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One of the major quests in fluorescence microscopy 
is to image specimens with the highest detail pos-
sible. The amount of detail that can be resolved by 
a conventional light microscope is, however, funda-
mentally limited by the diffraction of light. Even an 
infinitely small point source of light is still imaged 
as a spot of finite volume, known as the point spread 
function (PSF). Consequently, the PSFs of two 
point sources that are closer together than the PSF 
width will show substantial overlap, making it dif-
ficult or impossible to distinguish them from one 
another. Based on the pioneering work by Abbe1 and 
Rayleigh2, the resolution in the focal plane is often 
approximated as 0.5λ/NA, with λ being the wave-
length of light and NA the numerical aperture of the 
microscope objective lens. The attainable resolution 
is thus fundamentally limited to around 200 nm for 
visible light (λ = 550 nm) using a high-NA objective 
lens (NA = 1.4). However, when it comes to deter-
mining the location of a single, isolated subresolution 
particle, such as a single fluorophore, this limit is of 
less importance, as the isolated spot of light coming 
from this particle does not need to be distinguished 
from any other structure in the vicinity. Although the 
spot shape is related to the PSF, the particle’s location  
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can be determined with a precision and accuracy 
down to the nanometer scale (Box 1 and Fig. 1).

Although this intuitive concept has been known for a 
long time3,4, it was not until light detectors became sen-
sitive enough in the 1980s that it was put into practice 
and applied in a technique generally known as single-
particle tracking (SPT). An SPT experiment begins with 
recording a time series of images of fluorescently labeled 
subresolution particles that are isolated from each other 
so that the spots of light coming from the individual 
particles (i.e., diffraction limited spots of light) are spa-
tially separate. Subsequently, each individual particle 
spot is identified in every image, and their positions 
are calculated. This in turn allows users to determine 
the trajectories of the individual particles, which can be 
used for further analysis. As SPT was applied to vari-
ous systems, it was soon realized that knowledge of the 
precision and accuracy with which the position of a 
single fluorescent particle can be estimated was of vital 
importance for correct analysis of the particle trajecto-
ries: for example, for the determination of the diffusion 
coefficient from Brownian motion trajectories5.

The interest in localization precision and accu-
racy has recently increased considerably owing to 
the development of super-resolution microscopy 
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techniques based on localizing individual fluorophores, such as 
photoactivated localization microscopy (PALM)6, fluorescence 
PALM (FPALM)7 and stochastic optical reconstruction micros-
copy (STORM)8. Key to these techniques is the consecutive on- 
and off-switching of fluorophores within a spectral detection 
window9. The imaging procedure starts with the fluorophores in 

an off (dark) state, either by using fluorescent proteins that are 
natively expressed in an off state6,7 or by using fluorophores that 
are converted into an off state by a suitable illumination proce-
dure8. Next, a random but sparse subset of fluorophores is acti-
vated through illumination of the sample with light of suitable 
wavelength and intensity. This subset is then imaged by light of an 

Box 1 THE  CONCEPT OF LOCALIZATION PRECISION AND ACCURACY 
 The position coordinates (xp, yp, zp) of an isolated fluorescent 
emitter can be estimated from a microscopy image with  
a limited certainty that comprises both a precision and an  
accuracy (Fig. 1). If the true position coordinate xp of a 
particle is measured multiple times, the localization precision 
describes the spread of these estimates xp,i around its mean 
value xp , whereas the localization accuracy describes the  
deviation of the mean of the measured position coordinates
xp  from the true position coordinate xp.

Commonly expressed in terms of a standard deviation σx, 
the localization precision can be determined as
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where n is the number of estimates. Sometimes, the  
localization precision is represented by the full-width at  
half-maximum FWHMx of the distribution of measured position 
coordinates xp,i, which is related to the standard deviation 
representation σx as

FWHMx x= 2 2 2ln s

Similar expressions of the localization precision hold for the 
position coordinates yp and zp.

The localization precision is essentially determined by the 
photons that make up the image. The number of photons  
arriving in a certain time interval follows a Poisson distribution,  
the standard deviation of which is known as shot noise. The 
photon positions have a spatial distribution fp(x, y, z) that is 
dictated by the emission profile of the particle in combination  
with the light diffraction in the microscope. Experimental  
factors, such as detector and sample properties, further influence  
the localization precision. The best localization precision  
theoretically achievable is given by the square root of the 
Cramér-Rao lower bound (CRLB), which is defined as the  
smallest possible variance any unbiased estimation algorithm 
can have100. The CRLB is given by the inverse of the diagonal 
terms of the Fisher information matrix, leading to
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Similar expressions of the CRLB hold for the localization  
precision σy and σz corresponding to the position coordinates 
yp and zp, respectively. The reader is referred to the accompa-
nying Review article of Small and Stahlheber26 for more details 
on this topic. For an isotropic emitter in or close to the focal 
plane, the particle image that is determined by fp(x, y, z) is 
often approximated by a 2D Gaussian function18. Considering 

only shot noise, the limit on the localization precision in this 
simple case15,20 is given by
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with N being the total number of detected photons and s 
the standard deviation of the Gaussian function. A similar 
expression of the CRLB holds for the localization precision σy. 
Besides shot noise, detector properties such as pixelation  
and readout noise can be included in the CRLB15. The limit  
on the localization precision outside the focal plane cannot  
be described by a simple analytical expression because 3D 
models of the particle image are substantially more complex.

