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Abstract
Recent advances in far-field microscopy have demonstrated that fluorescence imaging is possible
at resolutions well below the long-standing diffraction limit. By exploiting photophysical
properties of fluorescent probe molecules, this new class of methods yields a resolving power that
is fundamentally diffraction unlimited. Although these methods are becoming more widely used in
biological imaging, they must be complemented by suitable data analysis approaches if their
potential is to be fully realized. Here we review the basic principles of diffraction-unlimited
microscopy and how these principles influence the selection of available algorithms for data
analysis. Furthermore, we provide an overview of existing analysis strategies and discuss their
application.
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1. INTRODUCTION
To forward our understanding of cell architecture and function, we need imaging techniques
that can observe processes inside living specimens at the molecular level, in two or three
dimensions, using highly specific markers. Fluorescence microscopy, one of the most
dominant imaging techniques, provides all these criteria except that its resolution is
fundamentally limited by diffraction to >200 nm. Recent years have seen the invention of
methods that overcome this constraint and provide diffraction-unlimited resolution (1). In
this review, we focus on two of the most prominent methods of optical nanoscopy:
stimulated emission depletion (STED) microscopy, and single-molecule localization and
reconstruction microscopy, or for short, localization microscopy (LM). The application of
these methods in biological imaging is becoming increasingly popular, and their principles
have been extended to multicolor, three-dimensional (3D), and live-cell imaging (2).
However, the true merit of these techniques must be judged by the effectiveness with which
new biological insights can be obtained. In this respect, there is a need for analysis tools that
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extract the desired information and fully exploit the novel kinds of data provided by these
new microscopy techniques; an example of these data includes large sets of positions of
individual probe molecules. Fortunately, the field has recently seen promising developments
in this area. Here, we briefly review the principles behind diffraction-unlimited microscopy
and highlight the analysis methods successfully applied to date.

2. PRINCIPLES OF DIFFRACTION-UNLIMITED MICROSCOPY
2.1. The Point-Spread Function and Conventional Resolution

Diffraction prevents focusing a beam of light into a spot substantially smaller than half a
wavelength in size. Similarly, diffraction causes the image of a point-like emitter, such as a
single fluorescent molecule, to appear as an extended intensity distribution in the image
plane. An image of an extended object taken with a fluorescence microscope is equivalent to
the superposition of images of point sources composing the object. The image of a point
source, the point-spread function (PSF), therefore describes the imaging properties of these
linear systems: To form the observed image of an object, every point of the object is blurred
to have a shape given by the PSF. The size of the PSF thus describes the resolution of an
imaging system. This resolution is commonly defined by the full width at half maximum
(FWHM) of the PSF, which is approximated by:

(1)

(2)

where Δr and Δz are the PSF FWHMs in the lateral and axial directions, respectively; λ is
the wavelength of the light; n is the refractive index of the medium; and NA is the numerical
aperture of the lens (3). For λ = 500 nm and a high-NA objective lens, Equation 1 reveals
that diffraction limits resolution to Δr ≈ 200 nm. The axial value is typically two to three
times larger than the lateral value. Such limitations on resolution hinder the study of
biological processes that occur on molecular length scales. Fortunately, STED microscopy
and LM allow imaging below the resolution limits given by Equations 1 and 2.

2.2. Concept of Stimulated Emission Depletion Microscopy
The principle of STED microscopy (4) relies on the targeted switching of fluorescent
molecules at the periphery of the excitation focus. Fluorophores excited in the focus of a
laser-scanning microscope can be driven back to the ground state through stimulated
emission by an additional photon, typically red-shifted from the excitation light. These
photons are provided by a second laser termed the STED beam or depletion beam. The
result of this optical transition, which competes against the spontaneous emission of
fluorescence, is the quenching of fluorescence in regions where the intensity of the STED
beam is sufficiently high. In STED microscopy, the focus of this beam is typically shaped to
feature a central intensity zero surrounded by a ring of high intensity and is aligned to the
center of the excitation focus. When the intensity of the STED beam saturates the stimulated
emission process, an effective PSF is created in which fluorescence is confined to the
immediate vicinity of the intensity zero with a size that is not limited by diffraction (Figure
1). Using depletion intensities ≥100 MW cm−2, resolution on the order of a few tens of
nanometers can typically be reached (5).

The concept of targeted switching in the vicinity of an intensity zero has been generalized to
include any reversible, saturable, optical fluorescence transitions (RESOLFT) (6). Although
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STED has been the most common implementation, using ground state depletion (7, 8) and
reversibly switching proteins (9–11) have allowed imaging beyond the diffraction barrier
using laser intensities lower than those required for STED.

The lateral FWHM of the effective PSF in STED microscopy (and RESOLFT microscopy in
general) is well approximated by an extension of Equation 1:

(3)

where Imax is the peak intensity in the focus of the STED beam, and Isat is a characteristic
saturation intensity of the fluorophore (12, 13). For arbitrarily large Imax/Isat values, the
resulting resolution becomes arbitrarily small and is therefore diffraction-unlimited in
principle.

2.3. Concept of Localization Microscopy
Whereas the resolution in conventional light microscopy is limited by diffraction, single-
particle tracking has demonstrated that subdiffraction localization is possible (14, 15).
Localization refers to the determination of the position of an object using its image. This
achievement is based on the fact that the center of a measured (diffraction-limited) intensity
distribution can be determined with a precision much better than the width of the
distribution. In a background-free scenario with a Gaussian-shaped PSF with standard
deviation σPSF, if effects from the finite pixel size within the imaging system are neglected,
the localization precision σloc for a given number of detected photons N is

(4)

and can therefore be far smaller than the PSF width (16, 17). Particle-tracking microscopy
allows one to trace the trajectories of single particles (including single fluorophores), with
nanometer precision (18). However, single-particle tracking does not allow the image
generation of complex structures with diffraction-unlimited resolution. Generating such
images could be improved through spectral separation (19, 20), step-wise photobleaching
(21, 22), or blinking of quantum dots (23, 24), all of which have demonstrated localization
of a few fluorophores per diffraction-limited area.

