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License: This is an open access protocol distributed under the terms of the Creative Commons Attribution License, which
permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited

Protocol status: Working
We use this protocol and it's working

Created: July 24, 2022
Last Modified: October 08, 2022
Protocol Integer ID: 67460

Keywords: Brain slices, Cellular sociology, Cell migration, Cell dispersion , voronoi tesselation analysis of cerebellar image,
cerebellar image, voronoi tesselation analysis, voronoi tesselation, quantitation of cellular population topography, cellular
population topography, voronoi tesselation this protocol, cellular sociology, cellular migration, biological image, dispersion in
longitudinal study, image, longitudinal study

Disclaimer
DISCLAIMER - FOR INFORMATIONAL PURPOSES ONLY; USE AT YOUR OWN RISK

The protocol content here is for informational purposes only and does not constitute legal, medical, clinical,
or safety advice, or otherwise; content added to protocols.io is not peer reviewed and may not have
undergone a formal approval of any kind. Information presented in this protocol should not substitute for
independent professional judgment, advice, diagnosis, or treatment. Any action you take or refrain from
taking using or relying upon the information presented here is strictly at your own risk. You agree that
neither the Company nor any of the authors, contributors, administrators, or anyone else associated with
protocols.io, can be held responsible for your use of the information contained in or linked to this protocol
or any of our Sites/Apps and Services.

Abstract

This protocol describes how to perform Voronoi tesselation analysis of cerebellar images. It can be used for any
biological images to study cellular sociology and is based on a model of parametrization and quantitation of
cellular population topographies developed by Marcelpoil and Usson (1992). It is advantageous to analyze cellular
migration and dispersion in longitudinal studies.

Guidelines
N/A
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Materials

Software
Voronoi Diagram Generator NAME
Frederik Brasz DEVELOPER
https://cfbrasz.github.io/Voronoi.html SOURCE LINK

Software
FIJI (Image J) NAME
NIH DEVELOPER
https://fiji.sc/ SOURCE LINK

Software
Microsoft NAME
Windows 10 0S
Microsoft DEVELOPER
SOURCE LINK

https://www.office.com/
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Safety warnings

0 None

Before start

Be sure to familiarize yourself with the theory of Voronoi tessellation
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Image processing with the Voronoi generator

1 Open the interactive Voronoi diagram (Thiessen polygon) generator
(https://cfbrasz.github.io/Voronoi.html).
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Voronoi diagram generator

Visualization mode:| Normal v |

Interactive Voronoi diagram (Thiessen polygon) generator. this menu allows you to choose
Base code taken from http://www.raymondhill.net/voronoi/rhill-voronol.htmi the visualization mode

Sites generator

| Generate |or| Add | 10 | sites randomly

| Add sites with xand y coordinates given by | Alternatively one can add a series of X-Y values
{x values) 50 150400 | e corresponding to the centers of the cells
{yvalues) 120250 50 | to be analyzed and calculated using ImageJ

Separate values by spaces or commas. (3y)=(0,0) at bottom left corner. Diagram is 00 pixels wide.

| Clear all sites | sites (cell centers = black dots)
Ot must be hidden at last step of elaboration
ons

[7) Hide sites and edges. [] Hide sites. [7] Limit sites to a grid with a spacing of |50 | pixels between points
[C] Limit sites to one dimension [ Update diagram on mouse move

| Display image with URL | \ |beneath Vioronoi diagram

Back to programs upload your image here

The aspect of the Voronoi diagram generator mask

2 Upload the image to be analyzed as indicated in the figure above. To do so your image
(size must be 900%x900 pixels and preferably saved as a PNG file) has to be uploaded to
the internet first so that it is possible to copy and paste its URL in the Voronoi generator.

protocols.io | https://dx.doi.org/10.17504/protocols.io.yxmvmnrx6g3p/vi October 7, 2022 6/19



https://www.protocols.io/
https://www.protocols.io/
https://dx.doi.org/10.17504/protocols.io.yxmvmnrx6g3p/v1

€3} protocols.io Partof SPRINGERNATURE

After uploading the generator displays the image in its working space as shown in the
figure below.

