
Journal of Visualized Experiments
 

Morphology-based distinction between healthy and pathological cells utilizing Fourier
transforms and Self-Organizing Maps

--Manuscript Draft--
 

Article Type: Invited Methods Article - JoVE Produced Video

Manuscript Number: JoVE58543R1

Full Title: Morphology-based distinction between healthy and pathological cells utilizing Fourier
transforms and Self-Organizing Maps

Keywords: Shape analysis
Fourier transform
Imaging
2-photon microscopy
Immunology
Artificial intelligence
Self-Organizing Maps

Corresponding Author: Zoltan Cseresnyes
Leibniz-Institut fur Naturstoff-Forschung und Infektionsbiologie eV Hans-Knoll-Institut
Jena, GERMANY

Corresponding Author's Institution: Leibniz-Institut fur Naturstoff-Forschung und Infektionsbiologie eV Hans-Knoll-Institut

Corresponding Author E-Mail: Zoltan.Cseresnyes@hki-jena.de

Order of Authors: Fabian L. Kriegel

Ralf Köhler

Jannike Bayat-Sarmadi

Simon Bayerl

Anja E. Hauser

Raluca Niesner

Andreas Luch

Zoltan Cseresnyes

Additional Information:

Question Response

Please indicate whether this article will be
Standard Access or Open Access.

Open Access (US$4,200)

Please indicate the city, state/province,
and country where this article will be
filmed. Please do not use abbreviations.

Department of Chemical and Product Safety, German Federal Institute for Risk
Assessment (BfR), Max-Dohrn-Strasse 8-10., Berlin 10589, Germany

Powered by Editorial Manager® and ProduXion Manager® from Aries Systems Corporation



 

 

Dr. Zoltan Cseresnyes 
Hans Knöll Institute Jena  
Applied Systems Biology 
Beutenbergstr. 11a 
07745 Jena, Germany 
Phone +49 (0)3641-5321532 
zoltan.cseresnyes@hki-jena.de 

 
 
 

Dear Dr. Nam Nguyen, 

 

We would like to thank you and the reviewers for the thorough and extremely useful review of our 

manuscript entitled 

“Morphology-based distinction between healthy and pathological cells utilizing Fourier 

transforms and Self-Organizing Maps “ by Kriegel et al.  

Hereby we are submitting the revised version to be considered for publication in the Journal of 

Visualized Experiments. 

 

We have answered all questions and comments by both the Editor and the Reviewers according to 

our best ability. These are provided in a separate document.  

The main text has been edited according to these changes; all new and edited parts are 

highlighted in purple, in order to make finding the parts in question easier.  

We updated our auto-rotation Python script so that it now provides a GUI, as requested by 

Reviewer 2. We also updated the two associated videos according to this change (including one 

that was erroneously recorded from a blank screen). 

Some of these data have been reported before (Kriegel, F. L. et al. Cell shape 

characterization and classification with discrete Fourier transforms and self‐organizing maps. 

Cytometry Part A. 93 (3), 323-333, doi:10.1002/cyto.a.23279 (2018)). For the material that we re-

used from this publication (Figures 2-5) we have received copyright permission from the publisher 

John Wiley and Sons and we upload this as pdf. We declare no conflict of interest. All authors 

concur with the submission and hope that you will find our manuscript appropriate for publication 

in your journal. 

 

With best regards, 

 

Zoltan Cseresnyes 

 
Editorial Board  
Journal of Visualized Experiments 
 

Jena, 6th of July, 2018 

Cover Letter



TITLE: 1 

Morphology-Based Distinction between Healthy and Pathological Cells Utilizing Fourier 2 

Transforms and Self-Organizing Maps 3 

 4 

AUTHORS AND AFFILIATIONS: 5 

Fabian L. Kriegel1,2, Ralf Köhler2, Jannike Bayat-Sarmadi2, Simon Bayerl3, Anja E. Hauser2,3, 6 

Raluca Niesner2, Andreas Luch1,*, Zoltan Cseresnyes4,2 * 7 
 8 
1 Department of Chemical and Product Safety, German Federal Institute for Risk Assessment 9 

(BfR), Berlin, Germany 10 
2 Deutsches Rheuma-Forschungszentrum (DRFZ) Berlin, a Leibniz Institute, Berlin, Germany 11 
3 Charité Universitätsmedizin Berlin, Berlin, Germany 12 
4 Applied Systems Biology, Leibniz Institute for Natural Product Research and Infection Biology 13 

Hans Knöll Institute, Jena, Germany 14 

 15 

*shared senior authors 16 

 17 

Fabian.Kriegel@bfr.bund.de 18 

Ralf.Koehler@drfz.de 19 

sarmadi@drfz.de 20 

simon.bayerl@charite.de 21 

hauser@drfz.de 22 

niesner@drfz.de 23 

andreas.luch@bfr.bund.de 24 

Zoltan.Cseresnyes@hki-jena.de 25 

 26 

Correspondence to:  27 

Andreas Luch 28 

Zoltan Cseresnyes 29 

 30 

KEYWORDS: 31 

shape analysis; Fourier transform; imaging; 2-photon microscopy; immunology; artificial 32 

intelligence; Self-Organizing Maps 33 

 34 

SUMMARY: 35 

Here, we provide a workflow that allows the identification of healthy and pathological cells 36 

based on their 3-dimensional shape. We describe the process of using 2D projection outlines 37 

based on the 3D surfaces to train a Self-Organizing Map that will provide objective clustering of 38 

the investigated cell populations.  39 

 40 

ABSTRACT: 41 

The appearance and the movements of immune cells are driven by their environment. As a 42 

reaction to a pathogen invasion, the immune cells are recruited to the site of inflammation and 43 

are activated to prevent a further spreading of the invasion. This is also reflected by changes in 44 
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the behavior and the morphological appearance of the immune cells. In cancerous tissue, 45 

similar morphokinetic changes have been observed in the behavior of microglial cells: intra-46 

tumoral microglia have less complex 3-dimensional shapes, having less-branched cellular 47 

processes, and move more rapidly than those in healthy tissue. The examination of such 48 

morphokinetic properties requires complex 3D microscopy techniques, which can be extremely 49 

challenging when executed longitudinally. Therefore, the recording of a static 3D shape of a cell 50 

