where the reduced central element value of the filter acted as a pseudo-threshold
which required a higher intensity value to overcome the negative elements.

Since we used only partitions of a select number of our GFP TLM-movies, it is possible that in different
movies or different frames, our custom filter may be sub-optimal. We however chose to use this method
since the adaptive approaches we tested gave significantly different results to the ground truth and,
while the model we used from Chapter 3 to estimate ideal TrackMate parameters also gave non-
significant results, the significance was weaker in our custom approach as well as in Otsu’s binarization
and k-means clustering.
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Chapter 4. Tracking groups of cardiac progenitor cells
4.1 Cell tracking background

In the previous chapter, we identified a convolution-based segmentation scheme for cell detection
which gave superior accuracy results compared to TrackMate’s spot detector and other commonly used
techniques, forming a strong foundation for our overall tracking method. While an accurate cell
detection scheme is necessary for generating accurate trajectories, linking cells across frames can be
non-trivial, especially in TLM-movies with high cell population densities as shown in our datasets.

Most cell tracking methods, including TrackMate [41], use a single-cell approach, meaning they attempt
to link specific cells across frames to generate a trajectory. Algorithms based on a linkage-decision must
determine which cells are to be linked between frames across TLM-movies with large numbers of objects-
of-interest that sometimes move sporadically. A cell may also be detected in some image frames, but
missing in others, meaning the algorithm must interpolate across a gap to produce a complete track,
referred to as gap-closing. Often movies involve cells that cluster closely together or overlap, so the
method must also be able to handle instances where cells converge, diverge and cross-over each other’s
tracks.

Timepoint 1 Timepoint 2 Timepoint 3
100 100 100
I . .
80 - 80 - . 8% 80 - e
- A -
c ~ % —
S 60 - "o 60 - 60 - I N Midline
E = e —— Trajectory
£ o404 a7 401 e, 40 } ® CPCs
20 - w 20 ke 20 ’
0 T 0 T 0 T
0 50 100 0 50 100 0 50 100
X-position X-position X-position

Figure 4.1 Concept of tracking CPCs as a group each side of the midline.

Rather than attempting to track the movement of each individual cell across the time-lapsed frames, we
could instead track the motion between the aggregated positions of all cells within specified groups..As
shown in Figure 4.1, If we first separated cells identified using the detection scheme into two groups
based on whether their position is left or right of the primitive streak, we could then apply the potential
tracking method to generate a generalized trajectory for CPCs each group independently to characterise
the migration patterns displayed in each movie.

4.1.1 Singe-cell-tracking

There have been numerous algorithms proposed to solve many of the issues presented by tracking single
cellsin TLM-images. As shown in the Tracking Challenge reviews of cell tracking methods, the performance
of specific algorithms in generating accurate and complete tracks can vary depending on the imaging
techniques used to produce the images and factors such as the presence of fluorescent labels, image
resolution, the SNR and the frame capture rate.
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The suitability of a tracking algorithm may also depend on features of the cells such as their size, shape,
motile activity, mitotic potential, uniformity and the distinguishability of intracellular structures. In
contrast to movies in the Cell Tracking Challenge, some TLM-movies involve cells that have no visible
intracellular features, do not divide and appear as fluorescent particle-like “spots”. Analysing such cells
could involve approaches from particle tracking, which despite being designed for fluorescent intracellular
structures, attempt to solve issues regarding gap closing and overlapping events rather than lineage
tracing. The tracking algorithms presented in a review of solutions to the Particle Tracking Challenge [32]
showed similarities to approaches used to solve the Cell Tracking Challenge [31] and many of them are
featured in popular “cell tracking” tools such as TrackMate, CellProfiler: CellTracker and SpotTracker [41-
43].

An algorithm’s power in generating accurate tracks depends heavily on the specificity and sensitivity of
the cell detection during the preceding segmentation stage, as the tracking methods are designed with
the assumption that individual cells can be continuously detected across multiple image frames. This is
possibly supported by the Ulman et al. review [31], as for most of the Cell Tracking Challenge TLM-movies,
the method with the top tracking performance included the top-performing segmentation algorithm.

Tracking algorithms generally follow different principles, with some, such as the LAP algorithm in
TrackMate and CellProfiler: CellTracker following a frame-to-frame decision when linking cells, followed
by a filling in of gaps [44]. The MHT algorithm in SpotTracker however follows a multiframe approach,
where tracks are built across frames by finding the best fit between past and future frames [45]. Most
methods are based on the Nearest Neighbour algorithm, which is usually used to identify cells in
consecutive frames that are distally close, but it can also find cells that are similar based on intensity, size
or shape.

In Chapter 2 we showed TrackMate’s cell linkage algorithm appeared to generate inaccurate and
fragmented tracks between frames, suggesting we may not be able to achieve accurate results using a
single-cell-tracking method. In contrast with investigations that did successfully use such an approach
for cell tracking, our time-lapsed images may have had larger SNRs, inconsistent lighting, greater cell
population densities and more stochastic movement patterns.

4.1.2 Generalized-cell tracking

The proposed generalized tracking method has potential advantages over single-cell tracking, firstly
being the algorithm would require less mathematical complexity and computational cost. Additionally,
by tracking an aggregated position we would expect less sensitivity to occlusion events or disappearing
cells, thus avoid the issue of fragmented or inaccurate tracks being generated in single-cell-trackers. The
relative simplicity of the method could also allow for an easier evaluation of the accuracy of the
trajectories when using annotated or simulated data, as there would be less trajectories generated to
compare with a ground truth.

A disadvantage of a group-based method is that we would be unable to extract information about the
migration and behaviour of individual cells, which would enable a higher resolution comparison of
features between movies with different experimental interventions and the potential for larger datasets
necessary for more advanced modelling using machine learning. Based on the inaccurate trajectories we
generated using TrackMate however, we would not expect using such an approach to be a suitable
method for extracting such information. We instead sought to focus on improving the extraction of
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features previously considered by Song et al. [6] and preceding authors [5, 18], such as mean trajectory
angles, velocity, distance and dispersion of cells for comparisons between different experimental
conditions.

Except for the aforementioned studies on progenitor cell tracking, tracking aggregated positions of cells
is rarely considered in most investigations. This is possibly because in most TLM-movies, cell populations
are either sparse or their motion displays more stochasticity to a degree where tracking as a group
would be of less value for modelling their migration [28, 54]. In the context of CPC migration however,
the long-standing dogma of chick embryonic development suggests cells would be expected to form two
dense clusters with a bilateral trajectory from the mid-primitive streak towards the lateral plate
mesoderm [14], where a group-based approach may be more intuitive.

To give an overview of this suggested group-based tracking method as shown in Figure 1, CPC centroids
identified in the cell detection stage would first be separated into bilateral groups based on their
position relative to a midline representing the primitive-streak. Given that many of the TLM-movies
analysed in the previous chapter contained bilateral clusters which appeared asymmetrical and the
primitive streak isn’t entirely stabilized across all frames, estimating a midline automatically would likely
be non-trivial and require training and testing a complex model which may be too extensive given the
size of our dataset. In contrast, manually defining a midline across over hundreds of frames in each
movie would be too time-consuming for researchers, thus we instead considered manually defining a
single midline for entire movies using the position primitive streak in the first and last frames to be more
ideal in reducing computational complexity and user exhaustion.

The separation of clusters would be followed by determining an aggregated position of CPC centroids or
“grand-centroid” in each frame to generate the trajectories for each bilateral group. Mean-based
centroid determination is the most basic aggregation approach, however, our detection method is
imperfect and cell motion can be stochastic. This means the mean-centroid position and thus the final
trajectory could be heavily influenced by false discoveries, cell occlusion events and individual CPCs with
non-conforming movement patterns.
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Figure 4.2 Concept of tracking cells based on the peak probability density in each frame.
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An alternative approach would be to estimate the mode of the distribution of cell positions as the
“grand-centroid”, which we would expect to be less sensitive to noise and stochastic motion. A basic
concept is shown in Figure 4.2, where the peak probability density of a group of objects can be used to
track them. Mode based object-tracking has previously been performed across different contexts using
mean-shift algorithms [77], which iteratively searches for the peak maxima of a non-parametric
probability density function (PDF) from a specific point within a defined kernel. In this method, the peak
of a PDF of a specific feature, typically pixel intensity or colour, is used to identify a starting object
position in the first image frame. From this point, mean-shift is applied in the second frame to identify a
new density peak within the kernel space, representing the new object position. This is repeated across
each frame, generating a series of object positions that can be used to generate a track [78—80].

