3D Visualization of Macromolecule Synthesis
Supplementary material: multiscale analysis of a regenerating axolotl humerus
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This document describes in detail the process followed in Fiji [1] and MATLAB [2] to obtain
the results shown in Figures 3 and 4 of the main text!. It is written as a step-by-step tutorial
aimed at inexperienced users of Fiji and/or MATLAB. The scripts mentioned here are also
provided as supplementary material and contain self-explanatory annotations of their contents?.
The original .czi image and additional intermediate files are available upon request to S.J.
Shefelbine (s.shefelbine@northeastern.edu).

The multiscale analysis is demonstrated here on an axolotl humerus bone rudiment, but the
process is easily adaptable to other organs given that a 3D image stack with staining that allows
distinguishing organ shape (AHA in our case) and the cell shape (EdU in our case) is provided.
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! A preprint version of the main text is available on bioRxiv: https://doi.org/10.1101/2020.06.24.169300.
2 All versions of this tutorial and the associated files are available on Zenodo:
https://doi.org/10.5281/zenodo.3891879.




Figure 3 results
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Figure 3. Import the image stack to process.

Using the Bio-Formats plugin [3] in Fiji, import the .czi file: Plugins » Bio-Formats » Bio-
Formats importer. We use this plugin instead of dragging and dropping the file on the Fiji
toolbar because we must make sure the OME metadata [4] is read correctly.

Tip: an alternative to using virtual stack when the image is too large for Fiji to load, is to
assign more memory, if your computer has the capacity. Type Memory in the search
window of the tool bar and select Memory & Threads and click on Run. Change the
maximum memory value. As a rule of thumb, select about 75% of your total RAM
capacity.

Also, all commands can be found by typing the name into the search bar, instead of
navigating through menus.

It 1s useful to keep a window open to keep track of the = —

memory usage while you work in Fiji. Go to (Plugins 89MB (1%) 1
» Utilities » Monitor Memory...) If you double-click on

the Memory window, you might see the usage go ~

down. This activates the garbage collector, freeing

memory that is not being used.



Stack viewing
View stack with: Hyperstack B
Stack order: XYCZT S

you can activate this to see
the metadata, like pixel
resolution

Dataset organization
Group files with similar names
Open files individually
Swap dimensions
Open all series

Concatenate series when compatible

Bio-Formats Import Options
Metadata viewing
Display metadata
Display OME-XML metadata
Display ROIs

ROIs Import Mode: ROI manager

Memory management

Information

Split channels - Each channel is opened as a
separate stack.

This option is especially useful if you want to
merge the channels into a specific order, rather
than automatically assign channels to the order of
RGB. The bit depth is preserved.

use virtual stack if your

Use virtual stack €— workstation has limited memory

Specify range for each series

Crop on import

Split into separate windows

Stitch tiles Soiehannels don't sph!_channels, we will crop the two
channels in the stack in exactly the same way
Color options Split focal planes

Color mode: Default Split timepoints

Autoscale

Cancel OK

Take note of the pixel resolution (x, y and z values). We will need this later on in the
MATLAB code and, possibly, during the processing in Fiji. Certain operations remove the
resolution properties of the stack. If you did not display metadata with the import or you
want to check at any time the pixel resolution, you will find it in (/mage » Properties).

L) (] OME Metadata - 2018-12-11_EdU-AHA_DMSO_Limb3_elbow.czi

% <OME xmlns="http://www.openmicroscopy.org/Schemas/OME/2016-06" “http:/ 3.0rg/2001/XMLSchy = ocation="http:// icroscopy.org/Schemas/OME/2016-06 http://www
ID="Experi 3 “jefarkas”/>
¥ % <Instrument ID="Instrument:0"> |
<Microscope/>
<Detector AmplificationGain="0.0" Gain="1.0" ID="Detector:0:0" Model="Edge" Type="Other" Zoom="1.0"/>
<Detector AmplificationGain="0.0" Gain="0.0" ID="Detector:0:1" Model="Edge" Type="Other" Zoom="1.0"/>

