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Quantitative 4D analyses of epithelial folding during Drosophila
gastrulation
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ABSTRACT
Understanding the cellular andmechanical processes that underlie the
shape changes of individual cells and their collective behaviors in a
tissue during dynamic and complex morphogenetic events is currently
one of themajor frontiers in developmental biology. The advent of high-
speed time-lapse microscopy and its use in monitoring the cellular
events in fluorescently labeled developing organisms demonstrate
tremendous promise in establishing detailed descriptions of these
events and could potentially provide a foundation for subsequent
hypothesis-driven research strategies. However, obtaining quantitative
measurements of dynamic shapes and behaviors of cells and tissues
in a rapidly developing metazoan embryo using time-lapse 3D
microscopy remains technically challenging, with the main hurdle
being the shortageof robust imagingprocessingandanalysis tools.We
have developed EDGE4D, a software tool for segmenting and tracking
membrane-labeled cells using multi-photon microscopy data. Our
results demonstrate that EDGE4D enables quantification of the
dynamics of cell shape changes, cell interfaces and neighbor
relations at single-cell resolution during a complex epithelial folding
event in the earlyDrosophila embryo.We expect this tool to be broadly
useful for the analysis of epithelial cell geometries andmovements in a
wide variety of developmental contexts.
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INTRODUCTION
Complex and dynamic cell shape changes and movements occur
during morphogenetic events. These events are crucial for tissue
construction during embryonic development and for organ
formation during post-embryonic stages (Lecuit and Lenne,
2007; Paluch and Heisenberg, 2009). Whereas a fair amount is
known about the underlying patterning mechanism in several
model systems, much less is understood about the molecular,
cellular and mechanical factors that control cell and tissue shapes.
Quantitative analyses of cell shapes and subcellular events using
4D (x, y, z and time) imaging approaches promise to hold the key
to an improved understanding of tissue morphogenesis (Oates
et al., 2009; Keller, 2013).

Fluorescent membrane markers are widely used for imaging the
shape dynamics of densely arranged cells in developing tissues.
Despite the ease with which these markers can be imaged, no
generally applicable computational tool is available for the accurate
reconstruction, tracking and analysis of these cells. This is in part
because general-purpose, automated cell reconstruction and tracking
remains an ill-posed computational problem. Thus, achieving the
accuracy of the human visual system remains challenging (Khairy and
Keller, 2011).

Yet, progress can bemade using computationalmethods tailored to
subclasses of membrane-label data. Using this approach, quantitative
measurements of 3D cell shape have been demonstrated in the plant
meristem (Fernandez et al., 2010; Federici et al., 2012). Inmetazoans,
tools have focused on early developmental stages of zebrafish and
ascidians, the morphologies of which are relatively simple and in
which cell movement is limited (Olivier et al., 2010; Sherrard et al.,
2010). For processes that display greater morphological changes, cell
shape is often ignored and nuclei are used as a proxy for cell position
(McMahon et al., 2008; Giurumescu et al., 2012). In cases in which
the cell shape is computationally analyzed, 2D measurements
from planar optical slices of a tissue have been used to approximate
3D measurements of cell shapes (Blanchard et al., 2009; Gelbart
et al., 2012). Recently, true 3D computational methods have been
successfully applied to somite formation in zebrafish to reconstruct
cells that exhibit complex shapes. These cells, however, undergo
only limited displacements (Mosaliganti et al., 2012). Here, we
demonstrate computational methods that enable 3D quantitative
analyses of cell shape change during an epithelial folding event in
which cells undergo dramatic morphological changes and display
large and rapid displacement.

RESULTS AND DISCUSSION
We have made our methods and data available as an open-
source software tool called EDGE4D (https://sites.google.com/site/
edge4dsupplement). EDGE4D incorporates all stages of processing
including image filtering, segmentation, cell tracking and quantitative
analyses. We used dorsal fold formation, an epithelial folding event
that occurs during Drosophila gastrulation, to develop EDGE4D.
Dorsal fold formation takes placewithin a time frame of 30 min. Cells
undergo multiple types of shape change and extensive movements,
ultimately producing two epithelial folds: the anterior and the
posterior fold (Wang et al., 2012, 2013). Because of the rapid pace
of cell shape change and the depth of the final tissue structure, time-
lapse 3D microscopy data of dorsal fold formation are challenging to
analyze due to low signal-to-noise imaging conditions. To address the
challenges associated with these data, we developed several novel
algorithmic strategies (outlined in detail in the supplementarymaterial
methods). Specifically,we contribute: an approach for repairing signal
along the outside of the tissue structure; a geometric strategy for cell
segmentation that is robust to small breaks inmembrane detection; and
an approach that allows the identification of cell-cell contact surfacesReceived 2 January 2014; Accepted 19 May 2014
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that uses the duality between surface meshes and binary image
volumes.
We began developingEDGE4Dusing single-photon confocal laser

scanningmicroscopyon fixed embryos labeled for cellmembrane and
nuclei at high spatial resolution across three developmental stages of
fold formation (Fig. 1A). Since the segmentation of nuclei was
unambiguous (Fig. 1B; supplementarymaterialMovie 1), providing a
ground truth for cell identification,wematched nucleiwith segmented
cell shapes to assess segmentation errors. Among several hundred
cells that we analyzed, we found that the segmentation error rate based
on membrane label alone was less than 4% (Fig. 1C). By contrast,
segmentationof cellmembrane using the core segmentation algorithm
of a previous approach developed for reconstructing cells from plant
meristems (Fernandez et al., 2010) resulted in a high rate of missed
cells (MARS-ALT in Fig. 1C), as the approach could not accurately
detect cells that have incomplete membrane label signal (red arrows,
Fig. 1A). Another approach developed for studying zebrafish somite
formation missed many cells and generated a higher rate of broken
cells (ACME in Fig. 1C). Our results indicate that these approaches,
which are tailored to different developmental systems, could not be
directly applied to data collected from the Drosophila dorsal folds.
Next, we evaluated the quality of segmentations that EDGE4D

produced by computing the root mean squared (RMS) error between
hand-drawn segmentations of cells in orthogonal slices through the
data versus the corresponding slices through EDGE4D-generated
segmentations (supplementary material Fig. S1). Errors in both our
manual segmentations and in our EDGE4D segmentations
contribute to the RMS error. Therefore, to provide a baseline, we
also computed the RMS error between unambiguously segmented
nuclei and hand-drawn segmentations. We found that the RMS error
in the shapes of the cells is no worse than that in the shapes of nuclei
despite the close contact and more complex shapes of the cells
(P>0.05, one-sided Wilcoxon rank-sum; supplementary material
Fig. S2). Our results illustrate that EDGE4D can accurately detect
and reconstruct cell shapes from membrane labels.
We next extended EDGE4D to process time-lapse 3D data