If the algorithm that is used for the estimation of xp is  
unbiased, the mean of its estimates approaches the true  
particle position with an increasing number of estimates n, 
i.e., xp = xp. However, when the algorithm is biased, the  
mean xp predicts the wrong position. Such an algorithm is 
called inaccurate, with a nonzero localization accuracy ∆x on 
the x coordinate given by

			   ∆x x x= −p p

Similar expressions of the localization accuracy hold for the 
position coordinates yp and zp. Because the localization  
accuracy does not involve individual measurements xp,i, it is 
not sensitive to shot noise. However, the other factors that 
influence the localization precision—i.e., the spatial distribu-
tion of the photons in the image and the properties of the de-
tector and sample—can in principle also affect the localization 
accuracy. Unlike the case of the localization precision, there is 
no fundamental limit on the achievable localization accuracy.

100 nm
5 nm
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(xp, yp)

(xp, yp)– –
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Figure 1 | Localization precision and accuracy. An example of an 
experimentally recorded image of a single emitter is shown. The 
real particle position (xp, yp) can be estimated from such an image 
with a lateral localization precision σxy = (σx

2 + σy
2)1/2 and a lateral 

localization accuracy ∆xy = (∆x
2 + ∆y

2)1/2. The blue circles denote 
experimentally determined position estimates from different images of 
the same emitter, and (xp, yp) is the average of these individual values.
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appropriate readout wavelength, resulting in an image with spa-
tially separated spots of light coming from each fluorophore. This 
allows the position of the activated fluorophores to be determined 
with a precision and accuracy smaller than the size of the PSF. 
Repeating the off-on cycle many times permits the position of 
many fluorophores in the sample to be determined. When struc-
tures are labeled with fluorophores at high enough density, and  
when a sufficient fraction of these labels are detected, a super- 
resolution image can be constructed from their estimated posi-
tions. The effective achievable resolution is therefore closely 
related to the localization precision and accuracy, so it is indis-
pensable to have a clear understanding of how these parameters 
can be quantified and optimized. We will use localization micros-
copy to refer to any microscopy technique that relies on localizing 
individual fluorophores in order to generate images, whether they 
are part of a larger structure or not.

This Review provides an overview of recent work on localization 
precision and accuracy in relation to SPT and localization micros-
copy measurements, and it covers both theoretical considerations 
and practical issues to help users achieve the best localization pre-
cision and accuracy possible in their experiments. For information  
on the many other aspects of SPT and localization microscopy 
experiments, there are other excellent resources10–13.

The influence of emitter properties
The location of a single emitter can be determined from its micro-
scopy image using a specific algorithm, which we will refer to 
as the position estimator. Examples of such position estimators 
include fitting of a Gaussian function to the observed particle 
image and calculating its center of mass14. Whereas perfect locali-
zation accuracy can be achieved if the position estimator is unbi-
ased, the localization precision can never be perfect because it is 
fundamentally limited by the Cramér-Rao lower bound (CRLB)15 
(Box 1). Both the precision and accuracy of position estimators 
depend on the shape of the emitter image, which is determined by 
the microscope optics and certain emitter properties. One impor-
tant property is the spatial distribution of the photon emission, 
which is often implicitly assumed to be isotropic. However, a sin-
gle fluorophore does not emit light in an isotropic fashion but 
rather behaves as an electric dipole16. This means that the shape 
of the emitter image can deviate substantially from the isotropic 
approximation, especially when there is limited or no rotation 
of the dipole during camera exposure, a fact that is increas-
ingly being appreciated in the field of localization microscopy17. 
Another important emitter property that is mostly of relevance to 
SPT is motion during camera exposure time, which can distort the 
emitter image, whether the photons are emitted isotropically or 
not. Below we discuss several efforts that have been undertaken 
to theoretically describe the localization precision and sometimes 
accuracy for combinations of emitter properties and microscope 
optics that are typically encountered in SPT or localization micro-
scopy. The most prominent theories are listed in Figure 2.

Isotropic emitters. In SPT and especially localization microscopy, 
the image of a single emitter is frequently approximated as a two-
dimensional (2D) Gaussian function. This is reasonable for a con-
ventional microscope setup in combination with the assumption of 
isotropic photon emission in or within a few hundred nanometers 
of the focal plane18. A popular position estimator is, therefore, fit-

ting of a Gaussian function14,19,20, as it is unbiased in this situation.  
Moreover, when a maximum-likelihood procedure is used, the 
localization precision can attain the CRLB21. In localization 
microscopy, which often has considerable background fluores-
cence, weighted least-square fitting may achieve similar locali-
zation precision, although in applications with low background 
fluorescence, such as in some SPT experiments, special treatment 
needs to be applied to pixels having weights approaching 0 at the 
edge of the particle image21. Unweighted least-squares fitting, 
also known as the Gaussian mask, does not have this problem, 
but it comes at the expense of a lower localization precision20,21. 
Another well-known position estimator in SPT and localization 
microscopy is the center-of-mass algorithm, whose localization 
precision and accuracy has been studied extensively in other con-
texts22,23. This position estimator is computationally fast24, but 
experimental factors such as detector pixelation and background 
fluorescence will usually render it less precise14 and accurate22,25 
than Gaussian fitting. Simple mathematical expressions have been 
derived that describe the localization precision and accuracy for 
Gaussian fitting and the center-of-mass algorithm (Fig. 2). Besides 
these position estimators, a range of other algorithms is avail-
able. The reader is referred to the accompanying Review by Small 
and Stahlheber26 for more details on the computations that are 
involved in such position estimators.

