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ABSTRACT

We propose an extension of the classical morphological filter-
ing based on openings by line segment structuring elements.
It consists in filtering a 3D+time image with the opening by
all the possible rotations of a segment in the 4D space, giv-
en an initial segment and a rotation angle. The method has
been applied to remove noise from confocal laser scanning
microscopy images of live zebrafish embryos engineered to
fluorescently label all their cell membranes.

Index Terms— Biomedical image processing, image
restoration, morphological operations, microscopy.

1. INTRODUCTION

Reconstructing the morphodynamics of cell division and
pattern formation throughout embryonic development in live
animals is of great interest for bio-medical research[1][2].
Among other applications, it would be the basis for a new gen-
eration of pre-clinical drug testing with automated systems for
investigating drug effects at the cellular level in vivo. The re-
construction of cell morphodynamics greatly challenges in vi-
vo imaging techniques as well as computer vision algorithms.
The Embryomics project aims at fully reconstructing in space
and time the cell lineage of the zebrafish (Danio rerio) em-
bryo from the one cell stage throughout early steps of embryo-
genesis. This is achieved through time-lapse laser scanning
microscopy that produces z stacks of xy images at every time
step ¢ from live embryos engineered to highlight their cell
structures. To segment cell structures and track cells requires
very powerful methods of image treatment starting with im-
age filtering. A large number of filtering methods have been
described literature, nevertheless their suitability can be ques-
tioned in terms of computational cost, parametric optimiza-
tion and use of contextual information. We show here that
an alternative filtering method based on membranes geometry
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which is an extension of a classical morphological filter, re-
moves noise from live zebrafish embryo 4D images in a very
efficient way, with a predictable computational cost.

2. TWISTER SEGMENT FILTERING

2.1. Preliminaries

A grey-tone image can be represented by a function f :
Dy — T, where Dy isasubsetof Z% and T = {tyin, .., tmax }
is an ordered set of grey-levels. Let B be a subset of Z2 and
s € N a scaling factor. sB is called structuring element
B of size s. The basic morphological operators are dilation
[05(f(x)) = sup,c{f(x — y)}] and erosion [e5(f(x)) =
inf_yep{f(x — y)}]. These two elementary operations can
be composed together in openings [y5(f) = dples(f)]] and
closings [¢p(f) = ep[dp(f)]]- The morphological opening
(closing) filter out light (dark) structures from the images ac-
cording to the predefined size and shape criterion of the struc-
turing element. An algebraic opening -y is increasing, idempo-
tent and anti-extensive. One important property of openings is
that any supremum of openings is still an opening. This prop-
erty provides the possibility of extracting specific geometrical
structures of different classes in the same filtering process-
ing (i.e. openings and closings with line segments have been
widely used in image processing to extract lines in an image
[31[4]). In this paper we use the same notation that has been
used in [5], so an opening by a structuring element B is de-
noted . It is denoted also by I1,12,13,12 the line segments
of length n and respective orientation 0°, 45,900, 135°. The
operation I il 4 = Vie[1,d)V is an opening by line segments
(see Fig.1). The two main drawbacks of this filtering is the
computational cost (several independent openings and supre-
mum calculation) and the selection of the size value n (a priori
knowledge of the analyzed image may provide useful infor-
mation for the n choice). The classical morphological alterna-
tives to this approach are openings by reconstruction and area
openings. Nevertheless both filters have their own drawbacks
and the filtering by line segments is more easily parallelizable.
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Fig. 1. The supremum of openings is still an opening.

