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The Quest of Higher Resolution
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SMLM Image Analysis
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Sub-Pixel Localization Methods

Direct 
Detection

Center of gravity 
QuickPALM (FIJII)

center of 
gravity

˟˟

detection

Solving as 
a Inverse 
Problem

Learning 
Approaches
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ADCG

Synthetic datasets 
DECODE

Preprocessing 
ANNAPALM

Inv. pb DL
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Express 
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commercial 
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2’000’000

localizations 


1.17Gb

XY positions or  
XYZ positions

Numbers of photons UncertaintyFrame

Point Processing and Point Analysis

Rendering

Data preprocessing 
• Denoising (Rejection) 
• Drift correction 
• Temporal grouping

{x,y,t} {x,y,t}

Data Analysis 
• Clustering 
• Segmentation 
• Tracking

{x,y,t}
Biological 
Measurement 
Information

CSV
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Point Processing
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Drift Correction 
Fiduciary markers-based 
• Tracking the fiducial 

Localization-based 
• Cross-Correlation of batch 

of N frames 

Rendering-based 
• Registration

Denoising = rejection of points 
• Number of photons 
• Uncertainty 
• Isolated points 
• Low local SNR 

Temporal  
Grouping 
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2D Rendering
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Nieuwenhuizen, 2015

Histogram binning Gaussian rendering DelaunayJitteringGround-truth

Histogram binning Colorize Voronoi
Martens et al., 
Frontiers, 2022

Levet et al., SR-Tesseler, 2015
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P. Nicovich 
Nature Protocols 

2017

• Denoise: marks outliers 
• Unsupervised clustering: do not required K 
• Not deterministic, dependencies to parameters 
• Do not work when large differences in densities

wikipedia 

Parameters: 
minPts, ε (nm)

DBSCAN 
Density-Based Spatial Clustering of Applications with Noise

The most common cluster algorithm  
Groups together points that are closely packed together

youtube published by 
Karthik Ramasamy 

Clustering

K-Ripley
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Tracking
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Single Particle Tracking

Manley, Nat. 
Methods, 2008

sptPALM
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PSF Shaping
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Interferometry
iPALM Shtengel et al. 


PNAS 2009

SELFI Bon et. al.

Nat Methods 2018

Engineered 
PSF

Astigmatism

cylindric lens

Huang et al. 

Science 2008

Astigmatism

adaptive optics

Izzedin et al. 

Optics Express 2011

Double-helix Pavani et al. 

PNAS 2009

Saddle Shechtman et al.

Phys Rev Let 2014

Tetrapod Aristov et al. 

Nat. Comm. 2018

Multiplane

Biplane Juette et al. 

Nat. Methods 2008

Multiplane, MUM

Biplane

Ram et al. 

Biophysical Journal 2008

Multifocus, MFM Abrahamsson et al. 

Nat. Methods 2013

Beam Splitter Geissbuelher et al. 

Nat. Comm. 2018

Astrid Magenau 2014 and Bassam Hajj 2018 Fazel et al. Biophysics and Bioengineering, 2022

Principle 
Acquisition in 2D

3D PSF: Stacking all the 2D-PSF

Calibration: Find relation z = f(shape_parameters_2D)
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3D PSF Calibration - Astigmatism
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 Z-Stack of beads 
• Small beads of very high SNR 
• Small z-step

PSF model 
• Gaussian PSF  
• Zernike coefficients  
• Continuous model (derivable)

z = f(σx − σy)

QuickPALMz

Gaussian-based model in astigmatism 

Calibration find the axial curve

z = f(α1, α2, . . . ) z ∈ [zmin, zmax]

500nm 0nm -250nm

PSF(x, y) =

N
2πσ1σ2

exp (−
x2

2σ2
1

−
y2

2σ2
2 ) + b

Discovery of the periodic cytoskeletal structure  
in axons  [Xu, Science 2012]

• Simple set-up, calibration on beads, low-cost 
• Commercial microscope, open-source software 
• Mid-range performances  

Astigmatism: the affordable 3D solution
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3D SMLM High-Density
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How to detect and localize when overlapping? 2 spots at ~1μm
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3D SMLM Software
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Software PSF Plateform Contact
3D-DAOSTORM Gaussian Python / C Harvard University, MA, USA

3D-STORM Gaussian Qt framework University of Upper Austria Linz, Austria

3D-WTM Gaussian Stand-alone Hamamatsu Photonics K.K., Japan

Cspline Learnt Python / C Harvard University, MA, USA

DECODE Encode Python / Theano Janelia Farm, USA

Localizer Gaussian Igor University of Leuven, Belgium

MIATool Bessel Java Texas A&M University, Texas, USA

mlePALM Gaussian Matlab Laboratory of Nanoscale Biology EPFL, Swiss

pSMLM-3D Gaussian ImageJ Wageningen University, NL

QC-STORM Gaussian ImageJ Wuhan National Laboratory, China

QuickPALM Gaussian ImageJ Institut Pasteur Paris, France

RainSTORM Gaussian Matlab University of Szeged, Hungary

RapidSTORM Gaussian Stand-alone University of Wurzburg, Germany

SMAP Learnt Matlab EMBL Heidelberg, Germany

SMolPhot Gaussian Python / C University of Tartu Institute of Physics, Estonia

ThunderSTORM Gaussian ImageJ Charles University Prague, Czech

TVSTORM Gaussian Matlab The Ohio State University Columbus OH, USA

WaveTracer Gaussian Metamorph University of Bordeaux, France

ZOLA-3D Zernike ImageJ Pasteur Institute

Criteria 
Runtime 

Detection Rate 
Accuracy 

Parameters 
User interface 

PSF model 
Learning? 
Accessible 

Robust to HD

QuickPALM (center of gravity) MIATools (single-emitter fit) Spline (multi-emitter fit PSF) DECODE (Learning)

SMLM Challenge, datasets and benchmark: http://srm.epfl.ch/
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3D SMLM Open-source Software
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• Fast (without GPU) 
• Method: centroid 
• Popular: embedded in FIJI 
• 2D and 3D (AS) 
• On-line reconstruction

QuickPALM

Ricardo Henriques, Nat. Methods, 2010

The historical tool for a fast 
reconstruction

• Easy-to-use on Fiji 
• Extensive collection of methods 
• 2D and 3D (AS, BP) 
• Post-processing: drift, grouping

PSF fitting 
• Single emitter fitting: detection-

localisation-rejection 
• Multiple emitter fitting: optimal 

determination of the number of 
molecules (high-density)

ThunderSTORM

A comprehensive ImageJ plugin 
for PALM and STORM data

Martin Ovesný, Bioinformatics 30, 2014

SMAP

• Easy-to-use, Matlab based tools 
• Extensive collection of methods 
• 2D and 3D (AS, DH, BP) 
• Post-processing: drift, grouping 

Super-Resolution Microscopy 
Analysis Plateform

Jonas Ries, Nature Methods 2018

PSF model 
• Include the 3D fit of PSF 

fit3Dspline

DECODE

• 2D and 3D. Python-based 
• Prediction: detection, intensity, 

coordinates, uncertainties 
• Frame-to-frame and temporal 

analysis

Deep Learning 
Prediction 3D localizations

Arthur Spieser, Nature Methods 2021

SMLM Challenge, datasets and benchmark: http://srm.epfl.ch/
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Centroid Gaussian PSF fitting Cubic-spline PSF fitting