is much simpler, because this does not require intravital measurements and can be performed 51 

on excised tissue as well. However, it is essential to possess analysis tools that allow the fast 52 

and precise description of the 3D shapes and allows the diagnostic classification of healthy and 53 

pathogenic tissue samples based solely on static, shape-related information. Here, we present a 54 

toolkit that analyzes the discrete Fourier components of the outline of a set of 2D projections of 55 

the 3D cell surfaces via Self-Organizing Maps. The application of artificial intelligence methods 56 

allows our framework to learn about various cell shapes as it is applied to more and more tissue 57 

samples, whilst the workflow remains simple.  58 

 59 

INTRODUCTION: 60 

Timely, simple and precise determination of the pathological status of biological tissue is of the 61 

highest interest in biomedical research. Mouse models provide the means to study a range of 62 

pathological conditions, such as immune reactions or cancer development, in combination with 63 

complex 3D and 4D (3 spatial dimensions and time) microscopy techniques. Microscopy studies 64 

can be performed via intravital or excised-tissue 2-photon microscopy, light-sheet microscopy, 65 

and -to a limited tissue depth of approximately 100 µm- by confocal microscopy. In order to 66 

have time-related information about the cells’ behavior under physiological or pathological 67 

conditions, it is necessary to monitor the tissue for an extended period of time, which usually 68 

requires intravital imaging1,2. Naturally, the applicability of this technique is limited to animal 69 

models due to its invasiveness. Non-invasive techniques are also available for human 70 

applications, including a variety of tomography methods (MSOT, CT, etc.), but these methods all 71 

lack the necessary spatial –and often temporal- resolution to study behavior at the cellular 72 

level.  73 

 74 

Static information regarding the appearance of cells may be accessible more easily via various 75 

3D imaging techniques executed on excised tissue samples. Here, the kinetic behavior of the 76 

cells is not measured, thus it is necessary to adopt novel analysis techniques that are able to 77 

determine the pathogenic status of the examined cells based solely on their morphology3. Such 78 

an approach was used to link cell shapes and tissue textures to pathological behavior4-6.  79 

 80 

In the new technique described here, the cells are reconstructed as 3D surfaces and their 81 

shapes are characterized via 3D-to-2D projections and successive Fourier-based periphery-82 

shape analysis7,8. By reducing the dimensions from 3 to 2, the problem is simplified. It is also 83 

possible to characterize the cell surfaces in 3D by applying spherical harmonics analysis, as it 84 

has been done for medical images9. However, spherical harmonics do not handle sharp and 85 

rugged shapes well, requiring a multi-scale grid to be established on the unit sphere. In 86 

addition, the number of necessary spherical harmonics components can be large (50-70), with 87 

the underlying calculations very demanding and the results hard to interpret10-12.  88 



   
 

   
 

 89 

With our newly proposed method, the task is reduced to a series of 2D shape descriptions, 90 

where the number of the 2D projections is up to the analyst and can be adjusted according to 91 

the complexity of the 3D shape. The projections are generated automatically via a Python script 92 

that runs inside a 3D animation tool. The 2D projections are described by the discrete Fourier 93 

transform (DFT) components of their periphery, calculated by a Fiji13 plugin that is provided 94 

here as part of our software package. The DFT is applied here in order to decompose the 95 

complex outline of the cell into a series of sin and cos functions. In this way, we can describe 96 

the outline with a relatively small number of DFT components, thus reducing the complexity of 97 

the problem (for further details see Equations section). The DFT components are put into a 98 

trained Self-Organizing Map (SOM14), where the existence of shape clusters can be objectively 99 

tested8. SOMs provide a competitive and unsupervised learning tool from the field of artificial 100 

intelligence. They consist of a linked array of artificial neurons which communicate with each 101 

other via a weighted neighborhood distance function. The neuronal system responds to the 102 

first element of the input dataset and the neurons whose response is the strongest are 103 

“grouped” nearer to each other. As the neural system receives more and more input, data 104 

neurons that repeatedly respond strongly start to form well defined cluster within the system. 105 

After proper training on a large dataset that contains 2D shape information in form of a set of 106 

DFT components, any individual cell’s DFT components can be put into the trained SOM and 107 

reveal whether the cell likely belongs to the healthy or the pathogenic cell group. We expect 108 

such tool to become a great addition to the methods of scientific and clinical diagnostics.  109 

 110 

PROTOCOL: 111 

 112 

1. Protocol Requirements 113 

 114 

1.1. Obtain high-resolution deconvolved three-dimensional (3D) microscopy data 115 

deconvolved in compliance with the Nyquist criterion with a sampling interval at least twice the 116 

highest spatial frequency of the specimen to obtain a high resolution image. 117 

 118 

1.2. Use 3D rendering software for the surface reconstruction and export.  119 

 120 

1.3. Use 3D animation software capable of running Python scripts (the Python script can be 121 

downloaded from the github repository: https://github.com/zcseresn/ShapeAnalysis) to create 122 

2D projections. 123 

 124 

1.4. Use Fiji13 to analyze 2D projections and extract the DFT components. 125 

 126 

1.4.1. Use the current Fiji distribution. If there already exists an installed version of Fiji, make 127 

sure that the installed version is the latest. This can be easily achieved by running the Help 128 

|Update option.  129 

 130 

https://github.com/zcseresn/ShapeAnalysis


   
 

   
 

1.4.2. Use the Active Contour plugin15, which can be downloaded from 131 

http://imagejdocu.tudor.lu/doku.php?id=plugin:segmentation:active_contour:start and should 132 

be copied into the plugins folder.  133 

 134 

1.4.3. Download the SHADE Fiji plugin from the github repository and copy into the plugins 135 

folder. 136 

 137 

1.5. Use computational mathematics software capable of calculating Self-Organizing Maps. 138 

 139 

2. Reconstruct the 3D Image. 140 

 141 

Note: For testing purposes, an example dataset is provided in the github repository (see above).  142 