Mean-shift based approaches have been used previously both for cell detection [81] and single-cell-
based tracking in TLMs [82] , albeit for cells which are sparser and less stochastic than in our movies.
Using the PDF of all detected cell positions, it may be possible to implement a similar method to find a
“grand-centroid” of CPC centroids in each bilateral cluster. Mean-shift tracking however typically
involves finding the mode of pixels comprising a single-object [79], rather than multiple objects, which
could lead to different requirements for our data, comprising of up to hundreds of separated single-
points.

In contrast to a single distinguishable object where the peak probability density would be expected to
remain relatively consistent and transition smoothly, the peak probability density of moving and
occluding cell positions could be more unstable and prone to rapid transitions. While mean-shift
tracking attempts to avoid these stochastic transitions using a kernel to limit the search for a peak
density within a specific local window, a window size that is too small could lead to relevant information
being ignored and an inaccurate trajectory being generated. It may thus be more intuitive to estimate
the peak density of a distribution with no information limiting kernel windows as shown in mean-shift,
or at least a kernel that is larger than traditionally used. While this would likely result in more stochastic
peak maxima transitions, the overall trajectory would be more representative of the data and can still
be smoothened through signal filtering [78, 80].

4.1.3 Signal filtering

While tracking the mode of a group of objects would be expected to result in a smoother trajectory than
the mean, such signals are generally highly noisy even under the simplest circumstances, such as when
tracking a single object in the absence of any background interference. Individual detected signals are
typically considered to be inaccurate to some degree, so tracking algorithms often use signal filtering
methods to reduce the noise and produce a trajectory that is less impacted by stochastic signal spikes,
while still being influenced by general trends. The re-estimated object positions for specific signals are
often dependant on prior signal estimates and are assumed to be closer to the objects actual position
than the original signals prior to filtering.

The Kalman filter is one of the most common signal filtering methods used in computer vision when
tracking objects, with it having been used in TrackMate [41], CellTrack [36], as well as previous mode-
based cell tracking schemes to correct noise during tracking. The algorithm works by first initializing an
original state, which in cell tracking would typically be the detected object positions and velocities in the
first few time points. These are used to predict an object’s state in the next time point, which is then
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updated using the measured state of the object. This is performed iteratively across all time-points,
generating a trajectory that is smoother and less sensitive to noisy detections.

To explore tracking CPCs as whole bilateral groups for comparing migration patterns, we chose to
implement two tracking methods, the first being a time-dependant method, where cell groups would be
linked frame-by-frame like in TrackMate. While this method would be ideal, we considered it possible
that noisy trends across frames could generate inaccurate trajectories. We thus considered a simpler
method for tracking involving superimposing frames on top of one another, then following the density
across the X-axis, which can act as a pseudo-time since the movies are aligned so that migrating cells
would necessarily move up the axis. This method would not allow velocity measurements but would still
enable the extraction of trajectory angles and cell dispersion.

4.1.4 Simulated cardiac progenitor cell movies

An ideal training and evaluation of a cell tracking method would include ground truth datasets in which
the predicted trajectories or object labels between frames are compared to those established through
image annotation. In Chapter 3, we compared the ground truth cell count with the total number of
generated tracks to show TrackMate was highly prone to gaps occurring within frames, which was used
as an indicator that the tool was not suitable in our biological context. As our proposed method would
generate an aggregated trajectory however, we could not repeat said approach and instead required a
training and test dataset where the aggregate trajectory was already known to evaluate its accuracy and
reliability

Manually annotating time-lapse datasets for object tracking in dense images is time-consuming and
requires expertise in the given context to be able to accurately decide which objects should be linked
across frames. In imaging data of our embryonic system, this would be challenging due to the high cell
density, the degree of noise across frames, the potential for occlusion events and the stochastic
movement of cells. While pre-annotated datasets do exist as part of the Cell Tracking Challenges [31],
they are specifically focused on evaluating single-cell trackers with cells that migrate relatively
independently. This is in contrast with our movies, where cells move together as clusters towards a
specific location through chemotaxis.

An alternative approach to manually establishing a ground truth dataset with a known aggregate
position is to simulate the data and use these to train and test our tracking method. Simulated data has
been used previously in Particle Tracking Challenges [32] and is useful both for the potential to generate
large quantities of data as well as being able to replicate biological systems with high cell densities. A
shortcoming of using simulated data is the inability generate noise that reliably represents the
stochastic movements and occlusion events displayed in our movies. For our movies however, we felt
establishing a ground truth aggregated trajectory would be too time consuming and prone to error, as it
would require us to manually label true CPCs as separate objects from background noise in addition to
making accurate cell linkages across frames.

The previously published synthetic data available for the Particle Tracking Challenge contains objects
characterised by Brownian motion, and there is little dependence between objects in movement
patterns. This is in contrast with cells in our embryonic time-lapse movies where cells move in clusters,
and they fail to meet the assumption of our proposed tracking method that cells migrate in bilateral
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groups. For training and evaluating our method, we chose to simulate our own data and developed
movies which replicated a single bilateral cluster of cells.

As our goal is to identify an aggregated trajectory representative of the movement of true CPCs within
each cluster, we chose to define the aggregated trajectory first using a polynomial function. We chose a
specific function that represents the arch-like trajectory of CPCs during their migration from the mid-
primitive streak to the lateral-plate mesoderm. Objects representing CPCs were then added by
distorting the function, where noise was added which was sampled from a normal distribution.
Following this, noisy objects were added, including cells migrating in random directions and spots
appearing between frames.

Using a 80:20 split for training and testing respectively, we aimed to train our method by finding optimal
parameters for trajectory generation, before evaluating it on unseen test movies. We wanted to
evaluate the method based on the similarity between the generated aggregate trajectory compared to
that of the original polynomial function. We hypothesized that a method which converged to give a high
accuracy in training and testing would be suitable for application in our true CPC migration data.

4.2 Methods

4.2.1 Simulating migrating cardiac progenitor cells

Most synthetic data for cell or particle motion time-lapses attempt to simulate stochastic objects which
display Brownian motion patterns and have completely independent trajectories, as shown in the
Particle Tracking Challenge datasets. These datasets are not suitable for evaluating our suggested
aggregated tracking method, as it assumes that cells move towards a general direction as clusters. We
thus wanted to simulate our own time-lapses with objects that follow a similar general trajectory with
normal noise preventing completely identical positions.

To stimulate our data, we first defined a general trajectory our synthetic cells should follow using the
following 4™ degree polynomial function:

f(x) = 8x + 2x*-3x3 - 5x*
where x is an array representing the image frame of the time-lapse.

To simulate the cardiac progenitor cells as our objects of interest, we modified the polynomial function
to create unique trajectories with positions that are normally distributed about the aggregate trajectory.
The normal distribution of cell positions is critical, as our method is predicated on the assumption that
the aggregate position of all cells of interest can represent the overall migration of these cells. For this
purpose, we implemented a noise generator using the package NumPy, in which floating-point numbers
within a defined limit were randomly sampled from a normal distribution for each frame.
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Figure 4.3 Example of simulated movies ranging frame 1-300 including the trajectory of the original
function, the synthetic CPCs at positions sampled randomly from a normal distribution about the
original function, aberrant cells following an “anti-function” and randomly distributed background
noise.

We applied this noise generator to each of the multiples of the function, which gives a randomly
distorted trajectory based on the original function. The magnitude of the distortion can be modified by
increasing the limit from which the noise is sampled from, as shown in Figure 4.3, with the synthetic
distortions being used to represent migrating cells. We generated 200 synthetic CPCs, in addition to 50
cells with a randomly determined function which simulates cells migrating randomly. We attempted to
simulate noise by inserting 200 spots ranging 1-3 pixels in diameter at random positions for each frame.

Code for simulated movies can be accessed:

https://github.com/ConnorReynoldsUK/MScRes thesis/blob/main/Chapterd simulation.ipynb
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4.2.2 Frametrack - tracking frame-by-frame

For testing group-based tracking, we sought to select an appropriate method for aggregating cell
positions in each bilateral cluster per frame. We initially tested the least complex method using a mean-
based centroid of the positions calculated using the formula:

Xy + o+ Xn), (Va+ o+ V)
n

XY=

The cartesian coordinates of the centroid X, Y is the mean of each detected cell position both along the
X- and Y-axis.

For the more complex calculation of a non-parametric multivariate PDF within each frame, we used the
Gaussian kernel density estimation (KDE) function forming part of the SciPy Python statistical-based
module [83]. The KDE function was initialised on the X- and Y-axis positions of the detected cell positions
for each cluster, following which the estimated PDF was projected onto a 250x250 grid matrix. Each
element of the resulting grid matrix represented an estimated probability density at specific cartesian
coordinates. For the time-dependant tracking, we identified the point of maximum probability density in
every frame and selected this as our mode-estimated aggregate position for each cluster.

