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Figure S. 16. FRC can help in quantitative image quality assessment. The FRC mea-

surement is compared against two image quality parameters on a dataset containing STED

super-resolution images with two different detector configurations and five different deple-

tion beam intensities. The spatial domain Entropy measure is very sensitive to contrast

changes. The FRC measure gives the effective resolution value. The fSTD measure reacts

strongly to noise and blur. The information given by the three measures is very com-

plementary; one might e.g. select a ”good” image in the series, based on some sort of

combination of these three parameters. [2]
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Table S. 1. The main advantages and disadvantages of the various splitting methods in

terms of sensitivity to spatial bias and temporal correlations are summarized. yes is the

desired answer here.

Method Symmetrical Distribution of Details Insesitive to fast-axis fluctuations
a) yes yes
b) no no
c) no yes
d) yes no/no
e) no yes
f) no no
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Note S. 1. Compensating for a known image shift in one-image FRC/FSC

The diagonal single image splitting method (Figure S. 4 a)) produces a single pixel shift both in x and

y directions. Here we try to understand what such shift does to the FRC/FSC curve. According to the

Fourier shift theorem, a shift of (y0, x0) pixels of image fi in the spatial domain, will result into e−i2πsr/N

frequency dependent phase modulation of its Fourier transform. r is equivalent to the radius in the

FRC/FSC equation; it should actually be expressed as a vector, but here we abuse the notation a little

bit as the summation over rings/spheres in FRC/FSC calculation essentially reduces the dimensionality

of a signal to 1D. s =
√
x20 + y20 equivalently is the total length of the shift. The FRC/FSC equation can

be modified to include the shift as follows:

FRC/FSC12(ri) =

∑
r∈ri

F1(r) · (F2(r) · e−i2πsr/N )∗√∑
r∈ri

F 2
1 (r) ·

∑
r∈ri

(F2 · e−i2πsr/N )2(r)
(14)

Because (e−i2πsr/N )2 = 1 it can be altogether ignored in the denominator. On the other hand, because

both F1 and F2 are Friedel symmetric, the result of summation over Fourier ring/sphere will always be

real. The nominator can thus be rewritten as

∑
r∈ri

Re
{

(F1 · F ∗2 )(r) · e−i2πsr/N
}

(15)

Let’s now make two variable changes Fcc = F1 · F ∗2 and D = N/2; substitution to D is motivated by the

fact that 0 ≤ ri < N/2. The nominator can now written to form

∑
r∈ri

Re
{
Fcc(r) · e−iπr/(D/s)

}
(16)

, which ends up being a discrete cosine transform (DCT-I), of length D/s. It is known that DCT-I

of length D is exactly equivalent to a DFT of length 2D − 2 with even symmetry. The shift s adds

a modulation to the DCT that essentially makes the frequency step size larger, thus compressing the

spectrum. We compensate for this effect by scaling the pixel size by the shift s =
√

2.

Note S. 2. Image descriptions

Figures 2, 3, 9, S. 5c), S. 1, S. 10, S. 14: A fixed HeLa cell with alpha-tubulin stained, using

Star488 secondary antibodies (Abberior, Germany). Sample was imaged with a Nikon A1 confo-

cal microscope, with excitation wavelength 488nm, 60x/1.4 oil immersion objective and GaAsP

detector.The image size is 512x512 and pixel size 51 nm.
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Figures S. 5c), S. 3: A sample of 40nm Crimson fluorescent nanoparticles (Abberior Instruments,

Germany). The sample was imaged with Abberior Instruments Expert Line STED system, exci-

tation wavelength 633nm, depletion wavelength 775nm, 100x/1.4 (UPLSAPO100XO) objective,

pinhole 1 Airy unit (AU). Two datasets with two image pairs each (STED, Gated-STED) were

acquired with this sample: 800x800, 10nm pixel size; 1000x1000, 15nm pixel size)

Figure 4a), S. 13, S. 15: A sample with tubulin cytoskeleton stained with Star-635P (Abberior,

Germany). The sample was imaged with Abberior Instruments Expert Line STED system, exci-

tation wavelength 633nm, depletion wavelength 775nm, 100x/1.4 (UPLSAPO100XO) objective.

