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Overview

* Localisation microscopy

e Spot detection —icy plugin

* Tracking —icy plugin

* Trajectory analysis — MATLAB GUI



Localisation Microscopy

e Super-resolution technique to overcome the diffraction limit of light

* Resolves molecules within the diffraction limited region by separating them in time
* High resolution, ~20 nm, in all spatial dimensions
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Can be used for localisation and tracking of single molecules



Particle Detection Reconstruction

https://www.youtube.com/watch?v=RE70GuMCzww



Mark Bates et al. Science 2007;317:1749-1753
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Stochastic activation of single molecules can be used for tracking of single molecules



Question: Dynamics of transcription factor

e Study the dynamics of DNA-binding transcription factor for Notch pathway
in Drosophila salivary glands to calculate:
= Different diffusion states
= Occupation of these diffusion states
= Dwell times and transition probabilities of these states

* Study these parameters under different conditions i.e. when the pathway is
active or inactive



Raw Data

* Labelled with a photo-convertible protein: mEQOS
* Nuclei were imaged 20-40 um deep inside the tissue

Goal: Detect and track single molecules



Spot Detection
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Current sequence input:

region_6_cropped

Help Start Detection |




Detector

‘+ Spot Detector -

Settings Detector
Input | UDWTWaveletDetector v|

l DPrel Pflocessmg ] i@ Detect bright spot over dark bIackground}

Region of Interest (O Detect dark spot over bright blackground

Filtering Examples of input image that would use this setting:
Output
Display

(] Display binary image (before filtering)
[ ] Force use of 2D Wavelets for 3D
[} compute Wat considering ROIs

Size of spots to detect: (scale and sensitivity)
Scale enabled Sensitivity Object size
(] Scale1 1000 ~1 pixel
[ZI Scale 2 85 ~3 pixels
(] Scale3 (1000 ~7 pixels
| Removescale | Add scale J

Help;i l Start Detection |




ot Detection — RO|

Sequenceoperation  Image)  Detection & Tracking  Processing Tools Plugins
O Rectangle  * Point 2D * Point 3D 32 to 3D stack { Separate £ Union B Load
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ﬂ Save as... (A Polygon A Polyline 2D A Polyline3D || (] toShape Other operation B Export
Image file 2D ROI 3D ROI C i Sep Boolean Op ROl file
o X |

-
) (20 [OW) I

15 2/ FPS

2 400 P =

T0 &

Y 119 Value 108

L Spot Detector

Settings
Input
Pre Processing
Detector
Filtering
Qutput
Display

Region of Interest
[ ROIFromSequence ™ ]
use ROl in current sequence

Current sequence input:

vid

Tip: Remove detection areas with black rois

Bl xsn




Spot Detection — Display and Output

Settings Output
Input Excel output settings:
Pre Processing Automatic XLS file naming
Detector ) Enable Automatic
R_EQi‘?“ of Interest The XLS file will be saved in the ‘save’ folder of the original image. The file name will be 'originalfilenameuxIs'. If an
Filtering XLS file already exists, it will be replaced.
Output
Display

Append data to existing files.

Append all data to a single file

XML output settings:
Enable XML export

Export to ROI

4‘ Remove previous spots rendered as ROI
Export original image with ROIs and detection
Export binary image

{\ Export to SwimmingPool

Help Start Detection )