The final trajectory was generated by re-estimating the aggregated positions using a Kalman filter in the
Python package Pykalman [84]. We applied a double-filtering approach, where initial estimates were
made using a model set to 10 iterations. These estimates were corrected was using a second model,
which we optimized by grid-searching different numbers of model iterations in our simulated training
movies. The model’s performance was evaluated by determining the Pearson correlation coefficient
(PCC) between the originally defined function and the new trajectory.

When trajectories appeared to “jump” an abnormal distance across frames, we implemented a filter to
remove cells over a Euclidean distance of 100 pixels away from the previously identified point of peak
density. The initial peak was set to the point of origin we determined previously.

Code for the Frametrack method can be accessed:
https://github.com/ConnorReynoldsUK/MScRes_thesis/blob/main/Chapter4_Frametrack.ipynb

4.2.3 Mudtrack — tracking using pseudo-time

To further explore the potential of a KDE approach for the logical addition of frames as used by previous
authors on cell migration in early chick embryogenesis [5, 6, 18], we summed the KDE estimated
densities of all frames into a single grid matrix. Our movies are all aligned so that the net movement
from the primitive streak towards the lateral plate mesoderm is represented up the X-axis, meaning this
can be used as a proxy for the progression of the movie. We thus used the X-axis as a pseudo-time by
iterating over each column of the PDF grid and finding the peak density and the associated Y-position.

We used the peak density at each X-position, with the trajectory being generated following the optimal
Kalman filter protocol described in the previous sub-chapter. We also tested using the weighted-average
of the Y-positions, with the weights being the density at each X-position. To see if the model could be
improved by removing lower density regions, we iteratively set a minimum threshold based on density
guartile values. We evaluated the model’s performance in each case using the PCC between the new
trajectories and the original function.
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Code for the Mudtrack method can be accessed:
https://github.com/ConnorReynoldsUK/MScRes_thesis/blob/main/Chapter4_Mudtrack.ipynb

4.2.4 Manually defining a midline in true time-lapse-microscopy movies

For our actual CPC migration time-lapses, we first aimed to establish a ground truth separation of all
cells based on whether they are located left or right of the primitive streak. We achieved this by
observing the bright-field images of each TLM-movie and selecting two points on the primitive streak,
one of which being the most posterior point in the first frame and the other being the most anterior
point in the final frame. These positions together were used to produce an estimated midline, from
which we binarized cells based on their position relative to the line using a cross-product operation.

As the initial frame across movies is not fixed and many time-lapses start after HH3+ where CPCs have
already departed from the mid-anterior primitive-streak, we had no uniform origin point necessary to
extract exit angles from the trajectories. For this reason, we also manually selected a position located in
between the most posterior point of each cell group, after which we identified a point along the midline
closest to this position as an estimated origin point.

4.2.5 Unsupervised learning to separate bilateral cell groups

With the aims of achieving an automated method for separating cells based on their Euclidian distance
from one another, we tested several “off-the-shelf” unsupervised learning methods provided by scikit-
learn such as K-means to cluster cells into discrete groups.

Although being arguably the most simple clustering method, K-means is parametric and requires us to
define a k number, corresponding to the number of groups our cells will be clustered into. We thus
tested the method using different k numbers and estimated an ideal clustering result using the elbow
method — a heuristic approach which iteratively tests the dispersion of clusters using different k number
and finds the one where the dispersion curve starts to flatten, referred to as the “elbow”. Where an
optimal k-value equalled 3, we sought to identify the outlying or noisy cluster by running a pairwise t-
test between the x-positions of each cluster. With the assumption that the greatest variation would be
shown between the noisy cluster and the bilateral clusters, we ran a pairwise t-test across all clusters.
We then summed the P-values associated with each cluster before removing the cluster which had the
most significant summed value.

To test how effective the automated method would be in separating CPCs into their actual bilateral
groups, we compared the positions in each discrete group generated by the clustering with the two cell
groups established by manually defining the midline, which acted as a ground truth. The percentage of
cells labelled in the automated approaches that coincided with labels of the ground truth separation
was used as an evaluation metric.
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4.3 Results

4.3.1 Optimising tracking parameters using simulated data

To develop, optimize and evaluate our aggregated-cell-tracking method, we generated 100 simulated
movies which contained 200 migrating cells normally distributed about a defined function, 30 aberrant
cells and 200 spots representing random noise. We split this dataset randomly into 80 movies for training
and 20 for testing. We first tested using our “Frametrack” method - a frame-by-frame approach where
the peak density in each frame was used to represent the aggregate position. Our hypothesis was that the
densest position in each frame would be an accurate way of recreating the originally defined function,
even in the presence of noise.

The trajectory generated using the Frametrack approach was similar to that of the original function, giving
a PCC of 0.93 (SD 0.043). As the tracks were not smooth and contained noise in the X- and Y-axis, we
applied a Kalman filter with different numbers of repetitions of the second sub-model to find an optimal
value in our training dataset.

Table 4.1 Performance of the Frametrack method with different
Kalman repetitions compared to the trajectory generated without
signal-filtering

2nd Kalman model Pearson correlation  Standard deviation
repetition coefficient (PCC) (SD)
No filter 0.9287 0.0415
0 0.9555 0.0325
5 0.9563 0.0323
10 0.9565 0.0323
15 0.9566 0.0322
20 0.9567 0.0321
25 0.9546 0.0323
30 0.9510 0.0337
35 0.9497 0.0344
40 0.9494 0.0346
45 0.9493 0.0347
50 0.9492 0.0347

Table 4.1 shows the optimal value for Kalman repetitions was found to be 20 in our training dataset, which
gave a mean-PCC of 0.957 (SD 0.032). All instances of using the double-model Kalman filter gave
trajectories that were closer to the original function than in the non-smoothened trajectory, the lowest
being 0.949 (SD 0.034) at 45 repetitions. We therefore selected the model with 20 repetitions for a final
evaluation, which gave a mean-PCC of 0.964 (SD 0.024).
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We also explored our “Mudtrack” method shown in Figure 4.4, which involved summing the densities of
all frames and using the X-axis as a pseudo-time. We considered this approach suitable as our movies
were aligned so CPCs would be expected to progress up the X-axis during the time-lapse. We trained
different Kalman models using the peak density across each X-position as well as the weighted average
with different minimum density thresholds.
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Figure 4.4 Example of kernel density estimate for cell detections using
the Frametrack method in simulated data, with the original function
(black) compared with the new generated trajectory (blue).
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Table 4.2 Performance of the Mudtrack method using either the
peak density or weighted-average as an input for the Kalman filter
across different density thresholds

Density threshold Pearson correlation Standard
(quartile) coefficient (PCC) deviation (SD)

Peak density 0.9492 0.0152
0 0.8749 0.0660

0.1 0.8633 0.0741

0.2 0.8686 0.0671

0.3 0.8805 0.0702

0.4 0.8872 0.0529

0.5 0.8774 0.0672

0.6 0.9017 0.0526

0.7 0.9048 0.0579

0.8 0.8784 0.0633

0.9 0.8440 0.0958

Table 4.2 shows that in our training dataset, the peak density approach had the largest mean-PCC at 0.95
(SD 0.02) compared with using a weighted average with all density thresholds considered. The next closest
mean-PCC at 0.90 (SD 0.06) was shown using a density threshold of quartile 0.70. We thus selected using
the peak density for our Mudtrack method in the final evaluation.
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Figure 4.5 PCC values between generated trajectories and the original
function in simulated training and test movies using Frametrack (red) and
Mudtrack (blue).
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After finding the optimal features or parameters for our model, we ran both the Frametrack and Mudtrack
method using the test dataset. Figure 4.5 shows the Frametrack method was closer to the originally
defined function with a mean-PCC of 0.9641 (SD 0.0251), while the Mudtrack method was less correlated
with a mean-PCC of 0.9485 (SD 0.0987) in our test dataset. Although the greatest mean performance was
shown in Frametrack, Mudtrack had a smaller standard deviation and less low PCC outliers in both the
training and test datasets. This may suggest the Frametrack method is less robust and could perform sub-
optimally in some movies, therefore we decided to use both approaches when analysing our actual TLM-
movies.

4.3.2 Manually separating bilateral cell groups in actual time-lapsed-microscopy movies

In our actual TLM-movies, we applied our manual method of identifying a midline representing the
primitive streak and the origin point of cells to allow a separation of CPC populations across the entire
time-lapse, where we used a test set of 6 movies. We noted that while movies appeared to contain
detected cells that entirely fit the migration patterns expected to be seen in early embryonic cardiac
development, others include many noisy detections or cells with defective migratory behaviours.
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Figure 4.6 Whole-movie cardiac progenitor cell detections with positions below the origin region filtered out.
Separated using a cross-product following manual definition of the primitive streak (dotted line) and origin
point (black dot). Cells are separated into left (blue) and right (orange) groups.
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For our analysis, we would consider the trajectory to start at the defined origin point along the primitive

streak, from which cells are expected to migrate from the origin point towards the anterior of the

emrbyo, moving up the X-axis. A large number of cells appeared to move from the origin point down the

X-axis closer to pixel 0, which is towards the posterior of the emrbyo. Cells moving in this direction are

unlikely to be contributary to cardiac tissue, as they are migrating in an opposite direction to the lateral

plate mesoderm. While these abbarent cells may be of interest as a metric for defective migratory

behaviour, we first sought to identify cells which were moving in the expected direction. To achieve this,

all cells posterior to the defined central position were filtered out, as shown in Figure 4.6.

