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“In mathematics, deconvolution
is an algorithm-based process
used to enhance signals from

recorded data. Where the
recorded data can be modeled by

a convolution”

Wikipedia

Improve quality

Enhance contrast
Improve resolution?

Deconvolution

“Deconvolution is a
computational method to
improve digital image quality by
using knowledge of the way the

microscope forms images”

fesfesie
David Agard

You

Image formation models
Using knowledge
Convolution model

“Deconvolution is a
computationally intensive image
processing technique used to
improve the contrast and
sharpness of images captured

using a microscope”

Oly‘r‘ﬁpus

Algorithm-based process
Computational method
Intensive technique
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® Why Deconvolution?

c-elegans embryo. DAPI nuclel

Core idea

Put the photons back where they belong
No signal is lost

Benefits

Increases contrast

Reduces noise

Reattribute the out of focus _
Improves resolution

light to the origin point source

Enhances small structures

Promotes the optical sectioning

Usage
Preprocessing step
Simplification for segmentation
Quantification of intensity

DeconvolutionLab2 TIRF 0.0004
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® Deconvolution in Microscopy

35 convolution

& high dynamic

W bleach
preserve (bleach)

C & fine, detall
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image formation

signal

structure

PSF

out-of-focus

image analysis

unknown

noise, saturation
high sampling

smooth

shift variant

2D

observation
qualitative

BEST PRACTICES

Acquisition and computational

s Orncessing
(aeconvalutic
3D acaonstruction

EPFL o BIO-410 o BIOIMAGE INFORMATICS v DS



® Application Cases

Light microscopy

c-elegans embryo. DAPI (nuclei in blue), FITC (microtubules
in green) and Cy3 (proteins in red) staining

Total activation
iIn fMRI: spatio-
temporal
deconvolution
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u(it)
i

h(t) x(i,t) y(i,t)

activity-inducing

| ulhy) = Lyfx(i, )}Y Lyfhi(t) = d (1)

measured fMRI
signal signal

x(i,t) y(i,t)

hemodynamic
system

h(t)

activity-related
signal

u(it)

x(i,t) = h(t=u(it) y(i,t) = x(i,t)+n(i, t))

Isik Karahanoglu,, Neurolmage 2013

Astronomy

Many fields

e Seismic

e Satellite imaging
e Medical Imaging
e Ophthalmology

J. L. Starck, 2002

Imaging reconstruction
Scanning EM (beam)
Communication (speech)
Industrial vision
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® Deconvolution in Microscopy

Active field of research

e Algorithmic aspects: optimization, regularization

¢ |ntegration of prior knowledge

e Fast: GPU, block decomposition, vector acceleration

e Deep-learning network
- |learn the structure specimen
- learn the physical model

e Blind deconvolution, parameter-free deconvolution BIOP - EPFL

Review papers

D. Agard Optical Sectionning Microscopy: Cellular Architecture in Three Dimensions, Ann. Rev. Biophys. Bioeng. 1984.
J. McNally et al. Three-dimensional imaging by deconvolution microscopy, Methods, 1999.

W. Wallace et al. A Workingperson's Guide to Deconvolution in Light Microscopy, BioTechnigues, 2001.

J.-B. Sibarita, Deconvolution microscopy, Microscopy Technigques, 2005.

P Sarder et al. Deconvolution Methods for 3-D Fluorescence Microscopy Images, |IEEE SPM, 2006.

E. Maalouf Contribution to fluorescence microscopy 3D thick samples deconvolution, Thesis, 2010.

D. Sage et al. DeconvolutionLab2: An open-source software for deconvolution microscopy, Methods, 2017.
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® Software tfor Deconvolution Microscopy