2.2. Opening by twister segment structuring element

The proposed idea is to extend the classical filtering by
line segment structuring elements to n-dimensional images.
For that purpose, all the possible rotations of a line segment
in a nD space will be found given an initial segment and a
rotation angle (this angle is limited by the sampling rate). We
found in [6][7] very interesting studies about morphological
operators with discrete segments. For the sake of simplicity in
the examples presented above we will allow a rotation angle
of 45°, so the number of possible orientations in a nD space
is the number of boundary pixels in a 3" box divided by 2. In
a 2D image, if we note the initial segment /! with an orienta-
tion of 0° and we permit a rotation angle of 45°, there exists 4
possible segments [}, 12,13 12, where [}, is rotated 45° from
1D g0 #l(dim = 2) = 4. In these conditions, the opening
by twister line segment is Fln’4 = Vie[1,a17: - Ina 3D image,
the interpretation remains the same as in the plane: we may
think over the extraction of all the lines with specific direc-
tions embedded in the 3d space. A rotation angle of 45° pro-
vides 13 possible orientations §{(dim = 3) = 13. It should be
noted that this opening allows also to extract the planes of an
object which can be decomposed in lines of a given direction.
We now address the spatio-temporal case. A 1D segment in
the 4D space can be thought as a point which moves straight
ahead in a given direction (or remains still) through time (see
Fig.2). This forward movement may be seen as a differential
of displacement, if the time sampling is high enough (images
in two consecutive time steps are similar). The twister seg-
ment structuring element includes all these possible segments
given an initial one and the rotation angle (note that the rota-
tions in the 3D space are also included in this set). A rotation
angle of 45° provides 40 segments {l(dim = 4) = 40.

time
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Fig. 2. A 1D segment structuring element in a 4D space pass-
es through the origin(0,0,0,0) and can represent a point that
moves in a straight direction over time, a fixed point over time
or a segment in the 3D space in the present time.

2.3. Algorithms

We propose an algorithm able to produce all the line seg-
ments of size n which are embedded in the 4D space. Each
segment is shifted 45° from the previous one. The construc-
tion of each line segment is divided in two steps: finding the
correct orientation and size. We define the unit structuring el-
ement of a direction d as a 3 pixel line with a central pixel S1
and two symmetric pixels 52 and S3 (see Fig.3a). The unit
structuring element is inside a n-dimensional cube of size 3.
We denote the position in the n-dimensional cube with coor-
dinates (71,12, 93,14, ..., i, ) as the position (i; +ig * 3> + i3 *
32 +i4 %33 4+ ... + iy, * 3" 1)(see Fig.4). In this notation, by
symmetry of the elements S2 and 53, we obtain the relation
between positions 52 + S3 = 2S51. For instance in the 2D
case S1 = b, all the possible orientations are given by the
combinations that make S2 4+ S3 = 10 (see Fig.3b). We pro-
ceed by analogy in the 3D case, S1 = 14 and S2 + S3 = 28,
there exists 13 orientations(see Fig.4a). Finally in the 4D case,
S1 = 41 and S2 + S3 = 82, there are 40 orientations(see
Fig.4b). In order to attain the length 7 in a given orientation,
a segment is dilated by the unit version of itself. As a result
of several dilations, every segment of even size may be con-
structed [0y (I},) = I7,.4]. The described strategy leads to the
following algorithm to implement the opening by twister line
segment structuring element for 3D+time images with a rota-
tion shift of 45°.

> pseudocode twister segment filter
(image in, length m) — (image out)

str.element se(2m+1,2m+1,2m+1,2m+1); .[al]
str.element su(3,3,3,3); «.iiiiiio.. [bl]
for £ =(1:40) {
su(f)=1; su(82-f)=1; su(4l)=1; [b2]
se(m+l, m+1l, m+1, m+1)=1; .......... [a2]
for r=(1:m){se=0s(se);} «uouo.... [c]
out=max (out, Vse (in)); oo [d]

reset su, se;

The unit structuring element su of size 3* is declared in
[b1] and defined in [b2]. The structuring element se is de-
clared in [al] and initializated in [a2]; se is built by several
dilations with su in [c]. The filtered image out is the maxi-
mum of all the openings by line segment in the 4D space[d].
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Fig. 3. (a) Unit structuring element. (b) Four possible direc-
tions in the 2D space with a shift of 45° (#l(dim = 2) = 4).
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Fig. 4. (a) Example of line structuring element embedded in
the 3D space, formed by the points (1,14, 27). (b) Example
of line structuring element embedded in the 4D space, formed
by the points (1,41, 81).