"Air" LensNA="0.1 ="EC Plan-Neofluar 5x/0.16" NominalMagnification="5.0"/>

<EmissionFilterRef ID="Filter:0:0:0"/>
¥ B <FilterSet ID="FilterSet:0:1:0">
<EmissionFilterRef ID="Filter:0:1:0%/>
<Filter ID="Filter:0:0:0"/>
<Filter ID="Filter:0:1:0"/>
9 <Image ID="Image:0" Name="elbow #1">
<ExperimenterRef ID="Experimenter:0"/>
<InstrumentRef ID="Instrument:0"/>
<ObjectiveSettings ID="Objective:0" Medium="Air" Refractivelndex="1.0"/>
<StageLabel Name="Scene position #0" X="-385.078" XUnit="ym" Y="1268.94" YUnit="ym" Z="-1146.0" ZUnit="ym"/>
¥ i <Pixels BigEndian="false" DimensionOrder="XYCZT" ID="Pixels:0" Interleaved="false"(PhysicalSiz 153580133475251" PhysicalSizeXUnit: .91535801334752 ysicalSizeYUnit="y
¥ 1% <Channel AcquisitionMode="SPIM" Color="16711935" EmissionWavelength="498.00000000000006" EmissionWavelengthUnit="nm" ID="Channel:0:0" llluminationType="Oblique” Name="Cam1" SamplesPerPi

<

[ JOX ) Original Metadata - 2018-12-11_EdU-AHA_DMSO_Limb3_elbow.czi
Key [Value |

Positions|Series 1| #347
Positions|Series 1| #348
Positions|Series 1| #349
Positions|Series 1| #350
Positions|Series 1| #351
Positions|Series 1| #352
Positions|Series 1| #353
Positions|Series 1| #354
Positions|Series 1| #355
Positions|Series 1| #356
Positions|Series 1| #357
Positions|Series 1| #358
Scaling|Distance|ld #1
Scaling|Distance|ld #2
Scaling|Distance|ld #3
Scaling|Distance|Value #1

(=]

N<Xooooooooooo

9.1535801334752513e-007
Scaling|Distance|Value #2 9.1535801334752513e-007
Scaling|Distance|Value #3 4.9453993555402829e-006
Version #1 1.0




The image may appear very dark. To adjust the visualization, go to (Image » Adjust »
Brightness/Contrast) and click on Auto in the window that appeared.

Tip: You might need to scroll to a central slice in the stack for the auto-adjustment to work
better. You can also set the limits of the display range manually in Sez. Do not click on
Apply or the limits set will be permanently applied on the image stack, modifying the
intensity of the data we want to analyze.

[ o 2018-12-11_EdU-AHA_DMSO_Limb3_elbow.czi (V) (33.3%)
c:1/2 2:78/179 (c:1/2 2:79/179 - elbow #1); 1757.49x1757.49 microns (1920x1920); 16-bit; 2.5GB

/

185 976

Minimum
Maximum
Brightness

Contrast

o)

Auto Reset

c W======———>P change view between channels
Set Apply z e 7 Scroll through z-stack

Tip: Save the stack as a .tif file. Most of Fiji’s operations do not have an “undo” option, so it
is good practice to save files (File » Save As... » Tiff...) at each step and work always on
duplicate copies (Image » Duplicate...). To ensure the OME data is all retained and stored
correctly, instead of saving the stack export as an .ome.tif using Bio-Format exporter.

Figure 3A. Align image stack along the proximodistal axis of the humerus.

Rotate the image stack (Image » Transform » Rotate...) to vertically align the humerus’
proximodistal axis. Activate Preview and adjust the angle until the humerus bone rudiment
is vertical. Grid lines will help with the adjustment. We use a bicubic interpolation and
choose to enlarge the image to keep as much humerus as possible. We use the AHA
channel because the bone rudiment geometry is clearer, and rotate the stack 54 degrees.
Click on Yes to process the whole stack.



c:2/2 2:88/179 (c:2/2 2:88/179 - elbow #1); 1757.49x1757.49 microns (1920x1920); 16-bit; 2.5GB

Rotate
Angle: 54
Grid lines: 10
Interpolation:  Bicubic u
Enlarge image

Preview

Cancel OK

Crop the image stack to reduce file size. We will only analyze the humerus, so we can
create a rectangle around it and duplicate the stack. In our example, we use a rectangle
with top left corner at position (1324, 344), width of 544 and height of 1524 (values given
in “pixels”). We can also remove the slices in which the rectangle is “empty”, at the top
and bottom of the stack. So, we keep only slices 10-140 when duplicating.

C:2/2 2:80/179 (¢:2/2 2:8

2018-12-11_EdU-AHA_DMSO_Limb3_elbow.ome.tif (25%)
0/179 - elbow #1); 2454.99x2454.99 microns (2682x2682); 16-bit; 4.8GB

within the re

Duplicate
Title: AHA_DMSO_Limb3

Duplicate hyperstack

Channels (c): 1-2
Slices (2): 10-140

Cancel OK

It is a good idea to save the resulting stack, if you have not done so yet. Now we can split
the channels (Image » Color » Split Channels; or import the saved stack and click on split



channels in the importer window). We did not split channels until now, to ensure we
applied the exact same rectangle for cropping both channels.