Voronoi diagram generator

Visualization mode: | Normal v |

Interactive Voronoi diagram (Thiessen polygon) generator.
Base code taken from http.//vww.raymondhill.net/voronoi/rhill-voronol.html

Sites generator

| Generate lor[ Add |10 |sites randomly

| Add sites with x and y coordinates given by |

{x values) 50 150 400 |

(y values) 120 250 90 |

Separate values by spaces or commas. (qy)=(0,0) at bottom left corner. Diagram is 900 pixels wide.
| Cl s |

Options

] Hide sites and edges. [[] Hide sites. (] Limit sites to a grid with a spacing of |50 | pixels between points
[T Limit sites to one dimension [_] Update diagram on mouse move

| Display image with URL | Ibertomerigh\'_ﬁlE‘wordpress.comf2022f06,‘0mo4.jpg?w=900ibeneath Voronoi diagram

Back to programs

The image to be analyzed is uploaded to the Voronoi generator
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3 Using the mouse click above the center of each cell to generate the Voronoi polygons. In
the end, you will obtain the image shown below. Save the image on your computer (right-
click on the image and choose "save" from the drop-down menu).

Voronoi tesselation of the uploaded image

4 Choose "Visualization Normal" from the Visualization mode drop-down menu of the
generator. The tesselation appears as shown in the image below. Again save the image
on your computer (right-click on the image and choose "save" from the drop-down
menu).
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Voronoi polygons in the Normal visualization mode (Elaboration 1)

5 Select "Hide sites" from the Options menu of the generator. The tesselation appears as
shown in the image below (black dots corresponding to cell centers disappear). Again
save the image on your computer (right-click on the image and choose "save" from the
drop-down menu).
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Voronoi tesselation with cell sites hidden (Elaboration 2)

Elimination of the marginal polygons with Photoshop

6

Due to the properties of the Voronoi partition, some polygons of the paving are not L
statistically representative of the set of polygons - see Marcelpoil, R.; Usson, Y. (1992)
Methods for the study of cellular sociology: Voronoi diagrams and parametrization of the
spatial relationships. Journal of Theoretical Biology 154, 359-369.

Those polygons are associated with points located on the border of the cell population
and have one or more summits that do not contain total information on their "surround"
(marginal polygons). Such summits are created by points that belong to a half-plane that
does not contain this particular summit. Therefore, every point of the cell population
whose associated polygon satisfies one of the two following conditions is not taken into
account in the further calculations.

- The polygon is open (the point belongs to the convex hull),

- At least one of the summits of the polygon is outside the convex hull.
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6.1 Elimination of the open polygons is carried out with Photoshop using the Magic wand
tool to select and cancel them from the image above named Elaboration 1, as shown in
the image below.

Elimination of the polygons with an open side, i.e. a side that is part of the border of the
image (Elaboration 3)

7 Construct the convex hull from the image Elaboration 3. The convex hull is constructed
with the Line tool by drawing segments that join the site points (cell centers) of the
eliminated open polygons so that there are no concavities, as shown in the image below.
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Construction of the convex hull

8 Eliminate the polygons intersected by the convex hull and the polygons with open sides
using the image Elaboration 2 (without cell sites) as shown in the image below.
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All marginal polygons are eliminated (Elaboration 4)

9 Cancel the sides of the marginal polygons. Use the Magic wand tool of photoshop
followed by the commands Selection - Expand 2px; Selection - Contract 1px;
Cancel; Modify - Stroke (color black) 2px. You should obtain an image in which the
area of the marginal polygons is empty as in the figure below. This is the last
elaboration that will be used for the subsequent steps of analysis.
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Last elaboration of Voroni tessalation (Elaboration 5)

Analysis of Voronoi polygons with ImageJ

10 Open the image to be analyzed with ImageJ. Set the appropriate scale with Analyze
- Set scale.
Run the following Macro by selecting Plugins - Macros - Run - Voronoi Macro

Voronoi Macro
run("Enhance Contrast...", "saturated=2");
run("8-bit");
run("Find Edges");
//run("Brightness/Contrast...");
setMinAndMax(0, 0);
run("Apply LUT");
run("Set Measurements...", "area perimeter shape limit display redirect=None
decimal=6");

protocols.io | https://dx.doi.org/10.17504/protocols.io.yxmvmnrx6g3p/vi October 7, 2022 14/19



https://www.protocols.io/
https://www.protocols.io/
https://dx.doi.org/10.17504/protocols.io.yxmvmnrx6g3p/v1

@ protocols.io Part of SPRINGERNATURE
run("Analyze Particles...", "display summarize add in_situ");

The macro enhances image contrast (optional), converts the image into a B&W 8-bit
image, finds the edges of the Voronoi polygons, and optimizes their contrast as in the

figure below.