Dimensions (1024x972x30; 30x30x100 nm).

Figure 4b): A sample of pollen, imaged with a Nikon A1 confocal microscope, with excitation

wavelength 488nm, 40x/1.2 water immersion objective and GaAsP detector. Due to custom

intermediate optics on the illumination/detection path, the objective was underfilled, to produce

a effective NA of approximately 0.5-0.6.

Figure S. 16: A fixed HeLa cell with tubuline cytoskeleton stained with Star635. The sample was

imaged with Leica TCS SP5 STED, 100x/1.4 oil immersion objective (HCX PL APO CS), pinhole

1.0AU, excitation wavelength 635nm. The depletion laser wavelength was set to 765nm and its

intensity was varied between 50-100% – the same field of view was imaged sequentially with two

different detectors. Dimensions (700x700; 15x15nm)

Figure 1b,d), S. 2, S. 6, S. 7: A fixed cell with intermediate filaments (vimentin) cytoskeleton

stained with Star635. The sample was imaged with Abberior Instruments Expert Line STED

system, excitation wavelength 633nm, 100x/1.4 (UPLSAPO100XO) objective. The dataset used

in Figures 1b), S. 6 consists of images with different pixel sizes (29 → 113 nm; dims 1389x1389

→ 354x354). The excitation gradient images used in Figure 1d) were imaged with 56nm pixel

size (708x708px); the widefield image in Figure S. 7 was acquired with the same parameters, the

optical pinhole was opened to remove the optical sectioning effect.

Figure 1c): A fixed cell with nuclear pore staining with Star635. The sample was imaged with

Abberior Instruments Expert Line STED system, excitation wavelength 633nm, 755nm depletion,

100x/1.4 (UPLSAPO100XO) objective. The STED depletion was raised in 10% steps 0 → 20%

(arbitrary units) to produce the resolution gradient. Image size (1000x1000; 20x20nm)

Figure S. 11: A Atto647N fluorescent layer imaged with bberior Instruments Expert Line STED

system, excitation wavelength 633nm, 100x/1.4 (UPLSAPO100XO) objective. Dimensions

(500x500; 60x60nm)
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Note S. 3. MIPLIB open-source image analysis software

MIPLIB is an evolution from the SuperTomo software [3] that was originally written for the specific

purpose of performing multi-view tomographic reconstructions with large 3D STED microscopy datasets.

Over the years its scope and features have slowly expanded towards a general purpose microscopy image

analysis and processing library. In addition to the new FRC/FSC features, we recently decided to consol-

idate several previously separate image analysis and processing packages, dealing with e.g. quantitative

image quality analysis [2] , correlative microscopy [4] and image deconvolution into MIPLIB as well.

The library is being made available under FreeBSD open source license, and it can be downloaded at:

https://github.com/sakoho81/miplib

Regarding iteration in polar/spherical coordinate space. In order to conveniently calculate the

(S)FSC measures, flexible methods to index the 3D Fourier space needed to be created. To this end

we created a series of spherical-coordinate-system-based Fourier Shell iterators in the MIPLIB software.

The iterators produce the sequence of 3D indexing structures that are needed to extract voxels on a

given shell/section from the Fourier space image for FSC calculation. The iterators were designed to

be interchangeable – any one of them can be used in the FSC implementation to produce the desired

behaviour. In addition to the regular FSC and SFSC iterators, we also implemented special ones to

exclude pixels in certain orientations – this is necessary as microscope images often contain artefacts

generated e.g. by the mechanical movement of the xyz - scanning apparatus; the artefact become visible

in the FRC/FSC measures as higher than normal resolution values. Excluding pixels in the direction of

the optical axis seems to be especially important, as the axial scanning steps (piezo) as well as possible

interpolation artefacts otherwise compromise the resolution measure. With each iterator the width of the

sections, the thickness of the shells (bin size), as well as the width of the possible exclusion area can be

freely selected.

Similar interchangeable iterator scheme is used in the FRC implementation as well, the main difference is

that the iterators work in polar coordinate system, and only one cross-correlation curve is calculated for

every image. It may in some instances be of interest to exclude certain parts of the Fourier rings as well,

if a particular orientation of features is of interest, or if there are artefacts in a certain direction affecting

the FRC results.