collected using two-photon laser scanning microscopy on living
embryos, in which membrane and nuclei were labeled separately
with distinct fluorescent protein fusion constructs (Fig. 1D;
supplementary material Movie 2). Similar to the analysis
performed on the fixed embryos, segmentation using EDGE4D
resulted in fewer missed and broken cells than MARS-ALT or
ACME, indicating that these previous computational methods could
not be directly applied to our time-lapse data (Fig. 1E,F). The low
overall error rate of EDGE4D on a second, independently collected
data set illustrated that our results were reproducible (supplementary
material Fig. S4). Overall, segmentation of cells in the live data was
more challenging due to a decrease in the signal-to-noise ratio and
lower z-resolution (supplementary material Fig. S3). Therefore, we
introduced an additional extension in EDGE4D that combines
information from the nuclear and membrane channels such that
ambiguity in one channel (e.g. membrane) was corrected by
information from the other (e.g. nuclei; see supplementary material
methods). A simple assay of the number of time points that each cell
was tracked suggested that this extension improves the handling of
noise in these data (Fig. 1G; P<10−15, Wilcoxon rank-sum).
A crucial test for a 4D analysis tool is its ability to reliably track

cells. We evaluated this functionality of EDGE4D based on the
neighbor relations of cells. Since cells undergo minimal neighbor
exchange and do not divide during dorsal fold formation, EDGE4D
should report stable cell-cell contacts if the cell tracking is accurate
(Fig. 1H). To evaluate neighbor stability, we analyzed 347 tracked

cell trajectories that spanned ten or more consecutive time points.
For each trajectory, we ranked neighbors of a given cell trajectory
based on the duration of contact and computed the percentage of the
trajectory within which the contact was stably maintained. We
found that the five top-ranked neighbors maintain their association
with the focal cell nearly 90% of the time, whereas the duration of
contact drops to just below 70% for the sixth-ranked neighbors.
Given that these densely packed columnar epithelial cells are
predominantly hexagonal and often have six neighboring cells, this
analysis suggests that the cell tracking is highly robust (Fig. 1I;
supplementary material Figs S5, S6). We also counted events in
which more than half the neighbors of a cell changed, which is
likely to indicate a tracking error. In this analysis we observed a low
rate of errors, and only at later time points (Fig. 1J). Overall, these
results indicate that EDGE4D can robustly track cells in noisy live
data, allowing us to reliably analyze individual cell behaviors
throughout the process of dorsal fold formation. We note that
EDGE4D does not explicitly use neighbor stability information
during tracking and is not limited to systems with stable cell
neighbors. Moreover, the analyses establish a novel, yet potentially
generalizable approach of using stable cell-cell contacts to evaluate
the accuracy of cell tracking. Other developmental systems that also
exhibit minimal degrees of neighbor exchange could be used to
establish our evaluation approach as a benchmark standard.

Since EDGE4D identifies and tracks cells reliably, we used it to
explore cell geometry during dorsal fold formation. We focused on
cells that move to the basalmost part of each dorsal fold, as they
undergo the largest vertical displacement (Fig. 2A; supplementary
material Movie 3). These basalmost cells belong to a group called
initiating cells that display a basal shift of the positioning of
adherens junctions and a subsequent apical-basal shortening (Wang
et al., 2012). Such localized shape changes in an otherwise uniform
sheet of epithelium could in principle provide the necessary forces
to induce tissue deformation and subsequent folding. Importantly,
however, such cell shape changes would have a stronger effect on
the neighboring cells to induce tissue deformation if the volume of
individual cells remains constant. We tested this hypothesis and
found that, although the basalmost cells undergo significant apical-
basal shortening, we could not detect statistically significant
changes in volume. These results suggest that the basalmost cells
might obey the principle of volume conservation during apical-
basal shortening and that this cell shape change might exert forces to
induce tissue bending (Gelbart et al., 2012) (Fig. 2B). Our results
demonstrate the potential of EDGE4D to uncover important features
of tissue morphogenesis at single-cell resolution.

Having established that EDGE4D can be used to analyze cell
shape changes, we explored its ability to quantify cell contacts. In
addition to apical-basal shortening, the initiating cells and their
immediate neighbors appear to undergo anisotropic shape change in
the plane of the epithelium: their cross-sectional aspect ratio
increased significantly from t=0 to t=800 s, skewing toward the
dorsal-ventral axis (Fig. 2C; P<10−12, Wilcoxon rank-sum). These
observations suggest that the contact surface areas might also
become anisotropic. To test this prediction, we used EDGE4D to
first define individual contact surfaces between initiating cells and
their neighbors using a novel algorithm that we developed which
uses the duality between surface meshes and binary image volumes
(see supplementary material methods). We then measured their
surface areas directly (Fig. 2D; supplementary material Movie 4).
Consistent with our prediction, the areas of the contact surfaces
parallel to the dorsal-ventral axis increased, whereas those oriented
parallel to the anterior-posterior axis decreased (Fig. 2E,F). Based
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Fig. 1. Assessment of cell shape reconstruction and tracking. (A) Mid-sagittal slices of the dorsal folds from fixedDrosophila embryos staged at early, mid
and late stages. AF, anterior fold; PF, posterior fold. Membranes were labeled by antibody to Neurotactin and nuclei by OliGreen DNA dye. The red arrows
highlight missing membrane signal along the basal and apical ends of the cells. (B) Examples of a subset of nuclei (purple) and cell shapes (green)
reconstructed from the mid-stage fixed data set. Based on their nuclei, virtually all cells could be correctly identified, providing a ground truth for testing their
identification based on membrane labeling alone. (C) Quantification of the number of nuclei (purple) at each stage. The greater number of nuclei at the early
time point is due to the larger field of view. Error counts are shown for EDGE4D, MARS-ALT and ACME applied to only themembrane channel in the data sets.
Merged cells (red), broken cells (gray) and missed cells (yellow) were detected using the nuclei. (D) Mid-sagittal slices of the dorsal folds from a live data set
collected using two-photon imaging. Time 0 s designates the completion of cellularization. Membranes were labeled with Resille-GFP and nuclei were
labeled with H2Av-mRFP. (E) Examples of three different cells tracked into the posterior fold. Cell shapes are shown for time points 300 s, 500 s, 700 s and
900 s past completion of cellularization in the live two-photon data set. (F) Segmentation error counts across the time points collected. Merged cells (red),
broken cells (gray) and missed cells (yellow) were detected using the nuclei reconstructions as ground truth. (G) The number of time points that a cell was
tracked using the membrane channel alone (green) or the combined membrane and nuclear signal (gray). (H) Example of two cells that maintain stable
contact as they descend into the posterior fold at 100 s, 500 s and 900 s past the completion of cellularization. (I) Analysis of neighbor contact stability for
211 cells tracked for more than ten time points. (G,I) The ends of the boxes are the quartiles; the centerline is the median; notches, where present, provide
the 95% confidence interval around the median; and whiskers extend 1.5 times the interquartile range. (J) Assessment of the tracking error rate based on the
number of events in which more than half the neighbors of a cell changed for cells tracked ten time points or more using membrane signal only (gray) or
membrane and nuclei (red).
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on these new measurements, we hypothesize that either adhesive or
contractile forces within the cells become increasingly anisotropic
or that these cells are under compressing or stretching forces exerted
externally along the two major axes. Although further experimental
work will be necessary to test these mechanical hypotheses,
EDGE4D quantitation represents, to our knowledge, the first
dynamic 3D analysis of cell contact surfaces.
Lastly, we assessed the ability of EDGE4D to analyze the

dynamics of subcellular events. As a first step, we found that nuclei
co-migratewith junctions towards the basal side of the initiating cells,
suggesting that nuclear positioning could be used as a proxy for the
position of the junctions (supplementary material Fig. S7, Movie 5).
To systematically analyze nuclear positioning, we used the neighbor
relations functionality in EDGE4D to define distinct cell groups
relative to the basalmost cells (green, Fig. 2G). We then used
EDGE4D to monitor the distance between nuclei and cell apexes in
each group of cells (see supplementary material methods). While the
nuclei of the initiating cells, including the basalmost cells (green) and
their first (magenta) and second (blue) degree neighbors, move
basally prior to the completion of cellularization, the nuclei of the
neighboring cells (red) remain apically positioned (Fig. 2H). These

analyses confirm our previous observations, obtained from manual
measurements of 2Dmidsagittal optical sections, that a change in the
apical-basal polarity occurs specifically in the initiating cells and not
in the neighboring cells (Wang et al., 2012).

