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Abstract

The extraction of fluorescence time course data is a major bottleneck in high-throughput live-cell microscopy. Here we
present an extendible framework based on the open-source image analysis software ImageJ, which aims in particular at
analyzing the expression of fluorescent reporters through cell divisions. The ability to track individual cell lineages is
essential for the analysis of gene regulatory factors involved in the control of cell fate and identity decisions. In our
approach, cell nuclei are identified using Hoechst, and a characteristic drop in Hoechst fluorescence helps to detect dividing
cells. We first compare the efficiency and accuracy of different segmentation methods and then present a statistical scoring
algorithm for cell tracking, which draws on the combination of various features, such as nuclear intensity, area or shape, and
importantly, dynamic changes thereof. Principal component analysis is used to determine the most significant features, and
a global parameter search is performed to determine the weighting of individual features. Our algorithm has been
optimized to cope with large cell movements, and we were able to semi-automatically extract cell trajectories across three
cell generations. Based on the MTrack) plugin for Imagel), we have developed tools to efficiently validate tracks and
manually correct them by connecting broken trajectories and reassigning falsely connected cell positions. A gold standard
consisting of two time-series with 15,000 validated positions will be released as a valuable resource for benchmarking. We
demonstrate how our method can be applied to analyze fluorescence distributions generated from mouse stem cells
transfected with reporter constructs containing transcriptional control elements of the Msx1 gene, a regulator of
pluripotency, in mother and daughter cells. Furthermore, we show by tracking zebrafish PAC2 cells expressing FUCCI cell
cycle markers, our framework can be easily adapted to different cell types and fluorescent markers.
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Introduction

Live cell fluorescent reporter-based techniques reveal the
dynamics of gene expression under the control of different
regulatory promoters, in individual cells and over periods of several
days. Destabilized reporters with short half-lives of ~30 minutes not
only show when genes are turned on, but also how long expression
lasts and possible periodic or random repetitions, either self-
stimulated or induced. Single cell studies uncover the characteristics
and effects of noise in transcriptional control by making it possible to
synchronize temporal expression profiles i silico [1-3], contrary to
population assays where individual responses are averaged out
[4,5]. Much progress has been made in high-throughput micros-
copy of tissue culture systems to study cells through several rounds of
division [6,7], with great potential to investigate differential gene
expression in self-renewing and differentiating stem cells.
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Commercial platforms are available that offer integrated setups
containing a fluorescence microscope connected to a high
resolution CCD camera with autofocus, a humidified incubator,
liquid handling robots and computer systems allowing the
automated imaging of thousands of cells [8-11]. A major
limitation of current single cell approaches is, however, the
identification and tracking of cells in time-series, both through cell
divisions and in confluent cultures.

Identifying cells using nuclear markers

The requirement to generate multiple clonal cell lines
containing targeted insertion of reporter plasmids limits the use
of stable transfections in large scale synthetic biology promoter
studies. Transient transfection of fluorescent reporters represents a
rapid alternative and is therefore the method of choice for
analysing multiple promoters and regulatory elements. Transient
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transfections are also advantageous as onset rates of transcription
can be measured by introducing a naked DNA template into live
cells on which transcriptional complexes can assemble [12]. The
latter is particularly important in cells that continuously express
genes under the control of endogenous promoters. To capture the
onset of expression, we must ensure all cells are labelled using an
independent marker, so that cells can be tracked before expression
of any fluorescent marker sets in. Identifying cells with nuclear
markers, such as Hoechst, abolishes the need for co-transfection (of
a second constitutively active fluorescent colour for tracking
purposes), thus facilitating experiments with primary cells and
comparative expression analyses of different promoter constructs.
Another important aspect for our analyses is that during cell
divisions the chromatin marker segregates into the two daughter
cells, which aids in identifying cell divisions and assigning mother
and daughter cells. Since Hoechst is excited with UV light,
photodamage has to be kept to a minimum. To image over long
periods of time (days) with minimal cell death, we tested UV
exposure times empirically and determined 30 minute intervals to
be optimal for transfected C2C12 mouse mesenchymal stem cells.
During that time interval, cells exhibit significant motion, thereby
greatly challenging the reliability of any tracking method.
Segmentation of nuclei is discussed in Text S1 (see also Figure

S1).

Cell tracking

Recently, software has become available for high resolution cell
tracking and spatiotemporal analysis of protein dynamics in sub-
cellular compartments (QuimP [13], CellTracker [14]). However,
as these methods are designed to track cell boundaries in great
detail, they require cells to only move by small amounts.
Conventional tracking methods still require at least a minimum
overlap to link cell positions between consecutive frames,
measured either in absolute pixel counts, or relative to object
size. This is the approach used by CellID [15], CellTracer [16],
and Overlap-Based Cell Tracker [17]. If cells exhibit persistent
motion and cell collisions are infrequent, ‘keyhole’ tracking
algorithms can be applied, which calculate the probability of
finding matching cells in a particular direction [18].

A number of single particle tracking methods have also been
developed recently, which are able to track multiple non-overlapping
objects and can, in principle, be applied to tracking cells [19]. Altinok
et al. [20] have used spatiotemporal graph matching for tracking
microtubule tips. Similarly, particle filter methods have been
developed for tracking objects [6,21,22]. Future positions of objects
are predicted using a motion model, and then matched with objects
at the real positions. This usually involves solving a global linear
assignment problem [23]. Both graph-based and hidden Markov
model approaches can easily be extended to include additional
object features, such as shape, size, colour, or texture. However, for
large-scale problems, including time-series with thousands of cell
positions, global optimization approaches are computationally very
costly. Furthermore, particle filters only work for small displacements
where motion between frames is highly correlated. In time-series
with low temporal resolution and considerable cell motion, these
approaches generally perform poorly.

Instead of solving a global optimization problem, we formulate
here a statistical scoring approach in a less rigorous and formal
way, which was briefly introduced in [24]. It is based on a
similarity matrix, where scores are calculated for possible target
cells within a maximum distance that can be covered by a cell in a
given time interval. Relevant similarity features are selected from a
larger list of possible features based on principal component
analysis (PCA), similar to methods used in multi-feature cell-
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profiling [25,26]. Computational demand for this local optimiza-
tion problem simply scales linearly with the number of cells to be
tracked.

Constructing cell lineages

There have been some approaches to lineage construction
based on the appearance or behaviour of cells during mitosis [7].
Debeir [27] computes tracking in reverse from the final frame.
Divisions are detected by the merging of two daughter cells. As the
cells approach mitosis, their size decreases and the two daughter
cells come closer. When size and distance are below a threshold,
the ‘reverse mitosis’ event has completed. Wang [28] calculates
texture based features and uses feature reduction methods,
including PCA to reduce 145 features to 15-20. Divisions are
detected by treating each stage of the mitosis event as a hidden
state in a Markov chain. A training set was used to calculate the
probabilities for the chains. Similarly, Markov trees were used in
[29] to map cell states to lineages.