Figure 3B. Segmentation of the humerus.

Tip: The outcome of the segmentation will depend greatly on the person doing the
segmentation. It is important that a same person performs it and is consistent throughout the
process, particularly if several samples are to be processed and compared. To ensure results
were as consistent as possible, we segmented the same rudiment three separate times and
verified that difference between results was within a 10% variation. We used the whole
histogram for comparison.

Open the AHA (red) channel in the Segmentation Editor (Plugins » Segmentation »
Segmentation Editor) to create the mask. We set the Brightness & Contrast to min=750
and max=3500 to help distinguish better the outline of the bone rudiment. Switching the
visualization from red to grayscale might also help.

Here we include a summary and tips on how we segmented the bone rudiment, but do
check out the Image] [5] documentation for more comprehensive instructions:

https://imagej.net/Segmentation_Editor.

o ® 2018-12-11_AHA_DMSO_Limb3_elbow_RC_C1_S.ome.tif (50%)
76/131 (2:76/131 - elbow #1); 497.95x1395.01 microns (544x1524); 16
Label sexo. M

<new>
Labels:

It’s useful to start
in the center, not
the top. This way,
we can “close” the
top better by
having the mouse
“draw” outside the
window

Ok

Use the “bean” icon to draw the outline of the
humerus. Then, scroll several slices and draw
again. Then, click on “I” (interpolate) to generate
shapes in the slices in between. The 3D checkbox
should be on.

Tools:
ojalole

“T” (threshold) refines the selected area based on a
locally adjusted threshold. “O” (open) and “C”
(close) applies the corresponding kernels to the
selection and can be used for smoothing (see video
in documentation, minutes 0:46 and 1:25.).

Then, add the shapes as mask. Make sure to check
“3d” so all slices are added.

Selection:
B o

A new window with the file extension renamed
“labels” will appear with the masks in each slice.



[ ] @ 2018-12-11_AHA_DMSO_Limb3._...

91/131; 497.95x1395.01 microns (544x152

92/131 (z:92/131 - elbow #1); 497.95x1395.01 microns (544x1524); 16
Label séve.
<new>

Ok

If the interpolation didn’t work out well, you can add/remove parts of the mask. Just draw
new shapes and click the “+” or “-” button. However, it is better if one anticipates this and
manually draws outlines in strategic slices, for example the one with the most downward

position of the tip.

©® @ 2018-12-11_AHA_DMSO_Limb3_elbow_RC_C1_S.ome.tif (50%)
80/131 (2:80/131 - elbow #1); 497.95x1395.01 microns (544x1524); 16
Labol e,

<new>

Labels:

e —

=
B
] o

LRI

Hts:
Jump to previnext selection:
Pty

80/131 (2:80/131 - elbow #1); 497.95x1395.01 microns (544x1524); 16
le.hbz,
<new>

Labels:

e —

Zoom:

Q-

Selection:

E 3d
Tools:

L [ ] ]

Hints:
Jump 1o previnext selection:
g

Ok



®  ® 2018-12-11_AHA_DMSO_Limb3_elbow_RC_C1_S.ome.tif (50%)

100/1E1 (z:100/131 - elbow #1); 497.95x1395.01 microns (544x1524);

Label ses.
<new>
Labels:

Zoom:
E 08

Selection; .

-
Tools:
LRl
i .

Jump 1o previnext selection:
g

Ok

®  ® 2018-12-11_AHA_DMSO_Limb3_elbow_RC_C1_S.ome.tif (50%)
11/131 (z:11/131 - elbow #1); 497.95x1395.01 microns (544x1524); 16
Label sé.o.

<new> B

Labels:

Zoom:

A -
Selection:

E 9 3d
Tools:
mfm|ofE )
iy .

Jump o previnext selection:
g

100/131 (2:100/131 - elbow #1); 497.95x1395.01 microns (544x1524);
Label séo.

<new> B
MExterior

Zoom:

gl .

Selection:

=
Tools:

L el ]
Hints:

Jump to prev/next selection:
wwy

Ok

Tip: Press the “shift” key to draw separate shapes
in a same slice. The software is able to interpolate
between one shape in a slice and two shapes in a
slice several slices beyond.

