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“Raw Images, regardless of their aesthetics, are generally

4

qualitative and therefore may have limited scientific use”.

“We may need to apply quantitative methods to
extrapolate meaningful information from images”.



Examples of statistics that can be
extracted from image sets

Intensities (FRET, channel intensity ratios, target expression
levels, phosphorylation etc).

Object counts e.g. Number of cells or intracellular foci in an
image.

Branch counts and orientations in branching structures.
Polarisations and directionality

Colocalisation of markers between channels that may be
suggestive of structure or multiple target interactions.

Object Clustering

Object Tracking in live imaging data.



Regardless of the image analysis software package or
code that you use.....

* Imagel, Fiji, Matlab, Volocity and IMARIS apps.

e Java and Python coding languages.

....image analysis comprises of a workflow of predefined
functions

which can be native, user programmed, downloaded as plugins or
even used between apps.

This is much like a flow diagram or computer code.



Here’s one example of an image analysis workflow:

—-> Processing i igi
— l . measurements

Thresholding
| Save to ROI
manager
Make binary A
mask

Make ROI from
binary using
“Create selection”

Calculate x,
and interpret
and A




A few example Functions that can inserted into an image analysis workflow.
You can mix and match them to achieve the analysis that you want.

**If there is an ROl present on the image, Fiji will only execute the function on the part of the
image inside the ROI**

e Automatic object detection

e Binarisation

* Image intensity Thresholding

e Mask generation

e Automatic generation of ROIs

e Skeletonization

* Vectorisation

* Object tracking

e Various colocalisation algorithms

e “Image math”



Particle selection

If you had multiple objects (cells, particles, nuclei etc) you could count them
manually, but you can use imagel/Fiji to do it for you and create masks and
ROIs for measurement too.

This function enables the automatic detection of multiple objects in the
image.

However, it needs the application of some other functions first. We need a
binary (black and white only) image to help the particle analysis function
detect the objects.

To tell Fiji which pixel grey values to make white and which ones black on the
binary image, we need to threshold the image. Values above and below the
selected threshold will be sent to either black or white.

: Automatically
Acquisition pmso Thresholding peed Ma!<e binary —> Watershed = detect objects
image (if needed) ) :
on binary image




Particle selection

Open image “Nuclei”.
Select Image>Adjust>Threshold.

Tick “Dark background” and select “Default” and Red” from the pulldown menus. Using
the top slider, threshold image until the nuclei are red against a dark background, then
click “Apply” and then Process>binary>make binary to convert to a binary image.

[*Straight*, se

Process Analyze

Show Info...
Properties_..
Caolor
Stacks
Hyperstacks

Crop
Duplicate...
Rename..
Scale...
Transform
Zoom

Overlay
Lookup Tables

Annotate
Drawing
Video Editing

Axes
Convert
Convolve
Threshold

Ctrl+l
Ctrl+Shift+P

Ctrl+Shift+X
Ctrl+Shift+D

Ctrl+E

Plugins Window Help

Brightness/Contrast. .. Ctrl+Shift+C
Window/Level...
Color Balance...

Color Threshold...

Size...

Canvas Size...

Line Width._

Coordinates_.

Auto Local Threshold

Auto Threshold

Bleach Correction

Auto Crop

Auto Crop (guess background color)

Scale to DPI

Default ~| |Red -

[V Dark background [~ Stack histogram

[~ Don'tresetrange

M Apply | Reset il

[U7 Nucleitif (303)

1940x14680 pixels; 8-hit, 2.7MB




Particle selection

Select Process>Binary>Watershed.

This function attempts to separate objects based on their circularity.

[ (Fiji Is Just) Image)
File Edit Image J§pl===8 Analyze Plugins Window Help
0 O[]~ smootn Ctri+Shift+S |uur| #
Angle tool Sharpen C
Find Edges
Find Maxima...
Enhance Contrast...
Noise
Shadows
IMake Binary
Math Convert to Mask
FFT

Filters

Erode
Dilate
Batch Open

Image Calculator... Close-

Subtract Background...
Repeat Command Ctrl+Shift+R

Qutline

Fill Holes
Calculator Plus Skeletonize
IMorphology

Distance Map

Image Expression Parser Ultimate Points

Image Expression Parser (Macro)

Multiple Image Processor
P ag Voronoi

Enhance Local Contrast (CLAHE)
Options....