EDGE4D demonstrates systematic cell reconstruction and
quantitative analyses of cell shape during the rapid and dynamic
events of dorsal fold formation in Drosophila gastrulation. We have
made EDGE4D available as an open-source tool in order that others
will benefit from, as well as contribute to, its methods and algorithms,
as we extend and adapt these computational techniques to a broader
range of developmental systems and contexts. At present, EDGE4D
does not directly handle actively dividing cells. However, we expect
that integration with existing lineage analysis techniques will allow
EDGE4D to analyze this class of cells (Bao et al., 2006). Our own
efforts using the techniques underlying EDGE4D to analyze
Drosophila tracheal cells provide evidence that these methods can
be generalized to other developmental systems (Nelson et al., 2012).
However, our experience suggests that adapting thesemethods to other
systems requires some expert knowledge of the underlying image
processing steps. Semi-supervisedmachine learning techniquesmight
improve EDGE4D in this regard (Szeliski, 2011).

Fig. 2. Quantitative 4D analyses of cells in the dorsal folds. (A) Basalmost initiating cells tracked into the anterior and posterior folds between 0 s and 800 s
past the completion of cellularization. Colors designate the same cell between these two time points. (B) (Left) Example of smoothed traces of apical-basal length
and volume for an individual cell. Gray points designate actual measurements. (Right) Boxplots of apical-basal cell length at the completion of cellularization
(t=0 s) and at t=800 s for N=29 basalmost initiating cells. (C) The aspect ratio of basalmost initiating cells as measured manually using ImageJ from 2D z-stacks
through the dorsal folds. (B,C) The ends of the boxes are the quartiles; the centerline is the median; and whiskers extend 1.5 times the interquartile range. (D) An
example of a segmented cell (left) and its neighbors (middle). The contact surfaces of the cell (right) have been colored according to the colors of its neighbors.
(E) (Left) Cell-cell contacts at the completion of cellularization (t=0 s) are indicated by edges in the graph. Nodes are positioned at projected cell centroids. Only
cell-cell contacts between basalmost initiating cells and their first and second degree neighbors that were reliably tracked between t=0 s and t=800 s and that
remained in the field of view were analyzed. Purple edges designate cell-cell contacts among these cells that decrease in surface area, and green edges
designate cell-cell contacts that increase in surface area at 800 s. (Center and right) Smooth traces of cell contact surface area for the designated cell-cell
contacts, as indicated by the colored squares in the left figure. Points correspond to actual surface area measurements. (F) Distribution of cell surface centroids
relative to the projected cell centroid (center black point) at the completion of cellularization (t=0 s) for basalmost initiating cells and their first and second
degree neighbors. Purple points designate the positions of contact surfaces that decrease in area at t=800 s past cellularization; green points designate the
position of surfaces that increase in area at t=800 s relative to the focal cell. (G) Cells are labeled based on their neighbor relationship to the basalmost initiating
cells (green). (H) Median distance of nuclei from the cell apices over time for the basalmost cells and their neighbors. Note that neighbors along the edge of the
field of view were not analyzed.
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In conclusion, advances in time-lapse imaging technologies, such
as two-photon and planar illumination microscopy (Truong et al.,
2011;Gao et al., 2012;Krzic et al., 2012; Tomeret al., 2012), continue
to improve our ability to perform 3D imaging of dynamic tissue
morphogenesis with greater depth and at higher temporal and spatial
resolution. However, the promise of these technologies as powerful
tools of discovery can only be fulfilled with the parallel development
of image processing and quantitation tools that allow the extraction of
quantitative measurements from time-lapse 3D imaging data.
EDGE4D represents a major step forward in this direction.

MATERIALS AND METHODS
Fly stocks, sample preparation and microscopy
For fixed embryos, the Oregon-R strain was used. The embryos were fixed
with the heat-methanol method (Müller and Wieschaus, 1996). The cell
membrane was labeled with anti-Neurotactin (BP106, Developmental
Studies Hybridoma Bank, 1:20) followed by an Alexa Fluor 633-conjugated
goat anti-mouse secondary antibody (Molecular Probes, A-21052, 1:500).
The nuclei were labeled with OliGreen DNA dye (Molecular Probes,
1:5000). z-stack images of fixed embryos were taken on a Leica SP5 spectral
confocal system using a 63× multi-immersion objective with argon 488 and
a He-Ne 633 lasers. Voxel size was dx=0.16023 μm, dy=0.16023 μm,
dz=0.12588 μm and the (x,y,z) dimensions of the imaging regions were
164×82×52 μm, 103×82×61 μm and 79 μm×82 μm×68 μm for the early,
mid and late stage data sets, respectively. For two-color live imaging, flies
containing the Resille-GFP protein trap (Morin et al., 2001) (also known as
P{PTT-un1}CG8668117-2) and the H2Av-mRFP transgene (Pandey et al.,
2005) (also known as P{His2Av-mRFP1}) were used to label membrane
and nuclei, whereas flies containing the H2Av-GFP transgene (Clarkson
and Saint, 1999) (also known as P{His2AvT:Avic\GFP-S65T}) and the
E-Cadherin-GFP transgene (Oda and Tsukita, 2001) were used to label
nuclei and junctions. These embryos were dechorionated in commercial
bleach, affixed to a glass slide using home-made embryo glue (a heptane-
based adhesive made from Scotch double-sided tape), and immersed in
water. Two-photon time-lapse imaging was performed on a custom-made
system built on an upright Olympus BX51 microscope equipped with a
piezo-driven long-range objective scanner (Physik Instrumente) for fast
z-stack generation using a 40× water-immersion objective. A Chameleon
Ti:sapphire tunable laser (Coherent) was tuned at 960 nm for simultaneous
excitation of the green and red fluorescent proteins. Voxel size was
dx=0.559 μm, dy=0.625 μm, dz=0.5 μm and the (x,y,z) dimensions of the
imaging region were 149×59.6×90 μm. Image stacks were acquired every
50 s. Raw image data are available for download at: https://sites.google.
com/site/edge4dsupplement/data.