Also, it’s better to use the interpolation function
smartly than to segment each slice manually. In
manual segmentation of consecutive stacks, we
can’t draw the shapes exactly in the same position
as before. So, our 3D surface will not be as smooth
and look “uneven”:




e Once you’re happy with the results, save the “labels” stack. This is our mask. To convert
it to a 3D surface, open the 3D Viewer plugin [6]. Then export the surface as an .stl. First,
convert the volume to a surface (Edit » Display As... » Surface) and then export (File »
Export Surfaces ... » STL (binary) ). It doesn’t really matter if you choose ASCII or binary,
they will contain the exact same information. A binary file occupies less space and is
preferable. If your 3D volume is “squashed”, the pixel resolution was probably lost at some
point in this process. Check the properties of the image stack with the mask and update the
values (we took note of them at the beginning when we looked at the metadata of the .czi
file).

ImageJ 3D Viewer

[ ] [ ] Add ...

Image | 2018-12-11_EdU-AHA_DMSO_Limb3_elbow_RC_S_mask.tif

2018-12-11
Volume E
None

Name

Display as

Color

Threshold 0

Resampling factor 2
Channels

red green
Start at time point 0

blue

Cancel 0K

For data analysis purposes, we will use this stack of masks without further modification.
However, for visualization purposes, we can smooth the surface so the slices are not visible.
For that, we use MeshLab [7]. We open the .stl file clicking on Unify Duplicated vertices.

NEeceE= T 8 |1 @4 SO -&e /B iTeX & »X>
Project 1 00 Project 1
v % 0 2018-12-11_EdU-AHA_DMSO_Limb3_elbow_RC_mask [ . i} R

File
Vertices
Faces

Shading
Color

Back-Face

operation

FOV: 60
FPS: 39.4
BO_RENDERING

Mesh: 2018-12-11_EdU-AHA_DMSO_Limb3_elbow_RC_mask@
Vertices: 391,732

Faces: 783,460

Selection: v: 0 f: 0

There are gl errors:

2018-12-11_EdU-/
391732
783460

2018-12-11_EdU-AHA_DMSO_Limb3_elbow_RC_mask.stl

] 7

“ Double Fancy Cull

apply to all visible layers

invalid framebuffer operation



We then reduce the file size and smooth out the surface by simplify the mesh using Clustering
Decimation (Filters » Remeshing, Simplification and Reconstruction » Simplification:
Clustering Decimation) with the following properties:

MR- Flnl BRE T Prd
€

®0e Project_1

Collapse vertices by ing a three dii ional grid
enveloping the mesh and discretizes them based on the
cells of this grid

world unit perc on(0 .. 1490.3)

. o
Cell Size (abs and %) 16.212 ° 1.021 2

Affect only selected faces

FOV: 60 Mesh: 2018-12-11_EdU-AHA_DMSO_Limb3_elbow_RC_mask.stl
FPS: 77.5 rtices: 10,592
BO_RENDERING Faces: 21,226

Selection: v: 0

Default Help

to
Close Apply

We can further smooth the surface using HC Laplacian smoothing. We can repeatedly apply
these two filters in succession, until we get a nice shape for visualization.

This process has modified the volume and cross-sections that we just segmented, this is the
reason why we choose not to use the simplified surface for our analysis, to minimize
unnecessary manipulation of our data.

Save the Humerus mask-smooth.stl file (or another filename of your choice) for
visualization in MATLAB.

Figure 3C. Apply the humerus mask on the aligned and cropped image stack.

There are several ways of masking the aligned and cropped image stack, which we split into
two separate channels. Here we explain one.

e Open the stack containing the mask, and the stack with the image you want to crop. They
should both be vertically aligned and cropped in exactly the same manner so that the
overlay will coincide.

Note: First, ensure that your 8-bit mask has “0” intensity pixels in the background and “1”
intensity pixels in the mask. This is easy to check by hovering the mouse pointer on the image
and reading the value in the Fiji tool bar. The image stack we will crop should still be a 16-bit
image! If this changed, we must redo the processing and ensure we don’t lose this information.



e Use the Image Calculator (Process » Image Calculator) to multiply the two image stacks.
Repeat the process for the other channel.

Tip: duplicate and rename each stack before applying the calculator.

® | @ Result of image (50%)
81/131 (2:81/131 - elbow #1); 497.95x139!

