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DETECTING SYMMETRY IN ASCIDIAN EMBRYO
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ABSTRACT

Modern microscopy techniques allow to acquire temporal se-
quences of 3D stacks. It provides a unprecedented means to im-
age developing organs or embryos at the cellular level, but results in
a huge quantity of data. Proposing efficient processing methods is
then absolutely crucial. We are addressing here the study of ascid-
ian embryo development. The stereotypy of their development en-
ables population studies at a cellular level but requires embryo cells
to be named. Cell naming can be achieved by name transfer from
a database, which, in turn, requires embryo-to-embryo registration,
that is eased by embryo symmetry detection [1]. In this article, we
propose a novel symmetry detection method for that purpose.

Index Terms— Fluorescence microscopy, symmetry detection,
embryogenesis

1. INTRODUCTION

Developmental biology aims at understanding the dynamics of for-
mation of tissues or organs within an organism. To study develop-
ment, many model organisms are used [2]. Most of them are animals,
like the C. elegans nematod or the Drosophila. Each of these models
has its own specificity, which may make it more suitable for obser-
vation and/or analysis. For instance, C. elegans is transparent, which
makes it ideal for observation under a light microscope, and it has a
remarkable stereotyped development, every adult having exactly the
same number of cells, and each cell having its homologue in other
individuals: in other words, each cell can be identified by its name
[3]. This last property allows not only cell-based comparisons in
population studies, but also aggregating different information com-
ing from several individuals.

When coming to vertebrates, mice are usually the model of
choice. However, as the closest relatives to vertebrates [4], tunicates
are also widely used as models to study embryonic development,
ascidians being the largest group within tunicates. The embryos
of some ascidian species are transparent, making them suitable for
microscopic observation. Last, the development of ascidian em-
bryos (in the first stages) shows a strict left/right bilateral symmetry
and is stereotyped down to the cellular level, even across species.
As homologous cells can be recognized across individuals within
and between species, ascidian embryos are also ideal to aggregate
information from a population and compare development between
individuals [5]. This development stereotypy has been known since
the late 19th century [6, 7], and the currently used cell nomenclature
was proposed in 1905 [8].

Live microscopy is a method of choice [9] for embryogenesis
studies in ascidians. Recent technical advances, including light-
sheet fluorescence microscopy [10], allow to acquire temporal series
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of 3D images, which can be automatically segmented, thus enabling
to follow organismal development with a spatial subcellular resolu-
tion and at high temporal frequency. To compare a newly acquired
ascidian embryo with a database of previously acquired ones, it is
mandatory to name its cells.

This can be done by name transfer, assuming cells can be paired
between two different segmented embryos. Embryo registration, as
described in [ 1, section 4], can efficiently achieve this pairing. Reg-
istration is conducted with an ICP algorithm [1 1] where cell centers
of mass are the features to be registered. ICP being an iterative op-
timization method, its result depends on the starting point (here an
initial transformation). In [1], multiple initial transformations are ex-
plored, to ensure one will be close enough to the global optimum (ie
the right transformation). Instead of sampling the set of 3D rotations,
we took advantage of the left-right symmetry of ascidian embryos.
A symmetry vector candidate of the embryo to be named is aligned
with the symmetry vector of a database embryo (this allows to su-
perimpose the symmetry planes) and then 2D rotations around the
symmetry vector defined a set of initial transformations to be tested.
The registration computational cost is then proportional to the num-
ber of symmetry vector candidates to be tested. For such a strategy,
it is crucial to efficiently detect the symmetry direction of embryos,
which is the purpose of this article.