27|

28 |Detection i Surface  x y z t min intens max intens average intensity
29 | 0 4 322 302.75 0 0 236 255  248.25
30 | 1 6 376.8333 281.1667 0 0 200 255 2426667
31| 2 1 277 217 0 0 205 205 205
32 3 2 197.5 192 0 0 255 255 255
33 | 4 2 361.5 328 0 1 205 246 2255
34 5 1 321 303 0 1 225 225 225
35 | 6 3 391.6667 287.3333 0 1 220 241 230.3333
36 | 7 4 378.5 280.5 0 1 195 255 23775
37 | 8 1 302 255 0 1 255 255 255
38 | 9 3 164.6667 229.6667 0 1 210 255 240
39 10 3 201.6667 224.6667 0 1 189 251 227
40 | 11 1 276 218 0 1 255 255 255
41 12 4 198.5 192.5 0 1 236 255  246.75
42 13 1 323 304 0 2 241 241 241
43 14 9 376.8889 280.3333 0 2 220 255 245.8889
44 | 15 1 382 273 0 2 255 255 255
45 16 3 256.3333 230.6667 0 2 225 255 245
46 | 17 2 164.5 230 0 2 255 255 255
47 | 18 2 202.5 226.5 0 2 251 255 253
48 | 19 1 386 218 0 2 255 255 255
49 | 20 1 223 179 0 2 251 251 251
50 | 21 4 378 281.5 0 3 230 255 2425
51| 22 2 382 2745 0 3 246 255 250.5
52 23 6 255.1667 231.8333 0 3 255 255 255

Detection Results, Excel file

Next Step: Tracking



Tracking — ICY Plugin
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Spot Tracking
File Interface Info

The particle tracking method links through time a
set of spatial locations (detections). First create a

Ll detection set using the Spot Detector plugin and

then select results in the box below.

Run the Spot Detector plugin

Detection set from t:0 to t:400 #detection(s): 1542 v Zoom ||
= The Multiple Hypothesis Tracking (MHT) method Rotation 0
—7 \ % g link detections through time to form tracks. It ‘ - H
R / " ™ requires a number of parameters to proceed. ) Refresh
: Please, either:
. Estimate parameters | Load existing parameters

s Tracking results will be automatically exported to
IS the TrackManager plugin from where they can be
analyzed and saved.

Choose a name for the results:

mhtTracks-Run1

2

4 Press 'Run tracking' to proceed with the track

-;' extraction process (this can take from a few
seconds to several minutes).

v

Run tracking ‘

@ vid Versio

Carlo Manzo and Maria F Garcia-Parajo, “A review of progress in single particle tracking:
from methods to biophysical insights,” Reports on Progress in Physics 12, (2015).




Parameter Estimation and Tracking

@ Paramete...timationo @ 5%
Target motion

@® is mainly diffusive (default).

O is mainly directed.

O is both diffusive and directed.
Parameters for target motion

O are kept to their initial values (default).

i@ are re-estimated online.

Spot Tracking

File

Interface

Run parameter estimation procedure | %=t

5

\.

Info

The particle tracking method links through time a

set of spatial locations (detections). First create a
detection set using the Spot Detector plugin and

then select results in the box below.

Run the Spot Detector plugin

“+" Spot Tracking
File Interface Info

Detection source i
Tracking

|Detection set from t:0 to t:400 #detection(s): 1542 v

The Multiple Hypothesis Tracking (MHT) method
link detections through time to form tracks. It
requires a number of parameters to proceed.
Please, either:

| Estimate parameters | Load existing parameters |

Tracking results will be automatically exported to
the TrackManager plugin from where they can be
analyzed and saved.

mhtTracks-Runi

v

1 Press 'Run tracking' to proceed with the track
A extraction process (this can take from a few
v' seconds to several minutes).

Run tracking

Target existence
Motion model
Tracking algorithm
Output
Configuration file

Reference

| This plugin implements the Multiple Hypothesis Trac

king algorithm described in:

Nicolas Chenouard, Isabelle Bloch, Jean-Christophe
Olivo-Marin, Multiple Hypothesis Tracking for Clutte
red Biological Image Sequences, IEEE Transactions o
n Pattern Analysis and Machine Intelligence, vol. 35,
no. 11, pp. 2736-3750, Nov., 2013.

Pubmed link: : http://www.ncbi.nlm.nih.gov/pubm
ed/23689865.

Please reference and cite properly.