 143 

2.1.  Start the 3D reconstruction software and open the 3D image data.  144 

 145 

2.2. Create a 3D Surface of (all) object(s). 146 

 147 

2.2.1. Select the 3D view option and click on Surfaces. Click on the Next button (blue circle 148 

with a white triangle) to proceed with the surface creation wizard. 149 

 150 

2.2.2. Select the image channel for the surface reconstruction. 151 

 152 

2.2.3. Apply a smoothing function to avoid porous surfaces.  153 

 154 

2.2.3.1. Choose a smoothing value that does not hide the details of the surface but 155 

avoids porous surfaces.  156 

 157 

2.2.4. Select a thresholding method to find the surfaces. 158 

 159 

2.2.4.1. Use an absolute intensity threshold when the objects are well-separated from 160 

the background and have an approximately uniform brightness level. 161 

 162 

2.2.4.2. Apply a local contrast threshold when the objects vary in their intensity but can 163 

still be separated from the local background and from the other objects surrounding them. Set 164 

the local threshold search area according to the value of the expected diameter of the 165 

reconstructed objects. 166 

 167 

2.2.5. Filter the reconstructed surfaces according to morphological parameters of interest, 168 

e.g., volume, sphericity, surface-to-volume ratio, etc., and finish the surface reconstruction. 169 

 170 

2.3. Save and export the generated surfaces in a format that is compatible with the 3D 171 

animation software that will be used in the next step.  172 

 173 

3. Transform the 3D reconstructed surfaces into 2D projections 174 

http://imagejdocu.tudor.lu/doku.php?id=plugin:segmentation:active_contour:start
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3.1. Start Blender and go to the output tab in the right-side window. Select the TIFF format 176 

from the dropdown menu and set the color depth to 8 bit RGBA.  177 

 178 

2.2. Switch into Scripting Mode and open the provided script file "GUI_AutoRotate.py" from 179 

the repository provided with this work (https://github.com/zcseresn/ShapeAnalysis). 180 

 181 

2.3. Click on Run Script. Choose the folder of the wrl files when prompted for input. 182 

 183 

2.4. If needed, create more rotations when working with more complex surfaces: go to the 184 

GUI and set the box Rotations to a value above 6.  185 

 186 

Note: A rotation of 6 different angles can be sufficient to distinguish the different cell 187 

populations. It is not recommended to create less than six rotations per surface, because of 188 

potential information loss. 189 

 190 

2.5. Run the script by clicking on the Rotate button in the GUI. Save the projections of the 191 

individual surfaces in the same folder that was used as the input folder (step 2.3). By default, 192 

the images are saved in an 8 bit Tiff format (see step 2.1), which is the format required by the 193 

Fiji plugin SHADE.  194 

 195 

4. Find the periphery and calculate the Fourier components using Fiji.  196 

 197 

4.1. Open Fiji and select SHADE in the Plugins menu. Start with the default values and fine-198 

tune the parameters later on. Click OK when ready to run the program.  199 

 200 

4.1.1. Choose a Gradient Threshold value for the thresholding of the input image.  201 

 202 

4.1.2. Choose the Number of Iterations. The higher the Number of Iterations value, the more 203 

precise the reconstruction of the periphery. For simpler shapes, a lower number is usually 204 

sufficient. 205 

 206 

4.1.3. Use the Number of Dilations parameter to determine how much larger the starting 207 

mask is compared to the actual cell. Usually more complex shapes need more dilation steps for 208 

proper periphery finding. 209 

 210 

4.1.4. Check the Dark Background checkbox if the projected shapes are brighter than the 211 

background. 212 

 213 

4.1.5. Activate the Show Intermediate Results checkbox only when using a small test dataset 214 

to determine the performance of SHADE. Activating this option for larger datasets lowers the 215 

computational efficiency and could possibly halt a system with low video memory. 216 

 217 

https://github.com/zcseresn/ShapeAnalysis


   
 

   
 

4.1.6. Check the Save Result Tables checkbox to use the results of SHADE as an input for step 218 

5. If the box is checked, all results are saved in individual csv files. A summary of the output 219 

data is always generated in a file called "Result_collection_of_all_DFT_calculations.csv". 220 

 221 

4.2. Select the input data folder that contains the TIFF files that were created in step 3.  222 

 223 

4.3. Provide the output data folder. 224 

 225 

4.4. Click OK to start the plugin. 226 

  227 

5. Self-Organizing Maps 228 

 229 

Note: SOM networks are only able to classify data when they are trained on a large dataset 230 

which contains input from all expected cell types and conditions. For demonstration purposes, 231 

such a dataset is provided and can be found in our repository 232 

(“AllCells_summary_normalised.csv” from https://github.com/zcseresn/ShapeAnalysis 233 

 234 

5.1. Follow these guidelines if there is no trained SOM available yet for the input data; 235 

otherwise proceed to step 5.2.  236 

 237 

5.1.1. Start a computational mathematical software capable of performing neural network 238 

classifications. 239 

 240 

5.1.2. Select a data file to be used for training the SOM network. This dataset should contain 241 

all experimental conditions in order to train the SOM on the particular cell types and 242 

experimental conditions.  243 

 244 

Note: It is also possible to use the provided AllCells_summary_normalised.csv for testing the 245 

system.  246 

 247 

5.1.3. Start the training and wait till the training is completed before proceeding. By default, 248 

the script is set to run 2000 iterations ("Epochs"). 249 

 250 

Note: The number of iterations depends on the learning rate of the SOM. Depending on the 251 

input data it is advisable to test both higher and lower number of epochs and observe the 252 

stability of the pattern of the SOM. When using the script provided, the number of iterations 253 

can be changed under line 32. The network size can be changed in line 34 (by default it is set to 254 

12 by 12).  255 

 256 

5.1.4. After the training is finished, examine the network’s topology (neighbor distances, input 257 

planes, sample hits, etc.). The network is now trained and can be saved for future use. 258 

 259 

5.2. Load in the SOM, when using an already trained map (this can come either from Step 260 

5.1 or from other sources) in order to cluster a dataset. 261 

https://github.com/zcseresn/ShapeAnalysis


   
 

   
 

 262 

5.2.1. Import the csv file that is to be tested with the preloaded trained SOM. Select the csv 263 

output of the SHADE Plugin from step 4 when using data prepared by the SHADE plugin. 264 

 265 

Note: It is also possible to use the example data files 266 

“InteractingCells_summary_normalised.csv”, “MobileCells_summary_normalised.csv” or 267 

