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We present acomprehensive review of super-resolution optical fluctuation

imaging (SOFI), arobust technique that leverages temporal fluctuations in
fluorescence intensity to achieve super-resolution imaging without the need
for single-molecule localization. The Review starts with a historical overview
of super-resolution microscopy techniques, and then focuses on SOFI’s

core principle—the analysis of intensity fluctuations using cumulants to
improve spatial resolution. The paper discusses technical challenges, such
as photobleaching, blinking kinetics and pixel size limitations, as well as
proposing solutions like Fourier upsampling and balanced SOFI to mitigate
these issues. Additionally, we discuss potential advancements in the field,
including the integration of SOFI with other super-resolution modalities

like structured illumination microscopy and image scanning microscopy,
and the application of SOFIin cryo-fluorescence microscopy and quantum
emitter-based imaging. This paper aims to serve as an essential resource

for researchersinterested in utilizing SOFI for high-resolution imaging in
diverse biological applications.

Fluorescence super-resolution microscopy has revolutionized the
fields of cellular and molecular biology by overcoming the diffraction
limit of light, which restricts the resolution of conventional optical
microscopy to approximately 200 nmin the lateral plane and 500 nm
intheaxial plane. Thefirst of the fluorescence super-resolution micros-
copy techniques to be developed is stimulated emission depletion
microscopy, introduced by Stefan Helland Jan Wichmannin1994 (ref.
1). It uses a second laser to selectively deactivate fluorophores in the
periphery of the first laser excitation spot, thereby reducing the effec-
tive point spread function (PSF) and enhancing resolution beyond the
diffraction limit. This method has achieved resolutions 0of 20-50 nm,
allowing a detailed visualization of subcellular structures.

A second class of fluorescence super-resolution methods is sub-
sumed under the name of single-molecule localization microscopy
(SMLM). SMLM uses the fact that the image of a single, isolated fluo-
rescent molecule can be localized with a much higher precision than
the width of itsimage (size of the PSF). SMLM is technically simpler to
realize than stimulated emission depletion microscopy, and has found
tremendously wide applicationsin thelife sciences. The first two SMLM
methods that wereindependently and quasi-simultaneously invented

are photoactivated localization microscopy (PALM) and stochastic
optical reconstruction microscopy (STORM). PALM, developed by
Eric Betzigand Harald Hessin 2006, relies on the photoactivation and
subsequent localization of individual fluorescent molecules to build a
high-resolutionimage?. By sequentially activating and imaging sparse
subsets of fluorophores, PALM achieves resolutions of 10-20 nm. At
the same time, Xiaowei Zhuang and colleagues introduced STORM,
which uses the stochastic switching of fluorescent dyes to capture the
high-precisionlocalization of individual molecules®. Like PALM, STORM
reconstructs super-resolution images by accumulating the positions
of many single-molecule events. Later, STORM was further developed
intoits variant called direct STORM that does not require photoswitch-
able proteins or dyes but uses conventional fluorophoresinareducing
and oxidizing environment toinduce blinking®. This simplifies sample
preparation and maintains the high resolution.

As animportant alternative to PALM, STORM and direct STORM,
whichrely oneither irreversible or reversible photoswitching of fluo-
rescent molecules, points accumulation for imaging in nanoscale
topography (PAINT) enhances the spatial resolution by using the tran-
sient binding of fluorescent probes to their targets’. This method was
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Fig. 1| Principle of SOFI. a, Raw SOFI data are a stack of microscopy frames
(video) of asample, where the density of labels that are simultaneously in their
fluorescence-on state can be much larger than what is usually acceptable in
SMLM. The image shows an example of three emitters (red, green and blue) with
overlapping PSFs. The sumimage of the video is shown on the left, and the SOFI
image obtained after pixel-wise temporal correlation is shown on theright. The
frame shows aschematic of the auto- and cross-correlation of the fluorescence
signal of one and between different emitters. The core ingredient of SOFl is that

the cross-correlation between signals from different emitters is zero. b, One
peculiar property of SOFIis that itimbues a wide-field microscope with confocal
sectioning capability. This can be used to obtain quasi-simultaneous three-
dimensional images of a sample when using a suitable multiplane imaging system
as the prism-type multiplane microscope shown here. ¢, Three-dimensional
SOFlimaging of mitochondria stained with Alexa 647 in fixed C2C12 cells. The
maximum intensity projection of the third-order balanced SOFlimage covers a
volume of 65 x 65 x 3.5 um? (ref. 34).

