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You'll learn:

Segmentation of CT data can often result
in errors, or falsely labeled pixels/voxels.
Due to noise and other artifacts So, you'll
need a set of tools that help you correct
the errors and fine tune segmentation
results prior to quantitative analysis.

In this workshop, you will learn how to
refine your segmentation results using
tools like morphological operations and
further segment regions of interest in your
segmented data.

You can also download the open-source
image processing program and
try different morphological operations on
sample data to have hands-on experience
and deepen your understanding of image
processing.

Here is the


https://imagej.net/Fiji
https://imaging.rigaku.com/learning/x-ray-ct-webinars-and-workshops/recording-041322
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Why do we need
to refine
segmentation?

The ultimate goal of X-ray CT (computed
tomography) data analysis is to quantify
information about features we observe in CT
images. To quantify features, we first need to
segment the CT images. During segmentation,
each pixel within an image is given a label that
assigns it to a specific region of interest (ROI).

There are many tools that are used for
segmentation, including thresholding,
machine learning and deep learning. Though
some are more powerful than others, it can be
said that no segmentation tool is perfect. As a
result, some pixels are incorrectly labeled. So,
additional tools are required to fine tune
segmentation results.



https://imaging.rigaku.com/learning/x-ray-ct-glossary#x-ray-computed-tomography
https://imaging.rigaku.com/learning/x-ray-ct-glossary#segmentation
https://imaging.rigaku.com/learning/x-ray-ct-glossary#region-of-interest
https://imaging.rigaku.com/learning/x-ray-ct-glossary#thresholding-segmentation
https://imaging.rigaku.com/learning/x-ray-ct-glossary#machine-learning-segmentation
https://imaging.rigaku.com/learning/x-ray-ct-glossary#deep-learning-segmentation
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Figure 1: Examples of incorrectly

labeled pixels (yellow circles) in
a segmented image.

To illustrate incorrect
labeling, Figure 1 shows an
image of a foam sample
where thresholding is used
to assign pixels as either
polymer (white) or void
(black). Yellow circles
indicate incorrectly labeled
pixels where some void
pixels are incorrectly
assigned as polymer pixels
and some polymer pixels
are incorrectly assigned as
void pixels. So, further
refinement of these
segmentation results is
required.

In this presentation, we
share some tools that are
used to fine tune results to
more accurately fit reality.

Example

In Figure 1, we see an original image and the result of
segmentation. In this example, there are several incorrectly
labeled pixels, denoted by the yellow circles.
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Figure 2: A 3D volume
of maize with kernels
colored according to
their calculated volume
(top) and the volume
histogram for labeled
kernels (bottom).
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Additionally, we often want to
further partition groups of
pixels within ROIs. For example,
we may want to examine a
group of ROIs with respect to
their size distribution. Figure 2
shows such an example where
maize kernels are separated,
and their size distribution can
be quantified.

In other cases, we may want to
exclude regions from our
analysis, for example regions
that intersect the image border.
Luckily, many tools are
available for post-segmentation
refinement.



How do we
refine .
segmentation?

There are several tools used to refine
segmentation results. These include
operations that reassign incorrect pixels in
ROls, operations that look for connections
within ROIs, tools that allow further
segmentation of ROls, and others. Here we
will look at some of these tools and illustrate
how they are used.

Morphological operations

Morphological operations are commonly used
tools for refining segmentation results. They
work by probing an image with a structuring
element (SE) to test how it intersects with an
ROI. The structuring element probes the
image at all locations and makes conclusions
based on whether the element fits or does not
fit within a region’s shape.
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Dilation

Figure 3: Dilation of an
ROI using a disk-
shaped structuring
element.

The most basic morphological
operations are dilation and erosion.
Dilation adds pixels to the boundaries
of objects, while erosion removes
pixels on object boundaries. The
number of pixels added or removed
from objects depends on the size and
shape of the SE used to process the
image. Both dilation and erosion
change the size and the shape of the
object.