“PhagocytosingCells_summary_normalised.csv” that are provided via github.  268 

 269 

5.2.2. After the classification is finished, evaluate the results of the SOM as in step 5.1.5. 270 

 271 

5.2.2.1. Examine the hitmap generated from the csv file. Each cell of the map shows how 272 

many times the dataset "hits" that particular cell of the trained SOM. When a group of cells are 273 

clustered in a small area of this map, this indicates that the dataset is fairly homogenous. 274 

Multiple clusters will indicate that subgroups likely exist in the dataset.  275 

 276 

5.2.2.2. Examine the neighborhood weight distances. Areas of this map that are well 277 

separated correspond to groups of objects that behave very differently from the SOM's point of 278 

view. With DFT components as input data, this means that these cell groups have very 279 

dissimilar shapes of the corresponding 3D surfaces. 280 

 281 

5.2.2.3. Examine the weight planes for information about the contribution by each 282 

element of the feature vector. In case of using the 20 DFT components as described earlier, 19 283 

maps will appear here. When using the provided example dataset, the first 5 or 6 weight planes 284 

will be different, but the rest of them will appear fairly similar. In this case it can be concluded 285 

that it would be enough to use approximately 7 DFT components.  286 

 287 

REPRESENTATIVE RESULTS: 288 

We applied a DFT to calculate the main components of the shape corresponding to the cell 289 

projections. The Fourier descriptors were obtained by applying the DFT algorithm to the xy-290 

coordinate pairs of the fitted periphery of the cell projections, obtained as the output of the 291 

AbSnake part of our workflow. These xy-coordinate pairs can be handled as a complex-valued 292 

2D vector “g”:  293 

𝑔 = (𝑔0, 𝑔1, … , 𝑔𝑔−1 ) 294 

 295 

From the vector “g”, we use DFT to calculate the complex-valued Fourier spectrum: 296 

𝑔 = (𝑔0, 𝑔 1, … , 𝑔𝑔−1) 297 

Based on well-known formulas of the discrete Fourier spectrum, and using the complex-number 298 

labeling of “g” as: 299 

 𝑔𝑔 =  𝑔𝑔 + 𝑔 ∙ 𝑔𝑔 300 

We get: 301 

𝑔𝑔 =  
1

𝑔
∙  ∑[𝑔𝑔 + 𝑔 ∙ 𝑔𝑔]

𝑔−1

𝑔=0

∙ [cos (𝑔𝑔
𝑔

𝑔
) − 𝑔 ∙ sin (𝑔𝑔

𝑔

𝑔
)] (1) 

 302 



   
 

   
 

We can calculate the real (“A”) and imaginary (“B”) components of 𝑔𝑔 = (𝑔𝑔 + 𝑔 ∙ 𝑔𝑔): 303 

𝑔𝑔 = 𝑔𝑔(𝑔𝑔) =  
1

𝑔
∑ [𝑔𝑔 ∙ cos (𝑔𝑔

𝑔

𝑔
) +  𝑔𝑔 ∙ sin (𝑔𝑔

𝑔

𝑔
)]

𝑔−1

𝑔=0

 (2) 

 304 

𝑔𝑔 = 𝑔𝑔(𝑔𝑔) =  
1

𝑔
∑ [𝑔𝑔 ∙ cos (𝑔𝑔

𝑔

𝑔
) −  𝑔𝑔 ∙ sin (𝑔𝑔

𝑔

𝑔
)]

𝑔−1

𝑔=0

 (3) 

 305 

Here, the first DFT component G0 corresponds to m = 0, which gives: 306 

𝑔0 =  
1

𝑔
∑[𝑔𝑔  ∙ cos(0) + 𝑔𝑔 ∙ sin(0)]

𝑔−1

𝑔=0

=  𝑔̅ (4) 

 307 

𝑔0 =  
1

𝑔
∑[𝑔𝑔  ∙ cos(0) − 𝑔𝑔 ∙ sin(0)]

𝑔−1

𝑔=0

 =  𝑔̅ (5) 

 308 

Consequently, this component describes the geometrical center of the original object. 309 

The second element of the DFT forward spectrum, G1, corresponds to m = 1: 310 

𝑔𝑔
(1)

=  𝑔1 ∙ 𝑔𝑔2𝑔
𝑔
𝑔 

= (𝑔
1

+ 𝑔 ∙ 𝑔1) ∙  (cos (2𝑔𝑔
𝑔

𝑔
) + 𝑔 ∙ 𝑔𝑔𝑔 (2𝑔𝑔

𝑔

𝑔
)) 

(6) 

 311 

From Eq.6 we conclude that these points form a circle with a radius of 𝑔1 =  |𝑔1| and starting 312 

angle 𝑔 =  𝑔𝑔𝑔−1 (
𝑔1

𝑔1
), where the circle describes one complete revolution while the shape is 313 

traced once. The center of the circle is located at the origin (0, 0), the radius is |G1| and the 314 

starting point is: 315 

𝑔0
(1)

=  𝑔1 ∙ 𝑔𝑔2𝑔𝑔
𝑔

𝑔 =  𝑔1 ∙ 𝑔𝑔2𝑔1
0

𝑔 =  𝑔1 ∙ 𝑔0 = 𝑔1 (7) 

 316 

In general, for a single Fourier coefficient 𝑔𝑔 = (𝑔𝑔, 𝑔𝑔), the coordinates are described as: 317 

𝑔𝑔
(𝑔)

=  𝑔𝑔 ∙ 𝑔𝑔2𝑔𝑔
𝑔
𝑔 

=  [𝑔𝑔 + 𝑔 ∙ 𝑔𝑔] ∙ [cos (2𝑔𝑔
𝑔

𝑔
) + 𝑔 ∗ sin (2𝑔𝑔

𝑔

𝑔
)] 

(8) 

 318 

Similarly to Eq.6, Eq.8 also describes a circle, but with a radius of Rm=|Gm|, a starting angle 319 

𝑔𝑔𝑔−1 (
𝑔𝑔

𝑔𝑔
) and a starting point at 𝑔0

(𝑔)
=  𝑔𝑔, where the contour is traced once whilst the circle 320 

runs through “m” full orbits 16,17. 321 

 322 

Shape parameters as SOM input  323 

The workflow, as described in Figure 1, was applied to a deconvolved (using a measured Point 324 

Spread Function) intravital multi-photon microscopy dataset of microglial cells to characterize 325 