As the distance of an isotropic emitter from the focal plane 
increases, the emitter image enlarges, resulting in an increase of 
the standard deviation of the fitted 2D Gaussian function (Fig. 3a).  
Although this means that the lateral localization precision decreases 
with increasing out-of-focus distance (Box 1), it has the advan-
tage that the axial position can be estimated by fitting a Gaussian 
function with variable standard deviation27. The corresponding 
axial precision, however, strongly decreases with decreasing out-
of-focus distance, essentially becoming 0 if the emitter is in the 
focal plane28. For an isotropic emitter further out of focus than a 
few hundred nanometers, the image exhibits a distinct pattern of 
diffraction rings (Fig. 3b). Because this diffraction ring pattern is 
unique to each axial position, a higher axial localization precision 
can be obtained than that near the focal plane. However, the estima-
tion of the axial position can be accurate only when fitting a suffi-
ciently elaborate theoretical 3D scalar29 or vectorial30,31 PSF model. 
Another option is to use a PSF model based on diffraction ring  
patterns from experimental images32. Theories on the localization 
precision that can be obtained with these complex position estima-
tors are challenging to derive, and the performance is therefore 
usually compared to the CRLB in this situation (Fig. 2). Maximum-
likelihood estimation of a scalar PSF model29 has been shown to 
result in an axial localization precision that approaches the CRLB33. 
For emitters located at an increasing distance from the focal plane, 
the diffraction ring patterns gradually become unclear as the fluo-
rescence signal becomes distributed over an increasingly large area, 
resulting in a concomitant deterioration of the localization preci-
sion. Indirectly determining the 3D position from the lateral shape 
of the particle image thus results in a highly nonuniform precision. 
Additionally, when there are no experimental complications such 
as a refractive index mismatch, it cannot be inferred from the lateral 
shape of the image whether the emitter is below or above the focal 
plane because the PSF is axially symmetric.

Recently, a variety of techniques have been developed to over-
come these problems (Box 2 and Fig. 4). One approach consists 
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of detecting the fluorescence   the same emitter simultaneously in 
different imaging channels. In biplane (or multifocal-plane) micro-
scopy, these channels each correspond to a different focal plane in 
the sample34–36. Comparison of the images allows unambiguous 
determination of the axial position over several micrometers and 
results in a fairly constant 3D localization precision37,38. In another 
technique, a mirror placed inside the sample adds an imaging chan-
nel corresponding to a side view of the normal front image, leading 
to almost isotropic 3D localization precision39,40. Sub-10-nm axial 
precision over a range of a few hundred nanometers around the 
focal plane has been obtained by combining the images of several 
channels produced by self-interference of the light emitted by a 
particle and collected by two opposing objectives38,41,42.

In an alternative and more straightforward approach (Box 2), opti-
cal elements are placed in the detection beam path of a conventional  

microscope setup to engineer a PSF that exhibits an axially depend-
ent deformation. In this way, the shape of a single lateral image is 
unambiguously related to the axial position of the emitter. In one 
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Figure 3 | Simulated images of an isotropic emitter at different axial 
positions Zp and cross-sections through the emitter position along 
the x direction. (a) When the emitter is located within a few hundred 
nanometers from the focal plane (Zp = 0 nm), the image can be 
approximated by a 2D Gaussian function with a standard deviation that 
slowly increases with the axial position. (b) For an isotropic emitter 
located further out of focus, the image exhibits a distinct pattern of 
diffraction rings that is unique to each axial position. The simulations in a  
and b were performed with an algorithm that is described elsewhere98, 
assuming visible light (λ = 550 nm) and a high-NA objective lens  
(NA = 1.4). All images are normalized to their maximum values.

Figure 2 | Theories describing the localization precision or accuracy in SPT and localization microscopy. The table shows a non-exhaustive list of theories 
describing the lateral localization precision s s sxy x y= +( ) /2 2 1 2, the axial localization precision σz or the lateral localization accuracy D D Dxy x y= +( ) /2 2 1 2. 
Each theory makes assumptions on the type of emitter, microscope, sample and detector. Although analytical expressions for the localization precision of simple 
estimators have been derived, for complicated estimators the localization precision performance is usually compared to the Cramér-Rao lower bound (CRLB).

Emitter properties Microscope properties Sample properties Detector properties Localization theory Reference

Isotropic emitter

Conventional

Homogeneous background
fluorescence

Pixelation & excess noise �xy for Gaussian fitting Eqs. (5) and (6) in
Mortensen et al.21 

Pixelation & readout noise

�xy for center of mass

Eq. (17) in Li et al.23�xy for center of mass

Eq. (6) in Berglund et al.25

�z for Gaussian fitting Eq. (5) in DeSantis et al.28 

CRLB on �xy Ober et al.15 

Astigmatism, biplane,
interference

CRLB on �xy and �z von Middendorff et al.38 

Astigmatism, biplane,
double helix Pixelation CRLB on �xy and �z Badieirostami et al.45 