Dilation and Erosion

Dilation probes an ROl with the SE to
test whether the SE intersects with
pixels within the ROI. It results in
shapes that are larger than those in the
original ROI. Additionally, it creates
connections between components and
fills holes within the shape. Figure 3
illustrates an example of dilation. In
this case an original image of light blue
shapes is probed with a disc-shaped
structuring element (SE).
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Images from https://imagej.net/plugins/morpholibj
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Figure 4: Erosion of an
ROl using a disc-
shaped structuring
element.

Erosion probes the ROI to tests
whether the SE is fully contained within
the labeled area. It results in an ROI
that is smaller than that of the original
ROI. Additionally, it removes thin lines
and small isolated objects that are
thinner or smaller than the SE. It can
also separate two objects that are
connected by a thin line or “neck”.
Figure 4 illustrates an example of how
erosion works.

Images from https://imagej.net/plugins/morpholibj
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Figure 5: Closing and

opening an ROl using a
disc-shaped structuring
element.

Closing and Opening

Often, erosion and dilation are used in
combination. For example, the result of
dilation followed by erosion is called
closing. Closing removes small holes
within an ROI. It can also connect
structures that were separated by a
thin space. In a symmetric way, the
result of erosion followed by dilation is
called opening. Opening removes
structures smaller than the SE. It also
separates two objects that are
connected by a thin line or a “neck”.

Figure 5 illustrates the results of
opening and closing.

10
Images from https://imagej.net/plugins/morpholibj



Kill Borders

The kill borders tool removes objects
touching the border of an image. This
can be useful when you want to
eliminate the objects that do not
represent their accurate shape or size
because they are truncated by the
image border.

Kill borders

Figure 6: An example
of the kill borders
operation.




Figure 7: An example
of the fill holes
operation.

Fill Holes

Fill holes removes holes inside shapes
in an image. Fill Holes has the benefit
that the ROI shape is not changed,
however you should be careful when
using the tool because this tool could
fill large "real" holes that shouldn't be
filled. Figures 7 illustrate how fill holes
works and illustrates how “real” holes
are also incorrectly filled.

Original ROI Fill holes
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Watershed Transformation

The watershed transformation is used to
separate connected components within
an ROl into separate objects. Let’s
consider the picture below where each
object in an ROl is a basin. In the image
below, there are three basins

Segmented image corresponding to three adjacent objects

within the ROI. Now imaging that it starts

raining and the basins start to fill.

water fill line

Local minima

Eventually the basins fill and bodies of
water between neighboring objects will
start to touch. This point of contact is
marked as a ridgeline, or edge, of the
object.

ridgelines

T

Figure 8: An example
of object separation
using the watershed
transformation and
recoloring ROlIs.
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Images adapted from https://imagej.net/plugins/classic-watershed


https://imaging.rigaku.com/learning/x-ray-ct-glossary/#watershed-transformation.

To perform watershed, we use a

distance transform. As we saw earlier,
original image the watershed operation requires that
' ' ~ each object in the ROI be a ‘basin.” So,
: how do we do transform objects in our
ROl into basins?

Let's consider our segmented foam
image shown on the top left, where 7
objects within the ROI are labeled. What
we need to do is to transform this
segmented image into one containing
basins. To do that, we use the distance
transform.

The distance transform computes the
distance between each labeled void
pixel and the nearest foam pixel. On the
middle left, we see the result of this
calculation.

If we then plot the 3D intensity of this
image, we get the result on the bottom
left. This plot shows that rather than
basins, each of the objects corresponds
to peaks. So, we need to invert the
distance transform before we can
perform the watershed operation.

14



inverted distance
transform

3D intensity plot
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watershed result

The top left image shows an inverted
distance transform.

If we plot the 3D intensity of this image,
we get the result on the middle left. This
plot shows each of the objects now
corresponds to a basin. Now, we're
ready to perform the watershed
operation.