Quick settings

Expected number of new tracks per frame

0753 =
Expected number of objects in the first frame
53
Expected track length
53
Average length of displacement between two frames
1955 C

Detection source

| Select the input for detections in the Swimming Pool

Tracking
Target existence
Motion model
Tracking algorithm

Qutput

Configuration file

|Detection set from t:0 to t:400 #detection(s): 1889 v

Expected number of false detections per frame

Probability of detection for each particle
0.793

<)




Simple Analysis: Track Manager

*+" TrackManager = 0 X
File Edit Tracking groups Display Help

Track View

Display results on sequence: ‘vid v ‘
Display disabled. Enable selecting Display > Eni__| [ e T

>

add Track Processor..

Track Processor Rack

I A 4 Color Track Processor 7]
@ Enable Oms| Up ] Down I X
\
Random Number ) Virtual ’ ‘ Temporal Group
[ |
[w Track Clipper
¥ Enable Ooms|] Up | Down | X

Number of detection to show before & after current Detection ' 3

("] Display future.

4 Display non active tracks
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DeformationProfiler

Distance profiler (track processor)
Motion Profiler

RelativeMotion
ROIStatisticsTrackProcessor

Track Painter

' Track Processor Color

Track Processor Display Track Number

Track Processor export track to Excel

Track Processor Filtered ROls
Track Processor Flow

Track Processor Instant Speed
Track Processor Intensity Profile

Track Processor Interaction Analysis

Track Processor MSD

Track Processor ROI Gate

Track Processor Time Clip

Track Processor Z Clip

Tracking Performance Measures




version Rd description jd id M classname linklist g
1ltracks 1 1085845567 plugins.nchenouard.particletracking.DetectionSpotTrack  -16776443 0 1 237.8333333 152.1666667 O
1 tracks_1 1085845567 plugins.nchenouard.particletracking.DetectionSpotTrack  -16776449 1 1 239.6666667 151.3333333 O
1 tracks_1 1085845567 plugins.nchenouard.particletracking.DetectionSpotTrack  -16776449 2 1 237.8888889 151.3333333 0
1 tracks_1 1085845567 plugins.nchenouard.particletracking.DetectionSpotTrack -16776449 3 1 239 1525 0
1 tracks_1 11085845567 plugins.nchenouard.particletracking.DetectionSpotTrack  -16776449 4 1 239 152.2857143 0
ltracks 1 1085845567 plugins.nchenouard.particletracking.DetectionSpotTrack  -16776449 5 1 239.6666667 152.6666667 0
1 tracks_1 1085845567 plugins.nchenouard.particletracking.DetectionSpotTrack  -16776449 6 1 239.5 1525 0
1 tracks_1 1085845567 plugins.nchenouard.particletracking.DetectionSpotTrack -16776449 7 1 239.125 153.875 0
1 tracks_1 1085845567 plugins.nchenouard.particletracking.DetectionSpotTrack  -16776449 8 1 239 1535 0
1 tracks_1 1085845567 plugins.nchenouard.particletracking.DetectionSpotTrack -16776443 9 1 239.5 153 0
1 tracks_1 1085845567 plugins.nchenouard.particletracking.DetectionSpotTrack -16776449 10 1 239.1111111 153.3333333 0
1 tracks_1 11085845567 plugins.nchenouard.particletracking.DetectionSpotTrack  -16776449 11 1 239.5 1535 0
1 tracks_1 1085845567 plugins.nchenouard.particletracking.DetectionSpotTrack  -16776449 12 1 238.5 1535 O
1 tracks_1 1085845567 plugins.nchenouard.particletracking.DetectionSpotTrack  -16776449 13 2 238.7300306 153.4863628 O
1 tracks_1 1085845567 plugins.nchenouard.particletracking.DetectionSpotTrack -16776449 14 1 239 153 0
1 tracks_1 1085845567 plugins.nchenouard.particletracking.DetectionSpotTrack  -16776449 15 1 239.5 1535 0
1 tracks_1 1085845567 plugins.nchenouard.particletracking.DetectionSpotTrack  -16776449 16 1 239.3333333 153.3333333 0
ltracks 1 1085845567 plugins.nchenouard.particletracking.DetectionSpotTrack  -16776445 17 1 239.2222222 153.4444444 0
1 tracks_1 1085845567 plugins.nchenouard.particletracking.DetectionSpotTrack  -16776449 18 1 238.5 1525 0
1 tracks_1 1085845567 plugins.nchenouard.particletracking.DetectionSpotTrack  -16776449 19 1 240.1111111 152.6666667 O