EDGE4D implementation and availability
Source code for EDGE4D can be downloaded from: https://sites.google.com/
site/edge4dsupplement. EDGE4D is implemented in C++ and depends on the
open-sourceQt (http://qt-project.org), libTIFF (http://www.remotesensing.org/
libtiff) and OpenGL (through the Qt library). We have also provided the raw
data and R (http://www.r-project.org) scripts used to generate the results in
this study. The raw data sets include the parameters used for analysis in
XML format. We provide an overview of EDGE4D in the supplementary
material methods. The source code provides precise implementation details.
We recommend a computer with at least 16 GB of RAM for processing the
live data set. Data processing of the live data set takes 16 min on a 1.6 GHz
8-core Intel Xeon E5603 with 72 GB of RAM using 8 CPU threads. We
have provided a subset of the live data that can be processed on a computer
with 8 GB of RAM. We expect to continue improving the performance of
EDGE4D. We hope that by providing the complete source code of
EDGE4D we also provide a convenient framework through which new
approaches for quantitative 4D analyses could be developed.

Computational methods
A detailed description of the computational methods is provided in the
supplementary material methods.

Acknowledgements
We thank Stephan Thiberge for assistance with two-photon microscopy. We also
thank Mona Singh for her helpful comments on early versions of EDGE4D.

Competing interests
The authors declare no competing financial interests.

Author contributions
Z.K. and M.K. devised the segmentation and tracking methods. Z.K. implemented
the software and designed and conducted the analyses with input from Y.-C.W.,
E.F.W. and M.K. Y.-C.W. optimized the labeling and imaging conditions and
collected the raw imaging data and assisted in designing the analyses. All authors
jointly conceived the study in its design and coordination. Z.K., Y.-C.W. and M.K.
wrote the paper. All authors read and approved the final manuscript.

Funding
This work was funded by grants from the National Institutes of Health (NIH)
[P50 GM071508 (PI: D. Botstein to Z.K. and M.K.) and 5R37HD015587 to E.F.W.];
the Howard Hughes Medical Institute (E.F.W.); and a Helen Hay Whitney Research
Fellowship (Y.-C.W.). Deposited in PMC for release after 6 months.

Supplementary material
Supplementary material available online at
http://dev.biologists.org/lookup/suppl/doi:10.1242/dev.107730/-/DC1

References
Bao, Z., Murray, J. I., Boyle, T., Ooi, S. L., Sandel, M. J. and Waterston, R. H.

(2006). Automated cell lineage tracing in Caenorhabditis elegans. Proc. Natl.
Acad. Sci. U.S.A. 103, 2707-2712.

Blanchard, G. B., Kabla, A. J., Schultz, N. L., Butler, L. C., Sanson, B.,
Gorfinkiel, N., Mahadevan, L. and Adams, R. J. (2009). Tissue tectonics:
morphogenetic strain rates, cell shape change and intercalation. Nat. Methods 6,
458-464.

Clarkson, M. and Saint, R. (1999). A His2AvDGFP fusion gene complements a
lethal His2AvD mutant allele and provides an in vivo marker for Drosophila
chromosome behavior. DNA Cell Biol. 18, 457-462.

Federici, F., Dupuy, L., Laplaze, L., Heisler, M. and Haseloff, J. (2012). Integrated
genetic and computation methods for in planta cytometry. Nat. Methods 9,
483-485.

Fernandez, R., Das, P., Mirabet, V., Moscardi, E., Traas, J., Verdeil, J.-L.,
Malandain, G. and Godin, C. (2010). Imaging plant growth in 4D: robust tissue
reconstruction and lineaging at cell resolution. Nat. Methods 7, 547-553.

Gao,L., Shao, L., Higgins,C.D., Poulton, J.S.,Peifer,M., Davidson,M.W.,Wu,X.,
Goldstein, B. and Betzig, E. (2012). Noninvasive imaging beyond the diffraction
limit of 3D dynamics in thickly fluorescent specimens. Cell 151, 1370-1385.

Gelbart, M. A., He, B., Martin, A. C., Thiberge, S. Y., Wieschaus, E. F. and
Kaschube, M. (2012). Volume conservation principle involved in cell lengthening
andnucleusmovementduring tissuemorphogenesis.Proc.Natl. Acad.Sci. U.S.A.
109, 19298-19303.

Giurumescu,C.A.,Kang,S.,Planchon,T.A.,Betzig,E.,Bloomekatz,J., Yelon,D.,
Cosman, P. and Chisholm, A. D. (2012). Quantitative semi-automated analysis of
morphogenesis with single-cell resolution in complex embryos. Development 139,
4271-4279.

Keller, P. J. (2013). Imagingmorphogenesis: technological advances and biological
insights. Science 340, 1234168.

Khairy, K. and Keller, P. J. (2011). Reconstructing embryonic development.
Genesis 49, 488-513.

Krzic, U., Gunther, S., Saunders, T. E., Streichan, S. J. and Hufnagel, L. (2012).
Multiview light-sheet microscope for rapid in toto imaging. Nat. Methods 9,
730-733.

Lecuit, T. and Lenne, P.-F. (2007). Cell surface mechanics and the control of cell
shape, tissue patterns and morphogenesis. Nat. Rev. Mol. Cell Biol. 8, 633-644.

McMahon, A., Supatto, W., Fraser, S. E. and Stathopoulos, A. (2008). Dynamic
analyses of Drosophila gastrulation provide insights into collective cell migration.
Science 322, 1546-1550.

Morin, X., Daneman, R., Zavortink, M. and Chia, W. (2001). A protein trap strategy
to detect GFP-tagged proteins expressed from their endogenous loci in
Drosophila. Proc. Natl. Acad. Sci. U.S.A. 98, 15050-15055.

Mosaliganti, K. R., Noche, R. R., Xiong, F., Swinburne, I. A. and Megason, S. G.
(2012). ACME: automated Cell Morphology Extractor for comprehensive
reconstruction of cell membranes. PLoS Comput. Biol. 8, e1002780.

Müller, H. A. and Wieschaus, E. (1996). armadillo, bazooka, and stardust are
critical for early stages in formation of the zonula adherens andmaintenance of the
polarized blastoderm epithelium in Drosophila. J. Cell Biol. 134, 149-163.

Nelson, K. S., Khan, Z., Molnár, I., Mihály, J., Kaschube, M. and Beitel, G. J.
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Oates, A. C., Gorfinkiel, N., González-Gaitán, M. and Heisenberg, C.-P. (2009).
Quantitative approaches in developmental biology. Nat. Rev. Genet. 10,
517-530.

Oda, H. and Tsukita, S. (2001). Real-time imaging of cell-cell adherens junctions
reveals that Drosophila mesoderm invagination begins with two phases of apical
constriction of cells. J. Cell Sci. 114, 493-501.

Olivier, N., Luengo-Oroz, M. A., Duloquin, L., Faure, E., Savy, T., Veilleux, I.,
Solinas, X., Debarre, D., Bourgine, P., Santos, A. et al. (2010). Cell lineage
reconstruction of early zebrafish embryos using label-free nonlinear microscopy.
Science 329, 967-971.

Paluch, E. and Heisenberg, C.-P. (2009). Biology and physics of cell shape
changes in development. Curr. Biol. 19, R790-R799.