2. DATA

We have at hand 7 temporal sequences of 3D images issued from
[12], named Pm[1,3,4,5,7,8, 9], each sequence being com-
posed of around 100 time points. An example of a segmented tem-
poral series can be seen at morphonet.org/dataset/1095. A sequence
of such segmented images may be up to 1 Tb of data. For an easier
analysis, each sequence can be summarized in a so-called property
file (encoded in XML) that contains, for each 3D image, cell in-
formation (cell volume, surface, center of mass, neighboring cells
together with a measure of their contact surface, etc), plus the tem-
poral cell lineage information that links cells between consecutive
3D images keeping track of cell divisions. These embryo property
files can then be augmented by useful information, for example cell
names. Such a property file weights only a few tens of Mb, and is
thus an efficient means to represent a population of embryos. The
purpose of this work is the detection of the embryo symmetry di-
rection directly from its property file. For an easier comparison be-
tween embryos, acquisition times are first linearly warped so that
a common developmental time value corresponds approximately to
the same cell count in each embryo (see Fig. 1). This compensates
for different acquisition starting timepoint across embryos as well as
for different developmental speeds

Cell names are of the form [a, b]p.q|[-, *] where [a, b] indicates a
anterior or posterior position, p denotes the generation, ¢ allows to
individualize the cell within a generation, and [-, ] indicates whether
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Fig. 1. Time warping allows to align cell counts across embryos.

the cell is in the left or right hemisphere. The (unit) vector from the
center of mass of the left hemisphere (the *_’ cells) to the one of
the right hemisphere (the ’«’ cells) will be the ground truth we will

compare to.

3. DIRECTION DISTRIBUTION

We hypothesize that vectors aligned to the symmetry direction may
be extracted from the data, so that a mode, corresponding to the sym-
metry direction, can be extracted from a vector distribution. This
sections aims at describing this distribution computation.

Let assume we have a number of samples N = {(w;,n;)}
where n; is an unit vector and w; its associated weight.

To compute the vector distribution, we discretize the unit sphere
into the set of unit vectors {uy } (typically around 4000 vectors). The
kernel-based [13] vector distribution density d(ux) at unit vector ug
is estimated by

B 1 d(ng, ug) ¢(—n4, ug)
d(ug) = 5w <;wi¢(ni) +¥w¢7¢(_ni) )

where

w and ®(n) = > ¢(n, ux)

k

¢(n,u) = exp

The Gaussian is used as ker-
nel (typically o = 0.15 ra-
dians). For every sample
n,; we add the opposite vec-
tor (since we want a direc-
tion distribution, not a vec-
tor distribution), hence we
end up with 2| N| samples.
Normalization by ®(n) en-
sures that every sample has
exactly a w; contribution to
the distribution. Once the
distribution has been com-
puted (eg see Fig. 2), we ex-
tracted its local maxima (ie
modes) that are considered
as symmetry vector candi-
dates. Maxima can be sorted (in decreasing order) with respect to
their distribution values. The distribution is symmetrical (since we
added the opposite samples), this implies that every couple of two

Fig. 2. Direction distribution ex-
ample with two modes in directions
(1,0,1) and (—1,—3,1).

successive maxima have the same distribution value and are oppo-
site vectors (corresponding to one only direction). The detection of
the symmetry direction is efficient if
e the maximum closest to the ground truth symmetry vector is of
low rank (hence only a few candidates have to be tested to co-
register the embryos), and
e the angle of this maximum with the ground truth symmetry di-
rection is small (hence the registration is likely to be successful).

4. SYMMETRY DETECTION

In [1], the symmetry detection was based on images. A membrane
detection filter was computed [14], which allowed to extract an im-
age of directional maxima (at the center of the membrane) thanks to
an estimation of the membrane normal vector. Directional maxima
were subsequently thresholded, resulting in a binary image B, and
it was hypothesized that most of the membrane vectors were aligned
to the symmetry direction. The direction distribution was computed
with the samples {(1, n(z, 5, k))|B(%, j, k) # 0} where n(, j, k) is
the membrane normal vector at voxel (3, j, k).

4.1. Symmetry from membranes

In [1], the symmetry was deduced from local information, ie the ori-
entation of membrane at voxels separating cells. This local informa-
tion is no more at hand, but we can mimic [ 1] by using more regional
information. Consider two cells ¢ and c,. In an image, there were a
number of voxels from the membrane separating ¢, from c, that par-
ticipate to the direction distribution estimation. It seems reasonable
to assume that
e this number of voxels is equal to the contact surface s, =
s(ck, c¢) measured between cells ¢, from cg,
e the contact surface normal vector is aligned with the direction
joining the cell centers of mass, g, and gy.
Let ng¢e = (9¢ — gr)/|lge — g || denotes the unit vector from cell
¢k, to ¢¢. It comes to compute the distribution with the set of samples
{(8k,¢, nk,e) } where (ck, c;) are all the pairs of adjacent cells.