Conventional

Not accounted for

Pixelation & excess
noise & readout noise

CRLB on �xy Chao et al.68

Pixelation

�xy for center of mass Eq. (12) in Jia et al.22 

CRLB on �z Aguet et al.33 

Astigmatism, biplane,
double helix

CRLB on �xy and �z Grover et al.52 

Double helix CRLB on �xy and �z Pavani et al.50 

Single-dipole
emitter

Homogeneous background
fluorescence

Pixelation & excess noise CRLB on �xy Mortensen et al.21 

Pixelation

CRLB on �xy Aguet et al.56

Polarization imaging CRLB on �xy Stallinga et al.58 

Double helix and
polarization imaging

CRLB on �xy and �z
Backlund et al.59 

Ensemble of dipole 
emitters

Conventional

Conventional

Homogeneous background
fluorescence

Pixelation & excess noise CRLB on �xy Mortensen et al.21 

Motion during 
camera exposure

Homogeneous background
fluorescence

Pixelation & excess noise �xy for center of mass 
(diffusion)

Eq. (12) in 
Deschout et al.64 

Pixelation & readout noise
circular motion)

CRLB on �xy (linear and Wong et al.63 

Conventional
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Box 2 DETECTION  SCHEMES FOR 3D LOCALIZATION 

 The lateral position of a particle can be 
readily derived from the location of its 
image recorded with a camera in a con-
ventional optical microscope (Fig. 4a),  
but the axial position can only be  
deduced with highly variable precision 
from differences in the shape of its  
image at different distances from the  
focal plane. Special microscope setups 
have therefore been developed that  
allow unambiguous 3D localization with 
more uniform precision (Fig. 4). These 
setups rely on simultaneously recording 
multiple images of the same emitter via 
different detection beam paths and/or 
engineering of the 3D shape of the PSF.

A well-known technique that features 
multiple detection beam paths is biplane 
microscopy, in which a 50/50 beam  
splitter sends the light coming from a 
single emitter to two separate cameras  
or two separate regions of the same  
camera34–36 (Fig. 4b). The two beam 
paths are designed to image two  
different planes in the sample, which 
allows axial particle localization through 
comparison of the two images. Increasing 
the number of image planes expands the 
axial localization range at the cost  
of localization precision.

In a setup similar to that of biplane 
microscopy, a mirror with a 45° angle 
to the optical axis is placed inside the sample to generate a 
side view of a single emitter in addition to the normal front 
view39,40 (Fig. 4c). A 50/50 beam splitter sends the light 
coming from the emitter and its mirror image to two separate 
cameras (or two separate regions of a single camera). The 
lateral position is then determined from the front view of the 
emitter; the axial position, from the side view.

Imaging a particle through two opposing objective lenses in 
a 4Pi detection geometry101 and analyzing the self-interference 
of the detected light allows determination of the axial position 
from the interference phase38,41,42. Unambiguously determining  
both phase and brightness of the light over at least one  
interference wave requires that a minimum of three images at 
different phase delays be recorded42 (Fig. 4d). Depending  
on the axial emitter position, the optical path lengths are 
different, resulting in distinctive intensity ratios between the 
multiple emitter images.

Instead of detecting multiple images for each particle in 
separate beam paths, the axial position can be encoded in the 
2D image of the particle by PSF engineering such as by placing 
a cylindrical lens in the beam path43,44 (Fig. 4e). The intro-
duced astigmatism generates elliptically shaped emitter images 
whose ellipticity and orientation depend on the axial particle 
position. The axial position can therefore be determined by 

analyzing the shape of the particle image, and the lateral 
position is obtained from the image center.

Alternatively, a PSF can be engineered that splits each  
particle image into two lobes whose distance and/or relative 
orientation depend on the axial particle position. By introduc-
ing a phase ramp over one-half of the detection beam path 
with a glass wedge46,47 (Fig. 4f) or by splitting the beam  
path in two by a pair of closely spaced nearly parallel  
mirrors48 (Fig. 4g), a dual-lobe PSF can be produced where  
the axial position is determined from the distance between 
both lobes.

By using a phase filter, such as a spatial light modulator or 
manufactured phase plate, a more complex phase pattern can 
be generated. For a PSF in the shape of a double helix that 
rotates around the optical axis50,51 (Fig. 4h), the axial posi-
tion can be extracted from the relative orientation of the two 
lobes, and the midpoint between them describes the lateral 
position. Similarly, for a single helix (corkscrew)-shaped PSF 
that rotates around the optical axis49 (Fig. 4i), the emitter 
can be localized by recording two images, one with the un-
modified setup and another one with the phase filter rotated 
over 180°. The relative orientation between both images yields 
the axial position, and the midpoint between both represents 
the lateral position.
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Figure 4 | Simplified illustrations of the detection beam path in several microscope setups that 
allow for 3D localization of single emitters. The main components in these setups are objective 
lenses (O), mirrors (M), beam splitters (BS), cameras (C), lenses (L), cylindrical lenses (CL), 
glass wedges (W) and phase filters (PF).
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technique, a cylindrical lens is introduced, leading to an astigmatic 
particle image with changing ellipticity and orientation depend-
ing on the axial position43,44. This has been shown to result in a 
precision similar to that of the biplane approach, although less 
isotropic in three dimensions37,45. In another embodiment, a PSF 
consisting of two lobes whose relative distance depends on the axial 
position of the emitter is engineered by adding a prism over half 
the detection beam path, resulting in comparable precision to that 
in the astigmatic case46,47. In a technique called parallax, a similar 
effect is achieved by two closely spaced mirrors48. Alternatively, 
a phase filter can be used to engineer a single-helix49 or double-
helix50,51 PSF, with the latter resulting in a 3D localization preci-
sion that is largely independent of the axial position over a range of 
several micrometers45,52,53, more so than those for the astigmatism 
or multifocal-plane methods45,52. Further investigation is needed 
to find position estimators for these different 3D localization tech-
niques that are unbiased and can attain the CRLB.