Pandey, R., Heidmann, S. and Lehner, C. F. (2005). Epithelial re-organization and
dynamics of progression through mitosis in Drosophila separase complex
mutants. J. Cell Sci. 118, 733-742.

Sherrard, K., Robin, F., Lemaire, P. andMunro, E. (2010). Sequential activation of
apical and basolateral contractility drives ascidian endoderm invagination. Curr.
Biol. 20, 1499-1510.

Szeliski, R. (2011). Computer Vision: Algorithms and Applications. Berlin: Springer.
Tomer, R., Khairy, K., Amat, F. and Keller, P. J. (2012). Quantitative high-speed

imaging of entire developing embryos with simultaneous multiview light-sheet
microscopy. Nat. Methods 9, 755-763.

Truong, T. V., Supatto, W., Koos, D. S., Choi, J. M. and Fraser, S. E. (2011). Deep
and fast live imaging with two-photon scanned light-sheet microscopy. Nat.
Methods 8, 757-760.

Wang, Y.-C., Khan, Z., Kaschube, M. and Wieschaus, E. F. (2012). Differential
positioning of adherens junctions is associated with initiation of epithelial folding.
Nature 484, 390-393.

Wang, Y.-C., Khan, Z. and Wieschaus, E. F. (2013). Distinct Rap1 activity states
control the extent of epithelial invagination via α-Catenin. Dev. Cell 25, 299-309.

2900

RESEARCH REPORT Development (2014) 141, 2895-2900 doi:10.1242/dev.107730

D
E
V
E
LO

P
M

E
N
T

http://dx.doi.org/10.1038/nrg2548
http://dx.doi.org/10.1038/nrg2548
http://dx.doi.org/10.1038/nrg2548
http://dx.doi.org/10.1126/science.1189428
http://dx.doi.org/10.1126/science.1189428
http://dx.doi.org/10.1126/science.1189428
http://dx.doi.org/10.1126/science.1189428
http://dx.doi.org/10.1016/j.cub.2009.07.029
http://dx.doi.org/10.1016/j.cub.2009.07.029
http://dx.doi.org/10.1242/jcs.01663
http://dx.doi.org/10.1242/jcs.01663
http://dx.doi.org/10.1242/jcs.01663
http://dx.doi.org/10.1016/j.cub.2010.06.075
http://dx.doi.org/10.1016/j.cub.2010.06.075
http://dx.doi.org/10.1016/j.cub.2010.06.075
http://dx.doi.org/10.1038/nmeth.2062
http://dx.doi.org/10.1038/nmeth.2062
http://dx.doi.org/10.1038/nmeth.2062
http://dx.doi.org/10.1038/nmeth.1652
http://dx.doi.org/10.1038/nmeth.1652
http://dx.doi.org/10.1038/nmeth.1652
http://dx.doi.org/10.1038/nature10938
http://dx.doi.org/10.1038/nature10938
http://dx.doi.org/10.1038/nature10938
http://dx.doi.org/10.1016/j.devcel.2013.04.002
http://dx.doi.org/10.1016/j.devcel.2013.04.002


Supplementary Information 
 
Quantitative 4D analyses of epithelial folding during Drosophila gastrulation 
 
Supplementary Movie Captions 
Supplementary movies in original size and resolution are available for download at the following link: 
https://sites.google.com/site/edge4dsupplement/supplementary-movies 
 
Supplementary Movie 1. EDGE4D reconstruction of cells in the anterior and posterior fold at the mid 
stage during their formation from single photon confocal laser scanning microscopy data set. 
 
Supplementary Movie 2. Examples of EDGE4D reconstructed and tracked cells during formation of the 
anterior and posterior folds.  
 
Supplementary Movie 3. EDGE4D reconstruction and tracking of basal-most initiating cells into late 
stages of dorsal fold formation. 
 
Supplementary Movie 4. Illustration of cell-cell contact surfaces found by EDGE4D. Video shows a cell 
that is tracked into the posterior fold. During tracking the neighbors are removed and cell contact surfaces 
are colored based on the original neighbor colors.  
 
Supplementary Movie 5. Scan through z-stack illustrating adherens junctions co-migrate with the nulcei. 
Junctions and nuclei were both labeled with GFP. The round “ring” structures at the apex of nuclei 
correspond to the junctions. See also Supplementary Fig. S6.  
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Movie 1.

Movie 2.

Movie 3.
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http://www.biologists.com/DEV_Movies/DEV107730/Movie1.mov
http://www.biologists.com/DEV_Movies/DEV107730/Movie2.mov
http://www.biologists.com/DEV_Movies/DEV107730/Movie3.mov


Movie 4.

Movie 5.
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Supplementary Methods 
 
Pre-processing. All image stack frames were scaled by tri-linear interpolation such that voxels in 
the result volume were isotropic (same x, y, and z dimensions in microns, 0.5µm for the live data 
set and 0.2465µm for the fixed data sets). To enhance contrast and remove low-level noise, the 
volume was processed by adaptive histogram adjustment. Histograms were populated in equally 
divided regions along the z-axis of the volume. Then, intensity values for the 5th percentile and 
99.5th percentile for fixed data (0th and 99.5th percentile for live data) were obtained. These 
values were used to saturate intensities above and below, respectively. Intermediate values were 
scaled linearly. Voxels were replaced by linear interpolation of neighboring histogram adjustment 
values to avoid aliasing. To enhance membrane and nuclei signal, the image volumes were 
processed in two passes with a 3D rank filter. The rank filter collects intensity values in a spherical 
region with radius r = 3 voxels for fixed and live data around each voxel, replacing the intensity 
value within the a1-th percentile intensity value in the region. In a second pass, the voxels were 
replaced by values in a2-th percentile in the region. For the membrane channel, we set a1=95 and 
a2=5 which acts to both remove noise and repair small breaks in membrane signal. An illustration 
of membrane label pre-processing is provided in Figure S8.  
 
Membrane label detection. Membrane labels were detected using a sensitive setting of a 
Difference of Gaussian (DOG) filter. The enhanced volume was 3D Gaussian blurred by applying 
1D Gaussian blur along the x-axis, y-axis, and z-axis of the image using a small sigma 1.25 in 
pixels. This is equivalent to isotropic 3D Gaussian blur since the filter is separable.. The resulting 
blurred volume was subtracted from the enhanced volume. Regions above a low DOG intensity 
threshold of 2 were labeled as foreground in a binary volume 1. Note that both the smaller sigma 
and threshold contribute to the sensitivity of the DOG filter. The resulting binary “volume 1” was 
then surface thinned(Palágyi et al., 2001). A second binary “volume 2” was computed using the 
following steps: generate a histogram of intensity values and saturate (at zero) values below 
intensity in a high percentile (0.75 to 0.9), linearly scaling remaining values. Then, a DOG binary 
volume was computed using a sigma of 2.25 and a threshold of 2. The histogram adjustment 
removes weak background signal and larger sigma decreases the sensitivity of the DOG filter to 
allow delineation of the tissue structure using strong membrane label signal.  
 
