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Why do Super-Resolution?
Because …. 

• we want/require higher resolution.

• …we want pretty pictures 

• …referees ask for them 

• …bosses ask for them ….



Expected resolution

Expected	  resolu.on

XY Z volume	  (fl)
rela.ve	  
volume

Widefield 220 550 0.02662 1

SIM 110 270 0.003267 0.122727273

STED 40 550 0.00088 0.033057851

STORM 20 50 0.00002 0.000751315



Realistic Resolution
Realis.c	  resolu.on

XY Z volume	  (fl)
rela.ve	  
volume

Widefield 220 550 0.02662 1

SIM 110 270 0.003267 0.122727273

STED 80 550 0.00352 0.132231405

STORM 50 100 0.00025 0.009391435



SIM Resolution

• NA and hence stripe width 

• Stripe contrast 

• Signal to noise



STED Resolution

• Depletion beam power 

• Probably gSTED, complicated balance between 
power and gating 

• Signal to noise



Localisation imaging 
Resolution

• Photons per localisation 

• PSF size 

• Labelling density 

• Overlapping fitting or rejection.  

• Signal to noise



SIM                                                   STED                                        dSTORM

Primary antibody anti α tubulin, secondary antibody coupled to Alexa Fluor 488 

SIM: maximum intensity projection	  
of two 125 nm z-sections

Microtubules in Drosophila macrophages



Measuring Resolution

• Line widths of sub resolution objects      
(eg Microtubules)

• Fall off in intensity with frequency in 
Fourier Transforms



Microtubule widths

Representative single microtubules with 
Gaussian fits

FWHM 
SIM          108±5 nm
STED       63±20 nm
dSTORM  42±4 nm
(n >10)
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Fourier Transforms to 
Assess Resolution

Widefield Deconvolved Widefield



Fourier Transforms to 
Assess Resolution

FFT of Widefield
FTs of Microtubule images 

at equivalent scale

FFT of deconvolved 
Widefield
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Fourier Transforms to 
Assess Resolution

dSTORMSTEDSIM

FTs of Microtubule 
images at equivalent 

scale

WF



Radial Integrals of FTs
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Localisation precision by 
Fourier ring correlation
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and we have applied it to monitor resolution buildup during data 
acquisition and to compare different localization algorithms. 
Quantification of the spatial correlations in the image leading 
to this resolution measure also provides a means to estimate the 
average number of localizations per emitter contributing to the 
image. Software for computing the FRC curve and the image 
resolution for localization microscopy data is available in the 
form of an ImageJ plugin and Matlab code at http://www.diplib.
org/add-ons/ and as Supplementary Software.

RESULTS
To compute the FRC resolution, we divide the set of single-emitter 
localizations that constitute a super-resolution image into two 
statistically independent subsets, which yields two subimages f r1( ) 
and f r2( ), where r  denotes the spatial coordinates. Subsequent 
statistical correlation of their Fourier transforms f q1( ) and f q2( )  
over the pixels on the perimeter of circles of constant spatial fre-
quency with magnitude q = | q | gives the FRC16
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For low spatial frequencies, the FRC curve is close to unity; and 
for high spatial frequencies, noise dominates the data and the 
FRC decays to 0. The image resolution is defined as the inverse 
of the spatial frequency for which the FRC curve drops below a 
given threshold. We evaluated different threshold criteria used 
in the field of cryo-EM15,18–20 and found that the fixed threshold 
equal to 1/7  0.143 (ref. 18) is most appropriate for localization 
microscopy images (Supplementary Fig. 1). The FRC resolu-
tion concept and the steps needed to compute it are illustrated 
in Figure 1a. FRC resolution describes the length scale below 
which the image lacks signal content; smaller details are not 
resolved in the image. Resolution values will always be larger 
than those based on localization uncertainty or labeling density 
alone (Supplementary Fig. 2).

(1)(1)

Theoretical considerations and simulations
FRC resolution allows predictions to be made about the impact 
of different imaging and sample parameters on the achievable 
resolution; these predictions are based on the expectation value of 
the FRC curve (Supplementary Figs. 3 and 4 and Supplementary 
Note 1), which is given by
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where N is the total number of localized emitters,  is the average 
localization uncertainty and ( )q  denotes the Fourier spectrum 
of the spatial distribution of the fluorescent emitters. The param-
eter Q is a measure for spurious correlations due to, for example, 
repeated photoactivation of the same emitter. Each emitter con-
tributing to the image is localized once for Q = 0 and in general 
Q/(1 – e−Q) times on average, provided the emitter activation 
follows Poisson statistics. Careful analysis of the spatiotempo-
ral correlations in the image and the emitter activation statistics 
(including effects of photobleaching) can provide a way to esti-
mate Q and correct for its effect on image resolution as well as 
to estimate the number of fluorescent labels contributing to the 
image, as is discussed below.

Analytical expressions for the resolution can be derived for 
particular object types (such as line pairs) often used in resolu-
tion definitions (Supplementary Note 2). The resolution R for 
an image consisting of two parallel lines with a cosine-squared 

(2)(2)
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Figure 1 | The FRC principle and trade-off between localization 
uncertainty and labeling density. (a) All localizations are divided into  
two halves, and the correlation between their Fourier transforms over 
the perimeter of the circle in Fourier space of radius q is calculated for 
each q, resulting in an FRC curve indicating the decay of the correlation 
with spatial frequency. The image resolution is the inverse of the spatial 
frequency for which the FRC curve drops below the threshold 1/7  0.143, 
so a threshold value at q = 0.04 nm−1 is equivalent to a 25-nm resolution. 
Error bars indicate theoretically expected s.d. (Supplementary Note 1). 
(b) Simulated localization microscopy image of a line pair with mean 
labeling density  = 2.5 × 103 per m2 in the area occupied by the lines 
and localization uncertainty  = 7.6 nm (line distance 70 nm, cosine-
squared cross-section). (c) Constant resolution in theory (lines) and 
simulation data (circles) for line pairs as in b as a function of localization 
uncertainty and labeling density. Regions of localization uncertainty–
limited resolution (blue) and labeling density–limited resolution (yellow) 
are separated by the red line 2 = e/(6 ). (d) Simulation results for 
localization uncertainty versus image resolution for different fixed total 
measurement times. Camera frame rates were varied to match the on-times 
of the emitter. The minima of the curves fall on the line R = 2  that 
separates the yellow region (not enough emitters localized) from the blue 
region (emitters not localized precisely enough).



Going beyond the 
image resolution

Centriol, imaging



Line profiles from 
different proteins
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Simulations of 2 
Gaussian peaks
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Simulated and 
experimental results
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Results of 2-peak fits
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