Single-dipole emitters. When a fluorophore is rigidly linked to 
a stationary structure, it can be rotationally immobile, result-
ing in a dipole that has a fixed orientation. Depending on this 
orientation, the image usually exhibits asymmetry that becomes 
more pronounced with increasing out-of-focus distance (Fig. 5a). 
This asymmetry can cause the intensity peak to be substantially 
displaced from the actual center of the dipole, resulting in lateral 
inaccuracies when using position estimators for isotropic emit-
ters (Fig. 5b). It has been reported that, in the case of NA = 1.4, 
lateral displacements up to 100 nm can occur using the center-
of-mass algorithm54. For lower values of the NA, this localiza-
tion inaccuracy is typically several times smaller17,55. However, 
it should be kept in mind that the corresponding lower light 
collection efficiency (on the order of 60% for NA = 1.2 compared 
to NA = 1.4) reduces the localization precision. The fitting of a 
Gaussian function to the image of a dipole emitter has also been 
reported to introduce a lateral inaccuracy up to tens of nanom-
eters17,55. One approach to avoid these localization inaccuracies 
is fitting of an image model that takes the dipole orientation into 
account21,56. However, this is quite challenging because different 
combinations of dipole orientation and out-of-focus distance 
can result in similar images. One solution comes from intensity- 
based measurement made with polarizing optics that allows 
determination of both lateral position and dipole orientation57. 
Combining this approach with fitting of an image model cor-
rects for lateral inaccuracies induced by the dipole orientation58. 
Similarly, accurate 3D localization of dipole emitters has been 

achieved by combining polarization optics with the double-helix 
PSF microscope setup59. Adapting other 3D localization tech-
niques for dipole emitters could benefit the field as well.

Usually, a fluorophore will exhibit rotational motion dependent 
on the viscosity of the environment, the structure it is linked to 
and the nature of the linker moiety. As rotations take place over a 
time scale of a few nanoseconds57,58, typical millisecond camera 
exposure times lead to images that can be described as coming 
from a superposition of fixed dipoles with random orientations 
in a certain angular range. Depending on the range of dipole 
orientations, localization inaccuracies of the order of 10 nm can 
occur with 2D Gaussian fitting60. Only in the extreme case of full 
rotational freedom, when the emitter image becomes symmetric, 
accurate position estimation is possible with 2D Gaussian fitting, 
with a precision approaching the CRLB21,55. An interesting topic 
for further investigation is the intermediate case between a fixed 
and a fast rotating dipole.

In conclusion, it is important to be aware of the substantial locali-
zation inaccuracies that can be present when labels are unable to 
rotate freely or when the localized molecules are not in focus. An 
effort to systematically study this effect for different labels and labe-
ling strategies would be helpful to the localization microscopy com-
munity, as results suggest that many fluorescent proteins attached to 
molecules of interest do not have full rotational freedom, especially 
when attached to membrane-associated or cytoskeletal proteins57. 
In the meantime, users are advised to experimentally quantify 
the degree to which dipole orientation is isotropic in their system 
using a method that employs polarization optics57. Polarization 
anisotropy values reflect the degree to which the orientation is truly 
isotropic, with values close to 0 for dipoles that are able to sample 
all possible orientations within the camera exposure time. The ani-
sotropies measured can be related roughly to the dipole angle acces-
sible by the emitter using basic published anisotropy models61.

Ensemble of dipole emitters. Nanoparticles or macromolecules 
having many fluorophores attached to them are often studied in 
SPT. Such an ensemble of fluorophores can be considered as a 
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Figure 5 | Influence of dipole photon emission on localization precision 
and accuracy. (a) Simulated images of a dipole emitter for different  
dipole angles α in radians with the x axis at different axial positions Zp. 
Some combinations of the dipole angle and axial position result in images 
that exhibit substantial asymmetry. Bottom, cross-sections of the  
images through the emitter position along the x direction. (b) Simulated 
images of a dipole emitter with dipole angle α = π/2 at axial positions  
Zp = 0 nm and Zp = 100 nm that contain Poisson noise and pixelation.  
In each case, the fitted positions of 100 such images, as obtained from 
fitting of a 2D Gaussian function, are shown (blue dots) together with  
the actual position (red cross). A substantial lateral inaccuracy caused by 
the image asymmetry in case of Zp = 100 nm is apparent. The simulations  
in a and b were performed with an algorithm that is described 
elsewhere99, assuming visible light (λ = 550 nm) and a high-NA objective 
lens (NA = 1.4). All images are normalized to their maximum values.
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superposition of randomly oriented dipoles. Although its image is 
symmetric for wide-field illumination, this is not the case for total-
internal-reflection fluorescence (TIRF) illumination (Box 3), as 
the electric field of TIRF light does not have a uniform orientation. 
Fitting of a Gaussian function to determine the lateral position is, 
therefore, slightly inaccurate in the case of TIRF. However, this lat-
eral inaccuracy is identical for all emitters in the field of view21, so 
the position estimates are accurate relative to each other. Stationary 
particles that are labeled with many fluorophores can, therefore, 
be approximated as isotropic emitters. An interesting topic for 
further investigation is the intermediary case of only a couple of 
fluorophores attached to a nanoparticle or macromolecule.