Image of Voronoi polygons after application of the Find Edges command and
optimization of contrast (Elaboration 6)

It then sets up the measurements necessary for the following analysis of polygons: Area,
Shape descriptors, and Perimeter. It also permits the creation of an image (below) with
the overlay indication of the individual polygons that the program has measured (Add to
overlay and Display label). It finally sets the number of Decimal places to 6. When run,
the Macro performs the command Analyze Particles.
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Image of the Voronoi polygons after performing the Analyze Particles command. Each
polygon is assigned a progressive number. Note the number 1 at the center of the image
(encircled in red). This corresponds to the first counted particle that the program
considers being the ensemble of the marginal polygons (highlighted in red in the following
image). Note that the red circle is added here for clarity but the program does not display it

at all.
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The image displays in red the particle that the program numbers as particle 1 that must
be discarded in the following analysis.

At the end of the Macro, all computed values are saved in a .csv or a .xls file (according
to the version of ImagedJ used) that must be converted into a .xIsx Excel file.

Analysis of data

11 Open the .csv or .xls file generated by ImagedJ with Microsoft excel. The file appears as
follows
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Results Sfice 4 20220717.xls - Excel

Formule  Deti  Revisione  Visualzza  Svilippo  PowerPivot Q' Che cosa si desidera fare? Adalberto Merighi 9, Condividi
A A A | ==2 - Eetestoacapo Generale - E-2| v | Erlseris - X~ Ay p
I HJ Pl 5 =5 = o o0 | F un‘ e s:\ Desisia 7 | Trow
g a8 | %R (B B (B ko 30 |t 3 gl e e
Appunti T Carattere &l Allinesmento = Humiert (Fi stili Celle Madifica ”
Lo - fe
A B £ D E F G H 3 K L M N o P Q
1 Label Area  Perim. Circ. AR Round  Solidity |
2 1 OMO4 Voronoi3ElaboratedLast2.tif 1626217 2725.585 0275086 1192542 0.838545 0.349795 |
3 2 OMO4 Voronoi3ElaboratedLast2.tif | 687.0274 123.6373 0564788 2.436171 0.41048 0.935887) |
4 3 OMO4 Voronoi3ElaboratedLast2.tif | 744.4232 110.4443 0766308 1.62612 0.614961 0.852976: |
5 4 OMO4 Voronoi3ElaboratedLast2.tif  798.3752 117.3926 0.728006 1355613 0.737674 0.543051!
5 5 OMO4 Voronoi3elaboratediast2.tif | 2355.523 193.5203 0.790395 1.49461 0.669071 0.971591!
7 6 OMO4 VoronoizElaboratedLast2 tif | 868.3381 124.861 0639964 1489639 0.671276 0.954273
8 7 OMO4 Voronoi3ElaboratedLast2.tif | 438.5037 86.6133 0.734537 1547707 0.646117 0.333985
9 8 OMO4 Voronoi3ElaboratedLast2.tif | 1465314 164.4715 0680705 1.798826 0.555918 0.962851
10 9 OMO4 VoronoizElaboratedLast2 tif | 696.7847 104.9795 073451 1524419 0.655988 0.959584 1
11 10 OMO4 Voronoi3ElaboratedLast2.tif | 553.8632 100.4333 0.630011 1.183038 0.845282 0.94008)
12 11 OMO4 Voronoi3ElaboratedLast2.tif 7719732 115.5413 0.72667 1419255 0.704595 0.942867)
13 12 OMO4 VoronoizElaboratedLast2.tif | 565.9224 98.7348  0.7295 1794543 0.557245 0.847621
1 13 OMO4 Voronoi3ElaboratedLast2.tif | 2554112 §2.58764 0470565 2.583151 0.386227 0.935857
15 14 OMO4 Voronoi3ElaboratedLast2.tif | 711.1337 112.5871 0.704992 1.336815 0.748047 0.942922)
16 15 OMO4 VoronoizElaboratedLast2.tif | 676.1222 106.0063 0756086 1357374 0.736717 0.947326,
17 16 OMO4 Voronoi3€laboratedLast2.tif  348.3924 83.43062 0.628967 1.605142 0.622998 0.89528
18 17 OMO4 Voronoi3ElaboratedLast2.tif | 447.6871 88.42001 0.713587 1.605209 0.622972 0.934132
18 13 OMO4 VoronoizElaboratedLast2.tif | 466.6277 30.79125 0711365 1101481 0.307869 0.937176)
20 19 OMO4 Voronoi3ElaboratedLast2.tif  300.1799 7153745 0.737037 1.339047  0.7468 0.927305
21 20 OMO4 Voronoi3ElaboratedLast2.tif  397.1788 8457817 (0.697717 1.266015 0.78988 0.935135
22 21 OMO4 VoronoisElaboratedLast.tif | 423.9808 88.75612 0.673693 1392838 0.739154 0.9339%
23 22 OMO4 Voronoi3€laboratedLast2.tif  634.7973 126.5154 0.498377 2.552796 0391735 0.930153
2 23 OMO4 Voronoi3ElaboratedLast2.tif | 630.7796 118.724 0.562355 2.040015 0.490192 0.941731
2 24 OMO4 VoronoizElaboratedLastz.tif | 579.6973 101.2138 0711101 1534233 0.651751 0.961447)
26 25 OMO4 Voronoi3ElaboratedLast2.tif  783.4523 116.2451 (0.728573 1.274655 0.784526 0.949235
27 26/0MO4 Voronoi3ElaboratedLast2.tif  1469.906 156.0395 0.758631 1.113814 0.897816 0.962239
28 27 OMO4 VoronoizElaboratedLast2.tif | 1134.141 143.8853 0688295 1642898 0.60868 0.956438)
20 28 OMO4 Voronoi3€laboratedLast2.tif  475.811 89.30759 0.749666 1469771 0.680378 0.944729
30 29 OMO4 Voronoi3ElaboratedLast2.tif | 639.3889 104.4281 0.736785 1358272 0.73623 0.952137
31 30 OMO4 Voronoiz€laboratediast2.tif 7513107 113.8738 0.728084 153737 0.650461 0.945809
32 31 OMO4 Voronoi3ElaboratedLast2.tif 3013278 79.52489 (0.592768 2.089766 0.478522 0.91623
33 32 OMO4 Voronoi3ElaboratedLast2.tif | 830.5163 116.1059 0.774154 1410662 0.708887 0.958913
N 33 OMO4 Voronoi2ElaboratedLast2.tif | 747293 111.6679 0753085 1.346587 0.742618 0.95175
35 34 OMO4 Voronoi3ElaboratedLast2.tif | 361.5834 86.27713 0.610433 2.416071 0.413835 0.918367 v |
36 35 OMO4 Vor ast2.tif | 806.9846 122,12 50003054712 —
v