A breakthrough in subdiffraction imaging based on localization was achieved by combining
localization algorithms with photoswitchable fluorescent probes (25–27). These methods,
which collectively fall under the aforementioned LM (also known as FPALM, PALM, and
STORM), image numerous sparse subsets of individual fluorescent molecules over time
with a camera and then analyze those images to localize visible molecules at concentrations
of up to hundreds or thousands of molecules per diffraction-limited area (Figure 1). A super-
resolution image is created by rendering sets of molecular coordinates.

Although LM was originally demonstrated with fluorescent probes that can be switched
from a dark state (or a state emitting fluorescence outside the detection band) to a bright
state (25–27), the intermittency of individual conventional fluorescent molecules
interconverting between dark and bright states can also be exploited to obtain super-
resolution images (28–32). Probes that become fluorescent upon binding to a target can be
utilized in the same manner (33). The key requirements are that only a few molecules are
visible at any time and that their images are separable from one another to permit their
localization with high spatial precision.
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2.4. Conceptual Similarities and Differences Between Stimulated Emission Depletion and
Localization Microscopy

At first sight, STED microscopy and LM techniques may seem to have few points in
common: STED microscopy is a laser-scanning microscopy technique with two laser beams
being focused into the same spot, one of which is ring shaped. In contrast, LM is usually
implemented in a widefield geometry in which a large field of view is homogeneously
illuminated and repeatedly imaged.

Both approaches, however, utilize the photophysical or chemical properties of fluorescent
probes to overcome the diffraction limit. In both cases, switching molecules between
detectable and nondetectable states generates the resolution improvement (5). In STED
microscopy, the ring-shaped STED beam forces excited molecules back to their ground state
through stimulated emission in a switching process targeted at the outer areas of the
excitation focus. LM relies on stochastic activation (switching on) of individual probe
molecules (triggered either by light or spontaneously) and photobleaching (or deactivation)
to control the visible probe density. Both methods exploit the response of the probe to one or
more of the illumination wavelengths: STED microscopy by saturation of stimulated
emission, and LM by the temporally discontinuous (step-wise) response of individual
fluorescent molecules.

Because the detection process in any far-field microscope is fundamentally diffraction
limited, fluorescence signals detected simultaneously from neighboring subdiffraction areas
overlap and are indistinguishable. Both STED microscopy and LM solve this problem by
sequentially imaging these areas. In STED microscopy, the combined excitation and
depletion laser beams defining a subdiffraction observation volume are scanned
systematically across the sample. Whereas high depletion rates (>109 s−1) in STED
microscopy allow rapid scanning, LM typically utilizes photoswitching rates of ~10−1 to
10−4 s−1 per molecule; a standard scan configuration is therefore inefficient compared with
parallel recording over the whole (illuminated) field of view. Sequential imaging of sparse,
stochastic subsets of emitters assures that molecules closer than the diffraction limit will be
imaged at different times and can therefore be distinguished.

The biggest difference between LM and STED microscopy, in the context of this review, is
data processing (Figure 2). Resolution improvement in STED microscopy is based on a
purely physical effect that reduces the effective volume from which fluorescence is emitted.
The diffraction-unlimited image is produced directly by sequentially plotting the recorded
signal according to the scan pattern, in a process analogous to confocal microscopy. LM,
however, requires that imaged molecules from many camera frames be identified and
localized. Images are then generated from the list of determined molecule positions. For
STED microscopy, data processing is an option, but for LM, it is mandatory (Figure 2).
However, this additional analysis in LM yields useful information not obtained by other
methods such as STED and confocal microscopy: LM directly measures the positions,
numbers, and intensities of individual probe molecules and can measure the polarization
anisotropy (related to the molecular orientation) (34) and emission wavelength properties of
each molecule (35, 36). This kind of single-molecule information can be used to identify
population heterogeneities inaccessible to ensemble measurements or simply to separate
multiple emitters with highly overlapping emission spectra (35, 36).

2.5. Three-Dimensional Imaging
One of the main advantages of (far-field) fluorescence microscopy, especially confocal
microscopy, is its capability of recording 3D data sets. As is the case for resolution in the
lateral plane, the axial resolution, or depth resolution, is also limited by diffraction (Equation
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2). Consequently, improving the axial resolution beyond the diffraction limit is as important
as improving the lateral resolution, and 3D extensions of STED microscopy and LM have
been developed to achieve this purpose. Both have been combined with total internal
reflection excitation (25, 27, 37) to limit imaging to within ~100 nm of the coverslip. Phase
patterns for STED microscopy have been developed to quench fluorophores not only
laterally but also axially (38). Numerous 3D LM techniques have been developed on the
basis of multiplane detection (39), astigmatic PSFs (40), other PSFs that unambiguously
change their shapes with depth (41), and detection of the fluorescence emission from two
different angles using parallax-like effects (42, 43). In all cases, axial resolution scales with
the axial extent of the diffraction-limited PSF. Naturally, the best axial resolutions have
therefore been obtained by combining LM or STED microscopy with 4Pi microscopy (44–
46), i.e., in geometries utilizing two opposing objective lenses that sandwich the sample (47,
48).

The extension from 2D to 3D creates fundamentally different situations in data processing:
The effect of imaging a volume versus a plane has to be considered from the perspective of
background levels and particle densities. 3D structures can be dramatically more complex
than, for example, membrane-bound geometries, and 3D data sets are often dramatically
larger than 2D ones. However, objects that were not decipherable in their 2D projections
now become potentially understandable through the availability of the additional imaging
dimension.