   
 

   
 

their morphological changes in healthy or cancerous cortical tissue18. Twenty DFT components 326 

were calculated for each 2D projection of the reconstructed 3D surfaces and the results were 327 

used as an input for the SOM training. Under physiological conditions, the microglia presented 328 

a rather complex shape with multiple, highly branched processes (Figure 2a). When placed in a 329 

cancerous environment (cortical tumor model), the microglia changed to a simpler, more 330 

spindle-like shape (Figure 2b).  331 

 332 

The trained SOM was tested in order to evaluate its ability to distinguish between healthy and 333 

cancerous cells. The healthy cell population was projected onto a single area of the SOM 334 

(Figure 2c). The SOM responded to the cancerous microglia dataset with a dumbbell-shaped 335 

active region (Figure 2d). A blindly mixed input data set that consisted of DFT shape 336 

components from both the healthy and the cancerous group was projected by the SOM into 337 

two distinct groups, whilst keeping the shape of their individual contours similar to those of the 338 

separated groups (Figure 2e; compare with 2c and 2d). It can be concluded that the mixed 339 

dataset was successfully clustered by the SOM.  340 

 341 

We tested the performance of the SOM by comparing its projections with the manual analysis 342 

of the same data by a medical expert, who classified the dataset based on their spatio-temporal 343 

behavior. The expert identified four distinct cell groups (resting cells, phagocytosing cells, 344 

interacting cells, and mobile cells 18), which were reconstructed and used to train a 12x12 SOM. 345 

The trained network (Figure 3a) shows groups of high hit-value artificial neurons, especially in 346 

the bottom left and the middle areas of the SOM. The response of the trained network was also 347 

tested with four randomly selected subsets (which were not part of the training dataset) of 348 

images from the four different groups identified by the expert18. These image subsets resulted 349 

in four well-defined responses by the SOM, as shown in Figure 3b. The resting cells exhibit the 350 

most complex shape and showed the highest separation level within the neural network (Figure 351 

3b “resting” panel). The other three identified cell types shared a common area of the SOM in 352 

the bottom left corner, but were otherwise separated by the SOM. The bottom left corner SOM 353 

area thus corresponds to the lower-index DFT values.  354 

 355 

The robustness of the SOM approach was tested by using the trained SOM with three random 356 

subsets of the same -resting- cell type (not part of the training dataset). The response of the 357 

SOM to this input exhibits a very similar response (Figure 3c, subsets 1-3), demonstrating the 358 

robustness of our approach.  359 

 360 

Time-dependent cell shape changes are precisely characterized by DFT 361 

In order to examine the effect of time-dependent changes of the cell shape on the DFT 362 

components, one to three cells per subgroup (see Figure 3b) were tracked for 13 to 28 time 363 

points. Figure 4 shows the first ten DFT components of a mobile cell (Figure 4a) and an 364 

interacting cell (Figure 4b), which were plotted as a function of time. The mobile cell exhibits a 365 

permanently altering shape (see Supplementary Video 4 in 8), which is reflected by a rougher 366 

DFT surface. The bursts of the DFT amplitude in the first third of the time course for the 367 

interacting cell coincide with the fast and vast cell shape changes as shown in Supplementary 368 

Video 5 in 8. 369 



   
 

   
 

 370 

The time course of all 19 DFT components was also characterized for these two cells at three 371 

separate time points during the tracking of a mobile cell (Figure 5a) and of an interacting cell 372 

(Figure 5b). The perpendicular axes represent hereby the six rotation angles and indicate that 373 

all projections are equally important for the characterization of the shape for both cell types. 374 

 375 

FIGURE LEGENDS 376 

Figure 1. Step by step workflow of the data processing to identify cell clustering based on the 377 

shape of cells. Surfaces reconstructed in 3D were used as input to Blender for automated 3D-378 

to-2D projections. The periphery of each projection was located and the DFT components were 379 

calculated. The components served as an input either to a trained SOM in Matlab, or to train a 380 

new SOM. 381 

 382 

Figure 2. Typical appearance of mouse cortical microglia cells under control conditions (a) and 383 

in cancerous tissue (b) Screenshots of reconstructed microglia surfaces. SOM projections were 384 

created from the three groups of microglia samples from the mouse cortex: control (non-385 

tumorous) cells (c), tumor cells (d), and a mixed population of cells (e). This figure has been 386 

modified with permission8. 387 

 388 

Figure 3. (a, left) Self-Organizing Map of a mouse microglia dataset consisting of 768 input 389 

feature vectors. The dataset was used to train a 12x12 artificial neural network, using 390 

hexagonal neighborhood geometry, random initialization and 2000 epochs. (a, right) The 391 

corresponding SOM input planes of the first 10 DFT components (b) The responses of the SOM 392 

depicted in (a), to one random VRML file subset each from the four cell types “mobile,” 393 

“interacting,” “resting,” and “phagocytic” as first described in Figure 5 of Bayerl et al.18. (c) The 394 

response of the same SOM as in (a, left) to three random subsets of the entire dataset (which 395 

were thus not part of the training dataset) of the “resting cells”-type 3D surfaces. The similarity 396 

amongst the three responses is notable. This figure has been modified with permission8. 397 

 398 

 399 

Figure 4. (a) Time dependence of the first 10 DFT components during an intravital imaging 400 

experiment of mouse microglia. This panel shows data for a cell of the “Mobile Cells” type. The 401 

x-axis corresponds to time points of the experiment at 60 s time resolution, the y-axis shows 402 

the amplitude of the DFT components in arbitrary units (a.u.), whereas the z-axis corresponds 403 

to the DFT component from 1 to 10. (b) As in (a) but for a cell of the “Interacting Cells” type. 404 

This figure has been modified with permission8. 405 

 406 

Figure 5. (a) The behavior of all 19 DFT components of a cell of the “Mobile Cells” type at the 407 

beginning, at the middle and at the end of the experiment. The numbers on the x-axis 408 

correspond to the DFT component ID from 1 to 19. The y-axis shows the DFT component 409 

amplitude in arbitrary units (a.u.), whilst the z -axis marks the six random rotation angles. (b) 410 

Same as in (a) but for a cell of the “Interacting Cells” type. This figure has been modified with 411 

permission8. 412 

 413 



   
 