Results Slice 4 20220717 )

Screenshot of the .xls file generated by ImagedJ (the file is created from the analysis of the
image elaborated as described above and contains 318 lines, i.e. the information about
the 317 particles (polygons) counted by the program.

The file contains the following information: Column A: progressive numbering of the
particles (polygons) counted by Imaged; Column B: Identification of image analyzed;
Column C: Area (in um2 if the Set scale command has been set properly); Column D:
Perimeter (in um if the Set scale command has been set properly); Column E: Circularity
(or Roundness factor); Columns F-H: Other shape descriptors computed by ImagedJ that
are not used in the analysis. Note that line 2 (highlighted in yellow) corresponding to
Particle 1 must be deleted (as indicated above).

Save the file as a .xIsx file.

12 Open the .xlIsx file in Excel and calculate the following:
- Mean of area, perimeter, and circularity (roundness)
- Standard deviation of area, perimeter, and circularity (roundness)
- Area Disorder (AD)
- Roundness Factor Homogeneity (RFH)

The mean circularity (roundness) (RFav) is computed directly by the ImagedJ program
using the following formula
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RFav=1/N Z(i = 1)NVarA(X;)/(L(X;)?)
where A(x) is the area and L(x) is the perimeter of the N polygons generated by the
Voronoi generator. RF,, is a pure number (0< RF,<1).

The AD is calculated as follows:

AD=1—(1404/Av)"1

where 0y is the area standard deviation, and A,,, is the mean area.
The RFH is calculated as follows:

RFH = (14 o0gF/RF,v)"1

where og is the roundness factor standard deviation, and RF,,, is the mean roundness

factor.
Both are pure numbers with values >0 and =1.

13 Transfer the values of RF,,, AD, and RFH to a new Excel spreadsheet for subsequent

statistical analysis.
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