4.3.3 K-means for bilateral clustering
To test separating cells using automated approaches, we ran K-means clustering — generally considered

the simplest unsupervised approach available, as shown applied to our movies in Figure 4.7. While we
intuitively would have expected a k-value of 2 to produce bilateral groups separated by the primitive
streak, we found for many movies a k-value of 3 produced a more accurate separation of CPCs based
both on the visual representation as well as this being the location of the “elbow” on the dispersion

curve.
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Figure 4.7 Whole-movie cardiac progenitor cell detections for Exp53_Wnt3a following clustering

with a k-value 2-4 (A-C). The dispersion of clusters was calculated for each k-value (D), with the
“elbow” of the curve being found as the optimal k-value of 3.
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Where the optimal k-value was estimated to be 3, the additional cluster would presumably represent
noise or misplaced cells. To remove these objects, we performed a pairwise comparison between each
cluster and removed the one which gave the least significant summed P-value. We performed this on a
preliminary test movie that had not been stabilized (and thus contained less noise), as shown in Figure
4.7 In this example, the method appeared to successfully separate CPCs into bilateral groups while
removing atypical detections using a k value of 3.
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Figure 4.8 Whole-movie cardiac progenitor cell detections for test movies following clustering with
a k-value 2-4.
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We then ran this clustering approach on our more noise-prone stabilized training set as shown in Figure
4.8, which demonstrates obvious limitations in the method. The most dramatic flaw was shown in
Exp8_GFP (Figure 4.6), where the elbow method determined an ideal k value of 2, yet the centroids
separated the posterior-anterior regions of the embryo rather than the bilateral groups of CPCs. In all
cases where the ideal k value was 3, the most posterior cluster of cells (closest to 0 along the X-axis) was
removed. While we initially suspected this small third cluster would comprise primarily of false
detections or cells with aberrant migratory behaviours, in practice the third cluster appeared to contain
a large portion of cells which should constitute the CPC bilateral groups. The removal of this cluster, as
most clearly shown in Exp24_GFP (Figure 4.6), could result in a large loss of relevant information for the
final analysis.

To evaluate the effectiveness of the K-means separation method quantitatively, we sought to determine
the accuracy of the discrete labels by comparing the total number of cells with those that were correctly
labelled. The CC/GT accuracy was calculated using the unfiltered cell counts, while the CC/C accuracy
was determined using cells which had been filtered following removal of the third “noisy cluster”. Table
4.3 shows that with the exception of Exp8_ GFP (Figure 4.6), where the clustering had failed to separate
CPCs, all other movies were above 80% accuracy and the difference between accuracy metrics did not
exceed 10%.

Table 4.3 Evaluation of K-means clustering comparing the accuracy of labelling using all detected
cells and those which had been filtered by removal of the third cluster.

Movie Ground truth  Cluster cell Correctly CC/GT cc/c
cell count (GT)  count (C) clustered cell  Accuracy (%) accuracy (%)
count (CC)
Expl_GFP 1374 1258 1104 80.35 87.76
Exp6_GFP 11868 11013 10523 88.67 95.55
Exp8_GFP 19375 18716 9905 51.12 52.92
Expl4_FST 8846 8527 8218 92.90 96.38
Exp29_FST 6568 6264 6163 93.83 98.39
Exp37_FST 4946 4796 4492 90.82 93.66

While K-means can be considered successful in separating CPCs into bilateral groups for most movies,
the cells lost by the removal of the “noisy cluster” could result in major differences in the tracks
generated compared to when using the cross-product labelled cells. Additionally, defining a midline
automatically is non-trivial and would likely require near perfect accuracy results greater than 95% to
achieve a line similar to the manually selected one. As the midline is essential for calculating the angles
and width of trajectories during cell migration, we discarded the K-means approach and instead focused
on using the manual approach with cross-product separation as described in 5.4.2.
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Chapter 4. Tracking groups of cardiac progenitor cells

4.3.4 Generalized-cell tracking

While we are unable to quantitatively evaluate applying the tracking methods previously described on our
movies, we are able to visualize the trajectories generated to see if they meet the assumptions of CPC
behaviour. We expected to see trajectories that move smoothly from the point of origin on the mid-
primitive streak up the X-axis pixels towards the lateral plate mesoderm.

Frame: 0.00 Frame: 100.00 Frame: 200.00

S —

Figure 4.9 Frametrack approach showing KDE estimates for cell detections across 200 frames in Exp8_GFP.

We first applied the Frametrack method on our real TLM-movies using the same parameters as described
for the simulated movies (Figure 4.9). When observing the density estimates of detected cells across
frames we noticed that in later frames, the density at higher X-positions where the lateral-plate-
mesoderm is located diminished. This is possibly because the GFP expression is transient and cells which
complete their migration may have reduced expression.
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Figure 4.10 Frametrack approach using all cell positions (A) as well as using only cell positions 100 pixels from
the originally defined peak density (B).
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In contrast to what was expected, the Frametrack method appeared to generate trajectories which
“jumped” long distances between frames (Figure 4.10A). In all cases except for Exp14_FST, the aggregate
position tended to move down the X-axis in reverse towards position 0 at some point, which is the
opposite direction normal CPCs should move in. This suggests these true movies contains more
stochasticity than was accounted for in our synthetic datasets.

To correct the issue of long-range “jumping” between frames, we applied a bounding region around each
previous position, as inspired by mean-shift approaches (Figure 4.10B). Detections that lay outside this
region were filtered out, which we assumed would lead to trajectories that moved in a consistent
direction. This change gave us trajectories that moved generally in the expected direction towards the
lateral-plate-mesoderm, this movement didn’t capture the full long-range migration of cells and
differences in CPC migration across GFP-control and FST movies were not obvious visually.
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Figure 4.11 Mudtrack approach using parameters optimized on synthetic datasets on our true CPC migration
movies.
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We also applied the optimized Mudtrack method as shown in Figure 4.9, which was able to capture a
more complete migration trajectory across the time-lapse than what was observed using the Frametrack
approach, though noise at higher X-axis positions did appear to disrupt the trajectory, as shown in
Expl_GFP and Exp37_FST (Figure 4.11). As shown in all movies, the trajectories become stochastic in
regions where no cells are present, as the density is too low for Mudtrack to converge. It appeared that
there was a “cut-off” point at X-axis after-which the trajectory is no longer a valid representation of the
cell’s movement

Visually, we could not distinguish differences in trajectory between GFP or FST other than the former
appeared more symmetrical, however this is likely more an issue with defining the midline rather than
observing a phenotypic difference.

4.4 Discussion

We were able to produce two methods involving generalized-based tracking which were optimized and
evaluated using synthetic datasets. The simulated time-lapsed images were inspired by the visual
characteristics and behaviours of migrating CPCs demonstrated in previous literature, but our synthetic
datasets likely lack some of the more disruptive noisy features present in the actual CPC migration movies.
This was demonstrated by the fact the Frametrack method performed well in the synthetic movies but
poorly in the true movies. Developing a method to evaluate how representative these synthetic movies
were of true CPC migration movies would be non-trivial, but future simulated data could attempt to
manually annotate cells and noise in a select few movies to better model our true datasets.

Applying these methods on the test data suggested there were some problems with the lighting quality
and stability of our movies. In both Frametrack and Mudtrack, the trajectory became more stochastic in
later frames. For future analyses of our movies, we therefore chose to use only the initial trajectory. We
also decided to apply the Mudtrack method rather than Frametrack, as it visually appeared less sensitive
to the noise which we were not able to account for when simulating the synthetic movies. This is arguably
less ideal than the Frametrack method, as the Mudtrack method cannot determine the aggregated
velocity of the cells. We can still however extract other features such as trajectory width, dispersion, and
exit-angle which we believed to be more accurate than in the noise prone Frametrack method.