Fig. 3 (top left) indicates the rank of the distribution maximum
closest to the embryo symmetry vector (the best candidate). It comes
out that the worst case is a 12th rank, meaning that we would have
to retain a lot of symmetry candidates (distribution maxima) to co-
register two embryos. Moreover, a few of these best candidates have
an angular error of more of 15 degrees (Fig. 3 bottom left): this may
impair the ability of ICP to converge to correctly register the two
embryos. The reported results under-performed with respect to the
princeps method of [1]. This may be due to the poor ability of the
vector joining the centers of mass of two adjacent cells to represent
the normal direction of the membrane separating the two cells.

4.2. Symmetry from cells

Identifying pairs of homologous symmetrical cells in the left and
right hemispheres would be a more efficient way to detect the sym-
metry direction. We hypothesize here that, thanks to the left/right
bilateral symmetry of the embryo, the contact surface pattern is con-
served between symmetrical cells: we then build measures upon
these contact surfaces. To compare the two cells ¢ and c¢, we have
then to pair the neighboring cells {cx, } of ¢ to the neighboring cells
{czj} of ¢ (see Fig. 4).
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Top row: rank of the vector distribution maximum closest to the embryo symmetry. Bottom row: angular error of the vector

distribution maximum closest to the embryo symmetry. From left to right: symmetry computed from membranes, from symmetrical cells
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Fig. 4. To compare cells ci and c, their neighbors have to be paired.
Here, perfect pairing will be {(k1, £2), (ka, ¢3), (ks,01),...}.

4.2.1. Surface-based neighbor pairing

Let consider we have a set of neighbor pairings P = {(k;, £;)} and
the normalized L1 distance between the contact surface vectors (with
0 padding to get the same vector length)

 Dkiepep Ska = el
Zik Skyip T Zjl 8,50

> i, Skaiy, = Sk is nothing but the surface of cell c¢i. Dividing by the
sum of the two cell surfaces allows to get a measure in [0, 1], 0 mean-
ing a perfect equality of the paired contact surfaces. The index k of
the most likely symmetrical cell for cell ¢, can be found by minimiz-
ing this normalized distance: k = arg ming (minp ds(ck, ce; P)).
The optimal pairing for ds(ck, c¢; P) is obtained when the neighbors
are sorted with respect to their contact surfaces, so that both largest
contact surfaces are paired together, then the second largest contact
surfaces are paired together, and so on. Let denote this surface-based
optimal pairing by P, and let d} (ck, c¢) = ds(ck, ce; Ps). Thus the
index k of the most likely symmetrical cell for cell ¢ is given by

ds(ck, ce; P)

6]

k = arg mljn d; (ck,ce) 2

The direction distribution can be built from the unit vectors joining
each cell and its symmetrical homologous cell, n, ;. We weighted
the vector by the cell surface multiplied by 1 — d(ck, c;) to ac-
count for poor similarity between paired cells. It comes to build the
distribution with the set of samples {(sx(1 — dZ(ck,c;)),ny ;) }-
The distribution maximum closest to the embryo symmetry vec-
tor (the best candidate) is almost always the first or the second (Fig.
3 top middle), meaning that the largest maximum gives the embryo

symmetry direction (recall that the distribution is symmetrical, so
the two first maxima are opposite vectors), with an error (Fig. 3
bottom middle) almost always less than 10 degrees. The symmetry
detection failed for one time point of embryo Pm1 where the error
reached 96 degrees: the embryo has a little bit less than 400 cells at
this particular time.

4.2.2. Surface/vector-based neighbor pairing

In the previous section, symmetrical cells were only assessed based
on adjacency information (contact surfaces), without accounting for
neighbors ordering or relative spatial position.