Translational motion during camera exposure. Until now, it was 
implicitly assumed that the emitter is stationary. However, translational  

movement is commonly present in live samples and is by defini-
tion expected in SPT. When the distance traveled by the emitter 
during camera exposure reaches the same order of magnitude as 
that of the PSF width, the observed image can become substan-
tially deformed (Fig. 6a) for Brownian motion. This in turn influ-
ences the localization precision and accuracy (Fig. 6b). The effect 
of linear and circular motion on lateral localization precision of 
isotropic emitters in focus has been investigated by determining 
the CRLB62,63, which is of relevance for sample drift. However, 
particle motion at the microscopic scale more commonly exhibits 
a stochastic component. It has been shown that fitting of a 2D 
Gaussian function becomes inaccurate and imprecise in the case 
of substantial 3D diffusion during the camera exposure time64. The 
center-of-mass algorithm was shown to be a better choice for esti-
mation of the lateral position in that case, as it does not depend on 

Box 3 SA MPLE ILLUMINATION IN SPT AND LOCALIZATION MICROSCOPY 
 There are different ways of illuminating the sample in SPT  
and localization microscopy experiments (Fig. 8). Wide-field 
or epifluorescence illumination (Fig. 8a) is easily obtained 
by focusing a light source along the optical axis in the back 
focal plane of the objective lens, generating a parallel light 
bundle in the sample. The major disadvantage of this type of 
illumination is that all planes above and below the focal plane 
also receive excitation light, resulting in a substantial amount 
of out-of-focus fluorescence. This background can strongly 
affect the localization precision and possibly the localization 
accuracy, especially in thick samples. To reduce these effects, 
various alternative illumination architectures exist to  
minimize the out-of-focus contribution.

One approach often used is total-internal-reflection  
fluorescence (TIRF) illumination6,21 (Fig. 8b). Because the 
laser beam is focused off-center in the back focal plane of the 
objective lens, the light comes out of the objective lens at  
an angle such that it reflects off the interface between the 
coverslip and the sample, provided that the sample refractive 
index is smaller than that of the coverslip. This causes an  
evanescent wave to emerge in the sample over a couple of  
hundred nanometers so that only a small layer near the cover 
slip is illuminated. Although this approach strongly reduces 
the out-of-focus fluorescence, only the parts of the sample 
near the coverslip can be imaged.

Inclined (or oblique) illumination is a technique related to 
TIRF that is often used in SPT and localization microscopy102,103  
(Fig. 8c). The laser beam is also focused off-center in the back 
focal plane of the objective lens, but closer to the optical axis 
than in TIRF. This results in a light beam that comes out at 
a sharp angle. This light beam can have a thickness on the 
order of micrometers and therefore, just like TIRF, provides 
a superior contrast compared to wide-field illumination. By 
changing the off-center distance of the focused illumination 
beam in the back focal plane, the angle can be adjusted so as 
to illuminate the sample at different heights.

An approach that is starting to receive a lot of attention in 
localization microscopy and SPT is light-sheet illumination78,104 
(Fig. 8d). Unlike the previous techniques, the illumination is 
not provided by the detection objective lens but, in its most 

common configuration, by the combination of a separate  
cylindrical lens and an illumination objective lens placed at a 
90° angle to the detection path. Thus, a light sheet is generated 
that coincides with the focal plane of the detection objective 
lens. Although it is very difficult or even impossible to image 
the sample close to the coverslip, light-sheet illumination is an 
interesting approach for imaging in thick samples.

Confocal microscopy is another well-known technique  
to reduce out-of-focus fluorescence. A focused laser beam  
is scanned point by point through the focal plane in the  
sample, and the out-of-focus background is rejected by a  
pinhole in the detection beam path. Although confocal  
microscopy has not frequently been used for SPT or  
localization microscopy owing to a limited frame rate and/or 
sensitivity, one adaptation of the line-scanning confocal  
microscope has been reported that is capable of detecting 
single emitters105 (Fig. 8e).

Figure 8 | Simplified illustrations of the illumination path in several 
microscope setups that allow for sample background reduction. The main 
components in these setups are objective lenses (O), beam splitters (BS), 
lenses (L), cylindrical lenses (CL), galvanometric mirrors (GM) and coverslips (CS).
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a particular shape of the emitter image64. When single molecules 
are tracked65,66, the lateral inaccuracy due to molecular dipole 
orientation can be important if the fluorophore is unable to freely 
rotate within the camera exposure time. Further investigation is 
needed on the effect of translational motion on the localization 
precision and accuracy of dipole emitters, and on how motion 
influences precision and accuracy of 3D localization techniques.

The influence of experimental factors
The emitter image is only one factor that affects the precision and 
accuracy with which it can be localized. Just as important are the 
various properties of the detector and the sample, such as detector 
noise, sample drift and background fluorescence. When deter-
mining the localization precision and accuracy, it is thus crucial 
to properly account for all of these effects. This is required not 
only for correct optimization of the performance in localization 
microscopy and SPT but also for correct interpretation of the 
obtained data. Most theoretical descriptions of the localization 
precision and accuracy try to account for these properties to a 
certain extent (Fig. 2), and we discuss these below.

Detector. Several detector properties can affect the localization 
precision and accuracy. Detector pixelation limits the achievable 
localization precision because the location at which an individual 
photon arrives within the pixel area is unknown. Larger pixel sizes 
thus result in a reduced localization precision, which is considered 
by almost all theories (Fig. 2). However, the smaller the pixels 
are, the fewer photons are detected per pixel, which can result in 
detector noise overwhelming the signal.