3. RESOLUTION
3.1. Spatial Resolution

The resolution that may be achieved in STED microscopy or LM is, in principle, unlimited
as indicated by Equations 3 and 4. However, in practice, resolution is still limited by
experimental factors such as the achievable beam quality and intensity or the signal-to-noise
ratio (SNR). Moreover, for better than 20-nm resolution and fluorescent label sizes that can
exceed 10 nm, the probe distribution can differ significantly from the targeted structures,
potentially leading to misinterpretations. The localization accuracy of probe positions
therefore needs to be considered in addition to localization precision.

Additionally, achievable or physiologically justifiable probe densities can correspond to
nearest neighbor distances of several tens of nanometers and significantly limit
interpretation of complex structures. Similarly, if the targeted protein population is sparsely
and stochastically labeled and detected, the inherent randomness of labeling can obscure the
underlying structure further and can lead to faulty interpretation of the images obtained. The
impact of this effect depends on the complexity of the structure and the frequency of
occurrence of the features of interest. To decide whether or not, for example, two thin,
approximately parallel microtubules touch is relatively independent of the fact that their
staining might appear discontinuous along the fibers. Determining, in contrast, how much a
fibrous network is fractured depends strongly on this detail. Similarly, identifying the
complex (3D) folding of an organelle membrane requires not only sufficient optical
resolution but also an imaged probe distribution dense enough to represent every fold or
curvature. This required probe density can be seen in analogy to the Nyquist criterion, which
demands a minimum sampling frequency to resolve a structure and the SNR necessary to
observe a feature of interest (49). Indeed, in practice, the molecular density is often the
limiting factor in obtainable resolution.

3.2. Temporal Resolution
Fluorescence image acquisition time limits the rates of dynamic processes that can be
visualized. When widefield illumination and detection are used in imaging, imaging speed is
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often determined by the camera frame rate. In a laser-scanning system, frame rates are
determined by the total number of pixels in the image and the scan rate. Therefore, in
principle, faster cameras and scanning systems lead to faster acquisition times. However, in
practice, the maximum frame rate in either case is ultimately limited by the SNR, which
depends on photophysical probe properties such as molecular fluorescence emission rates. In
diffraction-unlimited microscopy, other factors must also be considered.

As resolution increases in STED microscopy, Nyquist sampling of the specimen requires
decreasing the pixel size by a corresponding factor. For a given scan speed and excitation
intensity, smaller pixels result in a reduced pixel dwell time and a corresponding reduction
in collected signal. Fast scanning therefore requires increased excitation intensities to
maintain a given SNR. Eventually, saturation of the fluorophore emission will limit the
detected signal as scan speeds increase. However, by imaging a small field of view with fast
scanning, STED microscopy has been demonstrated at video rate on living neurons (50) and
at up to 200 frames per second on colloidal crystals (51). Additionally, STED microscopy
can be combined with fluorescence correlation spectroscopy to access dynamics on the
microsecond scale in observation volumes smaller than the diffraction limit (52).

In LM, two aspects of temporal resolution must be considered. First, for reliable localization
of molecules during analysis, individual frames must be recorded quickly enough so that
single fluorophore images are not significantly distorted by directed motion or diffusion
(53). When this criterion holds, molecular trajectories can also be assembled using
coordinates of molecules imaged for several sequential frames, providing information about
molecular dynamics on timescales of (typically) a few milliseconds (54). Second, the
number of frames required to generate an image should be small enough that the structures
of interest do not significantly change during the recording time (49).

Using simple localization routines requires that a maximum of one fluorophore be imaged
per diffraction-limited area per frame. As a result, temporal resolution depends on the
density required for a desired spatial resolution. Therefore, LM has an inherent trade-off
between spatial and temporal resolution (49). Despite this trade-off, live-cell imaging at
rates as fast as 2 Hz (each image being assembled from 250 frames) has been reported using
LM with spatial resolution on the order of a few tens of nanometers (55).

3.3. Spectral Resolution
Observing protein interactions demands the ability to image multiple species. In
conventional fluorescence microscopy, multiple targets are usually distinguished through the
separation of their distinct emission spectra with appropriate filters. In cases of strong
crosstalk between channels, computational linear unmixing or blind source separation
techniques (56) can be implemented to separate the signals. Extending subdiffraction
microscopy to multicolor imaging has, however, presented challenges owing to the
requirement of usually more than one illumination wavelength per fluorophore and the
limited availability of suitable probes.

In LM methods, numerous approaches have succeeded in imaging multiple species with
diffraction-unlimited resolution. To separate two photoswitchable fluorescent proteins with
some spectral overlap, sequential imaging can be used (57). However, this approach requires
long acquisition times not compatible with live-cell imaging. The use of photoactivatable
organic dye pairs allows distinguishing between labels by their distinct activation spectra
(58) and, combined with fusion protein labeling technologies (59), allows multicolor
imaging of live cells (55).
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Alternatively, the single-molecule nature of LM can be exploited to distinguish among
multiple species simultaneously, despite significant spectral overlap. Identified single
emitters can be assigned to a probe species through an analysis of their intensity ratios
detected in two spectral bands (35), an approach not applicable in ensemble imaging
methods. This approach has recently been demonstrated for four-color imaging in fixed cells
using organic dyes (60) and three-color imaging in living cells using genetically encodable
probes (36).

STED imaging of two spectrally well-separated fluorophores with four separate laser lines
has also required sequential imaging of each species owing to the overlap between the blue-
shifted STED beam and the excitation spectrum of the red-shifted fluorophore (61, 62). This
scheme requires imaging the red-shifted channel before the blue-shifted one, and only a
single acquisition of this channel is possible because the second STED beam usually
bleaches the red-shifted probe. More recently, researchers have been able to avoid this
problem by deriving excitation-STED beam pairs with both STED beams red-shifted with
respect to both probe emission spectra (63). Furthermore, a single STED beam can be used
to image multiple species when one of the fluorophores has a long Stokes shift, and
fluorophores can be distinguished by their respective excitation laser wavelengths (45). This
method has also been applied in the first demonstration of dual-color STED microscopy in
living cells (64). In another approach, two fluorophores with similar absorption and
emission spectra were distinguished by their respective fluorescence lifetimes for
simultaneous dual-channel STED microscopy (65). In this report, Buckers et al. (65) imaged
a third, spectrally distinct fluorophore quasi-simultaneously by interleaving the pulses of the
respective excitation-STED beam pairs.