Al-Kofahi et al. [30] construct lineages by calculating a
significance score based on the observation that daughter cells
have a similar size. The Ellenberg group has developed a powerful
framework for automatic detection of cell divisions and chromo-
some phenotypes [31,32]. Their approach, which is based on 3D
time-series with stacks captured at 5—-7 minute intervals, makes use
of region adaptive thresholding and a feature point tracking
method. Probabilities for detecting mitosis events are based on size
and distance of chromosome sets for which weights are determined
empirically. Li et al. [6] and a more advanced version by Bise et al.
[33] use phase contrast images for cell segmentation and detection
of mitosis events, which appear brighter in phase contrast. Cell
trajectories are assembled into shorter fragments first, so called
tracklets, which are stitched together by using a global optimisa-
tion problem a posteriori. Accuracies achieved are 87% for
tracking (correctly identified cell-cell linkages between frames) and
68% for detecting divisions correctly.

Padfield et al. [34] also make use of a Hoechst label to segment
nuclei, although imaging at a higher frame-rates of 6 or 15 minutes.
They use a wavelet based method for cell segmentation.
Subsequently, a graph flow method is used for tracking cells, and
they report 99.2% of cells tracked with complete accuracy (with an
average track length of 13 frames) and 97.8% correctly identified
divisions, validated using 104,000 cell positions. Although the
methods by Bise and Padfield are both considered state of the art,
they result in markedly different detection rates and accuracies. It is
difficult to pinpoint a single cause for this, but most likely it is due to
experimental differences in cell density, movement and clustering.
For example, the net translocation of cells observed by Padfield is
small (after correction for stage drift) and thus, makes validation of
large numbers of cells comparatively easy.

Comparison of different methods is almost impossible, since
many of them are only available as part of an integrated commercial
platform or publicly not available. Often, precision of different
segmentation routines is not validated based on objective ground-
truth using synthetic data, but by human observers [34], and it is
difficult to obtain a comprehensive list of all parameters being used.
Since there is currently no standard for exchanging track-data for
evaluating different methods, we set out here to develop a new
software framework using Image] which allows comparisons of
different segmentation and tracking routines. Furthermore, we will
make available validated tracked data sets at different temporal
resolutions (10 and 30 min), which can be used as a benchmark test
for others. The method we present here incorporates the tracking of
cell lineages in our statistical scoring framework for cell tracking. It
makes use of dynamic feature changes, such as characteristic
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changes in Hoechst distribution and nuclear size. The experimental
data we make available are challenging as they are subject to
considerable noise, and there is a huge variation in nuclear size and
shape when compared to the examples given in Padfield [34]. Also,
large cell displacements between frames make tracking by eye and
validation of large numbers of cells more difficult. The clustering of
cell nuclei found in our experiments poses a particular challenge
when reconstructing cell lineages, as it obscures mother-daughter
cell relationships.

Current software toolkits

A software framework specifically tailored for high-throughput
single cell studies is the open source image analysis platform
CellProfiler [35]. CellProfiler is highly flexible and supplies all of
the above mentioned segmentation methods, as well as several
tracking methods including a multi-object tracker based on the
method by Jagaman [21], which accounts for splitting and
merging of objects. Other tracking methods within CellProfiler
utilize features such as object overlap, distance or any other
measurements (intensity, morphology). A version of CellProfiler
has been used for single-cell tracking by Alon et al. [3].

Here we use an alternative platform, Image], which is widely
used and easily extendible by Java plugins. Existing cell tracking
methods for Image] are currently very limited, however. The
Particle Tracker plugin is an implementation of Feature Point
Tracking [36] and provides both segmentation and tracking based
on the intensity moment of the particle images. Mtrack2 performs
tracking and requires the segmentation to be performed
beforehand. Trajectories are assigned by selecting the nearest
particle in the following frame.

Msx1 expression profiling

The software we developed was initially designed to measure
the activity of fluorescent reporters driven by transcriptional
control elements from the Msxl gene in C2CI12 mouse
mesenchymal stem cells. The Msxl protein is involved in
regulating pluripotency of mesenchymal stem cells [37]. It is a
member of the homeobox family of transcription factors involved
in vertebrate craniofacial and muscle development. Expression of
Msx] during embryogenesis maintains progenitor cells in their
undifferentiated state and mutations in the Msxl gene lead to
cranial and dental defects [38], including cleft palate. Several
control elements of Msx1 have been identified by others and
ourselves (Vance et al., submitted), and a key objective for the
development of our analysis method was to quantify the role these
elements play upon transcription rates by using fluorescent
reporters. Expression levels are proportional to the amount of
reporter protein provided the measured intensity is within the
linear range of the imaging system. Fluorescent reporters were
modified by the addition of a nuclear localization sequence (nls),
which led to post-translational targeting to the nucleus. Segmen-
tation based on Hoechst can therefore be used to measure reporter
intensities in the nucleus. Ideally, we want to determine reporter
levels during the lifetime of individual cells in order to avoid
transgenerational inaccuracies or differences in reporter activity
due to asymmetric fate choices. For this reason, methods are
needed to determine reporter fluorescence between two automat-
ically recognized cell division events in entire clonal populations.

Materials and Methods

Imaging of mouse C2C12 cells
C2C12 mouse myoblast cells (ECACC, Catalogue No. 91031101)
were grown in DMEM supplemented with 10% foetal bovine serum
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at 37°C in an atmosphere of 5% COy. For transient transfections,
the cells were transferred to a 96-well plate at a density of 1.25x10"
cells per well. Hoechst 33342 (Invitrogen) 400 ng/ml in DMEM was
added and incubated at 37°C for 30 minutes. Cells were then
washed twice with PBS, and DMEM (without phenol red) was
added. Cells in each well were subsequently transiently transfected
with 200 ng of reporter plasmid using Lipofectamine 2000
(Invitrogen) according to the manufacturer’s instructions.

Images were obtained using a Cellomics KineticScan KSR
machine with a 10x NA 0.4 objective at a resolution of 512x512
pixels. Two colour channels (Hoechst and vGFP) were obtained
every 30 minutes using the XF100 filter set. A custom import
module was written to import Cellomics data (version 1.35) into
Image] using Jackcess (version 1.1.21, http://jackcess.sourceforge.
net), a library for reading and writing Microsoft Access databases.

Imaging of zebrafish PAC2 cells

Zebrafish PAC2 cells derived from 24-hour embryos were
transfected with FUCCI  constructs mKO2-zCdt1(1/190)/
pT2KXIGAin and mAG-zGeminin(1/100)/pT2KXIGAn [39,40]
and plasmid pcDNA3.1/myc-His A (Invitrogen), as previously
described [41]. After neomycin selection, single cells were sorted
sequentially for orange fluorescence (mKO2) and then green
fluorescence (mAG) by fluorescence-activated cell sorting. A clonal
FUCCI cell line was established and cultured as previously described
[41]. For time-lapse analysis, FUCCI cells were plated at a density of
100,000-150,000 cells/ml onto a 35 mm glass-bottomed dish
(Wilco), maintained at 28°C and imaged with a 10x NA 0.3
objective lens on an inverted Leica SPE confocal microscope. Images
were captured every 15 minutes for a total of 65 hours using
sequential fast scanning.