developed by the late Robin M. Hochstrasser and his coworker Alexey
Sharonov, and it allows for continuous imaging unrestricted by the
eventual photobleaching of the fluorescent labels. Its most widely
used variantis DNA-PAINT, which uses the transient binding of short,
single-stranded DNA probes (imagers) to their complementary target
sequences (docking strands) attached to the structure of interest.
DNA-PAINT was introduced by Ralf Jungmann and colleagues in 2010
(ref. 6), and it provides the highest spatial resolution andis particularly
useful for multiplexed imaging.

The latest addition to the class of SMLM methods is minimal (fluo-
rescence) photon flux (MINFLUX) microscopy, whichwasintroduced
by Stefan Hell and colleagues in 2016 (ref. 7). MINFLUX combines the
elements of both localization and coordinate-targeted microscopy
to achieve nanometre-scale resolution with fewer emitted photons
compared with traditional methods®”’.

Allthese SMLM methods provide the maximum optical resolution,
butrequire the acquisition of thousands ofimages and the localization
of millions of molecules for obtaining adecent, super-resolved image
of asample. An alternative super-resolution microscopy approach to
SMLM, whichalso exploits the photoswitching (blinking) of fluorescent
dyes but without localizing them, is super-resolution (or stochastic)
optical fluctuation imaging (SOFI)™.

SOFI has emerged as a versatile and powerful technique for
overcoming the diffraction limit in fluorescence microscopy. By
leveraging the temporal fluctuations of fluorescence intensity, SOFI
can generate super-resolved images without the need for the precise
localization of individual emitters, making it a robust alternative to
STORM. This inherent flexibility allows SOFI to operate effectively
even at high fluorescent label densities, which are prohibitive for
SMLM, as well as to produce super-resolved images at a significantly

faster rate. These attributes are particularly beneficial for live-cell
imaging applications.

The advantages of SOFI are that it is extremely simple to imple-
ment, works with any label that shows any kind of intensity fluctua-
tions and allows for the generation of super-resolved images one to
two orders of magnitude faster than SMLM. Although the original
publication’® that introduced SOFI used fluorescent quantum dots
for labelling, due to their intrinsic strong intensity fluctuations and
high overall photostability, subsequent publications have shown that
SOFIworks with dyes", photoswitchable proteins'", graphene dots™
or exchangeable fluorophores®”.

Moreover, SOFI can be combined with other super-resolution
modalities such as structured illumination microscopy (SIM)'*" or
image scanning microscopy (ISM)'**, and is a promising candidate for
cryo-fluorescence super-resolution microscopy. This Review provides
a comprehensive overview of the working principles, performance
and limitations of SOFI, as well as recent developments and advances
inthe technique.

Physical principle

The core idea of SOFI comes from fluorescence fluctuation spectros-
copy and can be explained as follows: assume one observes stochas-
tically blinking emitters with time-dependent intensities s(¢). If the
blinking of these emittersis statisticallyindependent from eachother,
thenany second-order cross-cumulant ¢,[si(t), s,(t + )] = (s{£)s,(t + 7)),
= (s(0))«(sk(8)), will vanish for all time differences 7 (here angular brack-
ets with subscript ¢t denote averaging over time ¢). Only if both signals
come from the same molecule (j = k), the second-order cumulant will
be non-zero and equal to the temporal autocorrelation of intensity,
lsi(0), st + )= (s(O)s (£ + 1)), ~ (1))
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Now, theimage recorded fromasamplewith nfluorescent emitters
is formed by the convolution of the emitter positions with the PSF of the
microscope multiplied by the correspondingintensities of the emitters:

Ip.0) =, U — p;,z,)s (D), (o))
Jj=1

where p;and z; are the lateral and axial positions of the jth molecule,
respectively; s(t) isitsintensity attime¢;and U(p - p’, 2') is the PSF, that
is, theintensity generated by amolecule at lateral position p”and axial
position 2’ at position p on the detector. For a perfectly aplanatic sys-
tem, thisfunctionisindeed only afunction of the difference p — p’. Now,
when calculating a pixel-wise second-order cumulant along time t as

G = AkZl Up — ;2 JU(P — x> 2i)CTs 1(B), Si(t + 1)]
JK=
@

n
= Zl U(p — P}, 2 ))cy(7),
j:

the resulting second-order cumulantimage C,(p, 1) isonly afunction of
detector position p, lag time 7and the second-order temporal cumulant
functionc,(1) of the emitters’ fluorescence (whichisassumed tobe the
same for all the emitters). In particular, this image is formed by the
square of the PSF. This corresponds to extending the frequency support
ofthe optical transfer function (OTF; the Fourier transform of the PSF)
by twotimes. A doubled frequency support of the OTF signifies a dou-
bling of the spatial resolution, and this is the core idea of SOFI: improv-
ing the spatial resolution of the final image by performing a temporal
correlationanalysis of arecorded video of the raw microscopy images.
Itis straightforward to extend this concept beyond the second-order
cumulant and to calculate an mth-order cumulant. Again, one uses the
fact that the mth-order cumulant function of the stochastically fluc-
tuating intensities of different and statistically independent emitters
vanish, except if all the m intensity inputs to the mth-order cumulant
come from the same molecule. Thus, the mth-order cumulantimageis

n

Cn(PT1s s Tyet) = D, UM(P = 91, 2 )C(T1, Ty o, Tpy), (B)
Jj=1

where ¢, (1) is the mth-order temporal cumulant function of the emit-
ters’ fluorescence signal and is formed with the mth power of the PSF,
signifying an m-fold improvement in spatial resolution. Here the
cumulants on the left side are defined via the cumulant-generating
function as

j=1

o <
CnP,T1 oo s Tipp) = 93,00, .90, ln<exp > Glp,t + Tj—l)]> |{(} O’
)=

where, by definition, 7,= 0. The second-, third- and fourth-order cumu-
lantimage are explicitly calculated as

1
G, 1) = </_l__£[l(0, t+1)— 7]> ,

t

2
G, 1, 1) = <_1_'£[I<p, t+1) - 7]> ,

t

2
(P, 11,15, T3) = QE)[/(P, t+1) - i]> =GP GP, 13— 1)—

t

=GP, )G(P, 13 — 1) — G(P, 13)G(P, T — T1),
(5)

where the average intensity image I is defined as
1= (P, 0)),. (6)

Finally, one can integrate over all the possible times 0 < 7; < for
obtaining a final super-resolved cumulant image. This idea was first
presented and verified in astudy in 2009, where it was demonstrated by
analysing the temporalintensity fluctuations of fluorescent quantum
dots and SOFI was demonstrated up to the 25th order™®. Meanwhile,
different open-source software tools for performing, testing and mod-
elling SOFl are freely available?® >,

Optical resolution and pixel size

Asexplainedinthe previous section,an mth-order SOFlimage is formed
with the mth power of the PSF U(r) (Fig. 2, second column). In Fourier
space, this corresponds to an m-fold autoconvolution of the OTF U(k), or

0o (k) = O(K) ® U(K) ® .. ® U(K), @)

mtimes

which results in an m-fold extension of the frequency support of the
OTF of the used microscope (Fig. 2, left column). However, the appar-
ent resolution improvement will be only a factor of 4/m, which corre-
sponds to adecrease in width of the mth power of the PSF. As detailed
inanother work?, this does not produce the optimal PSF for the ‘sharp-
est’image. In that work, the optimal PSF was defined as being positive
everywhere, with amaximum peak value, or equivalently,amaximum
integral value of the OTF over its support. This paper demonstrates
that for a given finite frequency support of an OTF (set of allnon-zero
spatial frequencies), the optimal OTF is the autoconvolution of a uni-
form amplitude distribution.