Nuclei detection. In the pre-processing phase for the nuclei channel, we set a1=5 and a2=95 to 
enhance any absence of signal between closely spaced nuclei. Nuclei were also detected using a 
DOG filter using sigma 2.25 in pixels (for both live and fixed data). The blurred volume was 
subtracted from the enhanced volume and regions above a high intensity threshold of 7 (for both 
live and fixed data) were labeled as nuclei in a binary image. The large sigma and high threshold 
only leaves regions high local contrast. These regions correspond to nuclei. Connected 
components, more than 200 voxels in size using a 6-voxel neighborhood, were labeled as 
individual nuclei.  
 
Outer tissue boundary repair. Using the second binary volume (see membrane label detection 
above), missing membrane label was repaired by dilation and erosion of robust membrane signal. 
Voxels along the edge of the contracted region were used to repair missing membrane signal (see 
Figure S9). Specifically, the Euclidean distance transform (EDT(Maurer et al., 2003)) of binary 
volume 2 was computed and foreground values in binary volume 2 were set where the EDT was 
greater than 25, all remaining voxels were set to zero. A second EDT of the resulting binary 
volume was computed and values in binary volume 2 were set to foreground were the EDT was 
less than 29, all remaining values were set to zero. The foreground voxels in binary volume 2 were 
then cleared in binary volume 1 to remove voxels outside of the region of interest. Then, voxels 
that neighbor foreground region in volume 2 were set to foreground in volume 1 to add a repaired 
outer boundary to the “sensitive” DOG filter detected membrane signal. To remove misdetections 
of membrane signal, connected foreground components, using a 6-voxel neighborhood, that were 
2000 voxels or less were set to background in binary volume 1. The resulting binary volume was 
then used to segment cells as described below.  
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Cell segmentation from detected membrane signal. The segmentation algorithm takes as input 
an outer  tissue boundary repaired binary image volume and then returns segmented regions 
which can be transformed into cell surface meshes. Our segmentation starts by breaking cells 
gradually across small gaps in labeling between cells – recovering “easy” to segment cells first. 
Segmentation of a region is stopped if it meets several morphological criteria. The algorithm then 
enters a merging phase in which regions are scanned from smallest to largest and merged if the 
resulting region meets the same morphological criteria in the region breaking phase. This serves to 
repair cells that were over-segmented due to spurious detection of membrane signal within cells. 
The EDGE4D segmentation algorithm is geometric in nature, using shape information to identify 
cases of over- and under-segmentation. An overview of the approach as well as 2D examples of 
the main processing steps is provided in Figure S10.  
 
Specifically, the EDGE4D segmentation algorithm proceeds as follows: The algorithm enters the 
region breaking phase by computing the Euclidean distance transform (EDT) from detected and 
boundary repaired membrane signal in the binary image volume. The EDT is negated and 
thresholded from -1 to -7 at each iteration to generate binary volume that was used to designate 
marker regions. The thresholding serves to gradually break cells along connected regions. These 
markers are propagated over the negated EDT by marker assisted Watershed to match up to 
binary segmented regions. Noise marker regions, less than 100 voxels in size are removed and the 
remaining marker regions were propagated to fill these regions. Among the remaining regions, a 
region is labeled as finished if it was below a maximum voxel count size of 45000 voxels for fixed 
data and 32000 voxels for live data, had a centroid located within the region, and had less than 
threshold (80 for live data and 150 for fixed data) number of internal voxels. Internal voxels are 
counted as follows: (1) the segmented region was dilated and then eroded by binary morphological 
operations and a spherical structural element with a radius of one voxel (2) the voxels added 
during the dilation operation were scanned. If the voxel is in a foreground region and all of the 
neighbors were foreground values, then the voxel was counted as an internal voxel. The use of 
internal voxels is a novel aspect of EDGE4D. It allows geometric detection of adjacent cells that 
might be merged. This approach allows a relaxed cutoff to be used for the maximum volume of 
cells. For instance, our cutoff of 32000 voxels equals a volume of 4000µm3 a volume occupied by 
approximately 3 cells in the live data set. Next, newly finished regions are not allowed to serve as 
markers at the next iteration of the algorithm.  
 
Once the region-breaking phase finds no marker regions (all regions are marked as finished), a 
merging phase is applied to address any oversegmentation (see Supplementary Figure S10). At 
each iteration of the merging phase, the smallest segmented region that was not previously 
merged is selected. This process was repeated until the smallest selected region was larger than a 
threshold voxel count (1080 for live data and 6000 for fixed data).  The number of voxels in contact 
with another segmented region are counted and then divided by the size of the neighboring region 
to obtain a contact score. Then, the current region is merged with the region with the highest 
contact score. The newly merged region is evaluated based on the same morphological criteria 
during the region-breaking phase of the algorithm. If the merged region did not meet any 
morphological criteria, the selected region is marked as merge failure and not considered again as 
a region that can be merged. After merging, the internal voxels of the region are cleared. This 
merging process was applied twice to the segmented regions.  
 
Combined nuclei and membrane segmentation. The detected and processed membrane signal 
is used to zero values in the nuclei binary volume. After values are zeroed a new set of connected 
components are found that correspond to nuclei. Nuclei were also used during segmentation of cell 
shapes. First, cells were segmented using membrane signal alone. Cases where more than one 
nucleus significantly overlapped a segmented region (> 10% voxel count overall) were found. If 
these nuclei significantly overlapped more than one segmented region, they were split along these 
region boundaries. Once these nuclei were found they were used to guide a second round of cell 
shape segmentation. In this second round, the nuclei were used as markers to initialize a first pass 
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of the marker assisted Watershed algorithm. Regions meeting morphological criteria (maximum 
voxel count, centroid criterion, internal voxel count as used in the membrane-only segmentation 
algorithm) were marked as finished. All remaining regions were further segmented as above with 
the constraint that a nucleus could not be split between segmented regions and that during the 
merging phase no two nuclei could occupy the same segmented region. 
 
Caveats and Limitations of EDGE4D Segmentation. While the human visual system can easily 
perform segmentation of 3D data, even from views of orthogonal slices or volume renderings of 
noisy, membrane-labeled microscopy data, automated segmentation remains challenging in noisy 
data sets. As the quality of the data degrades, prior knowledge, encoded in the form of hard cutoffs 
and pre- and post-processing algorithms, computed from data via machine learning, or modeled by 
Bayesian approaches, can be used to improve performance of automated segmentation 
approaches, sometimes at the cost of the generalizability(Khairy and Keller, 2011). Finding 
algorithms that are robust for a range of imaging artifacts and noise remains an open problem. 
Through EDGE4D, we contribute a method that introduces new algorithmic techniques that are 
robust to small regions of missing membrane label between cells and tissue structure above and 
below the cells while making few assumptions about the shapes of individual cells. One of the key 
assumptions of EDGE4D is that the largest breaks between cells must be smaller than the radius 
of a sphere that can be positioned anywhere within the individual cell. Therefore, it is crucial that 
imaging conditions as well as parameters for pre-processing, membrane and nuclei detection, and 
outer membrane boundary repair are adjusted so that the binary image volume, which serves as 
an input to the segmentation algorithm, meets this assumption as closely as possible.  
 