Software design and implementation

The software was written in Java as a set of Image]J plugins and
uses the image manipulation routines available within Image]. The
Image Viewer requires the Image5D plugin to be installed, which
is available separately or bundled with the ‘Fiji’ version of Image]
(available from http://rsh.info.nih.gov/ij/and http://pacific.mpi-
chg.de/wiki/index.php/Fiji). There are separate plugins for
segmentation/tracking and viewing/editing the data.

The segmentation software can handle any image format which
can be imported into Image]. The user selects the location to store
the data and loads the image sequence into Image]. The
segmentation parameters can be adjusted with a preview available.

The viewer allows the user to visually interact with the
segmentation and tracking, and perform minor edits to the data.
The application is compatible with tracking information from
CellProfiler and the Image] plugins M'Track] and ParticleTracker.
Fluorescence time course data and cell division data can be
exported as spreadsheet files. Tracking videos can be exported
with highlighted cells overlaid.

Results

Figure 1 and Figure S2 summarise the problem of tracking
individual cells moving in crowded environments, and show
segregation of the nuclear marker during cell divisions. Figure 1A,B
show the Hoechst and GFP channels for an image with a cell
density of 1300 cells/mm? typically reached at t=40 hours after
transfection. The close up in Figure 1C illustrates the basic idea
behind statistical scoring mechanisms for identifying matching
cells in subsequent frames. For each of two example cells, three
arrows point to possible target cells (white outlines) in the
subsequent frame. Differently coloured arrows (e.g. red 3 and

December 2011 | Volume 6 | Issue 12 | 27886



Tracking Cell Lineages

C

Cell Score

Figure 1. Magnified section of an image obtained from the Cellomics automated microscope. A) C2C12 cells labelled with Hoechst stain.
B) Same view showing expression of GFP driven by a Msx1 promoter. GFP expressing cells have been highlighted in yellow in A and B. C) Potential
ambiguity in linking cells in subsequent frames (white outlines). Arrows represent potential trajectory assignments with numbers representing the
calculated score for each potential assignment. D and E) Cell divisions exhibiting chromatin condensation close to the point of division. Time is
displayed in minutes. Scale bar in all images is 50 microns. (C and D have been adapted from [24], © 2011 IEEE).

doi:10.1371/journal.pone.0027886.9001

blue 4) pointing to the same target cell in the centre of the image
make it obvious that positional information alone is not sufficient
to discriminate which of the possible target cells is the correct one.
Although connection 4 is the shortest, it turns out that connection
3 achieves the highest red score and is preferred over 4, while the
highest blue score is 6. Figure 1D,E show characteristic
condensation of the Hoechst marker during cell division (90 and
60 min frames), followed by segregation into daughter cells. This is
an essential feature, which is used to identify cell divisions, as will
be shown later on.

In the following section, we compare the efficiency and
accuracy of a commercial solution, Cellomics, with different
segmentation methods (for details of segmentation see Text S2).
We then describe the development of the statistical scoring method
for cell lineage tracking, which will be validated using a manually
tracked gold standard.

Segmentation accuracy

Two different methods were used to evaluate segmentation
results, each using a different gold standard set of artificial and real
cells.

Firstly, we measured the pixel-accuracy of segmentation using
artificial ground truth images created by Simcep software [42].
Five frames with 2885 cell nuclei in total (at densities between 425
and 703 cells per frame to match experimentally observed cell
densities) were created along with binary images, which partition
the image into foreground or background. There is no additional
information regarding which cell a pixel belongs to (Figure S3A,
B). The F-score indicates the overall accuracy of the segmentation
according to this foreground/background partitioning, but does
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not penalize methods which fail to separate clustered or touching
cells. The precision and recall values indicate whether a
segmentation method consistently over- or under-estimates the
size of the detected objects. The method counts the True Positive
(TP), False Positive (FP), True Negative (I'N), and False Negative
(FN) pixels.

.. TP
Precision (P) = TP+ FP
TP
Recall R)= ————
ecall R) =757y
1+ p*)PR
F-score = %
F(P+R)

A weighting factor of f =1 was chosen to give an equal weight to
precision and recall, as a combined F-score usually was found to be
a good indicator of overall segmentation accuracy. The F-score
performance of the different segmentation methods that have been
tested is illustrated in Figure S3C. Surprisingly, the Global
Threshold (Li automatic threshold from Image]) resulted in the
highest F-values (~0.95) for all cell densities, while the more
sophisticated regional adaptive Seeded Growth and Scaling Index
methods performed poorly on the artificial data (0.85<F-
score<<0.91).

Using the kappa index to evaluate segmentation accuracy for
the Simcep data, we obtain values of KI=0.90 (for the Seeded
Growth algorithm) compared to values between 0.81 and 0.96
reported in [34]. The kappa index measures the degree of overlap
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between two sets:

IAﬂB\)
KI=2|+——=
(|A|+|BI

A and B are ground truth and segmented pixel data, respectively.

To demonstrate that segmentation results at higher spatial
resolution are comparable to the 10x NA 0.4 images used in the
rest of the paper, Figure S4 shows an image of segmented cells
using a 20x NA 0.75 objective.

The second method measured positional accuracy and used
images of Hoechst stained nuclei. A set of 4 frames was selected
from a 48-hour period of a single experiment (frame interval
30 minutes, 110 frames in total). The images exhibited a range of
cell densities from 487730 cells per image (902-1507 cells/mm?);

1500 cells/mm? yield 25-30% total area covered by nuclei

Tracking Cell Lineages

measured using the Hoechst channel, which approximately
corresponds to 90-100% cell confluency.

The nuclei were manually located using the CellCounter plugin
in Image]. The locations as determined by regional adaptive and
non-adaptive segmentation methods were then compared with
these ground-truth locations. For the Seeded Growth and Scaling
Index segmentation methods, we developed custom-written
Image] plug-ins. Threshold segmentation used existing methods
available in Image] or Fiji.

To determine positional accuracy, we define a cell as true
positive when being within 1 radius of a ground-truth cell. Cells
which cannot be matched are classified as false positive. Cells in
the ground truth data set which remain unassigned are classified as
false negative. Figures 2A-H show common problems with over-
and undersegmentation encountered with different methods.
Generally, it turns out that there is not a single method which
outperforms all others for all cell densities (Figure 2I, and

| Seeded Growth Scaling Index CellProfiler Cellomics
Gold Standard Global Threshold Auto Threshold
7507 20 4
7001 3.5
6501 3
15
o 600} 2 225
£ © B
1= w
g g 8
8 5501 v } P 2
PP u 0
% & e
O 500¢ e 2 15
= 10
450 1 \\“vf"'\\\
400 0.5
350 5 0

1000 1500
Cell density cells/mm?

1500

1600
Cell density cells/mr?

1000 1500

Cell density cells/mn?