4. DATA ANALYSIS METHODS
4.1. Data Analysis in Stimulated Emission Depletion Microscopy

As described above, the organization of STED microscopy data is similar to that of the data
obtained by other laser-scanning microscopes. 2D or 3D probe density maps are readily
available as the output of the microscope. So far, STED microscopy analysis methods
mostly resemble those already established in confocal microscopy.

Given the improved spatial resolution, careful spatial correlation analysis between different
color channels plays a central role in the analysis of multicolor STED microscopy (65). To
avoid artifacts, it is crucial that spatial shifts between the different channels are
characterized with a precision smaller than the desired resolution of the instrument. STED
microscopy is fortunately insensitive to artificial signal shifts owing to fluorophore dipole
orientation (66).

When imaging well-separated subresolution-sized objects (such as small vesicles), STED
microscopy data can be used to localize the centers of these objects with a precision much
better than the STED resolution. Applying algorithms similar to those used in LM,
researchers have achieved localization precisions in the angstrom range for bright objects
such as diamond color centers (67). Additionally, STED microscopy, with its particle
localization and tracking abilities and its improved resolution, allows tracking of particles
distributed more densely than those that can be tracked by diffraction-limited imaging
methods (Figure 3a).

Furthermore, owing to depletion efficiencies that do not fully reach 100% and through
excitation by the STED beam, highly resolved structures can be surrounded by a usually low
but often visible haze. Therefore, application of spatial filtering and deconvolution
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techniques is often employed to improve STED images for presentation. Often, STED data
is linearly deconvolved (61, 68) or subject to maximum likelihood deconvolution (62).

4.2. Data Analysis in Localization Microscopy
Postacquisition data analysis is inherent to LM. Above all else, the images of single
molecules must be analyzed to determine molecular positions before a super-resolution
image can be generated. The following subsections review current algorithms for identifying
and localizing molecules and the subsequent analysis that can be performed using the single-
molecule information provided by LM.

4.2.1. Localization algorithms—As in the analysis routines that have been used for
decades in single-particle tracking experiments, in LM techniques, raw images must be
analyzed to identify single molecules and determine their positions. Typically, after
background subtraction, intensity peaks above a threshold are identified in each frame and
then least-squares fitted with a 2D Gaussian (25–27). Intensity peaks are determined to
originate from single molecules on the basis of intensity, size, shape, and quality of fit.
Although not always encoded in analysis routines directly, single molecules are also
identified by the observation of single-step photobleaching.

Whereas a uniform background signal can be subtracted as a baseline from a raw image or
included as an offset in the fitting function, cellular imaging typically results in
autofluorescence, which generates spatially and temporally varying background. To this end,
more sophisticated background subtraction methods have been demonstrated, including
calculating differential images (25); using an intensity-weighted, summed widefield image
(53); or using a rolling-ball algorithm (69).

Sampling structures on nanometer length scales demands localizing molecules at as high a
spatial density as possible. Therefore, identifying single molecules reliably is perhaps the
most critical aspect of LM data analysis, and a balance must be found between false-
negative and false-positive identifications. Owing to the stochastic nature of photobleaching,
the former occurs when the number of detected photons from a single molecule is less than a
user-determined intensity threshold. Background noise and shot noise also complicate
single-molecule identification and degrade resolution. However, recent studies have shown
that a combination of denoising and deconvolution (70) or smoothing raw images with a
Gaussian of standard deviation approximately twice that of the single-molecule PSF (71)
(for the purposes of identification only) can minimize identification errors.

After identification, molecules are localized, often with subpixel precision. Because centroid
localizations in the presence of background or other sources of noise have poor localization
accuracy compared with Gaussian fits (72), least-squares Gaussian fits have been most
commonly used when analyzing localization-based imaging data. However, the true image
of a dipole emitter with fixed orientation or restricted rotation is significantly non-Gaussian.
Approximation of the single-molecule PSF by a Gaussian can result in significant position
inaccuracies, which increase with the NA of the objective lens (<2.5 nm for an NA of 1.2;
<10 nm for an NA of 1.4) (73). More important, when coupled with defocus, fixed
molecular orientation can introduce position inaccuracies as large as 125 nm (66).
Furthermore, a maximum likelihood estimator is more precise than a nonlinear least-squares
algorithm (74), and optimal localization can be achieved only when using maximum
likelihood estimation with the proper PSF (75). In any case, owing to their robustness (76)
and easy implementation, Gaussian approximations to the PSF remain widely used for 2D
localization. For 3D localization, more complex theoretical model functions (77), optionally
including experimentally derived parameters (40, 78), or experimentally measured PSFs (39,
79) have been used.
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Localization values are usually corrected for sample drift over the course of measurement
through the implementation of drift-correction algorithms. Next to active drift
compensation, either fiduciary markers in the field of view are monitored and their positions
subtracted from the probe localizations (27, 80), or, for static structures, subpopulations of
probe molecules recorded in different time windows are correlated with one another (40,
81).

Because the density of molecules and not the localization precision is typically the limiting
factor in LM resolution, localizing large numbers of molecules is crucial to resolution
improvement in LM. On the data processing side, accepting molecules with fewer detected
photons results in poorer localization precision but allows higher density of localized
molecules, both of which affect the localization-based resolution as explained above.
Another problem can occur when localization routines fail to distinguish between images of
single and multiple fluorophores that reside within a diffraction-limited area. If this situation
is to be avoided, the density of visible molecules per frame generally has to be <~1 μm−2.
Recent developments in multiple-fluorophore-fitting algorithms allow imaging densities of
up to 10 μm−2 (82, 83) to be safely used while still achieving theoretical limits in
localization precision (83). A similar approach has shown that Bayesian information criteria
can be used for reliable multiple-fluorophore fitting of images with low SNRs (84). Because
the recording time is roughly inversely proportional to the maximum molecular density per
frame, such improvements in high-density fitting allow faster live-cell (time-lapse) imaging.