Particle selection

(3) Set the particle size and circularity discrimination and do the analysis

(1) Select

(2) Adjust Size to 200-1500 and Circularity discrimination to 0.40 - 1.00 and select “Show:
Outlines”. *Particles that are larger or less circular will be excluded*

> ®
Tick “Summarize” and “Exclude on edges” and click "OK”, s
A results box should appear with a particle count
and other information.

oo

[U% Analyze Particles

Size (pixel2): 200-1500
Circularity: 0.40—1.00

Analyze Particles. ..

Summarize
Distribution...
Label

Clear Results

Show: Dutline-s. |

Set Measurements...
[~ Display results

[™ Clear results [ Include hol
¥ Summarize [~ Record starts
[~ Addto Manager [ In situ Show

0K | Dancel Help

Set Scale..
Calibrate...

Histagram Citrl+H
Plot Profile Ctrl+K
Surface Plot...

Gels

Tools

Mucleitf 503 397315 709 891 14078 255

Keep the binary of the nuclei — you

need it for the next bit! 10




Particle analysis — Area and Intensity

Now you know how to select particles, lets use the workflow to do an actual
analysis.

This time we will use the binary image to make a separate ROI for each
nucleus and then measure the area and mean intensity of each one.

Then we’ll calculate mean and SD for both measurements for the whole
population.

. Apply ROIs to Make
Acquisition .
v original image measurements

+ Choose
measurement

type(s)

Calculate
¢ mean

Automatically . .
= detect objects [t HELE ROI_S for Intensity,
inary i each object area and SD
on binary image
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Particle analysis — Area and Intensity

(D Sselect the watershed binary image and select again
Repeat the particle analysis step tick “Add to manager”. Click “OK”.

The ROl manager should pop up with a list of separate ROIs (one for each nucleus), which
will also be displayed as an overlay on the watershed binary image.

Select . And select which measurements you want to make,
(2) for example tick “Area” and “Mean gray value”.

F
@Eiﬂ gray value

Standard deviation [ ﬁu dal gray value

= e - (10| . ) I™ Min & max grayvalue [ Centroid
Size (pixel*2): EIUU Infinity - Update

™ center of mass [ Perimeter
Circularity: | WE{URvY]

I” Boundin tangle [~ Fitellipse

- " Rename... I” Shape descriptors [~ Ferets diameter
Show: Dutlme-s. I

Measure I Integrated density [~ Median
. g ™ Sk 55 [~ Kurtosis
[~ Displayresults W Exclude on edges Deselect ewne urtost
I Area fraction [~ Stack position
[ Clearresults [ Include holes ! Properties...

I~ Summarize [~ Record starts " Flatten [F] I” Limitto threshold [~ Display label

@ ddto Manager [ In situ Show b I™ Invert Y coordinates [~ Scientific notation

™ Add to overlay
oK | Danc:e\ Help :I
Redirectto:  |Mone -

Decimal places (0-9): |3_
OK Cancel | Help
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Particle analysis — Area and Intensity

Open the original unthresholded image “Nuclei” again. Individual nuclei can be selected
and measured using the ROl manager (you can click the top one and scroll through with
the mouse wheel). Select “Measure” or “Ctrl + M” to make individual measurements.

Q tick “Show all” to display all of the Q%g)
particles in the analysis d::g

Make multiple selections by holding down [Ctrl] and Left-clicking.

Scroll to the first ROl in the ROl manager. Hold down [shift] and Left click. Scroll to the
last ROI. Hold down [shift] and Left click again to select all of the ROls.

Select “Measure”.

13



Particle analysis — Area and Intensity

In the results window, select to get mean and standard deviation
data.
Data can be copied and pasted into Excel for further analysis.

t Results
P r. .1_._ -

Distribution... "

Set Measurements. .

Options...

A

Mean grey value of particle
Area of particle
Particle number
If image is not calibrated, measurement results will be
displayed in pixel units.
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Segmentation

We can use segmentation to separate a single image into separate
components based on shape, size or intensity to make image analysis of each
of those components possible.