The bottom left image shows the result
of the watershed operation on the
inverted distance transform. Notice that
the results of the watershed are not
perfect. The red circle shows where
there should be a single object however
it is divided into to parts This is called
oversegmentation. This can easily be
fixed by merging objects.

15



Imagel hands-
on exercises

Hands-on exercises help us understand how
various tools can be used to refine our
segmentation results.

In this section, we will use the MorpholLibJ
plugin to show how to use morphological
operations, perform watershed transformation
and use other tools to refine segmented
images using an open-source Fiji distribution

of ImageJ.

If you are new to Imaged, watch this Mini
Tutorial: ImagedJ Getting Started Guide.

16


https://imagej.net/plugins/morpholibj
https://imagej.net/Fiji
https://imaging.rigaku.com/learning/mini-tutorials-x-ray-ct-explained-with-imagej
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Go Deeper

Imaged is a convenient tool for image
processing and gives us a quick hands-
on experience. But if your goal is to
write your own code for image
processing, MATLAB is also a good
place to start. Intro to Digital Image
Processing by Prof. Rich Radke is an
excellent introductory course for image
processing and uses MATLAB to
demonstrate various filters and
operations.



https://www.mathworks.com/products/matlab.html
https://www.youtube.com/watch?v=UhDlL-tLT2U&list=PLuh62Q4Sv7BUf60vkjePfcOQc8sHxmnDX

Dilation and Erosion Select Dilation or Erosion
Let’s look at dilation and operation from drop-down .
erosion filters and how they menu and select a structuring
change the original binary element. Turn on “Preview” to
image. see the effect.

1. Dilation, disk, 3 pix radius

Original binary image:
Segmented CT image of a foam
material. 495 x 495 pixels, 1.06
microns/pixel

——

Applying custom filters

(Plugins = MorphoLibJ >
Filtering - Morphological
Filters)

|| Morphological Filters *

Operation [EETEANG -]
Element |Square hd

Radius (in pixels) |2

~ Show Element Try different operations and
™ Preview structuring element types/sizes
ok | cancel| Hep | to get a feel of how they work.

18



Closing and Opening

Now let's have a look at
Closing and Opening to see
how they work on the same
image.

Original binary image:
Segmented CT image of a foam
material. 495 x 495 pixels, 1.06
microns/pixel

We'll use the same
Morphological Filters dialog
and select Closing or
Opening operations.

19

Select Closing or Opening
operation from drop-down
menu and select a structuring
element. Turn on “Preview” to
see the effect.

1. Closing, Square, 2 pix radius

Try different operations and
structuring element types/sizes
to get a feel of how they work.



Kill Borders

Now let’'s have a look at the
effect of Kill Borders on the
same image.

Original binary image:
Segmented CT image of a foam
material. 495 x 495 pixels, 1.06
microns/pixel

Applying Kill Borders
(Plugins = MorpholLibJ >
Filtering = Kill Borders)

Because all large voids
intersect with the image
edge, most are removed.
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Let's have a look at a different
image.

Original image: Segmented CT
image of bamboo. 647 x 647
pixels, 1.27 microns/pixel

In this case, fewer voids
intersect with image edges, so
most voids are retained. This
tool is useful in that it
eliminates truncated objects so
that any quantitative analyses
are not biased by partial
objects.




Fill Holes

Now let's have a look at the
effect of Fill Holes on the
segmented foam image.

Original binary image:
Segmented CT image of a foam
material. 495 x 495 pixels, 1.06
microns/pixel

Applying Fill Holes
(Plugins = MorpholLibJ >
Filtering = Kill Borders)

This tool fills holes without
changing the shape of voids
but can fill “real” holes (red).

21

Let's have a look with a
different image.