Commercial Software Open-source software

e Huygens, Scientific Volume Imaging e RL Deconvolution on Ops ImagedJ?2 [Brian Northan]
e Microvolution (RL, GPU e RL Deconvolution on CLIJ /GPU [Robert Haase]

o AutoQuant, MediaCybernetics e DeconvolutionLab? [Daniel Sage]

e DeltaVision, Applied Precision e Parallel Iterative Deconvolution [Piotr Wendykier]

e Modules: Zeiss, Nikon, Leica (Hyvolution), ... e Sdeconv on Napari [Sylvain Pringent]
e EpiDEMIC on ICY [Ferréol Soulez]

lit Tools Deconvolution Visualization Analysis Help

B @ & K & & 2 h

Saveas  Batch Analyzer Coloc Stabiizer Tracker Chromatic | Twin  Ortho

& @ w E = . @]v &- Statistics | Optical | Nyquist | Hist

Surt Mp Movie | View GPU  Size Color Main optical parameters.
- Numerical Aperture 13
- Lens immersion refr. index 1.51

- Medium refractive index 1.46 B
- Objective quality good ) , ) ) .
) 0 Help ) Sign up to HRM news K What's new? ﬁ HRM Project Website S SVI wiki
Deconvolution wizard gLY: 920
File Options Help yec«wg;gl
Images Comparison view lt)un) o We lcome
~ 5 A
ipe Confocal: — @ Log|n
530
) 510 R R
i 2 The Huygens Remote Manager is an easy to use interface to the ol J
fpe Confocal a ease enter your credentials.
] Huygens Software by Scientific Volume Imaging B.V. that allows
fam) 250 R . _ Username
1 for multi-user, large-scale deconvolution and analysis. | %
E Welcome Password
to Huyger Collaborators | *
Rterface and e
s for Essenti: =
DrosophilaOmmatidia_decon :e"ew_ Togets login
-] je or press the
EIECEED | — P Tl | m
Help | Reports Deconvolution wizard - microscopic parameters 3 o
EPF Lausanne Friedrich Miescher Institute
Welcome to the Huygens deconvolution wizard! = Main optical parameters Bioima d Optics =
Y
This wizard will assist you in deconvolving your images. (IpeTT ;2 o ‘2374 om
By pressing on ‘Enter wizard' you will be guided trough 4doal Nyquist sampling P e S
the deconvolution process. Relative Nyquist rate 0397 0.397 0.938
To deconvolve your image using a pre-defined template
please click on 'Use Template'. Channel parameters
cho ch1 ch2 LN Es
The microscopic parameters of the current image are TS ol ot T coeal
shown to the right. Ex. wavelength 610 nm 510 nm 380 nm
Em. wavelength 650nm  530nm 390 nm
<|| | clipped voxels 12784 12784 12784 . .
See also: About deconvolution - entif e Le ing
DrosophilaOmmatidi Hislograes
Q Wizard status
e Obtained initial parameters from image 2 2 =
". DrosophilaOmmatidia_decon o 255.0 - =
| — =
| — Sl I e R T A T e e I A e - -
— s IS - Use template Enter wizard created 20 2 and releazed under the t
—— exzended 2006-2016 by Asheesh Culeri Ale riffe, Joze Vine. Deniel Sevilla, Niko er, Olivier Burri & Aeron Pont
=
B
/‘5 Deconvolutiot
|- d

SVI Huygens [Ponti 2007]
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® Mathematical Model

Notation
— d
image X = (X[, ... ;) € R®  vigctorial notation

Filter/Operation ~ HXx Matrix notation

.+  Standard ",
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“ Course 3D Deconvolution Microscopy

Computer Vision Deblurring Q D

Machine Learning
Deep Learning

Deconvolution

Sharpening Upsampling
Denoisin _
J Super-Resolution
““‘Ill ll.......
o* e
¢ *
o* ¢

. . K Deconvolution A
K model for a IMAGE DEGRADATION K *

S .: H — PSF “‘
BIuAr ‘ :. y :
: — .
‘\‘ Denoising ::
IMAGE RESTORATION |8 H=1

Digital (virtual) world *

8 L
ol v*
L “‘

S apggguun
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® Bioimage Informatics

3D Deconvolution Microscopy

Forward Model

Z
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® Point-Spread Function

1 um

For optical engineer
Optical transfer function OTF

For signal-processing engineer
Impulse response IR

_\Numerical Aperture and Image Resolution /_

Airy Disk

z-stack of an experimental Lateral profile. Airy disk Axial profile. Very intense in
PSF bright central region anad the center on the focal plane
Eire LUT Airy pattern series of and very diffuse elsewhere
concentric rings giving out-of-focus