Additional details on Selection of Membrane, Nuclei Detection, and Outer Boundary Repair 
Parameters. The parameters of the pre-processing and difference of Gaussian (DOG) approach 
for detecting membrane and nuclei signal were selected manually by scanning a range of 
parameters, focusing on a few time points in the live data and a cropped region in the fixed data 
sets. Several parameters depend on the contrast of the data and the scale of the data set. In 
general, the parameters of the rank filtering were set to remove as much image volume grain as 
possible while also enhancing membrane signal. The DOG parameters were increasingly sensitive 
to membrane signal in the data as both the sigma and the threshold were decreased. They were 
set to find weak membrane signal without spurious detection of membrane signal within the cells. 
The parameters for histogram adjustment and the DOG approach to find dominant membrane 
signal that delineates the tissue structure were dependent on the overall contrast of the imaging 
data. Parameters for thresholding the EDT as well as the voxel counts of regions were dependent 
on the scale of the data (voxel size). These were set based on the expected size of membrane 
label breaks and number of voxels per cell.  
 
Reconstruction and Refinement of Cell Shapes.  Cell shapes segmentations are converted into 
triangle surface meshes by the Marching cubes algorithm(Lorensen and Cline, 1987). Triangle 
surface meshes were represented using a list of mesh vertices, triangle faces with 3 adjacent 
faces, a face normal vector, and 3 identifiers for the mesh vertices the face spanned. Each mesh 
vertex also had a computed list of adjacent mesh faces. These were refined to fit the membrane 
labeling using the following steps: First at each mesh vertex point a vertex normal was computed 
(the average of all mesh vertex adjacent face normal vectors). A ray was cast from this vertex 
normal and intersected with voxels in a 3D Gaussian blurred volume of the original data (sigma set 
to 3 for live data and 5 for fixed data) within a 4 voxels of the mesh vertex. Intersections were 
accelerated using an Octree built on the volume. The displacement between the mesh vertex and 
the most intense intersected voxel was stored. In addition, a smoothing displacement for the mesh 
vertex was also computed by averaging the position of vertices of faces adjacent to the current 
mesh vertex. Once these displacements were computed for each mesh vertex, the vertices were 
advanced using a step size of 0.2 weighting the refinement displacement by 0.7 and the smoothing 
displacement by 0.3. After each repositioning of the mesh vertices all face and mesh vertex normal 
vectors were recomputed. This process was repeated for 12 iterations.  
 

Development | Supplementary Material



Cell tracking.  We used a greedy approach to track cells between time points. Each cell’s tracking 
state was represented by a centroid position and a motion vector. Cell’s that were not assigned to 
a cell at time t+1 were given a new trajectory identifier and their motion vector was initialized to 
(0,0,0). Each cell was greedily assigned based on the cell’s current position and motion vector 
predicted position. The greedy assignment proceeded as follows: each current cell was assigned 
the nearest cell within 16 voxels at time point t+1. When two cells were assigned to the same cell 
at time point t+1, this conflict was resolved by keeping the current cell nearest to the conflicting cell 
at time point t+1 assigned and then reassigning the other cell to its next nearest cell in time t+1. 
Note that this cell might already be assigned, generating a conflict that will be resolved in the next 
iteration of the algorithm. This process is iterated until all conflicts were resolved or all cells have 
advanced through possible cell assignments that are within 16 voxels in distance from the cell. The 
trajectories associated with cells that have expended their possible assignments at time t+1 are 
terminated. Once the nearest and motion vector predicted assignments were obtained, 
assignments that agreed were kept as stable assignments. In a second pass, the remaining 
assignments were obtained using motion model predicted cell positions. Last, motion model 
vectors were updated based on the current and next assigned position of the cell trajectory.  
 
Computation of Cell-Cell Contacts and Contact Surface Areas. To compute cell contacts, each 
cell segmentation region was used to compute cell surface voxels. The cell surface voxels were 
labeled with the indexes of cell segmentations that are adjacent to the current cell. As cells are 
separated by a 1-voxel thick surface (after surface thinning the preprocessing phase above) in 
regions of membrane label, a 26-neighborhood of each membrane voxel neighboring a surface 
voxel was scanned. This scanning process examined a volume where voxels have been replaced 
with cell segmentation index labels. A surface voxel was assigned a neighbor label based on the 
most frequently occurring cell index label during this scan. If more than 10% of the current cell’s 
surface voxels were assigned a specific neighbor label, these cells were considered adjacent, 
neighboring cells. Cell surface areas were computed by augmenting cell shape mesh triangles with 
a neighbor label. To assign the triangle a neighbor label, we binarized the surface voxels and 
computed a Feature Transform(Maurer et al., 2003), which allowed us to get the nearest surface 
voxel and corresponding neighbor label assigned to that surface voxel for any voxels intersected 
by a triangle in the cell surface mesh. The triangle on the cell surface was assigned the most 
frequent neighbor label among surface voxels found. Contact surface areas were computed by 
adding the individual triangle areas together for each neighbor label assigned to the cell surface 
triangles. The algorithm described here for defining cell-cell contact surfaces is a key contribution 
of EDGE4D. Our approach uses the duality between cell surface meshes and binary image 
volumes.  
 
Computing nth-Degree Neighbors of Cells. Cell neighbors were found by breadth first search 
(BFS) through the graph of cell-cell contact adjacencies computed above. Central, basal initiating 
cells were marked as visited with BFS visit order of 0. We applied a breadth first search, labeling 
each cell with the BFS visit order. The BFS visit order assigned to the cell was used to label it as 
an nth-degree neighbor. 
 
Implementation of MARS-ALT Segmentation Algorithm.  We based our implementation of 
MARS-ALT’s core segmentation algorithm based on the supplementary information 
provided(Fernandez et al., 2010). We extensively scanned a range of MARS-ALT algorithm 
parameters and selected those that provided best possible reconstructions from the previous 
method. In particular, we used Gaussian blur filtering with a sigma of 0.75 for fixed data and 1 for 
live data. We used a background threshold of 40 for fixed data and 3 for live data and an h-minima 
value of h=3 for live data and h=30 for fixed data. We removed small, oversegmented regions that 
were 10000 voxels or less in fixed data and 2480 voxels or less in live data and re-applied the 
Watershed algorithm.  
 
Assessing Segmentation Errors Using Nuclei.  Segmented nuclei shapes were used to detect 
three types of errors: missed cells, merged cells and split cells. Reconstructed nuclei were labeled 
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overlapping segmented cells if the region of overlap was more than >10% of the voxel count of the 
nuclei. Missed cells were cases where nuclei did not overlap segmented shapes, overlapping only 
background region. Merged cells were detected by scanning for segmented cell shapes that 
overlapped 2 or more nuclei.  
 
Comparing Cell and Nuclei Shapes to Manual 2D Segmentations of Orthogonal Slices. To 
assess segmented cell shapes, we used manual 2D segmentations of cells and nuclei through 
orthogonal slices through the data. Automatic segmentations of cell shapes and nuclei were first 
obtained using 3D data. These automated 3D segmentations were sliced through the 
corresponding orthogonal image planes. Automatic and manually segmented 2D regions in these 
slices were assigned to one another based on overlap (> 20% of total voxel area). For each 
automatic and manual shape pair, the EDT of the manually segmented region was computed and 
the voxels along the outline of the automatic EDGE4D segmented region were used to collect 
nearest squared distance values between the two shapes. The square-root of the mean squared 
distance values quantified the degree of dissimilarity between the automatic and manually 
segmented shape regions.  
 