Initially, post data acquisition analysis times for LM exceeded acquisition times by orders of
magnitude. This limitation has now largely been overcome for 2D LM and certain other
situations. For example, there have been several reports of real-time image processing for
LM data either using simplified localization algorithms (85, 86) or implementing graphics
processing units (87, 88). Obviously, a fast analysis routine that does not compromise
localization precision is desirable (88).

4.2.2. Trajectories—In addition to structure, analysis of measured molecular coordinates
as a function of time can reveal dynamic details of biological systems. For example, if the
same molecule is imaged and localized for several consecutive frames, a single-molecule
trajectory can be constructed (54). Acquisition of multiple trajectories (Figure 3b) can be
used to generate a super-resolution map of molecular mobility, determine molecular
diffusion properties, and correlate motions of multiple species. Using typical acquisition
frame rates, molecules can be observed on millisecond timescales for up to tens or hundreds
of frames. For such analysis to be performed, three key criteria must be considered:

1. The limited photon budget of a single molecule creates a trade-off for trajectory
imaging. Molecules may be imaged for larger numbers of frames, but at the price
of fewer photons per frame and thus greater uncertainty in their positions and
intensities within each frame.

2. Imaging must be performed at low enough density to avoid confusion of one
molecule with another.

3. If a molecule moves too much within a single frame, its image accumulated over
the recording time may become so distorted or blurred that it cannot be localized
properly, resulting in localizations that do not represent the potentially complex
trajectory of the particle (89).

Thus, to avoid significant additional localization errors for diffusing molecules, the
characteristic area covered per molecule per frame should follow
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(5)

where r0 is the radius of the PSF, D is the diffusion coefficient, and τ is the time per frame.
For molecules moving actively or flowing with a velocity υ, the criteria becomes

(6)

Given that these criteria have been met, high-density maps of molecular trajectories can be
constructed (54). Such maps can reveal dynamic details and multiple molecular populations
that are often inaccessible to ensemble measurements and can form a useful complement to
the structural information provided by LM images. If the molecular density is sufficiently
high, maps of molecular mobility can be calculated by binning data for mean-squared
displacement for many molecules within a grid of pixels. Alternatively, quantification of
single-molecule motions by particle image correlation spectroscopy (90) can be used to
determine the diffusion properties of one or more molecular species without knowledge of
the identities of molecules to generate individual trajectories. Thus, raw images can be
acquired at much higher densities and can still allow for diffusion analysis.

4.2.3. Analysis of spatial correlations—Once image data have been obtained,
quantification is crucial for interpretation of the results. Numerous statistical methods for
measurement of spatial correlations exist. We focus here on several methods that can be
used to measure clustering or coclustering.

Colocalization is a popular method for determining spatial correlations on short length
scales. Using two distinct fluorescence signals (FA and FB) as a reporter of local
concentration of two molecular species of interest (A and B), the two signals can be
correlated using, for example, Pearson’s correlation coefficient (91):

(7)

where δFi = Fi − 〈Fi 〉 and 〈Fi〉 denotes the spatial average of Fi. Such analysis is typically
carried out on each pixel within a region of interest of an image. For LM data, the number of
molecules of each type can be binned in a grid of pixels, and those numbers of molecules
per unit area can be used for FA and FB. The value of C ranges from +1 (correlated) to −1
(anticorrelated), with zero ± uncertainty indicating uncorrelated. All results should be
interpreted on the length scale of the chosen pixel size or the resolution (whichever is
larger). Alternatively, other metrics such as the overlap coefficient can be used to quantify
colocalization (63). A significant correlation does not necessarily imply interaction among
molecules; additional tests to confirm interactions should be performed if this kind of
information is needed. Performing such a colocalization analysis does not require correction
for nonuniformities in sample shape as long as the two channels are sampled with uniform
probability. It does, however, require correction for species misidentification. For longer
length scale correlations, image correlation spectroscopy (92) is a useful option.

Ripley’s K-test quantifies clustering or coclustering as a function of length scale. Starting
from molecular coordinates, the K-test compares N(r), the observed number of molecules
within radius r, with the number expected from a random distribution (93, 94):
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(8)

where ρ is the average number of molecules per unit area, and r is the radius. Instead of
using πρr2 as the denominator, πρ is used, so that when N(r) = πρr2 (as expected for a
random distribution), the square root expression reduces to r, and L(r) − r = 0. Thus, the
metric L(r) − r gives values >0 for clustered distributions, <0 for anticlustered distributions,
and 0 ± uncertainty when the distribution is random. Determination of the uncertainty
requires simulation of confidence intervals and correction for the shape of the analysis area.
The two-color K-test also requires correction for species misidentification rates. Because the
K-test measures the numbers of molecules within a radius r, its results report on any
clustering within that chosen length scale, up to a length scale where the clusters themselves
are randomly distributed.

The pair correlation measures the ratio of the number of molecules at a given distance r ±
(Δr/2) from another molecule (on average) to the number expected from a random
distribution:

(9)

Thus, g(r) > 1 for correlated distributions, g(r) < 1 for anticorrelated distributions, and g(r) =
1 ± uncertainty for random distributions. This analysis typically uses molecular coordinates
but can, in principle, be used on images directly. Pair correlation analysis can be applied to
test clustering of one or more species but does require corrections for edges of the analysis
area and for species misidentification rates. The complexity of biological systems often
precludes direct interpretation of the functional dependence of g(r) beyond the amplitude
and characteristic decay length. Also, intermittency of probe molecules can cause significant
artifacts in cluster analysis based on localization data (95, 96). Nonetheless, these
parameters do give useful information about clustering in the system: The amplitude gives
cluster density relative to a uniform distribution with the same average density, and the
decay length is a measure of cluster size. Recent work characterizing biological membrane
heterogeneity demonstrates the utility of such analysis methods (97).