For this we use “masks”. Masks are just a binary image being used for “Image
calculation” (e.g. digital subtraction) to extract or remove specific structures.
In this example we’ll use a particle analysis to make the masks and remove the
chloroplasts from an image of a plant section.

v

Thresholding

Subtract mask
of chloroplasts
from original
binary

Make binary
image

Watershed
(if needed)

Use particle detection
with size and shape Make a mask of
discrimination to select the chloroplasts
chloroplasts

——

15



Default Red -

Dark b I~ Stack histogram

Don'tresetr:

Auto | Appl




Segmentation

. Select “Show: Masks” and “Exclude on edges” Adjust the size
(30-200) and circularity (0.6-1.00) discrimination of the particle analysis to select only the
chloroplasts. Click “OK”. A binary image of the chloroplasts appears.

)
.~
-

LN -y
T3 ‘..
- P
-

"
e ]

L

.
»
+a
-w

Size (pixel*2). 30—200
Circularity: 0.Ei0—1.00

Show:

1 I Displayresults W Exclude on edges
I Clear results [ Include holes
I~ Summarize [~ Record starts
[~ AddtoManager [ In situ Show
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Imagel |7I|

File Edit Image Analyze Plugins Window Help
0O E -~ smooth cuisshitss |4 |& | 7| F
Freehand selections Sharpen
Find Edges
Find Maxima... |r'l'|-3|:_|E Calculator

Enhance Contrast..

Noise 4
Shadows v Image1: | | -
Binary 4
Math 5 Operation: | Subtract -
e ’ Image2: [Mask of Brightfieldtif
Filters ’ ' ' = o
Batch 4
v Create new window
Subtract Background...

] 32-bit (float) result
Repeat Command Ctrl+Shift+R

Ok Cancel | Help



Segmentation

Images can now be used for analysis (e.g. particle count and area, create ROls to analyse
the original unthresholded images, as an image overlay or further segmentation).

Binary of chloroplasts

= Particle analysis

= Qverlay image

= Make into ROIs for
further analysis

= Further segmentation

Original binary

Binary with chloroplasts

removed

= Qverlay image

= Analyse stuff that
isn’t chloroplasts

= Further segmentation

19



Segmentation

Question:

How could you create a grey scale image (rather than a binary) of the plant
section without chloroplasts?

20



Analysing branched structures

We can analyse branched structures using “skeletonisation” of binary images

Branched structures could be neurons, blood vessels, lymph nodes or glands,
root structures on plants or any other filamentous branching structure.

From these we might want to extract information as to the number or length
of branches present, the number of branches per branch point, or the
tortuosity of the structure (how “gnarly” it is).

Make binary Fill gaps in c t bi :
image of the branched onvert binary to a

e 1o sed image [5d Do analysis _
Thresholding branched P ve;:;lczr:sid |.ma)ge Do analysis
structure (if needed) €letonize

21



I 112.84x88.66 um (1400x1100;

Image)

File Edit Image

=

o|c|o|~

bit; 1. 5MB

Process

A3

Analyze Plugins Wi

NAlQ @]

Default hd

v Dark b ind [ Stack histogram

Auto | Apply | Reset

e







112.84x8! pm (1400x1100); 8-bit, 1

(Fiji Is Just) Image)

File Edit Image Proc Plugins Window Help
Measure Ctri+M e | LuT |
Analyze Particles
Summarize
Distribution
Label
Clear Results

Set Measurements

Set Scale

Calibrate

Histogram Ctrl+H
Plot Profile Ciri+K
Surface Plot

Gels

Tools

3D Objects Counter

3D OC Options

Colocalization
Color Histogram
Directionality
Shape Index Map
Optic Flow
Helmholtz Analysis
3D Surface Plot
Classification
Local Thickness
Multi Kymograph
QuickPALM

Sholl










There are two results windows. One gives you general information about each

complete skeleton in the image. E.g. how branched it is and how many double or
triple junctions there are.

The other gives information about each branch in the skeleton. E.g. Branch length vs
Euclidian distance will give you information about tortuosity. You could bin number of
branches of each type depending on the branch length etc.

[ Branch information
File Edit Font

distance

|07 Results
File Edit Font Results
# Branches |#.Junctions |# End-point voxels
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Colocalisation analysis.