Toillustrate this for the second-order SOFI, the PSF (Fig. 2, second
panel in the second row) is the square of the wide-field microscope’s
PSF (Fig. 2, second panelinthe first row). Accordingly, the OTF for the
second-order SOFI (Fig. 2, first panel in the second row) is the autocon-
volution of wide-field microscope’s OTF (Fig. 2, first panel in the first
row). On the basis of the aforementioned principles of an ideal OTF,
the optimal OTF for the second-order SOFI (Fig. 2, third panel in the
second row) is given by the autoconvolution of a uniform frequency
distribution over the wide-field OTF’s frequency support (Fig. 2, third
panelinthefirstrow). Inparticular, thisis also the ideal OTF of a confo-
cal microscope withazero-diameter pinhole, whichis equivalent tothe
ideal OTF of U s, (refs. 24,25).

For the mth-order SOFI, its OTF is the mth autoconvolution of the
wide-field OTF, resulting in an mth-fold extended frequency support
in all directions compared with the wide-field OTF. Analogous to the
case of the second-order SOFI with doubled frequency support, the
optimal OTF for the mth-order SOFlis given (for m > 1) by

~(m) ~ 2k
Usor, igeal(K) = Ussm (E) (8)

whichisshowninthethird columninFig.2.Toachieve thi(§ni)n SOFI, one
has to reweigh the Fourier amplitudes of a SOFlimage 505, (k) by

~(m)

~(m)
Isof1, ideal(K) =

Uisw(2k/m) Isop(K), 9)

e+ 0K QUK Q ... ® Uk)

where ¢is a sufficiently small constant that prevents unwanted noise
amplification at high spatial frequencies for which the m-fold autocon-
volutioninthe denominator approaches zero. Typically, one chooses ¢
tobe~0.1of themaximum absolute value of this autoconvolution, which
still allows to nearly achieve the full potentially possible resolution
(Fig. 2, fourth column) without introducing significant noise artefacts.
Certainly, more sophisticated frequency readjustment algorithms are
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Fig.2| OTF and PSF of SOFL. The left column shows the lateral-axial cross-
sections (logarithmic density plots) of the OTFs for a wide-field microscope
(top) and for the second- to fourth-order SOFI, as obtained when applying the
corresponding correlation analysis to the signals recorded by the camera pixels.
The second column shows the lateral-axial cross-sections (linear density plots)
ofthe resulting PSFs, where the vertical yellow bar in the top panel corresponds
to1um. The second panel of the third column shows the ideal OTF for the
second-order SOFI, whichis obtained by autoconvolving the OFT of a wide-field
microscope but with all the non-zero amplitudes set to zero, as shownin the
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first panel of the third column. The ideal OTFs for the third- and fourth-order
SOFI, as shown in the third and fourth panels of the third column, are rescaled
versions of theideal OTF of the second-order SOFI. The fourth column shows the
resulting PSFs for the different SOFI orders. The vertical and horizontal grey lines
show the maximum extent of the frequency support of the different OTFs (also
shown as the annotation on the top right), where 1is the emission wavelength, n
is the sample’s (microscope’simmersion medium) refractive index and @ is the
maximum half-angle of light collection of the used microscope objective. The
PSFs were calculated for an emission wavelength A of 500 nm.

possible, which could also take into account the actual noise level in
animage’>?, and this is one of the ongoing research efforts in SOFI.
Of course, as seen by comparing the ‘raw’ and ideal OTFs for different
SOFlorders (Fig. 2, firstand third columns), the higher the SOFl order,
the faster the Fourier amplitudes decay at higher spatial frequencies,
whichincreasingly reduces the ability to reach the full m-fold resolution
enhancement that is theoretically possible with the mth-order SOFI.

One of the technical issues in the early years of SOFI was the dis-
crepancy between the achievable resolution by higher-order SOFI
and the finite pixel size of the camera used to capture the raw images.
In other words, the theoretically achievable resolution of SOFI could
easily surpass the effective pixel size of the recorded images. One
solution to this problemis to use cross-correlation between adjacent
pixelsto generate intermediate pixels in the final SOFlimage. Temporal
cross-correlation of signals from different pixels has the advantage of
utilizing the zero-lag-time contribution of the temporal correlation,
whichleads toshot-noise artefacts in aone-pixel autocorrelation analy-
sis. However, generating intermediate pixels by pixel cross-correlation
may lead to pixelation artefacts, which can be corrected using dedi-
cated correction algorithms®,