The nearest neighbor distance distribution can be obtained from molecular coordinates and
used as a means to test for clustering (98). For example, in a model in which higher average
density of molecules results from adding to existing clusters, nearest neighbor distances
decrease as a function of average density. In models in which additional molecules cause
more clusters but cluster properties are unchanged, nearest neighbor distances remain
invariant as a function of average density.

Poisson statistics can be used to test whether particles are distributed randomly. Coordinates
of molecules are binned into pixels, and the histogram of the numbers of particles in each
bin is fitted with a Poisson distribution, which should be successful (i.e., should have a χ2

value of ~ 1) if the molecules are randomly distributed. A failed fit suggests nonrandomness.
The pixel size can then be varied to test for nonrandomness as a function of length scale
(99). This type of procedure gives a simple yes/no test for clustering but does not give any
additional information on the type of clustering.

Single linkage cluster analysis (100) defines clusters as containing all molecules with a
maximum distance dmax to at least one other member of the cluster. Clusters are identified
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as sets of molecules (i.e., lists of coordinates) that can then be analyzed by any desired
method (Figure 4). Typical properties include area, perimeter, density (particles per unit
area), and shape (i.e., ratio of length to width), but many other options exist. This method
has the advantage that one obtains a distribution of values, rather than a single averaged
value, so multiple populations can be detected and distinguished.

4.3. Visualization and Rendering
The foremost objective of any imaging system is to create a meaningful visual
representation of the distribution of labeled objects within the sample. In a STED
microscope, image pixels are sequentially generated with intensity values proportional (or
equal) to the number of photons detected from a predetermined position in the sample.

Because the data obtained in LM are composed of the coordinates of localized molecules,
methods for visualizing this data are not as straightforward. In initial reports, images were
generated as scatter plots or 2D Gaussian rendering of molecular positions or by binning the
molecular positions into pixels (i.e., a 2D histogram) whose intensities correspond to the
number of molecules localized in that region. However, a thorough investigation has shown
that the multiresolution nature of localization-based images is not ideally suited for either of
these rendering methods (101). Namely, scatter plots suffer from nonlinearity owing to
saturation from symbol overlap, and Gaussian spots result in a loss in resolution by a factor
of  (101). Baddeley et al. (101) propose rendering methods based on adaptive bin size
histograms and triangulation to generate images from single-molecule coordinates that better
represent the resolution and noise of the data while reducing artifacts (Figure 5). Similarly,
an adaptively jittered 2D histogram rendering method has been proposed; it has the
advantages over the conventional 2D histogram that molecule positions are not forced onto a
regular grid and that the resulting image reflects the localization precision (71).

5. EXAMPLES OF BIOLOGICAL APPLICATIONS
Applying LM and STED microscopy to biological questions and analyzing their data
appropriately have yielded important results and demonstrate the importance of data
processing to taking full advantage of these methods. The publications discussed below
provide interesting examples but are not exclusive.

Willig et al. (102) examined the spatial distribution of the synaptic vesicle protein
synaptotagmin I by STED microscopy. Immunostained protein distributions imaged at 45–
66-nm resolution revealed clusters that were fitted by Lorentzian functions to determine
their size distribution. The resulting histograms peaked between 70 and 85 nm with no
significant differences among vesicle pools and between stimulation and staining protocols.
The similarity between these values and the STED resolution indicated that the underlying
structures are well below 70 nm, which was consistent with the 35–40-nm vesicle diameter.
Comparing the brightness histograms of clusters with those of single antibodies confirmed
that synaptotagmin clusters represent several antibodies. The authors concluded from their
STED data that synaptotagmin stays clustered during exocytosis on the presynaptic
membrane and does not diffuse, independent of the amount of stimulation.

In another STED application, Neumann et al. (63) analyzed the spatial distribution of three
isoforms of the human mitochondrial voltage-dependent anion channel (hVDAC) with
respect to the cytosolic protein hexokinase-I. Dual-color STED images were recorded using
an interleaved pulse scheme whereby the lasers were switched between two excitation/
depletion beam pairs at 40-ns time intervals. Two detection channels were recorded for each
of the two illumination scenarios, and a linear unmixing algorithm was applied to correct for
channel crosstalk. An iterative seeded-region-growing algorithm consisting of a series of
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erosion, smoothing, thresholding, and dilation operations allowed extraction of image
regions that contained mitochondria. For colocalization analysis, Pearson’s correlation
coefficient and the overlap coefficient revealed that a larger fraction of hexokinase-I is
colocalized with hVDAC3 than with the other two isoforms, hVDAC1 and hVDAC2.

Greenfield et al. (103) mapped the cellular localization of the Tar receptor, CheY, and
CheW (three proteins central to bacterial chemotaxis) in Escherichia coli by labeling the
proteins with photoswitchable proteins tdEos or mEos and by imaging them by LM. To
identify the molecules, image frames were filtered and areas identified where the signal was
four standard deviations above the background level. To prevent multiple counts of the same
blinking molecule and to achieve a better SNR, observed spots that reappeared within five
frames were combined. To further improve image quality, only molecules emitting at least
100 photons and featuring a <40-nm localization error were counted. Clusters were
objectively identified and characterized in a next step, through the use of a variant of single-
linkage cluster algorithms that groups proteins closer than 30 nm. Groups of at least 10
proteins were defined as clusters. By comparing the observed cluster sizes and position
distributions extracted from ~1.1 million localized individual molecules with a stochastic
self-assembly model, the authors demonstrated that stochastic self-assembly without direct
cytoskeletal involvement or active transport can explain the observed protein distributions
(see Figure 6h).