   
 

DISCUSSION 414 

The identification of potentially pathological conditions using small, intact tissue samples is of 415 

high importance. Such techniques will assure a timely response to infectious diseases and 416 

aggressive types of cancer. The kinetic and morphological responses of various immune cells, 417 

e.g., microglia and macrophages, are characteristic of the immune response of the body. 418 

Although in most cases it is not practical or even possible to monitor the kinetic behavior of 419 

these cells, it is fairly straightforward to acquire 3-dimensional images to retrieve their shape. 420 

Typically, immune cells assume a complex shape in healthy tissue and a much simpler form 421 

under inflamed or cancerous conditions18. Whilst the time-dependent characteristics of such 422 

shape change would add to our understanding of the development of the immune response, 423 

using only the 3D shape of a representative group of cells can also be sufficient to determine 424 

the healthy or pathological nature of the tissue. 425 

 426 

Characterizing the 3-dimensional surface of a cell is not a simple task. The application of 427 

spherical harmonics is a way to represent a 3D surface with a relatively large number (50-70) of 428 

components11,12. In addition, determining the spherical harmonics is computationally 429 

expensive; projecting very complex shapes onto the unit sphere is either impossible or very 430 

difficult due to the need to apply multiple grids of various fineness on the unit sphere; finally, 431 

the meaningful interpretation of the spectra of the spherical harmonics components is far from 432 

being trivial. 433 

 434 

In our work presented here, we replace the difficult task of direct 3D surface analysis with the 435 

much simpler approach of using 2D projections of the original surface to gain sufficient 436 

morphological information to identify pathologic conditions. We demonstrated every step of 437 

this workflow by using 3D microscopy data from myeloid cells, whilst clearly pointing out that 438 

all steps were simple to complete, and the resulting 2-dimensional maps were easy to interpret. 439 

 440 

Naturally, a 3D-to-2D projection will lead to information loss about the structure of the surface. 441 

In our example dataset of microglia in a mouse cortical tumor model, it was enough to use six 442 

angles when creating the 2D projections. However, more complex shapes, or less prominent 443 

morphological changes may require that a larger number of projections are created so as to be 444 

able to reliably identify cell subgroups with the SOM. For this reason, our approach is designed 445 

to be able to generate and analyze any number of projections. Simply by choosing a higher 446 

number of projections for more complex shapes, it is possible to scale the information loss to a 447 

tolerable minimum. As an example, the interacting cell type in Figure 4a and 4b would require a 448 

larger number of projections in order to represent the complex surface properly. 449 

 450 

As any approximate method, the hereby proposed workflow had to be tested against the 451 

results of a manual classification process of microglia18. The results presented earlier confirmed 452 

the reliability of the automated workflow. Furthermore, the workflow is more time efficient 453 

compared to conventional analysis. The medical expert who classified the microglia cells 454 

manually needed approximately 4 weeks for his analysis of the dataset, whereas our workflow 455 

needed only about 1 day. The robustness of our approach was also clearly proven by the 456 



   
 

   
 

reproducibility of the trained SOM to a subset of data that belonged to the same cell type but 457 

was not used to train the SOM, as show in Figure 3c. 458 

 459 

Even though our approach did not consider kinetic information, we examined the effect of 460 

timing on the DFT-based shape analysis. The most typical example for time-dependent behavior 461 

was found amongst the mobile cell population, where the contribution from the higher indexed 462 

DFT components was clearly observable, as in Figure 4a. This calls attention to the importance 463 

of utilizing a high enough number of DFT components when dealing with cell types that are 464 

likely to behave in a very time-dependent manner. Due to the automated nature and high 465 

execution speed of our software tools, the increased number of DFT components and 466 

projections will increase the precision and reliability of the results, whilst they will not 467 

appreciably hinder the computational performance. 468 

 469 
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All changes made by the authors to the main text of the manuscript are highlighted in purple!  

Editorial Comments:  

1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there are no 

spelling or grammar issues. The JoVE editor will not copy-edit your manuscript and any errors in the 

submitted revision may be present in the published version.  

We thank the editor for this important note. We would also like to mention that we were surprised to 

learn that proofreading is not included in the rather high publication cost. At the same time, we have 

taken the opportunity to carefully check the text for spelling and grammar. We hope that we didn't miss 

any error. 

2. JoVE cannot publish manuscripts containing commercial language. This includes trademark symbols 

(™), registered symbols (®), and company names before an instrument or reagent. Please remove all 

commercial language from your manuscript and use generic terms instead. All commercial products 

should be sufficiently referenced in the Table of Materials and Reagents. 

For example: Imaris, Blender, etc. 

We have taken this important note from the editor into account and incorporated all commercially used 

programs into the material and methods part. Furthermore, we have removed all commercial language 

from the text and inserted general descriptions of the required functions instead (see also marked 

passages in the manuscript). At the same time, the Blender framework should probably be not 

considered a commercial product (it is a free access, open source framework), thus we left the Blender 

name in the text. Moreover, our Python script is very specific to the Blender environment, thus the 3D-

to-2D projection process can’t be described in general terms.  

3. Please ensure that all text in the protocol section is written in the imperative tense as if telling 

someone how to do the technique (e.g., “Do this,” “Ensure that,” etc.). The actions should be 

described in the imperative tense in complete sentences wherever possible. Avoid usage of phrases 

such as “could be,” “should be,” and “would be” throughout the Protocol. Any text that cannot be 

written in the imperative tense may be added as a “Note.” However, notes should be concise and 

used sparingly. Please include all safety procedures and use of hoods, etc. 

We thank the editor for this helpful hint. We have now reworked the Protocol part into the requested 

format and we hope that it meets the requirements of the journal. In addition, we have worked on the 

text in order to depict the individual steps of the protocol more precisely and comprehensibly. 

4. The Protocol should contain only action items that direct the reader to do something. Please move 

the discussion about the protocol to the Discussion. 

We have decided to completely remove most of the non-directional parts of the protocol from the text 

in order to guarantee an easier reproducibility of the protocol. We thank the editor for this advice. 
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5. The Protocol should be made up almost entirely of discrete steps without large paragraphs of text 

between sections. Please simplify the Protocol so that individual steps contain only 2-3 actions per 

step and a maximum of 4 sentences per step. 