Figure 2. Segmentation of cell nuclei. A) Original nuclei (scale bar 50 microns) taken from the gold standard data set, cell density 1150 cells/mm?Z.
B-H) Nuclei with segmentation examples overlaid. Ellipses indicate segmentation errors. Lines indicate unresolved clusters of cells. B) Manually
marked cell position. C) Cellomics segmentation. D) Seeded Growth. E) Global Threshold. F) Local Threshold. G) Scaling Index. H) CellProfiler. 1) Cell
detection accuracy measurements: Total cell count, false negatives and false positives comparing different segmentation methods to the gold

standard.
doi:10.1371/journal.pone.0027886.9g002
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additional methods in Figure S3D), and above 1400 cells/mm?,
detection rates decline. The Seeded Growth and Scaling Index
algorithms and CellProfiler perform slightly better regarding false
negatives, which are consistently below 13%. However, the
simpler threshold based methods (Cellomics, Global and Auto
Threshold) yield numbers of false positives (below 1%), which are
well below the Scaling Index and the CellProfiler Background
Adaptive method.

The large number of missed cells at high cell densities means
there is currently no reliable method that can work in an
unsupervised manner when cultures become confluent (in Text
S3 we describe a graphical user interface for validating cell
positions and eliminating falsely classified cells). We here
decided to use the Seeded Growth method as it provides a
good balance between false positives and negatives for different
cell densities.

Identifying features for cell tracking

During segmentation, several numerical features of nuclei are
measured, similar to feature-based cell-type classification methods
developed by Murphy et al. and Loo et al. [25,26,43], or recent
methods for predicting cell fates of retinal progenitor cells using
measurements of cell motion and phenotype [44].

All of the features are measured on the Hoechst nuclear
channel. Additionally, the integrated intensity values are measured
on the GFP channel. Our tracking algorithm combines the most
informative features to compute probabilities for cell-cell transi-
tions, which are stored in a matrix.

Tracking Cell Lineages

For the 7221 tracked positions, the measured features from
Table 1 were examined using Principal Component Analysis. The
first 5 principal components accounted for 74% of the variance in
the Hoechst channel with the major contributions coming from
mean intensity, gnd intensity moment (divided by area), nuclear
area and standard deviation.

The tracking algorithm relies on features remaining similar
from frame to frame. Therefore, correlation scatter plots were
produced, which compared the values of the features across
successive frames (see Figure 3 and Figure S5). Daughter cells
following division are plotted in red. For calculating correlation
scores, dividing and non-dividing cells were treated separately.
Dynamic features were plotted where the difference in feature
value was calculated. Good features to use in tracking are ones
where the values cover a wide range, while the correlation between
cells in adjacent frames is good (see Table 1 for R? values).
According to the outcomes of principal component and correla-
tion analysis, the following 5 features were selected for tracking:
distance moved, nuclear area, mean intensity, standard deviation
of intensity, 2" intensity moment (normalized to area). The
feature selection was confirmed by comparing tracking accuracies
for different sets of features.

Constructing the transition matrix

Tracking is calculated on a per-frame basis with individual
trajectories linking a cell in one frame with a matching cell in the
next frame. For each frame, a matrix is created where the rows
represent cells in the current frame and columns represent cells in
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Table 1. Measured and derived features used in tracking.
Feature Cumulative components Correlation (R%)
7 2 3
Mean Hoechst intensity* 46.95 97.97 97.97 0.94
Integrated Hoechst Intensity 84.29 97.25 97.26 0.97
Median Hoechst Intensity 45.63 78.05 78.05 0.86
Standard Deviation Hoechst intensity 40.64 91.41 91.42 0.92
Relative standard deviation® 5.70 58.04 58.08 0.50
2nd Intensity Moment 94.76 95.06 95.09 0.85
2nd Moment (Intensity Normalized)* 40.86 95.82 95.91 0.78
2nd Moment (Area*Intensity Normalized)* 47.55 91.95 92.05 0.80
2nd Moment (Area Normalized)* 95.33 97.44 97.46 0.90
Nucleus Area 57.43 92.49 92.60 0.84
Integrated GFP Intensity 16.89 30.11 30.26 0.91
Major Axis Angle 0.04 0.09 0.09 0.20
Axis Ratio 0.24 1.04 1.08 0.37
Circularity 46.95 97.97 97.97 0.16
Centre co-ordinates of nucleus N/A N/A N/A 1.00
A Hoechst 6.54 9.56 9.57 0.00
A Area 0.22 0.23 68.22 0.01
A 2nd Intensity Moment 0.11 0.17 80.40 0.04
A Hoechst Standard Deviation 0.16 0.30 83.68 0.00
A Integrated GFP Intensity 0.00 0.23 0.43 0.07
A Circularity 0.05 0.15 43.87 0.18
Principal Component Analysis was used to determine which features contributed most to the tracking accuracy. The cumulative components columns specify how
much variance of each feature is described by the first 3 principal components. Features in bold are used in the tracking system.
*Derived from other features. R? values are given for non-dividing cells only.
doi:10.1371/journal.pone.0027886.t001
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Figure 3. Correlations of different features between consecutive frames. Tracked cells are plotted in blue. Cells that divided between
consecutive frames are plotted as red circles. R? values are given only for very highly correlated values. A) Integrated Hoechst intensity. Non-dividing
cells show a very high correlation in Hoechst between frames (blue R2=0.97). Red cells show that Hoechst levels are halved during division (red
R?=0.90). B) Mean Hoechst intensity (blue R2=0.94). C) Change in Integrated Hoechst. D) Nucleus area. (blue R2=0.84). E) Change in nucleus area. F)

2nd Intensity moment (measured on Hoechst channel, blue R?=0.85).
doi:10.1371/journal.pone.0027886.9g003

the subsequent frame. Each element in the matrix holds a movement
score representing the similarity in position and measured feature
values between the cells. A value of 1 indicates that the position
and feature values are unchanged between frames.

Each cell in the current frame ‘t” is compared to the cells in the
following frame ‘t+1’ and a potential trajectory is computed for
each pair. Individual movement score contributions are calculated
for each feature by computing the differences between the
features. A threshold value determines the range over which the
feature is active.

M(f)=1—(14¢") " (1)

where

T =D
m‘“( ) )

The movement score for an individual feature is given in equation
(1), where T(f) is the threshold, D(f) is the difference between the
values of a particular feature f as found in Table 1, and o
determines the steepness of the curve (value to be obtained
through optimization). The sigmoidal shape penalizes large
changes in feature value, greater than the threshold 7.
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Threshold values are obtained by performing an initial tracking
followed by analysis of the change in features (see Figure S6 and
Table S1). A threshold can be selected by choosing a high
percentile (95™-99™) as a cut-off, which will give a value suitable
for the majority of cells in the experiment.

Each of the features has a weight which is proportional to the
contribution towards the total movement score for the trajectory.
Initial estimates of the weight values are obtained by determining
the relative importance of each feature according to the strength of
the correlation (sec Figure 3, and R? values in Table 1). The
features with the highest correlation values (coordinates and
intensity) were assigned an initial weight of 0.9 with the other
features assigned weights of 0.5.

Weights and thresholds are subsequently optimized by locally
varying them in an iterative manner, while maximizing the
tracking performance. Each parameter is perturbed in turn by a
small amount (1% of the parameter range) with the new values
retained if the tracking score is improved. The optimizer attempts
to avoid local minima by gradually increasing the scale of the
perturbations if repeated iterations fail to improve the score.