Using 3D LM to image the budding of single vesicles and their fission from isolated plasma
membrane sheets has provided valuable information on the coupling between clathrin-
dependent endocytosis and F-BAR-dependent tubulation. Wu et al. (104) blocked fission by
GTP analog GTPγS and imaged membrane sheets immunolabeled for clathrin or dynamin,
colabeled for the F-BAR protein FBP17. Combining and carefully aligning the 3D
localization data of 59–207 observed tubular membrane invaginations into a single image
enabled the visualization of a representative membrane invagination with high molecular
densities. This visualization clearly confirmed the restriction of clathrin, dynamin, and
FBP17 to the coated pit, a constriction site at the neck region, and the tubule, respectively
(see Figure 6a–c). From a section through the 3D LM representation of a single clathrin-
coated pit, the characteristic spherical half-shell shape of the clathrin-coated pit of
approximately ~100-nm diameter could be resolved (Figure 6d ).

In the first application of LM in living cells, Hess et al. (53) imaged the influenza membrane
protein hemagglutinin (HA) to discriminate between membrane raft theories. On the basis of
the clustering patterns and dynamics of HA observed by LM in live cells, the observations
eliminated the hypothesis that line tension (and thereby lipid fluid-fluid phase coexistence)
plays a dominant role in domain shape and also eliminated solid-phase membrane domain
models for HA. Analysis of spatial correlations through K-test (Figure 6e) and diffusion
distance histograms provided further evidence that HA clusters occur by modulation of
diffusion within certain membrane regions.

Kanchanawong et al. (105) utilized the extremely high axial resolution of ~10 nm of the LM
variant iPALM to decipher the spatial organization of integrin-based focal adhesions that
link cells to the extracellular matrix. The authors labeled proteins known to locate in the
adhesion complexes with the photoswitchable proteins tdEos or mEos2. Molecules were
imaged and localized in 3D, and focal adhesions were identified manually for further
characterization (Figure 6f ). To determine the absolute axial position of the focal adhesion
molecules, the authors compared the molecules’ positions with those of autofluorescent
molecules on the coverslip surface, which were present in the neighborhood of the focal
adhesions. Center z-positions for the distributions of each molecular species, imaged
individually, were extracted from z-position histograms either by fitting the histogram data

Gould et al. Page 13

Annu Rev Biomed Eng. Author manuscript; available in PMC 2013 February 11.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



with a Gaussian function or by calculating the first moment of the distribution (Figure 6g).
The ~10-nm axial localization precision allowed the authors to map these protein
components precisely and to generate for the first time a map of focal adhesions.

6. DISCUSSION AND OUTLOOK
The primary objective of any imaging technique is to learn something about an observed
specimen. Every new microscopy method is measured against this expectation. For
diffraction-unlimited microscopy, this expectation is especially high given that the
information content of an image is closely related to its resolution. Ultimately, the success of
optical nanoscopy will be determined by the insights that can be gleaned from analyzing the
higher-resolution data, particularly in living specimens. To this extent, a need for well-
established and standardized analysis methods is critical, especially in the case of LM, in
which additional single-molecule information is inherently obtained. Although numerous
applications have already taken advantage of this additional information, future applications
will likely push these techniques even further.

Furthermore, the context of visualized structures must be considered. Atomic force
microscopy (26) and electron microscopy (80, 106) have been used to complement and
validate subdiffraction optical microscopy. Overlaying LM or STED images with electron
microscopy micrographs not only confirms the correct localization of a staining but also
provides anatomical context that may be required for data interpretation.

As diffraction-unlimited techniques continue to achieve increasingly better resolution, it is
worth considering the expectations for visualizing samples at the molecular level: All
biological samples are composed of finite numbers of individual molecules. Thus, structures
underlying microscope images are fundamentally discrete, not continuous. At smaller and
smaller length scales, the number of molecules sampled within the resolution limit becomes
smaller and smaller, and the expectation that images of such samples should be continuous
is increasingly problematic. Rather, we must try to shed our macroscopic intuition and
develop a new nanoscopic intuition: The best we can do is to find the positions of all these
molecules with subnanometer precision; this information is the visible portion of the sample.
In this case, the resolution of the image as it is defined conventionally is difficult to apply.
Instead, the best metric quantifying our ability to answer a particular question of interest has
to include the SNR and will depend greatly on the question and the experimental setting in
which it is asked.

Considering SNR, two aspects in particular, the number of photons detected from the probe
molecule and the background noise observed relative to that signal, play central roles.
Regarding the former, detecting fewer photons in total does not necessarily correlate with
less information content. Hypothetically imaging a cluster of 10 vesicles of 40-nm diameter
in a diffraction-limited volume illustrates this point: A confocal microscope image of the
sample yields a much higher signal per pixel than does a STED image (assuming the same
excitation intensity, pixel size, and dwell time per pixel) because the signal of all vesicles is
combined in the former case, whereas the signal of only one or two vesicles adds up in the
latter case. Nonetheless, the STED image that resolves all vesicles contains, without
question, much more information than the confocal image, where all vesicles are blurred
together. For the same reason, background can appear more prominent when higher
resolution is used. Whereas individual antibodies produce nearly negligible background in a
confocal image when compared with the accumulated signal of a cluster of 10 vesicles, the
same number of background molecules can become quite noticeable in a STED image,
where each vesicle appears at a tenth of the confocal signal intensity. This phenomenon,
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which can also be observed in LM, can make it difficult to distinguish specific from
nonspecific labeling.

Generally, diffraction-unlimited microscopy benefits from bright fluorescent labeling even
more than conventional microscopy does because the objects of interest tend to be smaller
and therefore contain fewer probe molecules. This is also true for the density of detected
labels. Especially in LM, data quality depends not only on particle detection and localization
algorithms and the imaging protocol, but also on the number of labels and the brightness of
individual probe molecules. Therefore, development of new probes—including brighter,
smaller, more photostable molecules—as well as new labeling techniques plays an essential
role in future improvements of diffraction-unlimited techniques.