Regarding FRC/FSC analysis. The FRC/FSC analysis is a multi-stage process, in which first the

image is analyzed to form the FRC/FSC datasets, after which the datasets are analyzed to find out the

resolution values. The datasets consist of the cross-correlation histogram and a list of the number of

pixels/voxels on each ring/shell; the latter information is needed to calculate the threshold curves. The

FRC/FSC analysis workflow is described algorithmically in Algorithm 1.
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Algorithm 1 Simple pseudocode for our FRC/FSC analysis algorithm. Words in italics denote variable
names.

for each Orientation in Iterator.Orientations do
calculate FRC/FSC Dataset
save to DataCollection

end for
for each Dataset in DataCollection do

fit a curve to Dataset.Correlation
calculate Threshold from Dataset.NPoints
fit curve to Threshold
find an intersection of the two curves

end for

The resolution thresholds in this paper are based on the (Eq. 3). MIPLIB allows calculating a threshold

for any arbitrary SNREvalues, although 0.25 (FRC) and 0.5 (SFSC) are used thoughout this paper. In

addition, it is possible to use fixed thresholds (1/7 or any other lever) or the nσ thresholds.

The curve fitting has been implemented in two different ways: (I) a standard linear model fitting, with

an exponential function of the order of n and (II) a piece-wise (smoothed) splines based fitting method.

The former method makes it possible to enforce a given shape for the resolution curve , whereas the latter

is more robust, especially with very noisy data, into which it is hard to reliably fit a polynomial without

some sort of pre-filtering or cropping. We almost exclusively use the smoothed splines as they produce

nice looking FRC/FSC curves almost with any kind of data.

The intersection of the cross-correlation and the threshold curves is calculated by minimizing

|FRC/FSC(x)− Th(x)|, where FRC/FSC(x) and Th(x) are the values of the correlation curve and the

threshold curve at frequency x, respectively. The optimization is done with a classical Simplex algorithm

[5]. In order to reduce the number of iterations, the optimization is started at a frequency x at which the

FRC/FSC correlation value in the original histogram is just above the threshold curve.

Note S. 4. Summarizing properties of the single image splitting schemes

Properties of the image splitting methods are summarised. Letters a)-f) refer to the labels used in (Figure

S. 4). The main advantages and disadvantages of each method are in addition summarised in (Table S. 1).

a): Diagonal Splitting

• Since the corresponding pixels of the two images belong to two different line of the original

image, artefacts due to temporal correlation are suppressed, i.e the line-dwell time is much

longer than the temporal scale of the dynamics.

• The two generated images are shifted with respect to each other, by the same amount in x

and y directions.

b): Horizontal Splitting
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• Since the corresponding pixels of the two images are temporally consecutive artefacts due to

temporal correlation maybe introduced.

• The two generated images are shifted with respect to each other only in the x direction.

• The x direction is effectively more densely sampled than the y direction

c): Vertical Splitting

• Since the corresponding pixels of the two images belong to two different lines of the original

image, artefacts due to temporal correlation are suppressed; i.e the line-dwell time is much

longer than the temporal scale of the dynamics.

• The two generated images are shifted with respect to each other only in the y direction.

• The y direction is effectively more densely sampled than the x direction

d): Diagonal Summing

• Since the corresponding pixels of the two images are obtained adding pixel which belong to

the same line of the original image, artefacts due to temporal correlation maybe introduced.

• The diagonal summing may produce spatial correlations

• The two images are not shifted with respect to each other.

e): Horizontal Summing

• Since the corresponding pixels of the two images are obtained by summing pair of temporally

consecutive pixel, artefacts due to temporal correlation maybe introduced.

• The two generated images are shifted with respect to each other only in the y direction.

f): Vertical Summing

• Since the corresponding pixels of the two images are obtained by summing pixel which belong

to two different lines of the original image, artefacts due to temporal correlation are not

introduced by the summing; however they may still be present in the split images similar to

b).

• The two generated images are shifted with respect to each other only in the x direction.
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