Analternative and artefact-free solution to the pixel size problem
is Fourier-upsampling SOFI*’, alossless and exact interpolation method
for datawith finite spatial-frequency support. In Fourier upsampling,
a two-dimensional Fourier transform of the recorded raw images is
first performed. If the original image size is large enough and the pixel
size is small enough to fully sample the PSF according to the Nyquist
criterion (typically corresponding to an effective pixel size of approxi-
mately 50-100 nm), the Fourier-transformed image will clearly show
the limited frequency support of the OTF, beyond which the Fourier
amplitudes are close to zero (noise).

By padding the Fourier image with a sufficiently wide margin of
zeros and then transforming the image back to real space,images with
arbitrarily small pixel sizes can be generated without distorting the
image content. Theseimages can then be used for SOFl analysis, allow-
ing for super-resolved images with a pixel size matching the maximum
resolution of the given SOFI order.

Coreimaging properties
SOFI hasseveral attractive properties. First, it does not require theiden-
tification and localization of individual emitters, thoughiit still needs
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stochastic photoswitching or blinking, allowing it to work at fluorescent
label densities that would be prohibitive for SMLM. As a result, SOFI
can generate super-resolved images faster than conventional SMLM,
whichis particularly beneficial for live-cellimaging. Acomprehensive
comparison between SOFI and SMLM*® highlights the advantages and
limitations of both methods in terms of resolution, imaging speed and
label density. In this vein, an interesting synthesis of SOFl and SMLM
was presented earlier”, where the authors demonstrated how SOFI
can improve image generation in SMLM by contributing to the elimi-
nation of the background noise and false positives in single-molecule
localization.

Second, SOFI removes any background (autofluorescence and
scattering) that does not fluctuate over time from an image*. Third,
even second-order SOFI, which generates images with the square of
the PSF, induces optical sectioning®, similar to confocal or two-photon
excitation scanning microscopy. This capability allows images to be
taken with aconventional wide-field microscope, which lacks intrinsic
optical sectioning capability. Several earlier works have cleverly com-
bined this capability with multiplane-imaging wide-field microscopy
to generate quasi-simultaneous three-dimensional images with nearly
tripled resolutionin all directions* ¢, Analternative approach that lev-
erages the sectioning capability of SOFI to generate three-dimensional
images in one step was presented by Purohit et al.”’. They used a helical
wavefrontshaper® to generate adouble-helix PSF, which was then used
with a spatiotemporal correlation analysis to obtain super-resolved
three-dimensional images of asample.

Fourth, SOFI does not require special on/off kinetics of fluores-
cenceblinking (as usually needed for SMLM) and, thus, works with any
emitter that exhibits stochastic blinking. The first realizations of SOFI
were performed with fluorescent quantum dots due to their stochastic
and spontaneous blinking over awide range of timescales. Later, SOFI
was demonstrated with organic fluorescent dyes*, photoswitchable
fluorescent proteins®, blinking carbon nanodots" and blinking poly-
mer nanoparticles*>*. Similar to PAINT imaging, the intensity fluctua-
tionsinduced by the reversible binding of fluorophores to target sites
can also be used for SOFI"**2,

Cusp artefacts, photobleaching, statistics and
nonlinearities

A peculiarity of SOFI is that the final image quality depends not only
onthe fluorescenceintensity and the number of recorded raw images
butalsoonthe cumulant order and blinking kinetics. For unfavourable
on/offblinking kinetics parameters, certain orders of SOFI may exhibit
cusp artefacts, resulting in anearly dark image with close-to-zero con-
trast®. This issue was extensively studied in ref. 44, where the authors
analysed whichblinking kinetics, SOFl order and alternative fluctuation
analysis approaches help avoid such artefacts. Aninteresting method
to prevent cusp artefacts and optimize the blinking behaviour of fluo-
rescent emitters was presented by Xu et al., who used photoswitch-
able fluorescent proteins and tuned their blinking behaviour with an
additional light source®. Using this approach, they demonstrated that
only 20 raw images are sufficient for obtaining decent SOFI images,
enabling them to observe the dynamics of the endoplasmic reticulum
inliving cells.