Particularly for long exposure times, thermally induced ‘dark 
current’ that introduces a Poisson distributed background15 can 
play an important role in charge-coupled device (CCD) and sci-
entific complementary metal-oxide semiconductor (sCMOS) 
detectors, as it increases with the camera exposure time. For 
that reason, most high-end cameras nowadays are cooled, which 
results in dark current effectively being insignificant.

The CCD and, to a lesser extent, the sCMOS suffer from rea-
dout noise that follows a Gaussian distribution independent of 
the detected photon number. Although readout noise degrades 
the localization precision15,62, it is usually not included in 
localization precision theories, arguably because the electron- 
multiplying CCD (EMCCD) has replaced the CCD in recent years. 

The on-chip electron-multiplication process in these devices 
renders the readout noise effectively negligible. However, this 
process is also stochastic, which adds so-called excess noise to 
each pixel. In the case of high electron-multiplication levels (for 
example, 103), the pixel electrons after multiplication can still be 
described by a Poisson distribution, but with twice the variance67. 
This in turn decreases the localization precision by a factor of √2, 
although low light levels or low electron-multiplication values 
require a more complex treatment21,68. The reader is referred 
elsewhere for more detailed information on CCD and EMCCD 
properties that affect the localization precision15,20,21.

The sCMOS has recently been explored as an alternative to the 
more expensive EMCCD. Its localization precision performance 
was found to be competitive with EMCCD for relatively high light 
levels, but it performs worse for very low light levels69,70. Unlike 
the EMCCD, the sCMOS can affect the localization accuracy 
because each pixel produces a unique amount of readout noise. 
This localization inaccuracy can be avoided by careful calibration 
of the readout noise pattern, in combination with a dedicated 
maximum likelihood–based position estimator71.

Another source of potential localization inaccuracies is the 
nonuniform sensitivity of the pixels over the detector area72. The 
so-called photoresponse nonuniformity is caused by differences 
in the conversion efficiency of photons to electrons between pixels 
or even within the same pixel, leading to a nonuniform image 
even when all pixels are illuminated uniformly. This can lead to 
localization inaccuracies on the order of nanometers, especially 
when the nonuniformities have the same scale as the width of 
the particle image. This localization inaccuracy can be corrected 
for by mapping the photoresponse nonuniformity in detail: for 
example, by recording the image of an illuminated pinhole that is 
scanned across the pixels with subpixel step size72.

Sample drift. Sample drift on the nanometer scale is hard to avoid 
as it can be caused by a variety of sources, such as vibration and 
mechanical relaxation of the microscope. Drift during camera 
exposure affects the localization precision and accuracy in a way 
that is similar to (linear) particle motion, and it also negatively 
influences SPT and localization microscopy data analysis. In the 
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Figure 6 | Influence of translational movement during camera exposure on 
localization precision and accuracy. (a) Simulated images of an isotropic 
emitter that is diffusing in the focal plane during a camera exposure time 
of 100 ms for different values of the diffusion coefficient D. The larger 
the value of D, the more the image is distorted. (b) Simulated images of 
a diffusing isotropic emitter with D = 0.01 µm2/s and D = 1 µm2/s that 
contain Poisson noise and pixelation. For both cases, a Brownian motion 
trajectory was simulated during the camera exposure time, and 100 images 
were simulated on the basis of the same Brownian trajectory but with 
independently added Poisson noise. Two exemplary images are shown.  
The positions obtained from fitting a 2D Gaussian function are shown 
(blue dots) together with the actual average position of the Brownian 
motion trajectory (red cross). A substantial decrease in precision and 
accuracy caused by the larger distortion of the image shape in the case 
of D = 1 µm2/s is apparent. The simulations in a and b were performed 
with an algorithm that is described elsewhere64, assuming visible light 
(λ = 550 nm) and a high-NA objective lens (NA = 1.4). All images are 
normalized to their maximum intensity values.

np
g

©
 2

01
4 

N
at

ur
e 

A
m

er
ic

a,
 In

c.
 A

ll 
rig

ht
s 

re
se

rv
ed

.



nature methods  |  VOL.11  NO.3  |  MARCH 2014  |  261

review

context of the latter issue, one often-reported drift correction 
approach is to relate all position estimates to the position of a fidu-
ciary marker embedded in the sample6,8. As thermal motion of the 
markers can distort drift correction, it is better to attach them to the 
coverslip instead73,74. To maintain a good precision of the location 
estimates, researchers should use a fiduciary marker bright enough 
such that its location can be determined with a precision much bet-
ter than the localization precision of the tracked particles or imaged 
single molecules. For that reason, bright fluorescent beads are often 
chosen8. However, if such a bright structure is located too close 
to the particle of interest, it may add to its background, in effect 
reducing the localization precision, or it might be so bright that it 
saturates the detector. A better solution is to use a bright fiduciary 
marker, close to the particle of interest, that fluoresces in a spec-
trally separate channel73. Techniques for drift correction that do 
not require the addition of fiduciary markers rely on the use of spa-
tial correlation between subsequent super-resolution images43,75,76 
or the use of structures of the sample itself (for example, intracel-
lular structures that are imaged separately but simultaneously with 
transmitted light) as fiduciary markers77. However, these methods 
do not work if the structures of interest are dynamic.