As the use of diffraction-unlimited microscopy continues to grow, and as the corresponding
instruments become ubiquitous, the experimental design and its relationship to data analysis
methods will determine the ultimate success in answering a particular biological question.
The maximum resolution, if it can still be defined, will serve only as a guideline for
feasibility. Rather, the old scientific methods still reign: The crucial requirement is the
selection of the hypothesis and the ability to conceive an experiment that addresses the
hypothesis within the constraints of the instrument and analysis methods. As an ever wider
range of capabilities becomes available, the question remains: Which important biological
questions can be addressed today with existing nanoscopy technology? Many questions
beckon but have not been addressed; this is a time of opportunity for biological
understanding. As the gap between existing capabilities and their fullest use narrows, it is
inspiring to imagine what new discoveries will be made.
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Glossary

Resolution the minimum distance at which objects can be distinguished
when imaged with a microscope; often characterized by the full
width at half maximum of the point-spread function

Stimulated emission photophysical process that drives an excited fluorophore to its
ground state through stimulation by light

Stimulated emission
depletion (STED)

process by which spontaneous fluorescence can be switched off
in a targeted manner

Localization
microscopy (LM)

family of diffraction-unlimited imaging techniques that rely on
single-molecule localization and image reconstruction

Point-spread
function (PSF)

spatial distribution of light emitted by a point source when
observed in a microscope

FWHM full width at half maximum

Localization
precision

statistical error in determining a position
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Diffraction limit fundamental physical phenomenon that restricts how tightly light
can be focused, thereby limiting the resolution of microscopes

SNR signal-to-noise ratio

Localization
accuracy

systematic error in determining a position
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Figure 1.
Concepts of diffraction-unlimited microscopy. (a) Concept of localization microscopy (LM).
Sparse subsets of single molecules are identified in a raw frame (red boxes). Each molecule
is fitted (cyan curve) to determine its position (x0) with a precision that is inversely
proportional to the square root of the number of detected photons (N), as indicated by the
green curve. An LM image is generated from the coordinates of molecules localized from
many frames. (b) Concept of stimulated emission depletion (STED) microscopy. The
conventional excitation focus of a laser-scanning microscope (cyan) is coaligned to the
donut-shaped depletion focus, which features an intensity zero at its center (red ). Saturating
the depletion efficiency quenches fluorescence emission except at the center of the depletion
focus ( gray curve). An effective STED point-spread function (PSF) ( green) is generated
with a size that is inversely proportional to the square root of the ratio of maximum
depletion intensity to characteristic saturation intensity (Imax/Isat).
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Figure 2.
Data processing in conventional and diffraction-unlimited microscopy. Abbreviation: STED,
stimulated emission depletion.

Gould et al. Page 23

Annu Rev Biomed Eng. Author manuscript; available in PMC 2013 February 11.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
Trajectories in diffraction-unlimited microscopy. (a) Trajectories of synaptic vesicles
imaged at video rate by stimulated emission depletion microscopy. Adapted from Reference
50; reprinted with permission from AAAS. (b) Trajectories of Dendra2-HA molecules
expressed in a living fibroblast cell imaged at 37°C using localization microscopy. Inset
shows zoom-in of boxed region.
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Figure 4.
Single linkage cluster analysis (SLCA) of FPALM data set to identify and characterize
membrane protein clusters. (a) FPALM image of Dendra2-tagged linker of activated T cells
in HAb2 fixed fibroblast cell. Examples of clusters identified by SLCA are shown in red
(maximum nearest neighbor distance 30 nm). (b) Magnified view of one such cluster
contained in the box in panel a. (c) List of properties that can be analyzed once the
molecules constituting each cluster have been identified.
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Figure 5.
Visualization of data in diffraction-unlimited microscopy. (a) STED image of SNAP-25 on
the plasma membrane of fixed neuronal cell. The area inside the blue circle has been linearly
deconvolved. (b–g) A comparison of simulated LM data representing two parallel lines
rendered using (b) a scatter plot of molecular coordinates, (c) Gaussian spots with standard
deviation equal to the simulated localization precision (10 nm), (d ) a quad-tree-based
adaptive histogram, (e) the Delaunay triangulation method, (f) randomly subsampled
triangulation, and ( g) adaptively jittered and averaged triangulation. Line profiles were
generated by summing data along the vertical axis. Dashed lines represent the theoretical
distribution of positions. Abbreviations: LM, localization microscopy; SNAP-25,
synaptosomal-associated protein 25; STED, stimulated emission depletion. Panel a from
Reference 68; panels b–g from Reference 101.
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Figure 6.
Examples of data visualization and processing in localization microscopy (LM). (a,b)
Stacked visualization of several tubular membrane invaginations labeled for clathrin
( green), FBP17 (red ), and dynamin (blue). Multiple invaginations were aligned according
to their clathrin and dynamin signals. (c) Plot of the localized probe positions along the
tubules for 207 clathrin and FBP17 data sets. (d ) Projections and sections of a 3D data set of
a single clathrin-coated pit in two orientations. Panels a–d adapted with permission from
Reference 104. (e) Normalized K-test of PA-GFP-hemagglutinin in live and fixed
fibroblasts showing clustering on length scales from ~20 nm to ~2.5 μm as indicated by the
results’ being significantly above the dotted green line denoting a random distribution. Panel
e reproduced with permission from Reference 53. ( f,g) LM image of integrin αv–tdEos.
Single molecules are color-coded by their axial positions. (f) Top view. ( g) Side view of the
focal adhesion denoted by the white box in panel f. The histogram shows the axial
distribution (units: nm) of the molecules. Panels f and g adapted with permission from
Reference 105. (h) Histogram of cluster sizes of Eos-Tar illustrating that smaller clusters
occur much more frequently than large ones. The insets show sample cluster images and the
cumulative distribution function. The red lines represent the fit to a self-assembly model.
Panel h reproduced with permission from Reference 103.
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