SOFlassumes strict stationarity of asample’s fluorescence signal,
meaning that the statistical properties of the signal do not change
over time. However, in real samples, photobleaching of fluorescent
labels is unavoidable, which canintroduce artefacts into the final SOFI
image*®. One obvious way to mitigate this is to repeatedly apply the
SOFI algorithm to short substacks of the full recorded video so that
photobleaching over the acquisition time of one substack is negligible.
Another very promising approach to avoid photobleaching artefacts
is the use of exchangeable fluorophores®, similar to what is done in
PAINT>* for lifting the restrictions imposed by photobleaching on
SMLM. Such labels are now even available as protein tags compatible

with in-cell live-cell microscopy*®. More sophisticated approaches
correct therecorded fluorescence images for photobleaching before
SOFI analysis*®*. Interestingly, when applying a suitably modified
algorithm, photobleaching can even be used as the core ‘fluctuation’
mechanism for SOFI, as demonstrated in ref. 50.

Additionally, the free diffusion of fluorescent dyes may affect
the final SOFI result, an effect extensively studied inref. 51. There, the
authorsinvestigated how the diffusion of fluorescent probes impacts
the performance of SOFI, motivated by the increasing use of SOFlin
live-cell fluorescence imaging, where dynamic processes, such as
diffusion, may distort the imaging results. The authors developed a
theoretical model to describe SOFlin the presence of diffusing emit-
ters and validated this through numerical simulations. They focused
on the diffusion of fluorophores in biological systems, particularly
inmembrane microdomains, and examined how diffusion alters the
SOFIsignal. The results showed that although diffusion does affect
the SOFI signal, it improves spatial sampling, thereby enhancing
the image quality. The extent of image distortion depended on dif-
fusion coefficients and the on-time ratio of the fluorophores. The
authors concluded that in practical biological experiments, the
distortion caused by diffusion is minimal and can even be beneficial
by reducing spatial undersampling, thereby improving the overall
image accuracy.

To obtain sufficiently good statistics when calculating the cumu-
lant images from the temporal averages of recorded videos, the
required length of the recorded videos grows nonlinearly with increas-
ing cumulant order. Thus, in most situations, SOFI will be restricted to
amaximum of the fourth order, typically requiring several thousand
recorded images to achieve a decent final image. The question arises
of how to quantitatively judge the reliability and quality of the final
SOFlimage obtained fromafinite number of recorded raw images. One
answer was provided by Vandenberg et al.*>, who presented a strategy
for estimating the variance (uncertainty) associated with each pixel
in a SOFl image. Similarly, Wang et al.** and Cevoli et al.>* conducted
thorough statistical analyses of the achievable signal-to-noise ratio
in SOFI image formation as a function of SOFI order, blinking kinet-
ics, image acquisition frame rate, number of recorded frames and
fluorescence intensity. For obtaining decent SOFl images, camera
systems with sufficient detection efficiency and low background are
important. An in-depth comparative study of different camera types
(electron-multiplying charge-coupled device and scientific comple-
mentary metal-oxide-semiconductor) for their suitability for SOFI
was presented inref. 44.

Animportantand not fully solved issue with SOFlis that an emitter
contributes with the mth power of its average intensity to an mth-order
SOFlimage. Thisleadsto considerable nonlinearity in the final image:
for example, in a third-order SOFlimage, an emitter contributes only
about 11% as much as an emitter that is twice as bright. One potential
solution to this problemis balanced SOFI*°, which applies an additional
global deconvolution using several orders of SOFlimages to linearize
theintensity of the SOFlimage. However, the quality and performance
ofthis procedure strongly depend on the label density and are difficult
to calibrate. Nonetheless, balanced SOFI has the advantage of provid-
ing additional information such as molecular-state lifetimes, as well as
concentration and brightness distributions of fluorophores.