The use of a generalised approach could also be argued to be less ideal than a single-particle-tracking
approach, since in the latter we would be able to characterize the behaviours of individual cells which
would allow for a more detailed phenotype to compare across different experimental interventions.
Ultimately however, we felt that since single-cell-trackers cannot accurately generate complete tracks for
individual cells in our movies, they would not be suitable either for investigating individual cell behaviours
or generalized cell trajectories, while our generalized approach is able to least characterize the latter.
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5. Comparing cardiac progenitor cell migration patterns

5.1 Comparison background

Having defined our Mudtrack method for generating trajectories for migrating CPCs, we next sought to
extract meaningful features from said tracks to make comparisons between movies with different
experimental interventions. In our movies, embryos are either labelled “GFP”, representing controls with
no treatments, in addition to those with overexpression treatments for morphogenic signals including
“FST”, “Wnt3a” and “BMP2”.

Previous work by Song et al. [6] included comparisons using both the CPC’s distance from the midline and
“exit angle”. While it would be simple to extract a pixel-level max distance from the mid-primitive streak
for each trajectory, converting this into an actual distance to allow for comparisons is problematic as for
many of the movies the resolution is not specified. In the absence of this information, we considered using
distances in movies that may have different resolutions to be unsuitable as features for comparisons.

As we have a defined CPC origin point along the midline, we would be able to determine the angle of the
aggregate position of cells along any point of the trajectory. Using angles as a feature has advantages over
distance, since it does not have to be corrected to account for differences in resolution. The “exit angle”
is described as being determined for the initial 10 coordinates along the CPC trajectories, but we felt this
would be too arbitrary of a selection for our movies, as some have different starting points. We instead
considered using all angles from the origin point to the first maxima distance from the midline of a
trajectory to compare across movies with different starting stages.

To ensure the application of a method which tracked cells as aggregated groups was justified, we wanted
to again test TrackMate’s single-cell linkage method specifically whilst disregarding its cell detection
approach. TrackMate has previously been applied following a pre-segmentation step in contexts to avoid
shortcomings in the LoG spot detector [54]. Hence we wanted to test how processing our movies using
the custom convolutional filter described in Chapter 3 would affect the trajectories generated, which we
previously established in Chapter 2 were highly fragmented to point of being unusable.

A direct comparison between Mudtrack and TrackMate is not possible, considering the fundamental
differences between tracking cells as groups and tracking cells as individuals. In the former, we generate
two continuous trajectories across the time-lapse while in the latter, most tracks are expected to have
gaps between frames. Regardless, we can still quantify how much coverage different tracks have across
frames and visually decide if any of the more continuous tracks present a valid alternative to Mudtrack’s
trajectories.

The low number of samples has meant we focused on implementing mechanistic methods, rather than
using more naive supervised machine learning models in our comparisons. With fewer than 50 usable
movies, training a reliable predictive model would be unlikely even using the most basic regression
models. As more TLM-movies of migrating CPC are generated in the future however, machine learning
approaches could be a highly useful method for automatically extracting phenotypic information from the
images.
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We wanted to develop a basic pre-processing method to prepare our movies for input across different
machine learning classifiers as a blueprint for future work. The classification problem was chosen to be a
simple binary between GFP-controls and BMP2/FST-overexpressed embryos. This basic classification was
decided since we do not have any continuous ground-truth phenotypic labels to use. Regardless, the
output of a binary classifier is based on a probability that would be expected to be related to a phenotype
(assuming the model is not biased towards noisy features in the image). The binary classification is
therefore a good initial first step to see if the models are capable of learning information from our movies.

5.2 Methods

5.2.1 Extracting exit angles from Mudtrack trajectories

To determine the initial exit angles, we used the trajectories generated for CPCs in only high-quality time-
lapses as described in Chapter 4. As the midline (representing the primitive-streak) is not entirely
horizontal along the X-axis, we first had to ensure each angle measured along the trajectory intersected
the midline at a 90° angle as shown in Figure 5.1. This step is necessary as if the midline is diagonal one
bilateral trajectory will be more acute than the other, thus preventing a valid comparison.
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Figure 5.1 Method for extracting exit angles between the origin point and the initial peak maxima of the
trajectory

We extrapolated positions at a 90° angle from the midline and found the point at which the trajectory
curve intersects. We then calculated the angle of each position adjacent to the midline using an inverse
cosine function. To determine which angles we would use as features, we identified the first peak maxima
of the distance of each position from the midline and used angles only found between the point of origin
and this initial peak. We also interpolated the angles to an array of length 100 to ensure features were
comparable across different trajectories.

Based on the results of previous literature [6], we assumed that the exit angles should be symmetrical and
that any instances of asymmetry were a result of errors in the definition of the midline. We therefore
averaged the exit angles found for each group of bilateral CPCs. Significance tests were made between
each position using Student’s T-test, following which P-values were combined for each movie using
Fisher’s method.
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5.2.2 Pre-segmenting movies for input in TrackMate

We initially wanted to compare TrackMate trajectories directly to those generated in our Mudtrack
method. For a fair comparison we needed to ensure the image processing techniques used were the
same, as different processing techniques would be expected to lead to an unequal cell detection
accuracy. This can greatly alter the accuracy and coverage of tracks across frames, so we took the same
movies used in 5.2.1 and pre-segmented them using our custom convolutional filter described in
Chapter 4. In the absence of any pre-established ground truth trajectories, we instead chose to analyse
how much coverage each track had across frames. This was determined by finding the percentage of
frames each track was present in across the whole time-lapse. We assume that coverages under 75%
would present challenges to extract any information from considering a complete analysis would require
tracks to be aligned by time-points.

5.2.3 Development of a machine learning classification framework

We wanted to test multiple classification methods using different supervised machine learning models
to see if a framework could be established for future work. The classification task was a simple binary
problem of predicting whether a movie was a control or had an experimental perturbation. We first
divided our movies into a 3:1 training and test split to ensure the final evaluation of each model was
unbiased.

1. Cell positions across movie 2. 60x60 density map of all cell 3. Use as an input for different
frames positions across all frames supervised machine learning models

Scikit-learn classifiers:

- Logisticregression

- K-Nearest-neighbors

- Random forest

- Support vector machine
- Gradient boost machine

Fatten to 1D array

—

Kernel density

N

Figure 5.2 Framework for processing microscopy movies by combining cardiac progenitor cell
positions across all frames before conversion into a 60x60 density map for input in different
machine learning models

Neural-network classifiers:

2D matrix
- 2D convolutional-neural-network
- Image transformer
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Our raw movies exceeded 1000x1000 pixels and contained up to 300 frames, which only a few types of
architectures such as 3D convolutional-neural-networks (CNN) would be able to train on. This
architecture is however highly complex and would be computationally costly. To avoid these costs and
make the input applicable to more basic model type, we first found the centroid position of all cells
across all frames in each movie using the cell detection scheme described in Chapter 4. We then used
KDE with a bandwidth of 0.05 to generate a 2D 60x60 density map of cell positions in each movie (Figure
5.2).

We trained a collection of classification models from scikit-learn [49], including logistic regression, K-
nearest-neighbour, random-forest decision trees, support vector machine and a gradient boosting
machine. For these models, the 2D density maps were flattened so a 1D array was used as an input. We
used grid-searching with a leave-one-out cross-validation approach to optimize model hyperparameters
based on the F1 score. We used F1 score as a harmonic mean between classes rather than just the
accuracy of the whole test dataset to account for an imbalance said classes.

For more complex machine learning architectures, we implemented neural network models using
Tensorflow [85]. We first developed a 2D-CNN with two 2D convolutional layers followed by a dropout,
pooling, and feedforward layer. The 2D-CNN model contained 20,108,738 total parameters, while
hyperparameters were optimized heuristically using cross-validation F1 score, including a learning rate
of 0.001 and a batch size of 1. Each convolutional layer had a kernel size of 3x3 with 64 filters.

We also wanted to apply a state-of-the-art vision transformer model as described by Dosovitskiy et al.
[86], which has the advantage of being computationally efficient by dividing the image into patches
while also being able to make relationships between distance features in each patch. This is opposed to
2D-CNNs, which can only learn using local feature relationships. We implemented the vision transformer
mostly described by the Keras Team’s Github image classifier example [87]. Our final model had a
learning rate of 0.001, a batch size of 3 and contained 9 image patches each sized 16x16. During testing,
embeddings were obtained from the output of the 2" from last layer while attention scores were
extracted from the final multi-head attention layer for model interpretation.

5.3 Results

5.3.1 Comparison of Mudtrack exit-angles across experimental conditions

CPC exit angles tended to be highly uneven using our method, which is in contrast to the study by Song et
al, where the left- and right-bilateral trajectories were relatively (though not perfectly) symmetrical in
non-site-specific morphogen overexpressed embryos and our movies were expected to display said
symmetry. As the morphogenic overexpression was not localized to one side of the embryo in our movies,
we averaged the angles on the assumption that the CPCs do migrate symmetrically and that the midline
was not accurately established.