Original binary image:
Segmented CT image of
sandstone. 799 x 559 pixels, 5
microns/pixel

Note that fill holes has a
deleterious effect when used on
this image because several
quartz grains are merged
together. In this case, you might
try closing instead.




Watershed

First, let's try watershed on
an easy example. ‘we will
use the Distance Transform
Watershed that works on
binary images and allows
separation of touching
objects by combining the
distance transform and
watershed methods

Original binary image:
Segmented CT image of
bamboo. 647 x 647 pixels, 1.27
microns/pixel

Applying distance transform
watershed

(Plugins = MorpholLibJ >
Binary - Distance
Transform Watershed)

22

| £ Distance Transform Watershed x

Distance map options:

LR City-Block (1,2) hd
Output Type |32 bits -

v MNormalize weights

Watershed options:

Dynamic |1.00
Connectivity ,E'

[ Preview

ok | cancer| Heip|

Distance map options allow you
to select among pre-defined
weights to compute the distance
transform. Different options will
cause changes to the shape of
object borders.

City-Block (1-2) result

The default coloring for
segmented objects is a 2D 32-bit
labeled image where each object
is assigned a separate index.



To identify the index # for each object, simply hover over an
object (indicated by red +) and the corresponding index value is
displayed in the ImageJ status bar (indicated by red rectangle).
After sorting, we can hover our mouse over an object (red cross)
and it's label will be shown in the ImagedJ status bar. This object
is #72. We can then look at the table to inspect the calculated
area.

File Edit Image Process Analyze Pluging Window Help
T ool AO|m | o uw ¢] 4] a] 2>

x=424.18 (334), y=160.02 (126}, value=72.0

bamboo-segmented-Opening-dist-watershed

G47.70x647.70 um (510x510); 32-hit; 1016K

You'll notice in this case there are examples of oversegmentation
(indicated by green outlined objects). The next section will
describe how to merge these into a single object.

23



Merging oversegmented objects

(Plugins © MorpholLibJ - Labels >Label Images = Label
Edition)

To merge an oversegmented object, click on the objects in the
image portion of the Label Images window. You will see a small
yellow box and numbers appear. Then, click the Merge button
(red rectangle) on the top left to merge these selections into a
single object.

Label Edition — m] x
647.70x647.70 um (510x51Qp 32-pit 40
Options

o

=
g
Z
allel e =
HARERRE AR AN g
s(18([8|[s||F||
£ =
8
g
g

Remove largest

Size opening

F
=]
3 e
g 5
H

2

-]

Repeat for each of the oversegmented objects in the image.
When you've finished, click the ‘Remove In Border’ button (blue
rectangle) to run the Kill Borders operation.

24



You should see the following in the Label Edition window.

Label Edition

647.70x647.70 um (510x81Q bit 1016
Options

Don't be concerned that the previously merged objects still look
separate. If you have merged them properly, then when you hover
over the Imaged status bar, the objects should have the same
index #.

Now you're ready to perform quantitative analyses of your
objects.

25



Let’s plot the area for each Let's look at the result of Area
object. Calculation. We can sort the
results by right-clicking on the

Quantitative analysis of
gray table header.

objects
(Plugins = MorpholLibJ >
. fFL. — O b
Analyze - Analyze Regions) _ |
File Edit Font
Uncheck all boxes except Label [Area -
the Area checkbox. 16 3623 1ohie Action
17 290 .3
18 1459, Cut
| £| Analyze Regions * 20 1179, Copy
21 1003, Clear
29 g750 SelectAll
[ Pixel Count 3 1125
¥ Area : Fename...
24 1012 Duplicate
[ Perimeter 95 1998
_ _ | Apply Macro...
- Creuterty 26 199
) SO
| Euler Mumber 27 9935 ot
[~ Bounding Box 28 874 195
[ Centroid 29 1524 193
[ Equivalent Ellipse ad 443161
[ Ellipse Elong. 33 148.387
o 34 235484
[ Max. Feret Diameter 3 396774
— Oriented B 35 432 258
remed Bar 37 112.903
| Criented Box Elong. 25 106 457
[~ Geodesic Diameter 39 1295 870
[ Tortuosity 40 940,322
[ Max Inscribed Disc a1 18967 741
[ Average Thickness 42 732288
~ GBS NG, 43 617742
44 982 258
oK | Cancel| 45 417 742
46 570957
47 286 451
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After sorting, we can hover our mouse over an object (red cross)
and it's label will be shown in the ImagedJ status bar. This object
is #72. We can then look at the table to inspect the calculated
area.