Extensions and modifications

Aninteresting extension of SOFl is to use emitter blinking not only to
increase the spatial resolution but also to evaluate blinking kinetics for
distinguishing between different emitter types, thereby enablingimage
multiplexing. This approach was demonstrated with photoswitchable
fluorescent proteins by Duwé et al.”>. Related work includes studies by
Kisley et al.” and Chatterjee et al.’*, who combined classical fluores-
cence correlation spectroscopy with SOFI to achieve higher spatial
resolutionaswell as learning about local diffusionin complex samples.
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Similarly, Lukes etal.” used fluorescence-correlation-spectroscopy-like
analysis with SOFIto estimate the number of proteins at specific posi-
tions withinaSOFlimage. Hertel et al.*® used SOFl and additional fluc-
tuation analysis to elucidate protein-protein interactionsin live cells
with enhanced spatial resolution.

Inrecentyears, substantial efforts have been devoted to improv-
ingandaccelerating the SOFl algorithm to enhance the imaging speed
andimage quality.Jiang et al. removed low-frequency fluctuations and
readout noise from raw images using wavelet-based filters®, enabling
themto speed up SOFlimage generation by afactor of ten. Zhou et al.
used a low-pass denoising step before cumulant analysis to achieve
higher image quality and speed with higher-order SOFI*°. Zhao et al.
achieved remarkable improvementsin SOFI performance® by incorpo-
rating pre- and post-processing image deconvolution steps, reducing
the number of image frames required for a final second-order SOFI
image with approximately 130 nm lateral resolution by nearly two
orders of magnitude.

Multiplexingis a crucial aspect of microscopy techniques, allow-
ing for the simultaneous imaging of several different targets. One
approach for multiplexing is to acquire images in different spectral
channels and then apply SOFI to each recorded colour. Grufimayer
et al.®> demonstrated that dual-colour recording combined with a
colour cross-correlation SOFI algorithm can simultaneously unmix
more than two colours, paving the way for highly multiplexed SOFI.

A fascinating extension of SOFI is its combination with
super-resolution techniques that use structured illumination and
wide-field detection (SIM and ISM). Zhao et al. theoretically analysed
this combination in ref. 63, and Descloux et al. experimentally real-
ized it®*, combining SOFI with rapid SIM and SOFI with multifocus
ISM, resulting in a nearly doubled image resolution. Similarly, Sroda
et al. combined SOFI and ISM (SOFISM)® using a confocal laser scan-
ning microscope extended with a small ultrafast array detector for
image acquisition. Technically similar, Xu et al. used a commercial
ISM microscope (AiryScan from Carl Zeiss Jena) to achieve animpres-
sive second-order SOFI resolution of 91 nm (ref. 45). An alternative to
improvingresolution through structured illumination witha periodic
stripe pattern (SIM) or withafocused laser beam (ISM) is to use random
or speckleillumination. Choietal. used suchanapproach with SOFIto
increase the resolution of second-order SOFIto 2.8 (ref. 66).

A particularly intriguing variant of SOFI exploits fluctuations
induced by quantum correlations of fluorescence emissionin the nano-
second time range (fluorescence antibunching). By measuring the auto-
correlation of asingle emitter with subnanosecond temporal resolution,
acharacteristic anticorrelation (antibunching) witha correlation time
determined by the fluorescence lifetime and excitation rateis observed,
which can also be used to generate a SOFI image. This method was
pioneered by the group of Oron®*’, who used an optical-fibre-bundle
coupledssingle-photonavalanche diode array forimage recording. The
method hasbecome much simpler with the availability of single-photon
avalanche diode array detectors’, which promise to revolutionize this
kind ofimaging. Althoughthe methodisapriorislow duetotheneedto
collect sufficient photon-pair correlations on the nanosecond timescale,
sophisticated dataanalysis and image reconstruction have accelerated
image formation by orders of magnitude”.