We stratified the symmetrical angles for all movies via PCA as shown in Figure 5.3B, which demonstrated
most GFP-controls and those treated with FST/BMP2 clustered independently along PC1. We additionally
generated a distance matrix based on the absolute difference between the mean angle of each movie. As
with the PCA, hierarchical clustering also showed control-GFP movies tended to separate from movies
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with embryos with FST or BMP2 treatment except for Exp22_GFP and Exp44_FST (Figure 5.3A), which
were outliers to this rule.
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Figure 5.3 Hierarchical clustering of differences between symmetrical angles (A) and PCA plot
of symmetrical exit angles (B) across movies. Polar plot showing symmetrical exit angles
determined in GFP-control (green) and follistatin overexpressed embryos (red) (C).
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As shown in Figure 5.3C, CPC trajectories in the GFP control time-lapses displayed a more acute grand-
mean exit angle at 60.72° (SD 5.21°) compared with those treated with FST, which gave a grand-mean exit
angle of 74.29° (SD 7.37°). This difference was found to be significant according to Fisher’s method for
combined P-values (P > 0.0001). Embryos treated with BMP2 had a grand-mean exit angle of 77.82°
(0.62°), but only 2 BMP2 movies were successfully analysed, thus preventing statistical significance
testing.

5.3.2 Evaluating TrackMate trajectory’s generated using pre-segmented movies

We next wanted to rerun TrackMate's linkage algorithm on movies which had been segmented using the
convolutional filtering steps described in Chapter 3 and test if these improved results shown in Chapter 2.
This final evaluation was made to see if our alternative method of tracking groups of cells was indeed
justified rather than the standard single-cell tracking approach. It was shown previously shown TrackMate
had a tendency to generate tracks which were fragmented, so we again used the difference between
maximum detected cell counts in any given movie frame with the total number of trajectories as an error

proxy.

Table 5.1 Coverage of object tracks across frames

Movie Frames Frame coverage
>25% >50% >75% 100%

Expl_GFP 205 7 7 2 1
Exp2_GFP 205 3 3 0 0
Exp3_GFP 205 12 12 1 0
Exp4_GFP 205 7 7 0 0
Exp5_GFP 224 1 1 0 0
Exp8_GFP 190 5 5 0 0
Exp9_FST 321 3 3 1 0
Expll_BMP2 280 1 1 0 0
Expl2_BMP2 199 0 0 0 0
Expl4_FST 297 1 1 0 0
Expl5_FST 327 1 1 0 0
Expl19_FST 105 8 8 3 0
Exp22_GFP 172 468 468 121 3
Exp27_GFP 149 653 653 64 1
Exp29_FST 249 0
Exp37_FST 170 3 3 1 0
Exp42_FST 204 0
Exp44_FST 199 3 3 0 0
Exp45_FST 99 81 81 13 0
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We wanted to check how many trajectories were unfragmented, or at least find an appropriate set of
tracks which covered more than 75% of frames across each movie. Tracks with high frame coverage could
potentially be used as representatives to calculate an exit angle as was shown in 5.3.1, that is assuming
they consistently linked cells from early frames and displayed a bone fide migratory pattern. Our results
in Table 5.1 however show that in most movies, only a handful contained any trajectories covered more
than 75% of the full time-lapse. The few trajectories which did contain over 75% coverage were either
almost entirely stationary as shown in Expl_GFP, or displayed stochastic migratory patterns as shown in
Exp22_GFP, Exp27_GFP and Exp45_FST. Of these, TrackMate appeared to be highly sensitive to noise in
both Exp22_GFP and Exp27_GFP, as these movies contained trajectories which did not appear to reflect
the expected migratory behaviour of CPCs.

While tracks with > 50% or 25% coverage were more abundant, the lack of alignment across frames would
leave a very small window to extract information from. Based on this, and the fact many tracks still
appeared to display stochastic patterns, we considered our density based aggregate approach to be more
suitable for analysing CPC migration in these movies.

5.3.3 Evaluation of machine learning classifiers for comparing movies

We finally wanted to test applying different supervised machine learning approaches to our movies to see
if they could learn any meaningful information. As this purely a proof-of-concept rather than a
replacement for our proposed tracking method, we started with a classification problem of predicting
whether a movie is GFP or contains FST/BMP-overexpression. We generated a 60x60 density map for each
movie based on the cell positions across all frames. We then split the movies into 17 training and 9 test
samples.

We first trained basic binary classifier models from scikit-learn including logistic regression, k-nearest-
neighbour, random-forest, support vector and gradient boosting machines. We optimized the
hyperparameters based on the cross-validation accuracy of each model using a grid search. Using
flattened 1D-arrays of our density maps, we were able to achieve F1 scores of up to 0.88 in random-forest
and gradient boosted decision trees as shown in Table 5.2. We also applied a relatively basic neural-
network model in TensorFlow which included two 2D convolutional layers followed by a single feed-
forward layer. The model was again optimized through cross-validation and gave a test F1 score of 0.86.
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Table 5.2 F1 scores of different machine learning classifiers

Model F1 Score

Logistic regression 0.86
K-nearest-neighbor 0.64
Random forest 0.88
Support vector machine 0.86
Gradient boost machine 0.88
2D convolutional-neural-network | 0.86
Vision transformer 0.92

We then used a more advanced model in the form of a vision transformer. The model generates 9 16x16
patches from each density map, as shown in Figure 5.3A, before being encoded and passed through a
transformer layer. The final model achieves an F1 score of 0.92, which was higher than any of the other
trained classifiers, though this is likely by pure chance as the model is far more complex than would be
typically used for such a small dataset.

The vision transformer architecture also allows us to interpret the results to some degree, as the
embeddings for each input are directly related to the binary output but provide continuous data which
could allow us to potentially quantify a certain phenotype rather than just classify it. We applied different
dimensionality reduction techniques to this method as shown in Figure 5.3C-D. In PCA and UMAP, the test
samples separated correctly between GFP-controls and the overexpression embryos. Using TSNE, a single
GFP movie was mixed with the overexpression samples, which was also the sample that was misclassified
by the model.
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As the vision transformer model contains a multi-head-attention block, it is possible to determine which
regions of each density map gain the most “attention” from the model, which means more contributary
to the prediction. This is useful for ensuring the model is learning from the correct information in our
images and not any noisy features. Figure S5 shows the attention scores for an example image across the
different patches, although it was difficult to interpret what features the model was attending to most.
We would expect that with a larger sample size, the attention map could be more interpretable.

5.4 Discussion

We were able to apply our Mudtrack method to show follistatin overexpression significantly alters the
trajectory of CPCs in general and displays a more obtuse exit angle. It has been shown previously that
follistatin treatment to chick embryos prior to HH5 impairs cardiogenesis [21], though specific differences
in CPC migratory behaviours had not been previously characterized before. While we were not able to
establish statistical significance, BMP2 overexpression resulted in CPC exit angles close to those displayed
by follistatin treatment, which coincides with the findings of the previous study by Song et al. The reason
for similarities in phenotype between follistatin and BMP2 is possibly because follistatin is an antagonist
of activin, which is known to be a critical morphemic signal in cardiogensis and establishing mesodermal
fated cells in general, and is itself an antagonist of BMP2 [20].

In contrast with the Song et al. paper [6], our method gave more obtuse exit angles in general by around
30° in the GFP-control embryos. This is possibly due to the fact all movies in said paper started prior to
CPCs exiting the mid-primitive streak, while in our movies most CPCs had already exited it and began their
migration, meaning we are missing the very initial exit. We considered that as the exit angles are relatively
consistent within each morphogenic group and as the magnitude of the differences between
interventions is comparable to previous literature, the method is still appropriate for characterising
migratory behaviour. Additionally, our approach was evaluated using synthetic test data, while the
methods described by Song et al. were not detailed and had not been benchmarked in said paper.

While the Frametrack method outperformed the Mudtrack approach in recreating accurate aggregated
trajectories in our synthetic cell migration datasets, when we applied it to our actual time-lapses the
trajectories generated appeared highly prone to high densities occurring in random positions as a result
of noise and lighting issues. As techniques in fluorescent time-lapse-microscopy continues to advance, the
Frametrack method could be evaluated in future movies. Alternatively, we could develop more advanced
methods for generating synthetic datasets which replicates the noise displayed in our movies to further
optimize and evaluate a mean-shift inspired tracking approach.

The machine learning results are promising as an example of how to process our movies for input across
different models, but the high F1 scores alone aren’t enough to suggest our trained models would
reliably test different hypotheses associating CPC migratory patterns with different experimental
conditions. We maintain an assumption that our dataset is too small to fully evaluate any specific model
considering there are only 9 test samples. The models may simply be learning from unknown biases in
our images, such as different lighting conditions between GFP-controls and FST/BMP-overexpressed
embryos. We instead consider this a framework for future analyses.