81/131 (z:81/131 - elbow #1); 497.95x139@ 66/131 (2:66/131 - 2018-12-11_EdU-AHA

81/131 (z:81/13b#1 497.95x139 3§ 66/131 (2:66/131 - 2018-12-11_EdU-AHA

Image Calculator

Imagel: image
Operation:  Multiply

Image2: mask

Create new window

32-bit (float) result

Cancel

Figure 3D. Reslice the mask and analyze its cross-sections.

e We use the mask created in Figure 3B to analyze the
shape and volume of the organ with BoneJ [8]. We
want to study cross-sections along the proximodistal
axis, so we must reslice the mask perpendicular to

® 0 Reslice

Output spacing (microns):  4.945

Startat:  Top

that axis (which is the vertical axis in the mask we Flip vertically
1 : R 90 d
created). First, double-check once again that the ST
. . Avoid interpolation
pixel resolutions are correct, go to (Image » Stacks » (use 1 pixel spacing)
Reslice [/]...) and select Start at Top and Avoid Voxel size: 0.92x0.92x4.95 micron

Output size: 104MB (12757MB free)

interpolation. The output spacing should be the z

resolution of the pixels. Help Ji| Cancel s



e We can then duplicate the result, creating a substack such that we delete the top incomplete
slices and the bottom empty slices (keep only 10-1425, in our case). Save this new stack
as a .tif file.

e Now, we obtain the geometry data from the BoneJ plugin (Plugins » BoneJ » Slice
Geometry). Untick all options except Process stack. If you want to see the minimum and
maximum axis of inertia of each slice in the 3D Viewer, select 3D Annotation. Our bone
has value 1 (contents of the mask) and our background has value 0, so change the values
accordingly. The humerus might look a bit too long, but it is only a visualization effect:
check the properties and the spacing between slices is 0.9153586 microns (= voxel depth).

Options

Bone: humerus |T]

2D Thickness
3D Thickness ®© ImageJ 3D Viewer
Mask thickness map
Draw Axes
Draw Centroids
Annotated Copy (2D)
3D Annotation
Process Stack
Clear results
Use Orientation
HU Calibrated
Bone Min: 0.5 grey
Bone Max: 10 grey

Only pixels >= bone min
and <= bone max are used.

Density calibration coefficients
Slope 0.0000 g.cmA-3/ grey
Y Intercept 1.8000 g.cmA-3

Partial volume compensation
Background 0.0{ grey
Foreground 1.0 grey

Help Cancel OK

Results

[Bone Code [Slice [CSA (microns?) |X cent. (microns) |Y cent. (microns) |Density |wX cent. (microns) |wY cent. (microns) |Theta (ra

_elbow_RC_S_mask 2 1 115809.481 236.980 220.921 1.800 236.980 220.921 0.627
_elbow_RC_S_mask 2 2 126080.821 235.237 228.881 1.800 235.237 228.881 0.612
_elbow_RC_S_mask 2 3 130096.105 234.892 231.381 1.800 234.892 231.381 0.581
_elbow_RC_S_mask 2 4 130956.200 235.441 231.604 1.800 235.441 231.604 0.553
_elbow_RC_S_mask 2 5 131594.481 235.862 231.696 1.800 235.862 231.696 0.534
_elbow_RC_S_mask 2 6 132151.279 236.104 231.775 1.800 236.104 231.775 0.521
_elbow_RC_S_mask 2 7 132699.023 236.558 231.818 1.800 236.558 231.818 0.499
_elbow_RC_S_mask 2 8 133165.285 236.826 231.890 1.800 236.826 231.890 0.488
_elbow_RC_S_mask 2 9 133586.279 237.154 231.909 1.800 237.154 231.909 0.473
_elbow_RC_S_mask 2 10 133875.995 237.222 231.952 1.800 237.222 231.952 0.470
_elbow_RC_S_mask 2 11 134088.755 237.329 231.992 1.800 237.329 231.992 0.465
_elbow_RC_S_mask 2 12 134324.150 237514 232.031 1.800 237.514 232.031 0.459
_elbow_RC_S_mask 2 13 134532.383 237.674 232.090 1.800 237.674 232.090 0.452
_elbow_RC_S_mask 2 14 134903.582 238.040 232.099 1.800 238.040 232.099 0.437

A window with a table of results will also appear, make sure the results are in microns, not
pixels. Save the table of results as a SliceGeom_mask.csv file (or another filename of your
choice) for further processing and visualization in MATLAB.




Figure 3E. Cell segmentation and object counting.

This is the trickiest part of the multiscale data analysis and there is other specialized software
that will likely perform much better this specific task, than the workflow outlined here. But
they require time and effort to Promising candidates are the open-source CellProfiler [9],
Cellpose [10] and StarDist [11]. Licensed software like Arivis also produces good results.