Anexciting prospect for SOFlisits applicationin cryo-fluorescence
super-resolution microscopy. Cryo-fluorescence microscopy is crucial
incorrelative light and electron microscopy, where fluorescence imag-
ing complements the exceptional resolution of electron microscopy.
However, the resolution gap between conventional fluorescence and
electron microscopy presents a challenge, and many attempts have
been made to apply super-resolution techniques such as stimulated
emission depletion or SMLM at liquid-nitrogen or liquid-helium tem-
peratures. At these temperatures, most photophysical transitions
are either greatly slowed down or completely frozen, which has so far
impeded the achievement of super-resolution fluorescence imaging
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Fig.3 | Pixel size problem. One technical issue with SOFl is that the theoretically
achievable resolution can be better than the pixel size of the raw images. To
solve this contradiction, two different approaches canbe used. a, In Fourier
upsampling, one first transforms the raw images into Fourier space, where they
have limited spectral support due to the finite resolution of the microscope. This
allows for padding the Fourier transform with zeros without altering the image
content, and back-transforming this zero-padded Fourier transform to real
spaceresults in animage with increased pixel numbers and reduced pixel size.

b, Thealternativeis to calculate not only the temporal correlations of the signal
of the same pixel but also cross-correlations of signals between neighbouring
pixels, which resultsin virtual intermediate SOFI pixels. ¢, Example of Fourier-
upsampling SOFI. Sum image of a rat hippocampal neuron with neurotransmitter
receptor subunit GABA;R1immunostained with commercial quantum dots
QD525 (Invitrogen). The raw stack of images contains 3,000 frames recorded
ata20 Hzframerate. Fluorescence was excited at a401 nm wavelength and
about20 W cm using alaser (Cube401,100 mW, Coherent). The microscope
used was acommercial epifluorescence microscope (IX71, Olympus) equipped
withal.4 oil-immersion objective (UPlanSApo, Olympus) and an electron-
multiplying charge-coupled device (DU-897-CS0-BV, Andor). Magnification

was chosen in such a way that the effective pixel size of the recorded images was
100 nm. Fluorescent light was filtered from the excitation light using a dichroic
beamsplitter (FF444/520/590, Semrock). d, Second-order SOFI. e, Second-order
SOFI after 3x Fourier upsampling.

under cryogenic conditions (with very few exceptions’>7¢). SOFI could
offer aninteresting alternative as it does not require controlled photo-
switching withlong onand off times but can use any intensity fluctua-
tions. A proof-of-principle demonstration of this idea was provided
by Moseretal.”.

Anoteworthy variant of SOFlis super-resolution radial fluctuation
(SRRF) microscopy, which applies a radial intensity gradient algo-
rithm to an image before performing the SOFI fluctuation analysis’®.
A downside of this method is the lack of a clear mathematical model
for the resulting PSF or OTF of SRRF (in contrast to SOF]I, see ref. 79),
making it difficult to assess the reliability and achievable resolution
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of the final images. Nonetheless, SRRF has gained popularity in the
super-resolution community®*~°° because it promises faster imaging by
seemingly requiring fewer raw images to obtain afinal super-resolved
image. It remains to be seen whether a quantitative and exact model
of SRRF image formation can be developed to assess the method’s
reliability and accuracy.

Conclusion

We have presented a concise overview on SOFI, its different variants,
applications and remaining technical issues. Despite its advantages,
SOFlis not without challenges. Issues such as cusp artefacts resulting
from unfavourable blinking kinetics, the impact of photobleaching and
the effects of dye diffusion have been extensively studied. Solutions
based on photoswitchable fluorescent proteins, Fourier upsampling
and advanced fluctuation analysis have been proposed to mitigate
these issues. Moreover, improvements in SOFI algorithms, such as
wavelet-based filtering and pre- and post-processing deconvolution
steps, have significantly enhanced the imaging speed and quality.

The ability of SOFI to multiplex by distinguishing different emitter
types based on their blinking kinetics opens new avenues for complex
biological imaging. Combining SOFI with other super-resolution tech-
niques, such asSIM and ISM, has demonstrated furtherimprovementsin
resolution andimaging capabilities. Additionally, innovative approaches
utilizing quantum correlations and cryo-fluorescence microscopy are
pushing the boundaries of what can be achieved with SOFI.

In conclusion, SOFIstands out as a highly adaptable and efficient
super-resolution technique, offering significant advantages in terms
of imaging speed, flexibility and multiplexing capabilities. Ongoing
advancements and innovative applications continue to expand the
scope and utility of SOFI, solidifyingits role as a critical toolin the field
of fluorescence microscopy. Future work will undoubtedly focus on
further refining SOFI methodologies, improving image quality and
expandingits application to new and challenging biological systems.
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