The individual scores are combined using equation (2) as the
product of all feature weights and movement scores.

M =TI (1=W()(1-M(f))) )
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Assigning trajectories

Assigning movements is a four-stage process (see Figure S7).
The first step builds a list of potential target cells in the adjacent
frames according to the movement scores in the transition matrix.
Each cell holds a list of highest scoring cells in both the forward
(t—t+1) and backward (t—t—1) directions.

The second stage assigns a trajectory if the highest scoring
forward transition agrees with the highest scoring inbound
transition of the target cell at t+1 (see Figure S8). Step 2 is
performed repeatedly until all such transitions have been assigned.
The third step completes any remaining links by assigning the
highest forward pointing transition.

The final step optimizes the tracking by calculating the sum of
transition scores for each frame. If two cells share potential targets,
a new transition score is calculated based on exchanging the
trajectories. The new trajectories are retained if the exchange
improves the total score.

The method of assigning trajectories may be replaced with the
Hungarian Algorithm [45,46], while retaining the initial matrix
calculation. The Hungarian method requires a square matrix;
therefore an additional step is required to pad the matrix where
there are different numbers of cells in adjacent frames. Although
the tracking accuracies with the Hungarian method are very
similar, the main advantage of our custom assignment is that it is
capable to account for the detection of cell divisions.

Detection of divisions

The large frame intervals used in the C2C12 experiments lead
to difficulties in identifying cell divisions. The M-phase of the cell
cycle is relatively brief and can occur between frames; therefore,
the change in appearance of the nucleus during M-phase cannot
be relied upon to detect divisions. Also, directional information
about daughter cells moving in opposite directions during division
could not be used, as there was no significant correlation observed
between frames.

The first step in locating divisions is to identify cells which may
have divided by making use of dynamic features obtained during
tracking, in particular, characteristic changes in intensity and
nuclear area (Figure 3 C,E), which both decrease by at least 25%
during cell division (Figures S9 and S10).

Table 2. Results of gold standard tracked sets.

Tracking Cell Lineages

The integrated intensity of the parent cell is very closely retained
in the daughter cells (R*=0.95, sum of daughter intensities is
100X£1.5% of parent cells, errors indicate standard error of the
mean, n=100 cell divisions), and there is a close correlation
between the two daughter cells (R*=0.92, mean difference
between daughter cells 6.0£0.5%). The daughter cells in the
frame immediately following a division were of a similar size to
each other (average difference 12.6+1.0%), and for the sum of
daughter cell areas we obtain an average total 110%£4.3% of
parent cell area. There were some cases where a daughter cell was
larger than the final measured area of the parent cell due to the
long frame interval and chromatin condensation occurring during
the previous frame. Because of this and the larger variation
obtained for the area, cell size (weight 0.25) is weighted lower than
intensity (weight 1).

Potential daughter cells are selected by examining cells within a
certain distance of the parent cell. These cells are examined one
pair at a time, and a similarity score is calculated using equation (2)
based on intensity and size only. The most favourable daughter
pairs are compared to the parent cell by re-evaluating equation (2)
using a ‘composite cell’ where the area and intensities are the sums
of the daughter values, again using weights of 1 and 0.25 for
intensity and area, respectively. Finally, daughter cells with the
highest score are selected.

Tracking accuracy

To compare tracking accuracies of our method with CellProfiler
and Image]’s Particle Tracker (https://weeman.inf.ethz.ch/Particle
Tracker), we used an experiment with 24 frames in total (frame
intervals of 10 minutes). The average cell movement between frames
was 3.9 pixels, with a maximum of 28 pixels (average nucleus
diameter was 11 pixels). The cell density (1300 cells/mm?) was in the
middle of the range of our 30 minute experiment described earlier.
We created a gold standard, whereby the segmentation and tracking
were manually adjusted until at least 50% of the visible cell nuclei had
been tracked. The gold standard contains 7017 individual cell to cell
linkages between frames, with 359 tracks ranging from 5 to 23 frames
(average 19). The tracking accuracy was measured by counting the
number of individual links that were correctly identified using the
automated methods and the longest continuously tracked section
(Table 2, Figure 4).

Experiment: 24 frames (10 minute interval), gold standard. 110 frames (30 minute interval), gold standard.
Validated Positions 7321 7417
Validated Trajectories 359 157
Frame to Frame links 6886 7221
Average track length 19 46
Tracking Scores:

LineageTracker (Custom assignment) 97.7/91.8 97.2/85.3
LineageTracker, (Hungarian Assignment) 98.1/94.2 96.9/89.1
CellProfiler* 95.9/88.3 96.1/85.4
Particle Tracker (ImageJ) 92.3/82.9 86.4/64.1
Cellomics n/a 85.9/55.9

Cellomics tracking routines with other ones.
*CellProfiler tracking using LAP (Linear Assignment Problem) tracking.
doi:10.1371/journal.pone.0027886.t002
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Two numbers are given for each measurement: total number of correctly tracked steps and longest continuously tracked section (as percentage of total steps). For the
10 minute interval experiment, the seeded growth algorithm was used, and segmentations were manually edited, so that 50% of cells with positively validated
segmentations were included in the tracking gold standard. The 30 minute interval experiment is based on the Cellomics segmentation, as to allow comparison of the
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Figure 4. Measuring tracking accuracy. Horizontal axis shows time
with the vertical axis representing cells in the frames. The red line is the
manually tracked ‘gold standard’ route marked through the cells, and
the black line is the calculated tracking. Tracking accuracy is measured
by counting the total number of steps which match the gold standard
and the longest continuous chain of correct steps.
doi:10.1371/journal.pone.0027886.9004

While our custom method with 97.7% correctly identified
linkages compares similarly to CellProfiler (95.9%), Image]’s
Particle Tracker more generic feature point tracking, which like
our method also includes intensity and higher order intensity
moments as features, has a slightly lower detection rate of 92.3%.
Next, a tracking ‘gold standard’ was created using the longer 48
hour time-series data with 30 minute frame intervals from the
same experiment used for the segmentation standard. 157 cell
trajectories were created in our tracking viewer/editor containing
a total of 7221 individual steps. Track lengths range from 5 to 110
frames (average 46). Average cell movement was 3.8 pixels per
frame (maximum 29 pixels per frame, average cell diameter of 14
pixels). Additionally, this experiment includes 100 cell divisions.
Results for our method and CellProfiler are very similar to the
previous experiment, whereas the Particle Tracker plugin shows a
markedly decreased rate of accuracy for the longest continuously
tracked section (Table 2), possibly because of higher cell densities
encountered in the 30 min interval experiment.

Execution times are comparable for all methods, taking
approximately 1-2 %2 minutes on a 2.4GHz Intel Core 15 running
OSX 10.6.7. These times decrease for the custom tracking when
an optimized value for the Distance Threshold is used, to below 10
seconds for the custom assignment and approximately 1 minute
for the Hungarian assignment.