The Protocol part has been revised according to the notes of the editor. We have replaced the long text 

passages with shorter and more concise formulations. Additionally, we now use the NOTE function of the 

journal to give important hints without affecting the clarity of the protocol. 

6. It would help to have example data that can be provided with the article. We cannot film a general 

protocol so a specific example will allow us to have specific values and parameters to use in the 

video. 

We thank the editor for this important note. For the demonstration of the training process and the 

classification of the shape data using SOM, we have already uploaded a corresponding example data set 

to github and referenced it in the text. For the 3D reconstruction of the microscopy data and the 

calculation of the DFT components, we now also provide sample data sets. The download instructions 

have been provided at the appropriate sections of the protocol part.  

7. Please highlight 2.75 pages or less of the Protocol (including headings and spacing) that identifies the 

essential steps of the protocol for the video, i.e., the steps that should be visualized to tell the most 

cohesive story of the Protocol. Remember that non-highlighted Protocol steps will remain in the 

manuscript, and therefore will still be available to the reader. 

Due to the revision of the protocol part we took the editor's critics to heart and now only marked the 

most important steps. We hope that this will make the workflow easy to understand and follow. Our 

current marked protocol length is under 2 pages. 

8. Please ensure that the highlighted steps form a cohesive narrative with a logical flow from one 

highlighted step to the next. Please highlight complete sentences (not parts of sentences). Please 

ensure that the highlighted part of the step includes at least one action that is written in imperative 

tense. 

We have checked and revised our protocol with regard to the comprehensibility of the individual steps 

and the reproducibility of the overall context and hope that we have successfully implemented the 

editor's suggestions. 

9. Please do not highlight the python script steps (4.2, etc.). 

During the protocol review process, we realized that the points marked under 4.2., describing Matlab 

functions to examine the neural network’s topology, would only confuse the reader. We have therefore 

removed the markings in the corresponding places and converted most of the passages into NOTES.  

10. Please obtain explicit copyright permission to reuse any figures from a previous publication. Explicit 

permission can be expressed in the form of a letter from the editor or a link to the editorial policy 

that allows re-prints. Please upload this information as a .doc or .docx file to your Editorial Manager 



account. The Figure must be cited appropriately in the Figure Legend, i.e. “This figure has been 

modified from [citation].” 

We obtained a letter from the copyright handler of Cytometry A by following our Cytometry A editor’s 

instructions, and we uploaded the approval note as a PDF file to our editorial manager account during 

the original submission process. The citation of the figures was changed according to the editor’s 

suggestions.  

11. Please include an Acknowledgements section, containing any acknowledgments and all funding 

sources for this work. 

We thank the editor for spotting our mistake. We added an Acknowledgements sections to our 

manuscript and acknowledged colleagues and stated all funding sources for the presented work. 

12. Please do not abbreviate journal titles. 

We reworked the reference list of the manuscript according to the editor’s suggestion. 

 

Reviewer 1: 

1. The shape analysis is very effective. Why use SOM? Do you consider to use deep learning method? 

We appreciate the reviewer’s feedback about the effectiveness of our shape analysis. During the 

implementation of our research project we had some discussions about the classification algorithm to be 

used. We chose SOM because it had distinct advantages for our data set. Due to the 2D overview of 

clustering, SOM results are very easy to interpret and changes in the hit- and distance-map patterns can 

be quickly identified by the user. A preliminary tagging of the data by the user to train the algorithm is 

not necessary for SOM, since SOM belongs to the group of unsupervised learning methods. In addition, 

such tagging of the dataset by the user may not always be objectively feasible. SOMs have the advantage 

over other systems that connections that remain hidden to the human observer can be identified by the 

algorithm. A very good alternative to SOMs are deep learning algorithms, as pointed out by the reviewer. 

However, deep learning algorithms need a large training dataset in order to function properly. Such large 

and tagged dataset was not available to us, thus we chose SOM as a valid alternative for our specific 

problem. Nevertheless, with a larger tagged training dataset, deep learning algorithms can be more 

efficient and successful than SOM. With the advent of large voluntary image datasets, this goal should be 

achievable in the not too distant future.  

2. Line 242, why not use the inline function "selforgmap" provided by Matlab? 

We appreciate the reviewers suggestion about the Matlab inline function. We actually already use this 

function in the provided Matlab script (line 72) to initiate the SOM. We provided this Matlab script for 

inexperienced users to simplify the task of training an SOM. However, the utilization of the above-

mentioned inline command is indeed sufficient for more experienced users.  



3. Line 253, why 2,000 iterations? What is the effect of setting other values of maximum iteration 

number? 

The SOM starts to learn to distinguish between the various feature vector spaces only after the proper 

number of iterations. At the same time, too many iterations will result in “over-learning”, i.e., where the 

number of highly responsive artificial neurons will drop, thus the SOM would lose its functionality. We 

tested various numbers of iterations and found that after 2000 iterations the shape-based SOM learning 

pattern has stabilized. We recommend using 2000 iterations for systems similar to ours.   

4. From 303, there are too many question marks in the equation. Can you check them? 

In the final pdf version generated by JoVE at the end of the original submission process we cannot see 

any question marks in the Equation section and everything looks fine. However, we reassessed this part 

to make sure not to overlook any mistakes.  

5. The results are quite good. One paper may help the readers understand your paper, and may be 

mentioned, see "Multiple sclerosis identification based on fractional Fourier entropy and a modified 

Jaya algorithm" 

We appreciate the reviewer’s feedback about our proposed methodology and we now include a 

reference to the paper that the reviewer mentioned.  

 

Reviewer 2: 

Major Concerns: 

1. In its current version the protocol appears not to be very user friendly. Firstly it requires 4 different 

softwares, 2 of which are commercial. Secondly, the delivered scripts should still be edited by the 

user if required (step 2.3 and 4.1.5 of the protocol). The protocol would be easier to use if the scripts 

are integrated together. Ideally the user would run Imaris for the surfaces and then run a custom 

Matlab GUI that invisibly calls the python and fiji scripts before running the SOM (with options for 

train and test). This may not be feasible, but at least the Blender and Fiji scripts should be integrated 

together. Also any of the user-defined parameters should be changeable in the GUI instead of within 

the scripts. In this way the users of the protocol do not need to know how to use 4 different 

programs and get used to reading scripts. 