However, if cells ¢; and ¢, are symmetrical (see Fig. 4) and
if the neighbors ¢, and ci, are homologous, then the vector ng g,
is the mirror vector of ny, ,, with respect to ny . We thus add the
directional information towards the neighbors in the figure of merit
to better characterize symmetrical cells. If we hypothesize that ny, ¢
is the embryo symmetry direction, then the mirror vector of ng,¢;,
denoted by nj ;, is calculated by
—2(nge; Nge)Np e

’
Ny, = Ngg,

Comparing neighbors comes to replace the surface difference,
|ske; = Se.¢;]s bY [[Sk,e, e, — Se,0,m7 || in the figure of merit
that assesses symmetrical cell similarity, thus introducing

Dk 0 yep 18k ik, — See;0p 0 ||
_ (k; J) J
Zik Skiij, T Eje 8¢5,

However, computing the optimal pairing (the one that minimizes
dy(ck, ce; P)) between neighbors of ¢, and ¢, is no more straightfor-
ward. It is an assignment problem where one has to pair neighbors
ck,; of ¢ with neighbors ¢,; of ¢, with a minimal sum of costs, the
cost of a pairing being || sk, k, Nk, k; —Se,¢; n@ygj ||. It can be efficiently

dy (e, ce; P) 3)

solved by minimum weight matching methods in bipartite graphs'.
Let denote this surface-based optimal pairing by P, the index
k of the most likely symmetrical cell for cell ¢ is given by

k= argmind, (cx, cz; Py) )

The direction distribution can be built from the set of samples
{5k (1 = do(ck, s PY))ymy, 1)}

Now, the distribution maximum closest to the embryo symmetry
vector (the best candidate) is always the first or the second (Fig. 3 top

IWe use linear_sum_assignment from scipy.
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Fig. 5. Identification of symmetrical cells for 4 embryos. Blue: percentage of cells having a symmetric homologous cell; orange: percentage
of symmetric cells correctly identified with the surface-based neighbor pairing; green: percentage of symmetric cells correctly identified with

the surface/vector-based neighbor pairing.

right), meaning that the largest maximum always gives the embryo
symmetry direction, with an error (Fig. 3 bottom right) always less
than 5 degrees. Please note that this error could be decreased if we
increase the number of vectors used to discretize the sphere (Sec. 3).

4.2.3. Symmetrical cell identification assessment

Fig. 3 demonstrates that the normalized distances (Eqs 1 or 3)
seems to be powerful enough to build a direction distribution where
the main maximum is close to the embryo symmetry direction. This
suggests that Eqs 2 or 4 are able to find the correct pairs of sym-
metrical cells. Since we have named embryos, this can be easily
assessed. Indeed, the symmetrical cell of a cell named [a, b]p.q_ is
named [a, b]p.g* and conversely. Fig. 5 depicts the count of cor-
rectly identified symmetric homologous cells for 4 embryos. Since
symmetric homologous cells did not divide at the same exact time
in the right and left hemisphere, some of the cells do not have their
symmetric counterpart: the blue curve indicates the percentage of
cells having a symmetrical homologous cell at the given time. Low
values corresponds to rounds of cell divisions. It can be observed
that correct identification decreases with the cell count (as time
increases). Surface/vector-based neighbor pairing outperforms the
surface-based neighbor pairing for correct symmetric cell identifica-
tion for a percentage roughly twice larger.

5. CONCLUSION

This article proposed a novel method for ascidian embryo left-right
symmetry detection, which can be used for further embryo co-
registration. Although we only have at hand textual summaries of
segmented images, the (best) proposed method allows to achieve the
detection of the plane of left-right symmetry in all the embryo time-
points with an error less than 5 degrees. This not only outperformed
our previous method [1] in terms of accuracy, but it also provides a
much more efficient method since the calculation of the symmetry
detection is a matter of seconds (with a python code) while it took
several tens of minutes with the previous method (code in C).

As a side result, it suggests that contact surfaces may be an effi-
cient signature for cell identification.

Compliance with Ethical Standards: this is a numerical simulation
study for which no ethical approval was required.
Acknowledgments: this work was supported by the Cell-whisper
(ANR-19-CE13-0020) grant of French National Research Agency.
Code: The described methods have been implemented within the
ascidian package (see astec.gitlabpages.inria.fr/ascidian). Figs 3 and
5 have been built upon results issued from this package (see Gallery).
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