j 1tracks 1 1085845567 plugins.nchenouard.particletracking.DetectionSpotTrack -16776449 20 1 239 1532857143 0O
1 tracks_1 1085845567 plugins.nchenouard.particletracking.DetectionSpotTrack  -16776449 21 1 240.25 155 0




Different Diffusing Populations

Bound Molecule Unbound Molecule Multiple Behaviours

/ \

Next Step: Analyse tracks to calculate dynamics of the transcription factor



Analysis - vbSPT

* Implemented in MATLAB
* Tracking data from ICY (or other tracking software)

* Data should be converted to a MATLAB cell array with each index
containing track co-ordinates

* Based on Hidden Markov Models, where different states represent
different diffusion coefficients

x(t +1) = x(t) + /2Ds At w,



Different Parameters

4. Create Runinputfile had — X

Settings
Input data Aall_tracks.mat

Trajectory field:  all_tracks w
Output data Joutput. mat

FA Run in parallel mode Additional estimates

Bootstraps: 100 [ FULL Bootstrapping
Number of runs: 25

Max # hidden states: 10

Min. trajectory length: 2

Advanced users can find additional settings in the generated

script
Parameters

Unit of length; nm v Dimensionality. |2 A4

Timestep [s]: 0.01

Ranges for initial guesses:

Choose areasonable range for
initial guesses. Within an order
Dwelltime [timesteps]: 2 to 20 of magnitude from the expected

Diff. coeff. [um*2/s]: 001 | to 5

Job ID: Data from all_tracks.mat - all_tracks from_26-Mz
Generate ID
Script runinput_26_May_2017.m

Local folder: C:\Wsers\Sohaib\Dropbox\PhD_Labwsed_alltra
cking_molecults_marialinput_segmenting_track

-t

About Run Show Result Load Script Close




| Figure 1: \act ¢ 2017_HMMresult.mat_HM =
File Edit View Inset Tools Desktop Window Help |

DSl | M RKROVEA- S 0E ad
S
. . . . RS o1 =0.131
» Diffusion Coefficients ™
e Occupation of different i
diffusing states
* Dwell times v e R

* Transition probabilities

Num. Traj.:

2477

Av. Traj. length:

5.2648

Diffusion Coeff [um~2/s]:

0.13107 0.39573 1.5521

0.0020373 0.0058751 0.035637

Total Occupation:

0.39146 0.42926 0.17929

Dwell time ([s]:

0.15014 0.046068 0.033025

Transition probability per timestep:
0.9336 0.055571 0.01083
0.11498 0.78225 0.10277

0.039115 0.26665 0.69423

fx >>



Different States within a Track

e Each step in the track is allocated a diffusion
coefficient

e.g.
[1.6,1.6,1.6,1.6,1.6,0.1,0.1,0.1,0.1] um”2/sec




Number of States

~7000 [0.12 0.40 1.8] [0.29 0.40 0.31]
~15000 [0.09 0.21 0.47 1.85] [0.15 0.30 0.30 0.25]
~40000 [0.08 0.19 0.36 0.52 1.83] [0.13 0.31 0.17 0.14 0.26]

For small number of tracks different diffusion states are merged



B2 *No ific B1 “Specific
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Knowledge about the system helps in determining the number of states



Conclusion

* Overview of localisation microscopy
e Spot detection and tracking using ICY plugin
* Trajectory analysis using vbSPT in MATLAB



Thank you



