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ABSTRACT

Localization based superresolution technique provides the highest spatial resolution in optical micro-
scopy. The final image is formed by the precise localization of individual fluorescent dyes, therefore the
quantification of the collected data requires special protocols, algorithms and validation processes. The
effects of labelling density and structured background on the final image quality were studied theo-
retically using the TestSTORM simulator. It was shown that system parameters affect the morphology
of the final reconstructed image in different ways and the accuracy of the imaging can be determined.
Although theoretical studies help in the optimization procedure, the quantification of experimental data
raises additional issues, since the ground truth data is unknown. Localization precision, linker length,
sample drift and labelling density are the major factors that make quantitative data analysis difficult.
Two examples (geometrical evaluation of sarcomere structures and counting the γH2AX molecules in
DNA damage induced repair foci) have been presented to demonstrate the efficiency of quantitative
evaluation experimentally.
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1. INTRODUCTION

The spatial resolution of optical imaging systems is limited by the diffraction of light [1].
If optical aberrations are neglected and only the diffraction limits the image quality, the
resolution can be given with the Rayleigh criterion (R 5 0.61$λ/NA, where λ is the wave-
length and NA is the numerical aperture) [1]. Due to such a resolution barrier, traditional
fluorescence microscopy methods cannot reveal structures below 200 nm, precluding the
study of biochemical processes at the single-molecule level. Superresolution methods such as
Stimulated Emission Depletion (STED) [2], Structured Illumination (SIM) [3] and Single
Molecule Localization Microscopy (SMLM) [4, 5] have been developed to address this issue.
Applicability, efficiency and advantages of these methods have been proven in the last years
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and they have become “must-have” systems in all modern
microscope labs or core facilities. However, after the first
positive impressions, attention turns to deeper interpretation
of superresolved images. Researchers aim to quantify the
results, determine merit functions, correlate them with other
techniques and extend their applicability to in vivo mea-
surements. Single molecule localization methods provide a
special form of data: a table of coordinates, number of
photons, ellipticity, localization precision and other param-
eters of the localized single molecules. This kind of data
architecture is ideal for cluster analysis [6, 7] and molecule
counting [8, 9], but pattern recognition [10] and segmen-
tation [11] require new approaches. Quantitative evaluations
were used for the ligand-specific dimer formation of TLR4
receptors [12], the characterization of individual vesicles
[13], the cluster formation of TNRF1 receptors [14] or the
mapping of the sarcomeric H-zone and I-band complexes of
indirect flight muscles (IFMs) of Drosophila melanogaster
[15]. There are algorithms specifically written for system
simulations [16, 17], molecule localizations [18], and the
quantitative evaluation [19] of SMLM images. However, the
precision and accuracy of the developed methods are typi-
cally validated by ground truth datasets. Therefore, in the
first part of this paper a simulation code referred to as
TestSTORM [20, 17] is shortly discussed. In the second part
two examples are presented for quantitative SMLM. In the
first example, the substructure of sarcomeres is mapped at
<10 nm spatial resolution, while in the second one DNA
damage induced repair foci are evaluated by means of cluster
analysis.

2. SIMULATIONS

The final image quality in SMLM strongly depends on the
sample, the system and the imaging parameters. An artefact-
free image requires the intense optimization of a great
number of parameters. The experimental optimization

procedure is expensive and time consuming, but simulations
can provide a quick and effective alternative solution.
Presently, there are a few software tools specifically devel-
oped for such purposes [16, 17]. In TestSTORM one can set
practically all the critical parameters, such as labelling den-
sity, linker length and orientation, structured background,
exposure time, and drift. The user can also choose the
appropriate PSF model (scalar or vector diffraction) and
introduce astigmatism for 3D simulations [21]. By changing
the parameters one can generate a process window and
determine the sensitivity of the final image quality to such
parameters. To prove the applicability and advantages of the
code, the effect of the labelling density and the structured
background will be presented here.

Image stacks were generated by TestSTORM, and
superresolved images were reconstructed by rainSTORM
[22, 23]. Figure 1 depicts the final images of two parallel
lines using different labelling density. The length and sepa-
ration of the lines were 1,000 nm and 130 nm, respectively.
The photophysical constants (ON/OFF time, bleaching rate
etc.) of the Alexa Fluor 647 dye was applied during the
simulations. Figure 1 shows image degradation with
increasing labelling density. The higher the labelling density,
the lower the contrast. The red curves show the fitted double
Gaussian distributions to the measured data equalling the
convolution of the fluorescence dye distribution and the
localization precision. The black curves show the fluores-
cence dye distribution after the deconvolution step. During
the simulations, the labelling density changed between 50
and 800 molecule/μm, but it was homogeneous on a single
sample.