Division accuracy and daughter cell fluorescence

The main purpose of our software development was to create a
framework that allowed tracking of cells through cell divisions. To
determine the accuracy of detecting cell divisions, we considered
the 110-frame experiment. Out of the 100 manually annotated cell
divisions, 80 were correctly identified by the software. There were
16 false positive divisions detected: two where a division was
correctly identified, but the daughter cells were assigned
incorrectly, and the remaining 14 where a division was detected
and none occurred. In a series of additional experiments, our
software was used to study the partitioning of a cis-regulatory
module promoter driven GFP between daughter cells for dividing
C2C12 cells. Transient transfections were performed with
reporters containing four different Msx1 transcriptional regulatory
regions (A—D) upstream of the Msx] promoter and the promoter
alone (Vance et al., submitted). The fluorescence activity of
mother and daughter cells was measured for a total 96 divisions.
These cells were manually validated. The partitioning between
daughters is summarized in figure 5A (R*=0.92). The high
correlation in the partitioning means that for all the different Msx1
promoter constructs driving GFP expression, we find that
fluorescence is symmetrically distributed in the two daughter cells
with a high degree of accuracy, ensuring that in most cases Msx1
levels are maintained during cell divisions to prevent differentia-
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Figure 5. GFP Fluorescence measurements across cell divisions.
A) Correlation plots of daughter fluorescence (R?=0.92) taken from the
5 Msx1 ReMo constructs. B) Sum of daughter fluorescence and
difference between daughter fluorescence, as a percentage of parent
fluorescence. C) Breakdown of sum and difference of intensities for the
5 different Msx1 ReMo constructs.
doi:10.1371/journal.pone.0027886.9005

tion. The total fluorescence recovery (measured as the percentage
of fluorescence in the daughter cells compared to the mother cell)
is summarized in figure 5B, C. A correlation between mother
fluorescence and total daughter fluorescence yields an R? value of
0.86. This lower value most likely reflects degradation of GIFP
during cell division, when transcription of GFP under the control
of the Msx1 promoter ceases.

Tracking cells without a permanent nuclear marker

The software was originally designed to track cells which
contained a continuously visible fluorescent marker. To show that
this is not an absolute requirement, we use it here to obtain
intensity profiles of zebrafish embryonic PAC2 cells, expressing
FUCKCI cell cycle markers visible for the most of the duration of
the cell cycle. The markers consist of two ubiquitin ligase
substrates, which are expressed during different phases of the cell
cycle [39] and have been fused with red- and green-emitting
fluorescent proteins [40]. The nuclei of cells in the Gl phase
appear red and change to green during the S, G2 and M phases of
the cell cycle (Figures 6 and 7). There is an overlap during the G1
to S transition where both markers are visible, giving the nuclei a
yellow colour (Figure 6, bottom panel). At mitosis, there is a rapid
decrease in intensity in the green channel, but there is a short
delay before the cell becomes visible in the red channel. Because of
that delay, there is insufficient difference between daughter cells
and background for accurate automatic detection, so manual
intervention is required for a short section of each lineage (Figures
S11 and S12 and Table S2). As described in Text S2, differences
in the colour channels inform the seeded growth algorithm, as well
as the tracking module in order to facilitate discrimination
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Figure 6. Colour changes during the cell cycle indicated by FUCCI markers in two daughter cells labelled a and b (see also Figure 7).
Time is in minutes following division. The overlap in the red and green fluorescence (transition between G1 and S phase) is shown for cell b (bottom

panel). White outlines are given for nuclei showing weak fluorescence.

doi:10.1371/journal.pone.0027886.9006

between nearby cells at different phases of cell cycle (see also
Figure S13).

Conclusions

Currently, there are few alternatives for automated cell tracking
that are freely available, such as CellTracker, CellID, CellProfiler,
CellTracer, and Overlap-Based Cell Tracker. All of them have
shortcomings with large cell displacements between frames, and do
not allow for automated cell lineage construction. Our method,
which is based on the Image] plugin architecture, has demon-
strated a similar performance to CellProfiler when it comes to cell
segmentation, but has the added feature of cell lineage
construction capabilities, and the advantage to interactively
correct segmentation or tracking mistakes.

It can read data files produced from CellProfiler to allow
visualization and editing of segmentation and tracking output, in
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Figure 7. Intensities of the FUCCI markers following cell
division. Fluorescence intensity following cell division for the two
daughter cells in figure 6. The two FUCCI channels have been shown for
an entire cell cycle. The G1 signal (red) increases gradually following
mitosis, then decreases following a rise in S-G2-M signal (green). A
magpnified view of the first 3 hours is shown in Figures S11 and S12.
doi:10.1371/journal.pone.0027886.9007
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order to compare between different tracking solutions implemented
in CellProfiler and Image]. The Seeded Growth segmentation we
used detected cells with 92% accuracy with <1% false positives.
Cell tracking followed entire trajectories (of mean length 45 cell-cell
transitions) with 85% accuracy. This is similar to results in [33], but
does not reach the higher accuracies reported in [34], in which cells
exhibit less motion between frames and are less clustered. The gold
standard we release (15,000 validated cell positions) has a longer
average of 19 and 46 tracked frames for the 10 min and 30 min
interval experiments with 359 and 157 tracks for each of the
experiments when compared to an average track length of 13
frames in [34]. We found for different Msx1 promoter constructs
that there is a high level of accuracy when distributing GIP
fluorescence to daughter cells during cell divisions. Additionally, as
shown in the example of FUCCI cell cycle markers, our software
can be easily adapted to different cell types and fluorescent markers.

Availability and future directions

The software and source code can be downloaded from http://
go.warwick.ac.uk/lineagetracker. Additional segmentation or track-
ing methods are possible by adding modules for tracking or lineage
construction within the software. Current segmentation methods
have been optimized for circular nuclei. Different methods could be
substituted for segmenting different shapes, such as rod-shaped yeast
or bacterial cells, or when using different fluorescent stains, such as
GFP-histone for labelling cell nuclei [47].

The tracking comparison and benchmarking software will be
made available from the lineagetracker website.

Our statistical scoring framework can, in principle, be translated
into a more formal framework of a graph based problem, as used
by Padfield [34] or others. Here we have chosen it for the
simplicity with which it can be implemented and the ease in which
dynamic features can be incorporated.

Supporting Information

Figure S1 Distribution of nuclei sizes follows a gamma
distribution. A) 110 frames (30 min intervals) experiment of
C2C12 cells (n=62586 , y=7.4, B=20.2). B) Analysis of the first
three frames of the sequence showing the distribution of all nuclei
that have been automatically identified using the built-in
Cellomics segmentation (1235 cells, blue and red), Blue is a subset
of nuclei that have been manually validated to be non-overlapping
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(n=1198). The corresponding gamma curve has parameters
vy=11.1 and P=12.0. Red contains nuclei that have been
confirmed to be overlapping by visual inspection (35 nuclei,
2.8% of total), i.e. where two nuclei were reported as one. 1
nucleus was oversegmented, i.e. falsely reported as two.

(TIF)

Figure S2 Example of C2C12 cell motion. The highlighted
cell has been tracked through multiple frames. Scale bar is 50
microns. Time is displayed in minutes. A) Hoechst channel B) GFP
Channel.