Analysis of Cell Neighbor Contact Stability. Cell contact stability was evaluated by focusing on 
the contact neighbors of cells tracked 10 or more consecutive time points. For each trajectory at 
each time point, we collected the trajectory identifiers of neighbors of a focal cell. For each unique 
neighbor trajectory identifier, the length of contact with the focal cell was computed by counting the 
number of time points the same neighbor trajectory identifier appeared across the time points the 
focal cell was tracked.  The contact neighbor trajectory identifiers were then ranked based on their 
length of contact in number of time points with the focal cell and reported as the percent of the 
trajectory length of the focal cell.  
 
Measurement of Apical-Basal Cell Length and Volume.  The apical-basal cell length was 
computed by using principal components analysis (PCA) on the triangle mesh vertices relative to 
the centroid of the cell surface mesh. As the cells are columnar in shape, the first principal 
component (PC) corresponded to a vector in the long direction of the cell. All vectors between the 
cell centroid and a triangle mesh vertex were projected onto this PC vector and its negation. The 
vectors corresponding to the largest scalar projection on this vector and its negation were used to 
define vectors between the cell centroid and the apical and basal end of the cell. The sum of the 
lengths of these two vectors was used as the apical basal cell length. Note that the use of two 
vectors to measure apical basal length corrects for bending of cells during dorsal fold formation. 
Cell volume was measured by voxelizing the membrane refined cell surface triangle meshes. The 
meshes were voxelized by embedding them into a binary volume and intersecting the mesh 
surface triangles with voxels in the volume. Intersected voxels were set to foreground. Regions that 
were not adjacent to the edges of the binary volume, and thus inside the cells, were flood filled with 
foreground values. The µm3 volumes of each foreground voxel were summed to obtain a volume 
measurement for the entire cell.  
 
Dynamic Analysis of Cell-Cell Contact Surfaces. To obtain manual measurements of cell aspect 
ratio, basal-most cells and their neighbors were traced between time points t=0 sec. and t=800 
sec. Cross-sectional aspect ratio of these cells was measured manually using the line tool in 
ImageJ (version 1.46d). To identify cell-cell contacts that increased or decreased between time 
points, we used the percent surface area of the cell-cell contact surface, identified using the 
methods above, at time t=0 and time t=800. Total surface area was computed by adding up the 
individual surface areas of triangles in the cell surface mesh.  
 
Measurement of Distance between Nucleus and Cell Apex. The position of the cell apex was 
obtained when cell apical-basal length was computed using the methods above. Distance between 
the nucleus centroid and the cell apex position was used to quantify the dynamics of basal-most 
cells relative to their first, second, and third degree neighbors.  
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Supplementary Figure S1 
 
Manual segmentations of cell membranes and nuclei in 2D orthogonal slices through single 
photon confocal laser scanning microscopy image volumes.  Green lines show hand-drawn manual 
segmentations. 
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Supplementary Figure S2 
 
Root mean squared error (RMS) as measured by the micron distance between hand-draw, manual 
segmentation outlines and EDGE4D automatic segmentation outlines of nuclei and cell shapes. 
The corresponding slices through the EDGE4D segmentations were matched with manually segmented 
nuclei and cell shapes. The shapes were compared as described in the methods and the RMS error 
computed. Ends of the boxes are the quartiles, centerline is the median, and whiskers extend 1.5 times 
the interquartile range. Circles designate outliers.  
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Supplementary Figure S3 
 
Lower signal-to-noise and z-resolution live imaging. Two-channel data of orthogonal slices through a 
living embryo at a late stage of dorsal fold formation obtained using 2-photon laser scanning microscopy. 
Arrows highlight regions of the data that are difficult to segment as a result of lower signal to noise and z-
resolution. Top-left, red arrows illustrate regions of faint membrane labeling. Faint membrane labeling 
exists between cells as well as along basal regions. Bottom-left, purple arrow illustrates regions where the 
separation between nuclei is difficult to distinguish. Right, slice through the y,z plane of the embryo. Red 
arrow illustrates a region of diffuse membrane signal. Intensity of membrane signal region is only slightly 
higher than background noise within the neighboring cells.  
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Supplementary Figure S4 
 
Reproducibility of the low overall segmentation error rate. Segmentation error rates were determined 
using nuclei on a second, independently collected, replicate live embryo data set.  (top) Bar plot of the 
number of nuclei (purple). (bottom) Error counts of EDGE4D applied to only the membrane channel in the 
live data set. Merged cells (red), broken cells (gray), and missed cells (yellow) were detected using the 
nuclei. 
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Supplementary Figure S5 
 
Distribution of the number of neighbors for all reconstructed cells across dorsal fold formation 
from live 2-photon microscopy data. Median number of neighbors is 6. Bar corresponding to number of 
neighbors is to the left of the printed number. The highest bar corresponds to reconstructed cell shapes 
with 6 neighbors.  
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Supplementary Figure S6 
 
Bar plot of the number of length 10 or greater cell trajectories where the given ranked neighbor 
maintained contact for >90% of the length of the trajectory. The green bar to the left represents the 
total number of cell shape trajectories considered (347, rank 0). For a total of 56 cell trajectories, a total of 
6 neighbors maintained stable contact with a focal cell for 90% or more of the length of the cell’s trajectory.   
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Supplementary Figure S7 
 
Adherens junctions and nuclei co-migrate. Mid-sagittal slices across 3 time points through a data set 
where both adherens junctions and nuclei were labeled with GFP and imaged by single channel 2-photon 
microscopy. Red arrows highlight vertical projections above the nuclei that correspond to the junctions. 
The junctions move basally with the nuclei. They form ring structures above the nucleus (see 
Supplementary Movie 5).   
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Supplementary Figure S8. Overview of EDGE4D data pre-processing. Example mid-sagittal slices 
from the live 2-photon dorsal folds data set illustrating pre-processing steps performed in EDGE4D. 
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Supplementary Figure S9. Illustration of algorithm for repairing missing outer membrane signal. (a) 
Left and middle, are mid-sagittal slices through examples of input binary image volumes obtained from the 
dorsal folds live 2-photon data. The two volumes serve as input to the outer membrane repair algorithm. 
Right is an example of the output from the outer membrane repair algorithm for these two input image 
volumes. (b) A schematic illustrating the processing steps of the outer membrane repair algorithm using 
an individual cell with missing membrane label as an example.  
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Supplementary Figure S10. Illustration of EDGE4D region-breaking and merging phases of the 
EDGE 4D segmentation algorithm. (a) Illustration of input and output of the segmentation algorithm. (b) 
A 2D Illustration showing how the region-breaking phase of the segmentation algorithm finds cells with 
incomplete membrane label. (c) A 2D illustration of how the merging phase of the EDGE4D algorithms 
repairs a broken cell due to spurious membrane signal detected within a cell.  
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