71



6. Future work and conclusion

6. Future work and conclusion
6.1 Image quality auditing

For testing hypotheses across different time-lapsed images, it is advantageous when the movies being
analysed have high resolution, good stability and consistent lighting or background noise. Many of the
movies available for our investigation had poor resolution, contained embryonic structures that moved in
some cases more abruptly than the CPCs and contained multiple different lighting conditions that often
fluctuated within even a single movie.

In this project, we discarded movies relatively heuristically based on features that were likely to distort
our results, such as having less than 10 cell detections, displaying cells that move in the opposite direction
to the lateral-plate-mesoderm or possessing high-intensity artefacts across frames. While this is
achievable for datasets of our scale, this could be highly time-consuming as more time-lapsed images are
generated. For high-throughput analyses, future researchers could consider developing machine learning
models to classify movies into those of high quality which are more likely to be useful and those of poor
quality which are likely to prevent a valid comparison between experimental interventions.

6.2 Improved simulation of CPC migration

We designed our simulated movies based on what we observed visually — a general movement of CPCs
displaying an arch-like motion from the mid-primitive streak towards the lateral-plate-mesoderm at the
anterior of the embryo. We could not use the movies to evaluate our cell detection method as cells in
these simulated datasets were also presented as binarized dots, which was because we felt reproducing
true CPCs would require time-consuming characterizations of examples of the cells. A more exhaustive
approach to generating synthetic data could include establishing ground truths for cell detections and
trajectories across frames, this would enable us to better reproduce the visual features cells display as
well as simulating their behaviours.

Advances in machine learning may be able to assist in automatically extracting cell features and
mechanistic principles and use these to generate unique simulated datasets. Generative Adversarial
Networks (GANs) use deep neural networks in a double-model approach — one of which takes example
data as an input and outputs a permutated version, while the other acts as a discriminator that classifies
the example as either real or synthetic [88]. This approach can be used to generate synthetic datasets
with properties similar enough to the original example to falsely be classified as real by the discriminator,
thus allowing the creation of unique simulated data. In previous studies, GANs have been used to simulate
cell images and movies using images of human embryos [89, 90]. Future studies involving CPC migration
could involve applying GANs to generate synthetic datasets of chick embryos to reduce the time and cost
involved in producing real time-lapsed-microscopy movies.

6.3 Improved cell detection methods

Our cell detection approach, which involved a Laplacian-style convolutional filter, was selected based on
the fact it was the method with the lowest absolute error between true and detected cells in our images.
While other methods such as TrackMate’s spot detection algorithm may be more generalizable across
diverse contexts, it is likely the noise and resolution of our time-lapsed-images were distinct from other
contexts. Future studies
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Like with image quality auditing, CNNs and other machine learning models could be useful for detecting
CPCs in our images, as there are many examples of models trained in other contexts for said purpose such
as U-net [91]. While we chose not to apply these models to our images as their training and testing would
require abundant and annotated datasets, these annotations may become available in the future as more
datasets are generated, requiring more high-throughput methods for cell detection.

6.4 Improved cell tracking methods

In our analysis we abandoned the use of single-cell-tracking in favour of a generalized-tracking of cell
groups based on the potential for errors in present in the former methods, such as failing to link correct
cells across frames and generating fragmented tracks with gaps between some frames. As generalized-
tracking completely avoids these issues, we felt it was a more suitable method for testing our hypotheses
that different morphogenic signals can impact CPC migration patterns. This did however limit the scope
of our investigation, as we could no longer model the behaviour of individual cells using a generalized
approach.

While present single-cell-trackers such as TrackMate were unsuitable for analysing our images, there may
be alternative methods of tracking cells as individuals that could generate more complete trajectories
with fewer errors. We focused on TrackMate and its respective LAP algorithm as it is one of the more
accessible tools available, however there are other single-cell-trackers that were unexplored such as those
involving multiple-hypothesis testing [45], active contour modelling [92], the Viterbi algorithm [93] and
other graph-based algorithms [94]. We did not exhaustively implement and test all single-cell-tracking
methods as we assumed they would present similar issues as displayed by TrackMate, which itself is the
most widely published method, however future studies could apply these to ensure this was the case.

As mentioned previously, by annotating images and labelling which cells are to be linked across frames, it
is possible to train machine learning models which could predict accurate cell-cell linkages in the absence
of any prior information about the mechanistic principles of cell motion. Deep learning models have been
implemented for this purpose including DeLTA [95] and 3DeeCellTracker [96], which use CNNs to for both
cell detection and tracking. We did not apply pre-trained models for our investigation as their training
image resolution and cell shapes displayed little in common with our own context, future investigations
however could involve annotating our time-lapsed-microscopy movies to evaluate the performance of
advanced machine learning models in generating accurate CPC trajectories.

6.5 Automated feature extraction without tracking

We showed that it is possible to process whole movies into a 2D format that can be used as an input for
classifiers ranging from the basic regression models to state-of-the-art vision transformers. With more
datasets for training and evaluating these types of models, it may be possible to make comparisons
between CPC migration movies without any tracking at all. This would be advantageous, as tracking
CPCs in our movie appeared more complex and prone to error than when detecting the cells. It would
also allow us to potentially use a larger number of features, as in our analysis and in the Song et al. study
[6], only the exit angle could be used to reliably compare samples.
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Our models made binary predictions based on whether or not the embryos were controls or treated
with morphogenic signals. This is fairly limited and in an actual analysis researchers would likely prefer a
multiclass classifier or a regression model to represent a larger array of phenotypes. In previous studies
using imaging analysis, a multiclass classification model has been used to predict types of skin cancer
[97], while others have been used to predict a continuous quantification of COVID-19 infection in lungs
[98]. These both present possible future directions for our CPC migration movies or progenitor cells with
similar movement patterns.

In terms of accuracy, it could be expected that 2D CNNs would outperform vision transformers given
that the latter has been shown to outperform the former only when the sample size approaches a
million, which we would not assume the number of CPC migration movies ever to reach. Vision
transformers have an interpretability advantage however, as we can visualize what regions of the image
the model learns from most [86]. In the future, this could be extremely useful to ensure the model is
learning from features that are actually related to the migration of cells rather than noise.

In our analysis we combined a 3D migration TLM into a 2D density map, yet it may be possible to use the
entire time-lapses in future studies. CNNs have been used to predict the stage of development up to the
8-cell stage in mouse embryos across a TLM [99]. It is possible a similar approach could be used in our
movies, where for each movie we predict the HH stage based on cell positions. An error in the HH stage
prediction could be indicative of an aberrant phenotype in embryo development in response to
experimental conditions. We were unable to use this approach in our analysis, as the movies frames
were not labelled to correspond with their HM stage.

6.6 Conclusion

We identified shortcomings in using TrackMate for both the detection and tracking of CPCs in
fluorescent microscopy movies. In the former case, we were able to improve the accuracy of detected
CPCs in our images using a custom convolutional filter, which did not improve the cell linkage stage in
TrackMate. We instead defined two tracking methods which attempt to build trajectories based on
bilateral groups of cells each side of the primitive streak at the middle of the embryo: Frametrack and
Mudtrack. Frametrack was more accurate in synthetic data, but generated trajectories which were
highly stochastic in actual CPC migration movies. We therefore used Mudtrack for a final analysis
comparing GFP-control movies with those overexpressing follistatin, from which we found a significant
difference. Furthermore, we developed a framework for comparing CPC migration patterns using cell
detections as an input for machine learning models without any need for a tracking algorithm. We
suggest that as the number of cell migration movies increases, researchers should consider replacing
mechanistic-based cell tracking methods with machine learning models to automatically learn and
compare migratory behaviours across different experimental interventions.
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Supplement 1.