(TIF)

Figure S3 Segmentation score plots. A) Artificial cell
images from Simcep [42]. B) Ground Truth image. C) Precision,
Recall & F-Score for the SimCep images. D) Comparison of cell
detection accuracies for various segmentation methods.

(TIF)

Figure S4 Segmentation of C2C12 cells at a higher
resolution, obtained using a 20 x NA 0.75 objective.

(TIFF)

Figure 85 Correlation plots with dividing cells coloured
in red. Top: Change in Hoechst intensity, Change in 2nd order
intensity moment, Correlation in standard deviation. Bottom:
intensity correlations for daughter cells, parent fluorescence
against sum of daughter fluorescence, parent cell area against
sum of daughter areas.

(TIF)

Figure S6 Measuring changes in features for cell-cell
transitions during tracking. A) Change in cell areas (pixels) in
adjacent frames. B) Distance moved by non-dividing cells in one
frame. C) Percent change in Hoechst fluorescence for non-dividing
cells. D) Distribution of daughter cell distances (in pixels) from
parent cell in the frame immediately following a division.

(TIF)

Figure 87 A) Tracking flow chart. B) Expanded flow chart for
the Detect Divisions module. (Adapted from [24] © 2011 IEEE).
(TIF)

Figure S8 Demonstration of three iterations of the
assignment step. 1, 2 & 3 represent three cells in time t, a, b &
c are three cells at time t+1. Numbers on arrows indicate movement
scores. A) The highest scoring link between 2-c is selected. B) Links
to and from cells 2 & c are removed. The highest scoring link 3-b is
selected. C) Links involving cells 3 & b are removed, leaving 1-a.
(TIF)

Figure S9 The cell divisions from figure 1B, showing
changes in Hoechst intensity. For cach row, the left plot
displays the integrated Hoechst intensity; the right plot displays
mean Hoechst intensity. (S9A adapted from [24] © 2011 IEEE).
(TIF)

Figure S10 Cell tracked across 3 generations. A) Intensity
profile of the lineage showing GFP fluorescence. B&C) Highlight-

References
1. Cohen AA, Geva-Zatorsky N, Eden E, Frenkel-Morgenstern M, Issaeva I, et al.

(2008) Dynamic Proteomics of Individual Cancer Cells in Response to a Drug.
Science 322: 1511-1516.

2. Longo D, Hasty J (2006) Dynamics of single-cell gene expression. Molecular
Systems Biology 2.

3. Sigal A, Milo R, Cohen A, Geva-Zatorsky N, Klein Y, et al. (2006) Dynamic
proteomics in individual human cells uncovers widespread cell-cycle dependence
of nuclear proteins. Nature Methods 3: 525-531.

4. Spiller DG, Wood CD, Rand DA, White MRH (2010) Measurement of single-
cell dynamics. Nature 465: 736-745.

@ PLoS ONE | www.plosone.org

1

Tracking Cell Lineages

ed sections of the cell trajectory. Tracks are colour coded to match
the intensity plot. Inset shows the cell highlighted.
(TTF)

Figure S11 Intensity drop following division for zebra-
fish PAC2 cells. The image background intensity and sum of
image channels for the measured cell are also plotted.

(TTF)

Figure S12 Dividing cell visualised using FUCCI mark-
ers. The green FUCCI S-G2-M marker fades after mitosis
followed by a slow increase in red G1 marker. Time displayed in
minutes same as Figure S11 above.

(TIF)

Figure S13 Segmentation of zebrafish PAC2 cells using
the ‘Multi-Channel Segmentation’ method.
(TTF)

Table S1 90-99th percentile values for change in area, frame to
frame displacement during tracking, and parent-daughter distance
following cell division. These values (measured in pixels) are used
to select the initial threshold parameters used for tracking.

(PDF)

Table S2 Tracking precision for zebrafish PAC2 cells visualised
using FUCCI markers [39-41]. The segmentation and tracking
adjustments represent the percentage of frames which required
manual intervention to preserve accurate tracking. The longest
continuous sequence was observed with cell 8 at over 50 hours
without corrections. Following division, daughter cells fade to close
to background intensity requiring cells to be manually segmented.

(PDF)

Text S1 Segmentation of cell nuclei.

(PDF)

TextS2 Description of algorithms and parameters used
for segmentation.

(PDF)
Text S3 Description of LineageTracker software user
interface.

(PDF)

Acknowledgments

We would like to acknowledge Professor Atsushi Miyawaki and colleagues
at the Riken Brain Science Institute for the zebrafish FUCCI plasmids, and
the FACS facility at Cancer Research UK for their cell sorting expertise.
We would also like to give special thanks to Kara L. Cerveny for helping to
generate the zebrafish FUCCI cell line and making the time-lapse movie.

Author Contributions

Conceived and designed the experiments: MJD DM]J SO GK KWV TB.
Performed the experiments: MJD DM] KWV. Analyzed the data: MJD
TB. Contributed reagents/materials/analysis tools: DMJ SO GK KWV
TKT. Wrote the paper: MJD TB.

5. Rosenfeld N (2005) Gene Regulation at the Single-Cell Level. Science 307:
1962-1965.

6. Li K, Miller ED, Chen M, Kanade T, Weiss LE, et al. (2008) Cell population
tracking and lineage construction with spatiotemporal context. Medical Image
Analysis 12: 546-566.

7. Meijering E, Dzyubachyk O, Smal I, van Cappellen WA (2009) Tracking in cell and
developmental biology. Seminars in Cell & Developmental Biology 20: 894-902.

8. Giuliano KA, Cheung WS, Curran DP, Day BW, Kassick AJ, et al. (2005)
Systems Cell Biology Knowledge Created from High Content Screening.
ASSAY and Drug Development Technologies 3: 501-514.

December 2011 | Volume 6 | Issue 12 | 27886



. Haney SA, LaPan P, Pan J, Zhang J (2006) High-content screening moves to the

front of the line. Drug Discovery Today 11: 839-894.

. Thomas N (2010) High-Content Screening. Journal of Biomolecular Screening

15: 1-9.

. Pepperkok R, Ellenberg J (2006) High-throughput fluorescence microscopy for

systems biology. Nat Rev Mol Cell Biol 7: 690-696.

. Finkenstadt B, Heron EA, Komorowski M, Edwards K, Tang S, et al. (2008)

Reconstruction of transcriptional dynamics from gene reporter data using
differential equations. Bioinformatics 24: 2901-2907.

. Tyson RA, Epstein DBA, Anderson KI, Bretschneider T (2010) High Resolution

Tracking of Cell Membrane Dynamics in Moving Cells: an Electrifying
Approach. Math Model Nat Phenom 5: 34-55.

Shen H, Nelson G, Nelson DE, Kennedy S, Spiller DG, et al. (2006) Automated
tracking of gene expression in individual cells and cell compartments. Journal of
The Royal Society Interface 3: 787-794.

. Gordon A, Colman-Lerner A, Chin TE, Benjamin KR, Yu RC, et al. (2007)

Single-cell quantification of molecules and rates using open-source microscope-
based cytometry. Nature Methods 4: 175-181.