Our goal for this work was to keep the whole multiscale pipeline simple and minimize the
amount of software used. For this reason, we aimed at using available plugins in Fiji for our
cell-level analysis. Even so, there are several alternatives within Fiji. Plugins that allow for 3D
analysis include Bonel, 3D Image] Suite, MorphoLibJ (IJPB-plugins), 3D Objects Counter,
Particle Analyzer (3D)... Check out the documentation:

https://imagej.net/Bonel

https://imagej.net/3D_ImageJ] Suite

https://imagej.net/MorphoLibJ

https://imagej.net/3D_Objects Counter

(Particle Analyzer (3D) currently doesn’t have documentation on the ImageJ website)

Here we describe the steps we followed to segment and count the EdU-positive cells.

e Use the Canny edge detector (Plugins » 3D » 3D Edge and Symmetry Filter) to detect the
outline of the EdU cells. Apply the filter on the masked image. Untick all options and use
alpha canny equal to 0.75. The smaller its value, the smoother the edges.

57/131 (z:57/131 - Series0); 497.95x1395.( [ ] Edges (50%)

(]
57/131; 544x1524 pixels; 32-bit; 414MB

@] ® Edge and Symmetry

Edge detection Canny Deriche
alpha Canny 0.750

Show edges in X-Y-Z

Symmetry detection
Compute symmetry
Radius 10 pix
Normalization 10.00
Scaling 2.00
Show intermediates

Improved seed detection

Cancel OK



We will subtract the “outlines” from the original image, to help better “isolate” the cells

we are trying to segment. Before that, we subtract the background from the original
masked image. Go to (Process » Subtract Background...) and use a rolling ball radius of

30 pixels. Process all the stack.

57/131 (2:57/131 - Series0); 497.95x1395.(

@) ®

Rolling ball radius: 30.0 pixels

Light background

Create background (don't subtract)
Sliding paraboloid

Disable smoothing

Preview

Help Cancel OK

® 2018-12-11_EdU_DMSO_Limb3._e.
57/131 (2:57/131 - Series0); 497.95x1395.(

Use the Image Calculator (Process » Image Calculator...) to subtract the edges from the

no background image. Select the 32-bit result, because this subtraction will create
negative-valued pixels and a 16-bit image cannot handle this properly.

5 i
57/131 (2:57/131 - Series0); 497.95x1395.4 57/131; 544x1524 pixels; 32-bit; 414MB

Imagel: no background o
Operation:  Subtract 7]
Image2: edges B

Create new window
32-bit (float) result

Cancel OK

Help

57/131 (2:57/131 - Series0); 497.95x

-302.21 2120.45
Minimum
Maximum
Brightness
Contrast

Auto Reset

Set Apply



Remove the negative-valued pixels in the B&C window (/mage » Adjust »
Brightness/Contrast...) by clicking Set and introducing a “0” minimum value and a
“650000” max value. Then convert the image to 16-bit (Image » Type » 16-bit).

74/131 (z:74/131 - Series0); 497.95x1395.(

0 65000.0
Minimum
Maximum
Brightness
Contrast

Auto Reset

Set Apply

We use this image to train the Weka Segmentation 3D plugin [12] (Plugins » Segmentation
> Trainable Weka  Segmentation 3D). Check out the documentation:
https://imagej.net/Trainable Weka Segmentation
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We saved the classifier we trained, so you can click on Load classifier and then
Create results. The results produced should be similar to the ones we obtained:



® @ Classified image.tif (50%)
74/131; 497.96x1395.01 microns (544x152

> -

In case you want to train the classifier from scratch, or
retrain the loaded classifier because the results are
unsatisfactory, we give a few quick tips next. However,
check out online resources for a more comprehensive
description of how this plugin works.

Select the brush tool in the Fiji tool box (right click on the
second box from the left shown below and select “brush
tool” in the dropdown menu), and mark the center of the
cells that need to be segmented. Use the “shift” key to
select in multiple places of a same slice. Then click on
Add to class 1. Class 1 will be the cells we want to
segment. Scroll through the stack and mark different cells
throughout. Use the “hand” (circled below) to move up
and down in each slice.

[ JON ) (Fiji Is Just)-tmageJ

wiipl4la] |»

QY& <o ] &)+ A | ] J| omfsug

Oval, elliptical or *brush* selections (right c| 0 switch)

Then, repeat but with the background. Add this selection
to Add to class 2. Use other tools like line or bean tool if
needed.

Tip: It’s important to mark a variety of cell types and background types, rather than a huge
quantity. In fact, if you add too many pixels to the classifier, it will crash and the training
will not work. It’s better to train it first with few but comprehensive pixels added to the
classes. For example, mark 3 or 4 cells every 10-20 stacks, trying to capture a variety of
cell positions, shapes and intensities. Mark a bit of background outside the actual humerus
segmentation and within the humerus, so the algorithm knows to recognize the uneven
light staining within the humerus as background. Also mark with a line or brush cell
divisions. Start with an initial training like this, and then keep retraining until we get the
results we desire. Here is an example of different strokes we can use for the training:
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When done with the selection, click on Train classifier and wait (patience!). Then, click
on Create result and wait again. Repeat with Get probability. Save the classifier.