Animation from MicroscopyU
https://www.microscopyu.com/

Concentric rings resulting
diffraction pattern of a
uniformly illumination
through circular aperture

Wavelength Lateral

400 174 531
550 240 730
650 283 862
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® Point-Spread Function

Widefield Confocal 1

microscope microscope
0.1
0.01
0.001
0.0001

A =600nm

NA=149 000}

n,=1.52 5000 N\ e 5000

2000 =

0

"
.
-

| -2000 -2000 , [eyclimm] f. [cyclimm]
, [eycl/mm] f. [cyclimm]

lllustration from Wikipedia
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® taining a PSF

Theoretical PSF Experimental PSF

PSF Generator

121/511 (120); 25550.00x25550.00 nm (511x511); 32-bit; SO9MB

row N saw  Defocus  Gauss
Gibson and Lanni , Select Propagator ~ VectorialCartesian
cuatin o b o Optical Model | Lateral/Axial OTF

Numerical Aperture 14 2INA

s o351 Gibson & Lanni 3D Optical Model Physical Parameters
e ) = Richards & Wolf 3D Optical Model NA 140
Wavelength <20 | (+|Inm] . . . .
520]¢ Variable Refractive Index Gibson & Lanni
o o h Wavelength [nm] — 634.00
Paricle pociienz 00| (] =l Born & Wolf 3D Optical Model
ot Lateral FOV [nm] — 2000.00
| oupm Axial FOV (Defocus) [nm] - 4000.00
e ——— Born and Wolf ( ) [nm]
et (e This model describes the scalar-based diffraction that _
occurs in the microscope when the particle is in focus Numerical Parameters
i The imaaina nlane need not he in focus : : 3
, Pixels in Pupil — 203
o pst Refractive Index immersion e ni Pixelsin PSF — 201
. Accuracy computation Good Z-Stacks = 200
Device cpu
: 25550.00x25550.00 nm (511x511), 32-bit, 1020K
I Lateral FWHM = 6 [pixels)
I Axial FWHM = 13 [axial lr\u\h.(m w:.n; - )
Global maximum at (x,y.2) = (255, 255, 228) Op[lOﬂS
5| Shce Maximum tnergy €. radius
214 048 05 1 1
21 06 21344 , Apodization Factor
+ : 2120 Wavelength | g10 nm NA 1.4 P

v Gibson-Lanni

Pixelsize XY 100 5/ nm Z-step 250 nm

Zernike Astigmatism — 2.00
FWHM XY 7 3 | nm FWHMZ 22.4 nm .
£05:5 bee-d Zernike Defocus — 0.00
Size XYZ 256 256 65 eOx — 100
ey — 000
Display | Linear double Fire
Compute and Display
- - X ?
Save Image
| About 2014 EPFL BIG » 1.0.0 Close

Computation complete! Shape: (200, 201, 201)

[Kirshner, 2012] [Liu 2025]

» Microscopy parameters:
NA, wavelength, ni, thickness, pixel size
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® Obraining a PSF

Theoretical PSF Experimental PSF

Gibson&Lanni Zeiss LSM 510
NA =14 Confocal
A =610 nm 1.4 NA
pixel = 100 nm Plan apo
objective
Oil
PSF Generator Open source software - EPFL lllustration of SVI and Institut de Cardiologie de Montreal.
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® Convolution Intuition

.DD >-
-DD _ >'

B —

! \

pcourse

YoutubeVideo: Jennifer C. Water
Nikon Imaging Center Harvard
Medical School
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@ Convolution Visual Effect

Object PSF Data

maximum-intensity projection
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@ Convolution Visual Effect

.

Object PSF Data

orthogonal views

P Out-of-focus
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@ Convolution Visual Effect

Object PSF Data

maximum-intensity projection

P Distorsions

Assumptions

e PSF sums up the effects of the imaging setup on the observations
e PSF preserve the light energy

e Shift invariance

* No optical dependencies from the specimen
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® Bioimage Informatics

3D Deconvolution Microscopy

Algorithms

= BIO-410



® Methods

Mathematical Approach

Learning Approach

Solving the problem based on the image formation model Prediction based on a trained model using the ground-truth.