The chance of the spatial and temporal overlap of active
fluorescence molecules increases at high labelling density,
which introduces two types of artefacts: the false localization
density between the two lines increases and hot spots are
formed at the ends of the lines [20]. The first feature is
caused by molecules with overlapping PSFs on adjacent
lines, whose spots are localized between the true positions of
the emitters. The second artefact is the result of reduced

Fig. 1. Reconstructed SMLM images of two parallel lines separated by 130 nm. The labelling density was changed between 50 and 800
molecules per μm
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localization density in the middle. Molecules on the mid-
section of the line overlap with higher probability than those
on the edges, and the localization algorithm discards their
spots with higher propensity. The PSF overlaps can also
reduce the determined separation of the two lines by >10%
at high labelling densities (Fig. 1). Technically, the labelling
density can be set via the concentration of primary and
secondary antibodies. If the final density is low, the mea-
surement takes too long and drift artefact can reduce
the image quality. In the opposite case, when the density is
high, photobleaching must be applied before SMLM data
acquisition to reduce the number of active molecules and
decrease the probability of overlaps.

Structured background is another potential source of
image degradation in SMLM [17]. Autofluorescence, defo-
cused molecules, or nonspecific labelling can introduce such
a static, sample specific background with feature sizes
comparable to that of the PSFs. When a molecule emits on
such a highly inhomogeneous background, its centre,
determined by the localization algorithm, shifts towards the
higher intensity region and hence distorts the superresolved
images. In Fig. 2, the separation of the two lines was reduced
by almost 40% (from 130 to 81 nm) and the shape of the
lines was also distorted and became curved. However,
the background did not affect the image contrast signifi-
cantly. The fluorescence background can typically be
reduced by using appropriate illumination methods (EPI,
HILO, TIRF). Moreover, a postprocessing algorithm esti-
mating and removing the structured background can also be
applied [24].

3. EXPERIMENTAL DETAILS

Superresolution images were captured essentially as
described previously [15, 25]. Briefly, all dSTORM images
were captured under EPI illumination (Nikon CFI Apo
100x, NA 5 1.49) on a custom-made inverted microscope
based on a Nikon Eclipse Ti-E frame. The laser (MPB

Communications Inc.: 647 nm, Pmax 5 300 mW) intensity
was set to 2–4 kW cm�2 on the sample plane via an acousto-
optic tuneable filter (AOTF). An additional laser (Nichia:
405 nm, Pmax 5 60 mW) was used for reactivation. Images
were captured by an Andor iXon3 897 BV EMCCD digital
camera (512 3 512 pixels with 16 μm pixel size). Frame
stacks for dSTORM superresolution imaging were captured
at a reduced image size. A fluorescence filter set (Semrock,
LF405/488/561/635-A-000) with an additional emission fil-
ter (AHF, 690/70 H Bandpass) was used to select and
separate the excitation and emission lights in the micro-
scope. During the measurements, the perfect focus system of
the microscope was used to keep the sample in focus with a
precision of <30 nm. Right before the measurement, the
storage buffer of the sample was replaced with a GLOX
switching buffer [26] and the sample was mounted onto a
microscope slide. Typically, 20,000 to 50,000 frames were
captured with an exposure time of 20 or 30 ms. The captured
and stored image stacks were evaluated and analyzed with
the rainSTORM localization software [22, 23]. Individual
images of single molecules were fitted with a Gaussian point-
spread function and their central positions were associated
with the position of the fluorescent molecule. Localizations
were filtered via their intensity, precision and standard de-
viation values. Mechanical drift introduced by either the
mechanical movement of the sample or thermal effects was
analyzed and reduced by means of a correlation based blind
drift correction algorithm. Spatial coordinates of the local-
ized events were stored and the final superresolved image
was visualized.

4. QUANTIFICATION OF DSTORM IMAGES

Superresolved SMLM images can reveal structures in the
<10 nm range. The qualitative evaluation of such images has
already provided lots of new information and reveals pre-
viously unknown details [27]. However, scientists are aiming
to quantify the measured data by applying merit functions

Fig. 2. Reconstructed SMLM images of two parallel lines separated by 130 nm as a function of static structured fluorescence background
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and statistical values. Two examples for quantitative evalu-
ation will be shortly discussed in this section. In the first
example, the geometrical parameters of the highly ordered
sarcomere structure, while in the second one the number of
γH2AX histone molecules in DNA damage induced repair
foci were evaluated.

4.1. Geometrical evaluation

Indirect flight muscles of Drosophila are complex and
extremely highly organized structures made up of hundreds
of different proteins. Superresolution dSTORM proved to
be an ideal method to examine the substructure of sarco-
meres. More than thirty key proteins (tropomodulin, kettin,
SALS, DAAM, obscurin, troponin etc.) were labelled indi-
vidually and their positions were determined with a preci-
sion of <10 nm [15, 28]. Figure 3A shows the conventional
EPI fluorescence image of flight muscle sarcomeres stained
for tropomodulin. The position of the H-zones can be
clearly seen, however the double line substructure can only
be recognized in the dSTORM superresolved images
(Fig. 3A). Quantitative evaluation (determination of the
separation of the two lines) requires several post-processing
steps. First, the ROIs must be segmented and the central
line of the structure has to be found (Fig. 3. B and C). The
distance of the localizations from the fitted central curve
can be depicted on a histogram (Fig. 3D) and the measured
density distribution can be fitted with a theorical curve. For
a more realistic sample parameter extraction this fitted

curve is deconvolved by the localization precision and the
linker length (Fig. 3E). Due to the highly ordered and pe-
riodic feature of the sarcomeres, an averaging method
(Fig. 3F) can be used to enhance the spatial resolution
further. Typically, the positions of the labelled proteins
can be determined with a precision of <10 nm via averaging
a few hundred sarcomeres, and the measured positions
can be used to reconstruct the molecular structure of the
sarcomere.