Colocalisation is a process where we attempt to quantify the relationship between
markers from two different channels.

There are many methods, but they fall into two main categories — quantifying pixel

overlap or quantifying co-dependency using regression. For this workshop we’ll focus
on the regression method, however here are some other workflows.

Simple Pearson’s R analysis (Regression, background insensitive)

Compare ROI

Analyse output.

Significant if
R>0.50rR<-0.5

" in Channel A
Acquisition = to Channel B
(2 channels) ing Li

using Linear

regression

28



Costes’ method (Regression, background insensitive)

Compare ROl in

Channel A to

Acquisition
(2 channels)

Randomly scramble
Channel A at the

scale of the PSF
(calculated from
N.A. and A)

<+ Channel B using
Linear regression
= R(obs)

Compare ROl in
scrambled channel

4 to Channel B using &
Linear regression

= R(rand)

Analyse output.

Significant if
R(obs) # R(rand)

29



Manders Coefficients (Overlap, background Sensitive)

We may know that two targets colocalise from their Pearson’s R, but we can also
quantify how much of each target is colocalising with the other channel.

Acquisition
—>
(2 channels)

Threshold
Each
channel

Make binary of each
channel
Or ensure
background has grey
value of zero

Quantify proportion of
pixels in channel B
overlapping channel A
= M2

Quantify proportion of
pixels in channel A
overlapping channel B
=M1

30



Digital subtraction (Overlap, background Sensitive, not quantitative)

Make binary of each

Acauisition Threshold channel Use channels as a mask
9 — Each Or ensure to subtract non-
(2 channels) . .
channel background has grey colocalising pixels

value of zero

Produce new image of
overlapping pixels only

31



Pearson’s colocalisation analysis

Colocalisation analysis provides a statistically testable numerical value relative to the
degree of colocalisation between two image channels.

Pearson’s colocalisation coefficient uses linear regression to measure the co-dependency
of the variations in grey intensity across two channel images and returns the value “R”.

The value for R can range from -1 to +1 and can be interpreted as follows:

R = -1 The two stains are absolutely mutually exclusive
R= 0 No significant co-dependency between the two stains — random distribution

R= 1 The two stains are absolutely dependent (A value very close to 1 may indicate
experimental error or channel cross-talk)

32



Pearson’s colocalisation analysis

As R-values may be positive but still close to zero, a value closer to 0.5 (or above) is
considered statistically significant. However, the significance of Pearson’s R can be further
tested using Costes’ approximation:

e The channel images are analysed to return the observed Pearson’s coefficient R(obs).
* One of the channel images is then randomised using a unit size determined by the
optical resolution of the image determined by a PSF calculated from the N.A. of the

objective lens used.

* The randomised image is then compared to the intact channel image using Pearson’s
colocalisation coefficient.

e This process is repeated 200 times to return R(rand) with an expected outcome close to
zero, and a standard deviation is calculated.

33



Imagel
= Macros »
File Edit Image Process Analyze .
=S PARNEN = oo Shortcuts 4
e o Utilities ’
Text tool (double-click to configure)
MNew 3
Compile and Run
Install Ctri+Shift+M
. Enhance Image
Intensity vs Time Plot
MBF Online Help

Colour functions *| Colocalisation Threshold
Deconvolution * Colocalization Finder

FLIM *| Colocalization Highligter
FRET | Intensity Correlation Analysis
Grouped ZProjector Manders Coefficients

HCS *| Manders Coefficients 4D
LOCI * Manders ROl Manager

LUT 4

Movies 4

Parallel Spectral Deconvolution  *




Pearson’s colocalisation analysis — worked example

(1) Select Epsin 1 as Channel 1 and AP1 as Channel 2 and click “OK”

(2) Enter the channel 2 wavelength and the objective N.A. Iterations should be set to 200.

Click “OK”.

©

< @

l
=

Channel 1 |Epsin 1.tif

Channel 2 AFH.tif |
ROl or Mask Ncme I

Randomization method |Costes approximation (smoothed noise) «

e (um) |0.108
Channel 2 wavelength (nm) |555

NA of objective 1.30

[ Current slice only (Ch1) Iterations |200

[” Keep example randomized image

I~ Show all R values from Ch4 vs Ch2(rand) I™ Use manual PSF

PSF radius in pixels 10

see hitp:luhnresearch caiwcifimage]

QK | Danc:el
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Pearson’s colocalisation analysis — worked example

A results window pops up summarising the R(obs) and R(rand) for the two channels.