PSF-based Blind deconvolution Image-to-image Physical-informed
Neural Network

Using PSF
Using prior information
on the solution

Inverse Inverse
Filter Problems

Supervised Self-
Learning Supervised
Learning
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® Inverse Filters

Convolution

> Multiplication

YL,
oy

)
iy
’ \
)
)
\..

N

JAsly
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v

P~

Microscope
Low-pass filter

.
'
._,.\.

Deconvolution

Ly D

IVISION

frequency
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® Intuition

Convolution

> Multiplication

truncates denominator ~ Inverse crime! Deconvolution
2 _ d, Ly Stabilized Division
max (h, e)
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aive Deconvolution

Convolution

> Multiplication

data

+ low level of noise

truncates denominator non-exact PSF corrupted Deconvolution
Y by noise Ly Division

max ( h, €

T —
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® Inverse Filters in Deconvolutionl.ab?2

m Naive Inverse Filter

1 Never works In real
life

e =—
il max (A, €)

Liz{|a Tikhonov Regularized Inverse Filter

) = |[Hx—y | +4 [ x]|>

VEx)=0 = 2H" (Hx-y)+2ix=0
X = (HTH+/II)_1HTy

) 1
Frrir = —
T (o) + 2

m Course 3D Deconvolution Microscopy

m Wiener Inverse Filter

. 1
WIF — A S (w)

WIF Requires noise of
signhal-to-noise ratio at
S (@) each frequency

m (Laplacian) Regularized Inverse Filter

C(X) = H HX—yH2+/1 | Lx Hz

e Acts as a whitening filter
e Finer controls on most natural images

x = (H'H + ALL) " H'y

" " 1
JiriF = JriF = h(Aa))+/1a)2
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® Examples DL Deconvolution

Supervised Learning CARE Weigert, Nature Meth., 2019

- Super-resolution vs. standard res.

- Axial vs. Lateral Content Aware Restoration

- Real data data vs. Degraded data e Axial restoration and deconvolution
- Using synthetic strategies e (Good data = lateral plane

e Degraded data = axial plane

Aivia / Zeiss RLN Richardson-Lucy Network Li, Nature Meth., 2022

Datasets

e 10 pairs of 3D data

o 2k x 2k x 200

e (Confocal
MICroscopy

- LQ (single scan)

- HQ (64 scans)

Training

e 3 hours/8xGPU

\ y \
. . \
SN A ) / I T R }.':
LA R 44 } '\ A'.‘.
s - - . i
. J ,

Widefield RL Thunder RLN Confocal
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® Machine Learning

Sparse Dictionary Learni Super Res CNN
| : :
\ : 5
o E :
Widefield SIM Simple deconvolution [Soulez, ISBI 2014] [Dong, ECCV 2014]

‘ ,,J"‘i" T ,; ‘w«,.'y “" ;'ﬂlf ;'{.'” \

i"nu“l’“.‘w""&u u

1 Rt

| P

Cell Image Library CIL 36797. Microtubules in a Drosophila S2, Alexa Fluor 488, Zeiss Elyra SIM NA = 1.4 (1024x1024x44) (40x40x110 nm)
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® lterative Algorithm

Linear Least Square (LLS) Maximum Likelihood Estimator (MLE)
€(x) = ||y — Hx||? €(x) = Hy — v/ (log Hx

y y—Yy UOg
Steepest Gradient Descent e Statistically interpretation
xkt1) — (k) _ yVE(X) ” * Poisson noise

e Assumption of positive signals

V&(x) = — 2H' (y — Hx) e Slow
. Landweber algorithm LW Richardson-Lucy RL
k+1) — (7 _ T (k) . k(+1) — (k) T Y
X _(I yH H)X + yH'y X x" X H erae

iterations in the Fourier domain iterations in the space domain

=3 Positivity constraint No parameter
Landweber algorithm LW+ Early stopping number of iterations
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® terative Algorithms in DeconvolutionLab?2

..................................................................................................................................................................................................................................