4.2. Molecule counting

Besides the geometrical description, the number of labelled
molecules can also provide valuable information on the
sample. SMLM seems to be an ideal method for molecule
counting, since each accepted localization can be assigned to
a single dye molecule. However, in the standard immuno-
histochemical staining procedure the labelling stoichiometry
is typically unknown [29], and the actual number of dye
molecules bound to the target molecule can change in a wide
range. Therefore, the number of accepted localizations
belonging to a single target molecule (the response function
of dSTORM imaging) is not deterministic. This value de-
pends on the number of the primary and secondary anti-
bodies, the number of dye molecules, the ratio of the
exposure time and the ON-state lifetime, and the number of
reactivation cycles. These parameters are usually unknown
and are affected by the local chemical environment of the
dye molecule. Therefore, an in situ data acquisition and

Fig. 3. Conventional EPI and dSTORM (A) images of AF647 labelled tropomodulin in flight muscle sarcomeres. Main steps of data
processing: segmentation of ROIs (C), orientation and line shape fitting (D), rough intensity fitting (D) and deconvolution (E). Due to the

periodic structure, individual images can be averaged to increase the precision (F)
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evaluation method is preferred as described previously [25].
During such a procedure, the ON-state lifetime of individual
dyes was determined by trajectory fitting algorithms [23],
while the bleach rate and the average number of switching
cycles were determined by fitting the theoretical curve to the
measured data. Isolated labelled single target molecules were
first selected via cluster analysis to determine the response
function of the system.

The developed approach was tested for quantifying the
DNA damage induced γH2AX foci formation [25] in
different cell cultures after neocarzinostatin and 4-Hydroxy-
tamoxifen treatments. The substructure of the repair foci
that formed could be revealed by dSTORM imaging and
the 20–60 nm nanofoci (Fig. 4B, C) were individually
characterized. The foci and nanofoci that formed were
categorized by their size, area, and the number of labelled
γH2AX histone molecules. Their spatial distribution inside
the nucleus could also be evaluated and visualized. It was
proved that cluster density had not varied in space and
showed a homogenous distribution inside the nucleus 2 h
after the treatment.

Ionizing radiation, such as X-ray can also induce double-
strand breaks. Confocal imaging is a simple and widely used
method to follow the formation of γH2AX foci. However,
the limited spatial resolution of confocal imaging precludes
quantitative evaluation, because at high exposure dose the
focus density is too high and therefore cluster analysis is not
feasible. Localization data can be used to separate the
nanofoci and open the way to quantitative evaluation [30].
However, the number of captured dSTORM images is
limited. The applied switching buffer can typically work for
3–4 h, and the entire data acquisition time of an image
(selection of ROI, capturing reference images, setting the
laser intensity and filters, capturing image stack etc.) is
around 10 min. In contrast, a large number of cells can be
captured with a confocal microscope during the same time

period. Therefore, if statistical evaluation is necessary,
correlative measurements (when the advantages of different
techniques are combined) are a possible solution.

5. DISCUSSION AND CONCLUSION

Localization based superresolution methods detect and
localize individual fluorescence molecules and improve
spatial resolution. SMLM provides the x, y and z co-
ordinates, the localization precision, ellipticity and other
parameters of the images of individual fluorescence mole-
cules (PSF). Such data format can be used for advanced
quantitative image analysis. When periodic or highly or-
dered structures are imaged (sarcomere, nuclear pore com-
plex etc.), the resolution can be further improved by an
averaging method. This process requires an automatic seg-
mentation and image registration algorithm. The localiza-
tion precision and the length of the linker also reduce the
image quality. Accurate localization of the labelled target
molecule requires deconvolution. The number of labelled
molecules of complex structures formed by identical locali-
zations can also be determined. However, the stoichiometry
of labelling is typically unknown and the local chemical
environment of fluorescence molecules strongly affects the
photophysical parameters (ON-state lifetime etc.). There-
fore, the response function of dSTORM imaging is not
deterministic, the number of target molecules can be
determined statistically. The validation of new algorithms,
the study of imaging artifacts, and the optimization of im-
aging parameters requires a test platform. The TestSTORM
code was developed and tested for such purposes. The
implemented methods made the simulated data more real-
istic, providing a useful tool to optimize the critical imaging
parameters and understand the origin of different imaging
artefacts.

Fig. 4. Epifluorescence (A) and dSTORM superresolved (B) images of AF647 labelled γH2AX. The nanofoci inside the DNA damage
induced repair focus (C) were separated by means of 2D (D) and 3D (E) cluster analysis
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