Table S1. All movies with morphogen overexpression and morpholino knockdowns (KD) listed

Name Overexpression Morpholino KD
Expl_GFP None None
Exp2_GFP None None
Exp3_GFP None None
Exp4_GFP None None
Exp5_GFP None None
Exp6_GFP None None
Exp7_GFP None None
Exp8_GFP None None
Exp9_FST FST None
Expll_BMP2 BMP2 None
Expl2_BMP2 BMP2 None
Expl3_FST FST None
Expl6_FST FST None
Expl8_FST FST None
Exp19_FST FST None
Exp20_FST FST None
Exp21_FST FST None
Exp22_FST FST None
Exp23_GFP None None
Exp24_GFP None None
Exp25_FST FST None
Exp26_GFP None None
Exp27_GFP None None
Exp28_GFP None None
Exp29_FST FST None
Exp30_FST FST None
Exp31_FST FST None
Exp32_FST FST None
Exp33_GFP None None
Exp34_GFP None None
Exp35_GFP None None
Exp36_GFP None None
Exp37_FST FST None
Exp38_FST FST None




Supplementary information

Exp39_FST FST None
Expd40_FST FST None
Exp41_FST FST None
Exp42_FST FST None
Exp43_FST FST None
Expd44_FST FST None
Exp46_pClG_Wnt3a Whnt3a None
Exp47_pCIG_Wnt3a Whnt3a None
Exp48_pCIG_Wnt3a Whnt3a None
Exp49_pClG_Wnt3a Whnt3a None
Exp50_pCIG_Wnt3a Whnt3a None
Exp51_pCIG_Wnt3a Whnt3a None
Exp52_pCIG_Wnt3a Whnt3a None
Exp53_Cherry_FSTmo None FST

Exp55_SmadlEVE Smad1EVE None
Exp56_SmadlEVE Smadl1EVE None
Exp57_SmadlEVE Smad1EVE None
Exp58_SmadlEVE SmadlEVE None
Exp67_cherry_bGLBmoBMP2 BMP2 bGLB
Exp67_cherry_bGLBmoBMP22 BMP22 bGLB
Exp67_cherry_bGLBmoBMP2 BMP2 bGLB
Exp67_cherry_bGLBmoBMP22 BMP22 bGLB
Exp68_cherry_bGLBmoBMP2 BMP2 bGLB
Exp70_cherry_FSTmoBMP2 BMP2 FST

Exp71_cherry_bGLBmoBMP2 BMP2 bGLB
Exp72_cherry_bGLBmoBMP2 BMP2 bGLB
Exp73_cherry_FSTmo None FST

Exp74_cherry_FSTmo None FST

Exp75_cherry_FSTmo None FST

Exp79_pCIG_SmadlEVE Smadl1EVE None
Exp80_pCIG_SmadlEVE Smad1EVE None
Exp81_pCIG_SmadlEVE Smadl1EVE None
Exp86_cherry_FSTmoBMP2 BMP2 FST

Exp87_cherry_FSTmoBMP2 BMP2 FST

Exp88_cherry_FSTmoBMP2 BMP2 FST

Exp89_cherry_bGLBmoWnt3a Wnt3a bGLB
Exp90_cherry_bGLBmoWnt3a Wnt3a bGLB
Exp91_cherry_FSTmoWnt3a Wnt3a FST

Exp92_cherry_FSTmoWnt3a Wnt3a FST

Exp93_cherry_FSTmoWnt3a Whnt3a FST

Exp94_cherry_FSTmoWnt3a Wnt3a FST
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Exp95_cherry_bGLBmoSmadlEve | SmadlEve bGLB
Exp96_cherry_bGLBmoSmadlEVE | SmadlEVE bGLB
Exp97_cherry_bGLBmoSmad1lEVE | Smad1EVE bGLB
Exp98_cherry_FSTmoSmadlEVE | SmadlEVE FST
Exp99_cherry_FSTmoSmadlEVE | SmadlEVE FST
Exp100_cherry_FSTmoSmadlEVE | SmadlEVE FST
Exp101_cherry_FSTmoWnt3a Wnt3a FST
Exp102_cherry_FSTmoWnt3a Whnt3a FST
Exp103_cherry_FSTmoWnt3a Whnt3a FST
Exp104_cherry_bGLBmoWnt3a Wnt3a bGLB
Exp105_cherry_bGLBmoWnt3a Wnt3a bGLB
Exp106_cherry_bGLBmoWnt3a Wnt3a bGLB
Exp107_cherry_bGLBmoWnt3a Wnt3a bGLB
Exp110_cherry_bGLBmoBMP2 BMP2 bGLB
Exp111l_cherry_FSTmo None FST
Exp112_cherry_FSTmoBMP2 BMP2 FST
Exp113_cherry_bGLBmoBMP2 BMP2 bGLB
Exp114_cherry_bGLBmoBMP2 BMP2 bGLB
Exp115_cherry_bGLBmoBMP2 BMP2 bGLB
Exp116_cherry_bGLBmoBMP2 BMP2 bGLB
Exp117_cherry_FSTmoBMP2 BMP2 FST
Exp118_cherry_FSTmoBMP2 BMP2 FST
Exp119_cherry_FSTmo None FST
Exp121_cherry_FSTmo None FST
Exp122_cherry_FSTmo None FST
Exp123_cherry_FSTmo None FST
Exp124_cherry_FSTmo None FST
Exp125_cherry_FSTmo None FST
Exp126_cherry_FSTmo None FST
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Exp02_GFP Exp05_GFP Expll_BMP2 Expl6_FST

Exp22_FST Exp26_GFP Exp27_GFP Exp33_GFP

Exp40_FST Exp41_FST Exp46_pCIG_Wnt3a Exp49_pCIG_Wnt3a

Exp51_pCIG_Wnt3a Exp55_SmadlEVE

$2.1 A sample of 16 200x200 partitions taken from early embryonic development TLM-movies in
gallus gallus with GFP expressing CPCs.

Exp79_pCIG_Smad1EVE Exp81_pCIG_SmadlEVE
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Exp053_Cherry_FSTmo

Exp068_bGLBmoBMP2

Exp074_FSTmo Exp086_FSTmoBMP2

Exp096_bGLBmoSmadlEVE Exp099_FSTmoSmadlEVE

Expl07_bGLBmoWnt3a Expl12_FSTmoBMP2

Exp071_bGLBmoBMP2

Exp073_FSTmo

Exp089_bGLBmoWnt3a Exp093_FSTmoWnt3a

Expl03_FSTmoWnt3a Exp104_bGLBmoWnt3a

Expl1l5_bGLBmoBMP2 Expl24_FSTmo

$2.2 A sample of 16 200x200 partitions taken from early embryonic development TLM-movies in

gallus gallus with Cherry expressing CPCs.
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$2.3 The change in cell count detections in GFP expressing image partitions across different user-
defined values for quality thresholding using TrackMate’s LoG spot detector. 2™ degree
polynomial regression models were fitted, and a ground truth cell count (spotted line) was used to
predict the ideal quality threshold for the image.
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Exp53_cherry_FSTmo

Exp68_cherry_bGLBmoBMP2

Exp71_cherry_bGLBmoBMP2

Exp73_cherry_FSTmo

Exp74_cherry_FSTmo

Exp86_cherry_FSTmoBMP2

L

Exp89_cherry_bGLBmoWnt3a

Exp93_cherry_FSTmoWnt3a

Exp96_cherry_bGLBSmadlEVE

Exp99_cherry_FSTmoSmadlEVE

Expl03_cherry FSTmoWnt3a

Expl04 cherry_bGLBWnt3a

Expl07_cherry_bGLBmoWnt3a

Expll2_cherry_FSTmoBMP2

Expll5_cherry_bGLBmoBMP2

0.6 0.8 1.0

$2.4 T the change in cell count detections in Cherry expressing image partitions across different
user-defined values for quality thresholding using TrackMate’s LoG spot detector. 2™ degree
polynomial regression models were fitted, and a ground truth cell count (spotted line) was used to
predict the ideal quality threshold for the image.
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Expll_BMP2 Expl6_FST Exp26_GFP

W

Exp22_FST

Exp27_GFP Exp33_GFP Exp40_FST Exp4l FST

Exp49_pCIG_Wnt3a Exp55_SmadlEVE

$2.6 Visualizations of TrackMate’s LAP spot tracker linkages using predicted ideal threshold values
in GFP expressing movies. Colour gradient flows from red to blue proportion to time.
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$3.1 Image partitions in unprocessed as well as K-means, Otsu, LoG, Adaptive Gaussian and
Adaptive median segmented images (top) with their pixel intensity distributions (bottom).

Code for cell detection methods:

https://github.com/ConnorReynoldsUK/MScRes_thesis/blob/main/Chapter3_SEGMENTATION.ipynb

Supplement 4.
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S4.1 Density map of synthetic movie generated with the original function shown in black.

Code for Simulated movies:

https://github.com/ConnorReynoldsUK/MScRes_thesis/blob/main/Chapter4_simulation.ipynb

Code for Frametrack method:

https://github.com/ConnorReynoldsUK/MScRes_thesis/blob/main/Chapter4_Frametrack.ipynb

Code for Mudtrack method:

https://github.com/ConnorReynoldsUK/MScRes_thesis/blob/main/Chapter4_Mudtrack.ipynb
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$5.1 Trajectories generated in TrackMate including those with >75% coverage (red), >50% coverage
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$5.2 Patches of density map with attention scores overlayed. Higher attention scores shown in red
while lower shown in grayscale.
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Table S5.1 2D CNN model layers and parameters

Layer (type) Output shape Parameters #
conv2d (None, 73,73, 64) 640

conv2d_1 (None, 71,71,64) 36928

dropout (None, 71,71,64) O

max_pooling2d (None, 35,35,64) 0

flatten (None, 78400) 0

dense (None, 256) 20070656

dense_1 (None, 2) 514
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