File Edit Image Process Analyze Plugins Window Help
Qo c ol AR\ Alo|o|d| oo fu| o] s]a| 2>

%=422 91 (333), y=158 75 (125), value=72 0

— O X

File Edit Font 647 70x647 70 um (510x51 QL 32-hi
Options

Labe 2|

39 1233.870

136 1278.032
183 1287 096
67 1325032
26 1333.870
200 1335.483
25 1338.709
212 1408 677
108 1427 419
a9 1446.773
155 1458 064
18 1458 677
220 1496 773
29 1524 193
41 1867 741
137 1593548 Close
184 1595 999
o8 1706 451
189 1758 676

Erode

Remove selected

Remove largest

80 1777418

202 1741.935 Remove in border
201 1864 .515

78 2179 031 Size opening

183 23159354

167 2325805

224 2404 837

110 4038.062

95 §390.318

| 142 13329.025

T2 13966.121 —

-

|
4 »
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The default coloring for of the segmented objects can be
changed from grayscale to color. Let's try Mixed Colors to
recolor segmented objects.

Recolor segmented objects
Plugins - MorphoLibJ - Label Images - Set Label Map.

[ Label-rgb . X
|£| Labels To RGB X 647.706047.70 um (5106510) RG8 1016
Colormap  |Main Colors j . . .
&

Background Golden angle  w .. . '

Ice .

Spectrum . . ". .

¥ Shufle |5t pg .

RiGB 3-3-2 .
Main Colors

Red-Green v

An RGB image will open to display the image with the selected
colormap as shown above on the right.
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AaBL)T THE TOOLS

Fiji: A distribution of ImageJ

Imaged is an open-source image
processing program for scientific
multidimensional images. We used Fiji
distribution in this workshop. You can
download Fiji for Windows, Mac, or Linux
from this link:

https://imagej.net/software/fiji/download
S

MorphoLibJ plugin

The MorphoLibJ plugin used in this
workshop is available from this link:

https://imagej.net/plugins/morpholibj
Original work: Legland, D. et al. doi: 10.1093/bioinformatics/btw413



https://imagej.net/software/fiji/downloads
https://imagej.net/plugins/morpholibj
https://doi.org/10.1093/bioinformatics/btw413

Takeaways

Segmentation is always the first step of data
analysis. During segmentation, each pixel
within an image is given a label that assigns it
to a specific ROI. Though we have very
powerful tools to use for segmentation, no
tool is perfect. As a result, some pixels are
incorrectly labelled. So, additional tools are
required to fine tune segmentation results.

Here we shared some tools for refining our
segmentation results, including Dilation and
Erosion, Closing and Opening, Kill Borders and
Fill Holes. We also looked at how we can
separate objects within an ROl using the
watershed operation.
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LET'S LEARN TOGETHER

Many people have learned what X-ray computed
tomography (CT) is, how it works, and where it
can be helpful in our webinar and workshop
series. All recordings, application examples, a
publication list, and blog articles are available at
imaging.rigaku.com.

Subscribe to the email updates to stay informed

about new articles, recommended publications
and books, and upcoming learning events.



mailto:imaging@rigaku.com?subject=Questions/comments%20about%20Image%20Processing%20Workshop
https://imaging.rigaku.com/
https://imaging.rigaku.com/subscribe