Convert the green and red results stack to an 8-bit grayscale (Image » Type » 8-bit) and
threshold the image (Image » Adjust » Threshold...). We need to do this to be able to
apply the Fill holes filter.



segmented-thresholded.tif (50%)

Classified image.tif (50%)
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Fill holes using the 3D ImageJ Suite filter (Plugins » 3D » 3D Fill Holes). Before that,
we need to invert the binarized image so that the cells are white (255 intensity value) and
the background is black (0 intensity value). For that, apply the invert command (Edit »

Invert).

Note: For our image, the cells were mostly “homogeneously filled” already, so maybe
we could have skipped this filter. Only a handful of cells had some “empty” space inside,

for example:

segmented-thresholded-invert-fill.tif (150%)
73/131 (2:73/131 - Classified image); 497.96x1395.01 microns (544x1524); 8-bit; 10«
—

segmented-thresholded-invert.tif (150%)
73/131 (2:73/131 - Classified image); 497.96x1395.01 microns (544x1524); 8-bit; 10¢




Blur and split cells. We want to smooth the rugged edges of cells and remove “floating
pixels” by blurring. Then, we want to split the “blobs” of cells stuck together into separate
objects. The aim of these two filters is to improve the results when we count the segmented
objects, i.e. small clusters of pixels should not be counted as a cell, and large blobs should
not be a single cell, but rather separate ones.

For this, we apply first the Gaussian Blur 3D (Process » Filters » Gaussian Blur 3D...). A
larger sigma value will blur the cells more: this removes the “floating pixels” better, but
also makes it harder to split the blobs into separate cells because their irregular shape is
smoothed out. We select a value of 0.8 (although 0.6 also seems to work well).

tit
71/131(:71/131 - i icrons (544x1524): 8-bit; 104

71/131 (z:71/131 -

@ 3D Gaussian Blur 3D Gaussian Blur

X sigma: 0.5

X sigma: 2.0

Y sigma: 0.5 Y sigma: 2.0

Z sigma: 0.5 Z sigma: 2.0
Cancel oK Cancel OK

Then, we apply a 3D Watershed Split (Plugins » 3D » 3D Watershed Split) to separate the
blobs into distinct cells. Here, we use automatic seeds and must select the appropriate
radius. A value of 10 pixels worked well (8 pixels produced also good results).

blur0.8_split10px.tif
51/131; 497.96x1395.01 microns (544x1524); 16-bit; 207MB

Watershed split

Binary mask  segmented-thresholded-invert-fill-blur0.8 [&
Seeds  Automatic 8

Radius (pixel) 10

Cancel OK



Note: there is much room for improvement in these results. Dedicating time to try out
different combinations of parameters for the Gaussian Blur and Watershed Split, and also
going back to retrain the Weka Segmentation algorithm would help improve these results.
For our demonstrative purposes, these results seem reasonable and we have moved on to
the next step.

Tip: double check the properties! It seems that applying the 3D Watershed Split results in
loss of pixel resolution. Introduce the correct unit of length and pixel width, height and
depth, we need them for the Object Counter properties to be correct.

o @ blur0.6_split10px.tif ( ] @ blur0.6_split10px.tif
Channels (c): 1 Channels (c): 1
Slices (2): 131 Slices (2): 131
Frames (t): 1 Frames (t): 1
Note: c*z*t must equal 131 Note: c*z*t must equal 131
Unit of length: pixel Unit of length: microns
Pixel width: 1.0000 Pixel width: 0.915358¢
Pixel height: 1.0000 Pixel height: 0.915358¢
Voxel depth: 1.0000 Voxel depth: 4.945399¢
Frame interval: 0 sec Frame interval: 0 sec
Origin (pixels): 0,0 Origin (pixels): 0,0
Global Global
Cancel OK Cancel OK

Run the 3D Objects Counter [13] (Analyze » 3D Objects Counter). We set a threshold of
1. This is because the Watershed Split simply colored each object with a constant intensity
value. So, any value different than black (0 intensity) will belong to an object in our case.
We also set a minimum size of our objects to 1000. This is a rough estimate (a cube of
sides with 10 pixels of length) to ensure that, in the unlikely case there are still “floating
pixels” not eliminated by the Gaussian Blur, we don’t count them. Scroll through the slices
using the “Slice” slider, to make sure all cells are marked in red before clicking Run.