36






Manual tracking

Can be used to track intracellular particles/organelles or individuals within larger

motile populations, e.g. cells.

Manually
select
particle to
record x,y
pixel
values

Acquisition Threshold
of t-stack of = stack
images (optional)

Auto-

InelEamE: Repeat for n
stack to next 4 P )
particles
frame for n

frames

Calculate velocity,

vector, total
distance and
Euclidian distance
that each particle
has moved
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Measuring axonal transport

Calibrate the images:
Open image stack “TeNTHc_kd”.
Select Analyze>Set Scale...

Enter the microns/pixel and “um” as the unit of length and click “OK”

File Edit Image Process FAEUEGH Plugins Window Help

JJJJJJ Measure Cri+M || ¢ | & | & | 4| > Distance in pixels: I
2 bacno oo Analyze Particles... Known distance: Ir

Summarize Pixel aspect ratio:
Distribution...
Label

Clear Results Click to Remove Scale

Unit of length:  jum

Set Measurements... [ Global

Set Scale... Scale: 7.1429 pixelsium

Calibrate. ..
Histogram Ctrl+H OK | Danc:el Hem
Plot Profile Ctrl+K <

Surface Plot...

Gels

Tools

3D Objects Counter
3D OC Options

Colocalization

Color Histogram




Measuring axonal transport

Open the manual tracking plugin:

Plugins>Tracking>Manual Tracking

Tracking :

Add track Delete last point End track

Delete track n® Delete all tracks

[~ Show path ?

Centring Correction:

Centring option : I Local maximum - l

[ Use centring correction ?

Directionality :
Add reference Delete reference Mo reference set
[~ Show reference ? [~ Use directionality ?

Drawing :
Progressive Lines Dots & Lines

ts
Overlay Dots Overlay Dots & Lines

[~ Showtext ?
Load Previous Track File Retrieve Z Coordinates

FParameters :

Time Interval : |5— sec
Wy calibration : |014— um
z calibration : IUU—
Search square size for centring: |50— pixels
e IEU—
ine width - Im—
Font size : |120—

Enter the calibration parameters:
“Time interval” (seconds) and
“x/y calibration” (microns/pixel)

40


http://rsbweb.nih.gov/ij/plugins/track/track.html

Measuring axonal transport

Tracking :

Delete last point

Delete track n® Delete all tracks

[~ Show path ?

1M 39; 512x54 pixels; 8-bit; 6. 4MB

Centring Correction:

Centring option : Lcn::al maximum I

[~ Use centring correction ?

Directionality :
Add reference Delete reference Mo reference set

[ Show reference ? [™ Use directionality ?

Drawing :
(1) To start the analysis of each particle, click “Add Progressive Lines Dot & Lines
track I~ Show text ?

Load Previous Track File Show parameters ? Retrieve Z Coordinates

(2) Using the mouse cursor, click on the particle
that you want to track. The stack will increment
by one frame. Continue clicking on the particle
until you reach the end of its travel.

(3) When you have finished tracking the particle,
click “End track”. Click “Add track” to start

tracking a new one.
41




Measuring axonal transport

As you end each track, data showing the
distance travelled per frame and velocity are
added to the results window. This data can be
copied and pasted into excel for further
analysis

5 Tracking (=lal xJ

Tracking :
Add track Delete last point End track

Delete track n® Delete all tracks

[~ Show path ?

O i You can review the particles that you have
[ se contng carecten? tracked by clicking on the “Overlay Dots”

Directionality : fu n Ct | O n .

Add reference Delete reference Mo reference set
I Show reference ? [~ Use directionality ?

Drawing :
Progressive Lines Dots & Lines

D  owrartines | OvertayDots & Lines

[~ Show text ?