3. CELL MEMBRANE FILTERING IN 4D IMAGES
OF A LIVE ZEBRAFISH EMBRYO

We show an illustrative example of the use of the opening
by a twister structuring element in 4D confocal images tak-
en from a live zebrafish embryo with fluorescently labelled
cell membranes. These images have been taken with a Leica
SP2 laser scanning confocal microscope with a 40x/0,8NA
water immersion objective. Image size is 512x512 pixels and
voxel size is (0,58x0,58x1)um. Z stacks of 30um have been
taken every 5 minutes for several hours starting at 3,5 hours
of development at 28°C. Embryos are fluorescently stained
through the expression of membrane bound mcherry red fluo-
rescent protein. The validation of the filtering method is sub-
jective since it should be coupled with segmentation methods.
Nevertheless, it can be seen by eye that the filtering improves
strongly the resolution of membranes and that the quality of
the filtering is, at least, comparable to an anisotropic diffu-
sion filter. In the presented example, the size of the line seg-
ment has been adjusted manually to seven pixels. The struc-
turing element has been cropped in the time axis because of
the low temporal sampling rate, so the line segments of the
twister structuring element are embedded in a 4D box of size
(7,7,7,3). In order to avoid abrupt jumps of intensity, the
output is smoothed by a spherical averaging filter of two pix-
els radius. Cross-sections of original and filtered images are
shown in Fig.5 and Fig.6. The method has also been tested
with images in more advanced stages of embryonic develop-
ment with very effective results. As embryo develops, cells
differentiate and begin to build interesting structures by align-
ing their membranes and moving persistently in given direc-
tions. These behaviors make the twister segment filtering even
more suitable for those cases than for early embryogenesis.

4. DISCUSSION

We have presented an extension of the classical morpho-
logical filtering based on opening by line segments. Our method
performs the opening by line segments in the spatiotemporal
space. This technique is suitable for images formed by polyg-
onal shapes, huge quantity of data and uncorrelated noise over

time. These characteristics are indeed those of confocal im-
ages taken from fluorescently labeled zebrafish embryos. The
twister segment morphological filtering has been proved to
be a very effective alternative to denoise cell membrane im-
ages. The proposed algorithm is a basic idea and further de-
velopments should be done, especially concerning the rota-
tion shift. With a similar reasoning, we might perform mor-
phological operations with the possible rotation of 2D pla-
nar structuring elements in the 4D space or curved line seg-
ments structuring elements that represent curved trajectories
over time. The twister segment structuring element can serve
also to perform other morphological operators for instance al-
ternative sequential filters or multiscale granulometric analy-
sis. Concerning real applications in the Embryomics project,
the presented filtering methodology is currently being com-
bined with a viscous watershed segmentation[8] producing
very promising segmentation results (see Fig.7). The oil-model
viscous flooding follows accurately the filtered membranes
and prevents leakage when there are incomplete or missing
boundaries in low contrast regions.
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Fig. 5. (i) Cross sections of the original image. (pm)
Cross sections of the image filtered by 4D anisotrop-
ic diffusion filter (Perona-Malik filter). The ITK method
[itk::GradientAnisotropicDiffusionlmageFilter] with param-
eters iter = 5, ¢t = 0,625 and k£ = 100 has been used.

(dt1) (d2)

Fig. 6. (t) Cross-sections of the image filtered by the twister
segment opening and regularized with a circular averaging.
(di) Detail of the x-y cross section of the original image.
(dpm) Detail of the image filtered by the Perona-Malik filter.
(t1) Detail of the image opened with the twister structuring
element. (t2) Detail of (t1) after circular averaging filter.

Fig. 7. Segmentation example produced by a viscous water-
shed flooding in the filtered image ¢. Contours align with cell
membranes in (t)X-y, (t)x-z and (t)y-z.
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