51/131; 497.96x1395.01 microns (544x152

3D Object Counter v2.0
Threshold 1
Slice 51
Size filter:

Min. 1000
Max. 108606

Exclude objects on edges

Maps to show:

Objects
Surfaces
Centroids

Centres of masses

Results tables to show:
Statistics
Summary

Cancel OK

A window with a table of results will appear, make sure the results are in microns, not
pixels. Save the table of results as a 3DObjectCount.csv file (or another filename of
your choice) for further processing and visualization in MATLAB.

To obtain the surface of the segmented cells, we follow exactly the same steps as we did
for the surface of the humerus. Using the results from the Watershed Split filter (ensure
the properties have been updated!), open the 3D Viewer plugin. Then export the surface
as an .stl. First, convert the volume to a surface (Edit » Display As... » Surface) and then
export (File » Export Surfaces ... » STL (binary) ). We can use MeshLab to smooth out the
cell surfaces and reduce the mesh (and file) size, if needed for visualization purposes.

Save the cell-surfaces.stl file (or another filename of your choice) for visualization in
MATLAB.

Figure 3F. Reslice and mask the rotated cropped image, and analyze the pixel maps.

Import the EAU channel stack that is rotated, cropped and substacked, but NOT masked.
To visualize the EdU intensity in 3D, create a duplicate stack and then adjust (and apply)
the threshold values in Brightness and Contrast. Then open 3D Viewer. Background color,
bounding box, threshold, etc. can be adjusted in the plugin. Threshold adjustment in the
3D Viewer doesn’t give exactly the same results as adjusting (and applying the changes)
in the stack before opening.



Note: We need to mask again the image because now we will have to set the background
to the maximum intensity value possible, not to zero. This is because we could potentially
have “black” (0 intensity) pixels inside our humerus, and then our code would not be able
to distinguish the ones inside the humerus from the ones outside. We will (should) never
have maximum intensity pixels in our stack if image acquisition was done correctly. So,
our code will know to disregard those pixels, which we artificially introduced, and we can
be sure that they always correspond to background.

Import the mask that is NOT resliced.

Run the “Imagel reslice and intensity count 16bits.ijm” script. To do so, drag and drop
the file on the Fiji tool bar. A window will open with the code. Click on Run and follow
the instructions. When a window pops up requesting that you load an image, BEFORE
clicking “OK” either select (activate) the window with the image required or load the
image. Then, click OK.

@ @ ImageJ_reslice_and_intensity_count_16bits.ijm

[+] [-] > ImageJ_reslice_and_intensity_count_16bits.ijm

ecomellas = =
1// Julien GARNIER, modified by Ester Comellas

2 // This macro works with ImageJ 1.52p

4 // Import the blastema image
5 waitForUser("Load your original blastema image. It must be a tif stack of a 16-bit channel with the proximal-distal axis v
rename("Blastema") ;

8 // Input the color channel of interest

9 Dialog.create("What color channel is in this image?");

10 Dialog.addChoice("Channel:", newArray("Red", "Green", "Blue"));

11 Dial wi);

12 Channel = Dialog.getChoice();

13

14 // Import the mask

15 // It is an 8bit image, but background has intensity=0 and mask has intensity=1

16 // We want background to be the maximum intensity possible when we apply the

17 // mask to the original image. If we kept the background black (0), we wouldn't

18 // be able to distinguish the black inside the organ from the one outside.

19 // If the sample has been imaged correctly, there will never be any pixel with

20 // max intensity.

2 aitForUser("Load the mask. It must be an 8-bit tif stack produced by the Segmentation Editor.");
ename ("Mask") ;

24 // Convert to RGB and back to 8 bit so that black & white

25 // are at the extremes of the histogram B=255(=2"8-1) & W=0
26 // We need to do this, or invert doesn't work for some reason
27 run("RGB Color");

Run Batch Kil persistent Show Errors Clear >

Note: This script (i) masks the rotated and cropped image, as explained above; (ii) reslices
along the vertical axis (which should correspond to the proximodistal axis); and (iii) prints a
table with the pixel intensity data and statistics of each cross-sectional slice (including, the
background, which will be max intensity).

The code prompts you to_save the table of results as a ImageJ-results-intensity.csv file
(or another filename of your choice) for further processing and visualization in MATLAB.




Figure 4 results

The MATLAB code “MultiscaleDataAnalysis.m” uses as input all the files generated in the

previous steps and produces a series of plots to quantify the bone rudiment at organ, cellular
and molecular levels. Check out the comments in the code for a detailed description of how

the data obtained with Fiji is processed and visualized. Make sure to update the “user input”
section in the code with your filenames and other image-dependent parameters.
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