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Fig. 2: Illustration of the pipeline to segment the nuclear envelope of the HeLa
Cell. (a) Edges detected by Canny algorithm. (b) Labelled superpixels. (c) Mor-
phological processing and selection of large superpixels. The edges and the la-
belled areas have been assigned random colours for visualisation purposes. (d,e)
Segmentation of two slices (cyan shades) and the manual segmentation (ma-
genta line). (f) Surface of the NE and partial EM slices to give context. Notice
the notch (arrow) on the upper right side of the NE.

2.4 Validation of the segmentation

In order to compare the results of the automated segmentation with the manually
segmented GT, the Jaccard Similarity Index (JI) [24] of intersection over union of
areas was calculated. For each slice, the manual delineation was morphologically
closed to generate a region rather than a line.

2.5 Nuclear envelope shape modelling

To further study the shape of the segmented NE, this was modelled against a
3D ellipsoid. The ellipsoid was adjusted to have the same volume as the nucleus.
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Fig. 3: Assessment of the automatic segmentation and the ground truths of two
ROIs. In all cases the magenta line corresponds to the manual delineation and
the shaded region in blue corresponds to: (a,c) Automatic segmentation, (b,d)
Manual GT. Notice how the GT has been incorrectly estimated in the cases
where an invagination of the boundary creates a closed loop.

The surfaces of the ellipsoid and the nucleus were subsequently compared by
tracing rays from the centre of the ellipsoid and the distance between the sur-
faces for each ray was calculated. It was assumed that when the nucleus surface
was further away from the centre, the difference was positive. Processing and
visualisation were performed in MATLAB® (The Mathworks™ Natick, USA).

3 Results

The automatic algorithm produced a rather accurate segmentation of the NE.
The JI of the automatic results against the manual GT was 0.968. This value
indicate a rather high overlap considering that the shape of the nucleus is very
irregular on the upper and lower slices. Furthermore, the shape of the manual
delineations can give rise to ambiguities in the assessment of the segmentation
correctness. In particular, the delineation connected in different points when in-
vaginations of the NE were present, and thus the GT, which was morphologically
closed, was itself incorrectly estimated (Fig 3).

The comparison between the model ellipsoid and the NE reported a JI of
0.7184 (Fig. 4a). This value could be used to assess the roundness or not of a
nucleus, and it is speculated that the JI could be related with biological charac-
teristics of cells. This will be validated in the future against a large number of
cells. In addition, the measurements of distance from the nucleus to the ellipsoid
showed rougher and smoother regions (Figs. 4b,c, 5).

The surface corresponding to the distance from the nuclear envelope to a
model ellipsoid (Fig. 5) showed graphically the hollow and prominent regions
of the cell, but more important, elements such as a notch (solid red arrow) or
ruggedness (dashed green arrow) can be an indication of NE brake down or
remodelling. The local variation of the surface (Fig. 6) enhanced these elements
as the trends were removed. Notice again the notch and the high frequency
variation of the rugged region.
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Fig. 4: (a) Rendering of the nuclear envelope (red surface) against the model
ellipsoid (blue mesh). (b) Illustration of distance calculations by ray tracing in
one slice. Yellow regions correspond to the nucleus outside the ellipsoid, cyan
regions where nucleus inside the ellipsoid. (c) Measurements obtained along the
boundary.
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Fig. 5: Surface corresponding to the distance from the nuclear envelope to a
model ellipsoid. Solid red arrow indicates a notch, dashed green arrow shows
rugged region.

4 Discussion

The modelling of the NE surface against an ellipsoid can reveal interesting char-
acteristics of the nucleus and the nuclear envelope of a HeLa cancer cell. The 2D
maps of the NE surface provides an easier way to assess the characteristics of a
3D structure. Whilst further experimentation with more data sets, and a careful
processing of the GT's, is necessary, the framework here described can be useful,
as it is fully automated, unsupervised, segmented each slice in approximately 8
seconds and does not require training data.

Future work will concentrate in the segmentation and modelling of a large
number of cells, not all of which have a GT segmented by an expert and will be
compared against results gathered from the CS approach. For this purpose, a
CS project called Etch a Cell [25] was created to gather manual segmentations
of the NE of HelLa cells.
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Local variation

Fig. 6: Surface of the local variation of the distances. In both cases, hot shades
correspond to positive values and cool shades to negatives. Solid red arrow in-
dicates a notch, dashed green arrow shows rugged region.
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