JAYAN [.andweber iteration

[Landweber, 1951] [Richarsdon, 1972, Lucy 1974]
C(z) = [ly — Ha| o' =P {(I-7HH)z" + yH"y}

ot = 2™ x H (Hy(k))
k+1 T k T ’
" = (I-yH H)z" +yH'y e Known also NNLS

¢ Non-negative constraint = slow down!

® P0isson noise

e Assumption of positive signals (MLE)
e Slow, iteration in the spatial domain
e One parameter to tune (iter)

e | east-sguare minimization
e Controllable step
e Dominant Gaussian noise

..................................................................................................................................................................................................................................................................................................................................................................................................................................................................

) ) [Kempen, 1996] [Dey, 2006]
C(x) = |ly — Hzx||” + A|Lx||5 (k+1) — (k) o g7 ( Y )
p(E+1) Hx (k)
+ Al D)y

P {m(k) + (HTy — (H"H + AL”L) m(k)) }

e Tikhonov regularization * Preserve the edges
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® Regularization

Ground Truth

' 4

" 4

Pocket Guide to
Solve Inverse
Problems with
GlobalBiolm
Soubies, I0OP
Science, 2019
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® Special Deconvolution

AiryScan Zeiss LSM 880

Airyscan is a 32-channel hit-sensitive
photomultiplier detector that collects a
pinhole-plane image at every scan position

32 in focal plan of the 3D PSF

Widefield Confocal Airyscan

Confocal TV 30

NS

Zeiss RL GARL 30 GARL 40 GARL 50

‘\ ‘\
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® Bioimage Informatics

3D Deconvolution Microscopy

Considerations

= BIO-410



® Interpretation of the Spectral Changes

Experimental Protocol

10 ~_
-15
30 _ _Sé%und-truth _
35 _ :CS:i(::L\J/I(:tLiJ:)Ir?:ConvoIution+Noise E
-40 ¢ G W
10" 102
Ground-truth PSF Convolution Simulation Frequency

Deconvolution with Richardson-Lucy

-15 .
20 [ |—— @10 ' :
| —— @20 ™
- |— @30 ]

- | —— @40
25| @50
- | — @60 ]
- | — @70 ]
-30 : @80 ]
- @90 ]
-35 | Ground-truth 3
F | = Simulation ;

_40 E ; i : FRRRIE Feltl| i i ; i R R R SO |
10’ 102

Anlmatlon RL@1O RL@3O RL@1OO Frequency
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® Interpretation of the Spectral Changes

Animation

Course 3D Deconvolution Microscopy

PSF

Simulation

Convolution

TRIFO8

-10

-30

-35

40 E

-10

-15

-20

-25

-30

-35

40 F

Experimental Protocol

TT

Ground-truth

— P S

e (G ONVvolution

e Simulation=Convolution+Noise

L 1 L L L L 1 |

10’ 102
Frequency

Deconvolution with Tikhonov Regularized Inverse Filter

=% I
04 78 Q) E
= a= |
=% \Ifl:,'" —
TR 7R A\
=S /W) !

10’ 102
Frequency
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® Better Resolution?

Ground-truth
X

Y Course 3D Deconvolution Microscopy

Simulation

128%x128x128

— e e A& -
—— - - - -

0l“6100$0

Deconvolution with N iteration of Landweber+
Lateral Profile (Y) - Lateral FWHM of the PSF = 2.82 pixel

)\\\

#.’/)))

A\ )

h _)\\\
B n>m

all

s

D 1177

B

l ==

U
<~
I

-
>
> A\
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— —
-
_
—

100 12

—100
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— 250
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100 12
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® Dpynamic of the Signal

Quantitative method Normalization of the PSF = 1 Border artefact Ghost
300
N A
225 Vi A I h A
' M " y ’ "1"‘ \
150 VYR TN v Ghost
75 ™ a2 .0 M \
0 NWYy W ) V ¥

-75 Apodization
Visualization Overshot / Undershot

® @ berkeley-bilder-before_300.png [ NON ) Result of LW ® 0 Result of LW-1

300x243 pixels; 8-bit; 71K 300x243 pixels; 32-bit; 285K 300x243 pixels; 32-bit; 285K

Padding
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