. Wang Q, Niemi J, Tan CM, You L, West M (2010) Image segmentation and

dynamic lineage analysis in single-cell fluorescence microscopy. Cytometry
Part A 77A: 101-110.

. Chalfoun J, Cardone A, Dima AA, Halter M, Allen DP (2010) Overlap-Based

Cell Tracker, NIST Interagency/Internal Report (NISTIR) - 7663.

. Reyes-Aldasoro CC, Akerman S, Tozer GM (2008) Measuring the velocity of

fluorescently labelled red blood cells with a keyhole tracking algorithm. Journal
of Microscopy 229: 162-173.

. Erik Meijering E, Smal I, Dzyubachyk O, Olivo-Marin J-C (2008) Time-Lapse

Microscopy Imaging. In: Qiang W, Merchant F, Castleman K, eds. Microscope
Image Processing. Waltham, MA: Elsevier Academic Press. 576 p.

. Altinok A, El-saban M, Peck AJ, Wilson L, Feinstein SC, et al. (2006) Activity

analysis in microtubule videos by mixture of hidden markov models. IEEE
CVPR 2: 1662-1669.

. Jagaman K, Loerke D, Mettlen M, Kuwata H, Grinstein S, et al. (2008) Robust

single-particle tracking in live-cell time-lapse sequences. Nat Meth 5: 695-702.
Smal I, Draegestein K, Galjart N, Niessen W, Meijering E (2008) Particle
Filtering for Multiple Object Tracking in Dynamic Fluorescence Microscopy
Images: Application to Microtubule Growth Analysis. Medical Imaging, IEEE
Transactions on 27: 789-804.

Schrijver A (2003) Combinatorial Optimization. Berlin, Germany: Springer-
Verlag. 1800 p.

. Downey M, Vance KW, Bretschneider T (2011) LineageTracker: A Statistical

Scoring Method For Tracking Cell Lineages In Large Cell Populations With
Low Temporal Resolution. 2011 8TH IEEE INTERNATIONAL SYMPO-
SIUM ON BIOMEDICAL IMAGING: FROM NANO TO MACRO, IEEE
International Symposium on Biomedical Imaging. pp 1913-1916.

. Loo L-H, Lin H-J, Steininger RJ, Wang Y, Wu LF, et al. (2009) An approach for

extensibly profiling the molecular states of cellular subpopulations. Nat Meth 6:
759-765.

. Murphy RF, Velliste M, Porreca G (2003) Robust Numerical Features for

Description and Classification of Subcellular Location Patterns in Fluorescence
Microscope Images. The Journal of VLSI Signal Processing 35: 311-321.

. Debeir O, Milojevic D, Leloup T, Van Ham P, Kiss R, et al. (2005) Mitotic Tree

Construction by Computer In Vitro Cell Tracking: a Tool for Proliferation and
Motility Features Extraction. EUORCON 2005: The International Conference
on the Computer as a Tool. 21-24 Nov. 2005, Belgrade, Yugoslavia. pp
951-954.

@ PLoS ONE | www.plosone.org

12

29.

31.

32.

33.

34.

36.

37.

38.

39.

40.

41.

42,

43.

44.

46.

47.

Tracking Cell Lineages

. Wang M, Zhou X, King R, Wong S (2007) Context based mixture model for cell

phase identification in automated fluorescence microscopy. BMC Bioinformatics
8: 32.

Olariu V, Coca D, Billings SA, Tonge P, Gokhale P, et al. (2009) Modified
variational Bayes EM estimation of hidden Markov tree model of cell lineages.
Bioinformatics 25: 2824-2830.

. Al-Kofahi O, Radke R]J, Goderie SK, Shen Q, Temple S, et al. (2006)

Automated Cell Lineage Construction: A Rapid Method to Analyze Clonal
Development Established with Murine Neural Progenitor Cells. Cell Cycle 5:
327-335.

Harder N, Mora-Bermudez F, Godinez WJ, Wunsche A, Eils R, et al. (2009)
Automatic analysis of dividing cells in live cell movies to detect mitotic delays
and correlate phenotypes in time. Genome Research 19: 2113-2124.

Walter T, Held M, Neumann B, Hériché J-K, Conrad C, et al. (2010) Automatic
identification and clustering of chromosome phenotypes in a genome wide RNAi
screen by time-lapse imaging. Journal of Structural Biology 170: 1-9.

Bise R, Yin Z, Kanade T (2011) Reliable Cell Tracking By Global Data
Association. In ProcISBI 2011. pp 1004-1010.

Padfield D, Rittscher J, Roysam B (2010) Coupled minimum-cost flow cell
tracking for high-throughput quantitative analysis. Medical Image Analysis 21:
374-385.

. Carpenter AE, Jones TR, Lamprecht MR, Clarke C, Kang I, et al. (2006)

CellProfiler: image analysis software for identifying and quantifying cell

phenotypes. Genome Biology 7: R100.

Sbalzarini IF, Koumoutsakos P (2005) Feature point tracking and trajectory
analysis for video imaging in cell biology. Journal of Structural Biology 151:
182-195.

Bendall AJ, Abate-Shen C (2000) Roles for Msx and DIx homeoproteins in

vertebrate development. Gene 247: 17-31.

Lidral AC, Reising BC (2002) The Role of MSX1 in Human Tooth Agenesis.

Journal of Dental Research 81: 274-278.

Sakaue-Sawano A, Kurokawa H, Morimura T, Hanyu A, Hama H, et al. (2008)

Visualizing Spatiotemporal Dynamics of Multicellular Cell-Cycle Progression.
“ell 132: 487-498.

Sugiyama M, Sakaue-Sawano A, Iimura T, Fukami K, Kitaguchi T, et al. (2009)
Illuminating cell-cycle progression in the developing zebrafish embryo.
Proceedings of the National Academy of Sciences 106: 20812-20817.

Tamai TK, Young LC, Whitmore D (2007) Light signaling to the zebrafish
circadian clock by Cryptochrome la. Proceedings of the National Academy of
Sciences 104: 14712-14717.

Lehmussola A, Ruusuvuori P, Selinummi J, Rajala T, Yli-Harja O (2008)
Synthetic Images of High-Throughput Microscopy for Validation of Image
Analysis Methods. Proceedings of the IEEE 96: 1348-1360.

Hu Y, Osuna-Highley E, Hua J, Nowicki TS, Stolz R, et al. (2010) Automated
analysis of protein subcellular location in time series images. Bioinformatics 26:
1630-1636.

Cohen AR, Gomes FL, Roysam B, Cayouette M (2010) Computational

prediction of neural progenitor cell fates. Nat Methods 7: 213-218.

. Jonker R, Volgenant T (1986) Improving the Hungarian assighment algorithm.

Operations Research Letters 5: 171-175.

Wright MB (1990) Speeding up the hungarian algorithm. Computers &
Operations Research 17: 95-96.

Kanda T, Sullivan KF, Wahl GM (1998) Histone-GFP fusion protein enables
sensitive analysis of chromosome dynamics in living mammalian cells. Current

Biology 8: 377-385.

December 2011 | Volume 6 | Issue 12 | 27886