We thank the reviewer for the suggestion of integrating the script together and adding a GUI to 

customize the parameters for the software. We plan to work on the integration of Imaris and Matlab 

together with the Python script and the Fiji code and hope to make this available at a not too distant 

future time point. We already implemented a GUI for the Blender part to allow the user to change 

parameters without having to edit the script. We adjusted the Protocol accordingly.  

2. The introduction to the protocol as well as the steps from 1 - 4.2.2.3 are not easy to follow. It could 

be written more to the point. The introductory text can be integrated in the bullet points and the 

different steps need to have conclusive titles. Thus the protocol could be followed step by step. 



We followed the reviewer’s suggestion and transformed the introduction part of the protocol into bullet 

points. We also reworked the protocol and used a more concise language. Moreover, we transformed 

several steps into Notes and we hope that the protocol can be now be followed more easily.  

3. The projections of the cells are obtained in Blender (Step 2). The authors advice to use at least 6 

different looking angles for the projections and more if the shape is complex. How can the user know 

how many projections should be made? Is there a way to check that there is no under-sampling of 

the shape? 

We tested various numbers of rotation and found that for the precise description of microglia six 

rotation were satisfactory. We would not recommend using a lower value for microglia (or other, 

similarly complex shapes), in order to avoid loss of information. The number of rotations needed may 

vary for each cell type depending on the size and complexity of the shape of the cell. A higher number of 

rotations will lead to a more precise transformation of the 3D shape into 2D. A simple way to check the 

necessary amount of rotations is depicted in Figure 5. If the DFT components’ amplitude does not 

change with an increased number of rotations, we assume that we don’t gain any further information 

about the shape by having more rotations.  

4. To obtain the perimeter of the projections of the cells, the authors use the active contour algorithm 

in Fiji (step 3). Since the data is already segmented and appears to be a binary (only zeros and ones) 

8-bit image, couldn't the authors make use of an easier and less computationally expensive method, 

like an edge-detector (Sobel filter)? 

The reviewer correctly states that an edge detecting algorithm such as the Sobel filter can be successfully 

applied on binarized datasets. However, most of the edge-finder algorithms have difficulties if the shape 

of the object has holes in it. This can be sorted out if a filter is applied before or after the Sobel filter, in 

order to get rid of the “false” edges (holes in the shape) that were found. We found the Snake algorithm 

simpler in this regard, because it starts from the outside of the cell and is able to detect the outline and 

invaginations of the cell membrane in a reliable manner even if the shape has hole(s) in it, without the 

need for an additional filter.  

5. In the 'representative results' section (Fig. 3b and c) it is unclear whether testing the trained-SOM 

was done on cells that were included in the training dataset. If so, no real conclusions can be made 

on the performance of the SOM from the results on test-data. The use of the word 'subset' (l. 355, 

356, 363 and 462) implies that the test-set are part of the training dataset although it could also 

mean that they are another part of the entire dataset. It needs to be clearly stated in the text on 

which data the SOM is trained and tested and what is shown in the figures. 

We thank the reviewer for spotting this imprecise wording on our behalf. Different datasets were used 

for the training and for the later classification with the trained SOM. We changed the text accordingly to 

clarify that the cells which were tested on the SOM were not included in the initial training dataset of the 

SOM. 

6. The results of the time-dependent cell shape analysis show the changes over time of the DFT of the 

cell shapes of 2 types of cells (Fig.4). Since the protocol is explicitly useful for data without time 



component, does a trained SOM classify these cells at single time-points to the groups they belong 

to (resp. 'Mobile' and 'Interacting')? That would confirm that the proposed method is able to 

distinguish between cell types in single time points. 

Indeed the trained SOM was in our case capable of classifying the cells from single time points into the 

group that the medical expert appointed. We agree with the reviewer that our method is able to 

distinguish cells in single time points.  

7. In the discussion (l. 459-461) the authors mention that the method is very fast which argues for 

'superiority', but no timing nor any comparison to other methods is given. 

We appreciate the reviewer comment about the missing performance characterization. Regarding the 

timing aspect, we can provide an example: the medical expert who classified the cells manually needed 

approximately 4 weeks for his analysis of the dataset, whereas our workflow needed only about 1 day, 

including all steps. We added a corresponding section to the discussion.  

8. The videos have no voice-over that explains what is being done. Addition of an explanatory voice 

could be useful to follow better what is being done. 

The videos were only provided by us to clarify our approach to the reviewers, as suggested by the editor. 

These videos will be re-shot professionally, using the voice-over of an actor provided by JoVE.  

 

Minor Concerns: 

1. The introduction could be more explanatory, for example an explanation of SOM could be added as 

well as an explanation of the 20 DFT components that are talked of later on. 

Following the reviewers suggestion we added explanatory parts in the introduction for DFT and SOM.  

2. In the list of equipment Matlab & Machine Learning Toolbox are missing 

We thank the reviewer for spotting our mistake. We added the entries accordingly in the Materials and 

Methods section.  

3. In l.351/352 the reference to Figure 2a-d appears incorrect: a-b are examples of cell forms (as 

observed by expert) but c-e are results of SOM 

We thank the reviewer for spotting our mistake. We corrected the figure legend according to the 

reviewer’s suggestion.  

4. In l.259, protocol part 2.1.5, the authors speak of a Python script where the paragraph describes the 

Matlab part of the protocol. 

We once again thank the reviewer for spotting our error. We fixed this issue in the text.  

5. -7.  



We are sorry about the inconvenience caused by the faulty video 

“Video_Blender_fromBlender_Workflow.flv”, it has now been replaced with an updated video using the 

GUI-based Python script built into Blender “AutoRotate_v2.0.blend”. We also recreated the video 

corresponding to the GUI-based Python script that we newly added to this work 

(“Video_Blender_fromPython_Workflow.flv” The rest of the videos seem to play flawlessly in VLC. Please 

also note that these videos were only provided to clarify our approach to the reviewers (as suggested by 

the editor). We do not plan to publish these videos, rather they will be shot professionally including 

proper voice-over by the JoVE staff. At this stage of the revision we are not referring to the videos 

anymore in the manuscript. Nevertheless we also uploaded the updated versions of the videos for the 

Reviewers’ and Editor’s convenience.  
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