Load Previous Track File Show parameters 7 Retrieve Z Coordinates 42




Macros
Macros are a series of code steps used to process images in a quick and repeatable way
Imagel) macros are based on java but you don’t need to know java to create one

The macro recorder tool allows you to easily turn image analysis steps into a script

Macros Install...
Shortcuts Run...
Utilities Edit...
New Startup Macros...
Compile and Run._. Interactive Interpreter..
Install... Ctri+Shift+M  |BEEI

File Edit Image Process Analyze JEIG0LE TEE IR T Pencil Tool Options...

ggg ﬁ ﬂ ﬂﬂ EJ ﬂ 3D Viewer Paintbrush Tool Options...

segmented or freehand lines, or arrows (right «  Analyze Flood Fill Tool Options...

[T° (Fiji s Just) Image)

Lonm[Lover Bight] beld hide eveslay™):

BigDataViewer Set Drawing Color...

ST E About Startup Macros...

Save As JPEG... []]
Save Inverted FITS

Cluster

Color Inspector 3D
Differentials
Examples

Feature Extraction
FeatureJ

HDF5

ImagebD

Integral Image Filters
Janelia H265 Reader
LOCI
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Macros
To create a new macro go to Plugins > New > Macro
You can copy and paste step from the recorder into the macro

They can be saved as macro files or as text documents

An example macro

This macro takes a folder of images, crops them, scales them, adds a scale bar and saves
them into a new folder with meaningful names.

4| *Macro.ijm.ijm

File Edit Language Templates Run Tools Tabs Options

cessing images taken on Eves at 18x Mag

3 timePoint
4 input = rce directory™);
5 output = getDir stination directory”);

list = g i input);
Sfor (1 =8; 1 ist.length; i++)
10 action(input, output, list[i]);
11 function action(input, output, filename) {
12
en(input + filename);
"set 5 .M, “distance=1.16@1 known=1 pixel=1 unit=pm") scale on the image using value from stage micrometer
2048/4),(1536/4), (2 ,(2848/2));
op image to central square to minimise empty background
Bar...", "width=1 el ont=14 color=white background=No cation=[Lower Right] bold hide overlay"); // Add scale bar of 186um to image
",output + "Spheroid” + 1 + "_" + timePoint) ve in output folder

e("Macro is finished"};




2| *Macro.ijm.ijm

File Edit Language Templates Run Tools Tabs Options

CJpi3g13 ! "/ Macro for processing images taken on Eves at 18x Mag
This is a variable
This predefined macro function

This is a “for loop”

1 pixel=1 unit=pm");//set scale on the image using value from stoge micrometer
P

» "width=188 height } -1 alo S— = io ._-; Rold hide overlay™) " Add scale bar of 186um to image

:_ |:.|1‘:put + "Spheroid” + 1 + “_" + timePoint)f 1 4 L IS IS a Comment

ssage("Macro is finished™);

Variables can be numbers, strings, arrays etc their value can change which is useful

Imagel has hundreds of predefined macro functions that streamline the process of image
analysis, you can find a list Googling “Imagel) macro functions”

For Loops, allow you to repeat the same set of commands for multiple images without needing
outside input

Comments are bits of code that the computer doesn’t read and are marked with a “//”,
commenting macros is useful to remind yourself what each step is doing

45



Macros
An example macro for analysis of images

urce directory™);

show(array);
n(source + + array[@]);
ame("perp”)
en(source + + array[1]);
name(“par”);

32-bit stack"™, "perp”,"perp”);
32-bit stack", “par”,"Zperp”);

ar”,"perp”);

source +
, source +

s source +
run("C
run("Close
urce directory™);

28 run(“"Make S . i ; //open total intensi
run("Enhanc EH

B
ault dark");
3 // set thresholde to remove BG pixe

ground”, false);
vert to M V3 // turn thresholded image into mask

run("Median. adi "); /S/median filter to smooth out random pixels in areas of signal
run("C
run("Create Ma )3 //Turn into useable mask

("Tiff", source + getTitle());
open(source + "/" + "D over T.tif");

5 ack...", "

rename("aniso™);

alculator("Multiply c i > Ltif"); /S multiply anisotropy image by mask to turn BG pixels to @ and signal to 255%aniso score

("Tiff", source + "Anisoc_times_| H
run(“Divide...", "value=255"); // return aniso values to correct value

source + "Divide_by_ 255" );
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