Sample background. Sample background, coming from out-of-
focus fluorescence or autofluorescence, can substantially reduce 
the localization precision and, for estimators such as the center-of-
mass algorithm, also the localization accuracy25. This is especially 
the case when the particles are located deep inside thick biological 
samples. The extra background inside cellular spheroids of 100-µm  
diameter has been shown to lead to a decrease in precision 
by a factor of 2 compared to the ideal situation without back-
ground78 (Fig. 7). Homogeneous background fluorescence is 
often incorporated in the precision and accuracy theories (Fig. 2).  
It takes the form of a Poisson-distributed background and is 
thus equivalent to dark current. In some samples, especially 
thick ones, the background fluorescence can be heterogeneous, 
introducing localization inaccuracies up to tens of nanometers 
(Supplementary Fig. 1 and Supplementary Note 1). Although 
image processing procedures can be used to filter out background 
heterogeneity to some extent, a complete correction is difficult to 
achieve. Background from out-of-focus fluorescence should be 
avoided by confining the illumination as much as possible to the 
portion of the sample that is in focus, using a microscope setup 
with a suitable illumination configuration (Box 3 and Fig. 8).

PSF deformation. The PSF can become deformed because of 
refractive-index variations in the sample, light scattering or 
absorption, and refractive-index mismatch between the sample, 
embedding medium and coverslip. This results in a deformation 

of the emitter image that becomes more pronounced with deeper 
focusing into the sample. Lateral displacement of the PSF caused 
by comatic aberrations can be especially problematic, to an extent 
depending on the axial position of the emitter74. Accurate posi-
tion estimation can be achieved only by fitting an experimen-
tally determined emitter image model43,74. These experimental  
particle-reference images can be obtained from an independently 
recorded z stack of a fluorescent nonblinking particle, such as 
a fluorescent bead. Possible differences in photobleaching34,37, 
refractive-index mismatch43,79,80 or dipole orientation81 between 
the actual image and the calibration stack need to be corrected for. 
Recently, an interesting possibility for at least partially mitigating 
these complications has been reported, wherein an image model 
is derived from only a couple of experimental images at different 
z positions using a phase-retrieval algorithm82. Another approach 
that is worthwhile to explore is adaptive optics, as it has already 
been shown useful in removing PSF deformations caused by opti-
cal inhomogeneity in the sample83.

Label displacement. Because the fluorescent label is usually not 
identical to the molecule of interest, the determined emitter posi-
tion in any SPT or localization microscopy experiment is dis-
placed with respect to the real molecule position. One type of label 
displacement arises from the finite size of the fluorescent label 
itself. Although irrelevant for single fluorophores with a diameter 
of about 1 nm, a displacement on the order of tens of nanometers 
arises by using nanoparticles such as quantum dots or fluorescent 
beads. A second important source of displacement comes from any 
linker moiety used to attach the label to the target molecule. For 
instance, the combination of primary and secondary antibodies  
can introduce displacements of 10–20 nm. Nanobodies84 and 
aptamers85 could be a better option in this regard because their 
size is on the order of nanometers. One should also be aware that 
the linker moiety might restrict the rotational freedom of the fluo-
rescent label and result in localization inaccuracies that exceed 
the label displacement60. For a discussion on the classes of labels 
that are suitable for localization microscopy, see Box 4.

Measuring the localization precision
For the case of isotropic emitters near the focal plane, simple 
mathematical expressions can be derived that describe the locali-
zation precision obtained with a certain position estimator (Fig. 2).  
However, estimator-specific localization precision theories are 
challenging to derive for more complicated situations—for example,  
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Figure 7 | Experimental images illustrating the effect of sample background 
on the localization precision. (a) Images of fluorescent subresolution objects 
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in the case of emitters with a fixed dipole orientation or the case 
of PSF deformations—and instead the performance is usually 
compared to the CRLB (Fig. 2). Therefore, if at all possible, it is 
preferable to determine the actual localization precision experi-
mentally. For stationary emitters (i.e., without translational move-
ment), as is often the case in localization microscopy, this can be 
done by acquiring a series of images of a sparse set of emitters. 
By determining the location of the same emitter in subsequent 
images, the standard deviation on the localization can be deter-
mined, which is by definition the localization precision (Box 1).  
As this procedure is sensitive to instrumental drift, it is better to 
determine the precision from the distance between consecutive 
positions rather than the positions themselves20. For determining 
the effective localization precision of particles that are moving 
during the camera exposure time, as that is typically the case  
for SPT experiments, a method was recently reported that  
makes use of two simultaneously acquired images by introducing 
a 50/50 beam splitter or dichroic mirror in the detection path64.

Implication for localization microscopy and SPT
Resolution in localization microscopy. The two parameters that 
most commonly limit the resolution in localization microscopy are 

localization precision and label density (Figs. 9 and 10), but so far 
there has been little consensus in the field on how resolution should 
be reported and measured. One of the first attempts to replace the 
conventional theory of Abbe1 and Rayleigh2 in the context of local-
ization microscopy was called the fundamental resolution meas-
ure86. In this framework, the resolution of an optical microscope 
is completely determined by the localization precision (Figs. 9a,b 
and 10a). However, this is generally not sufficient to describe the 
resolution in localization microscopy images, as it does not account 
for the effect of label density87 (Figs. 9a,c and 10b). Often, the fol-
lowing two guidelines are considered: if a desired resolution is to be 
obtained, then (i) the localization precision value should evidently 
be smaller and (ii) the nearest-neighbor distance between localized 
fluorophores (in the final rendered image) within the structure 
of interest should not be larger than half the desired resolution. 
Note that the resolution in other super-resolution microscopy 
techniques is governed by similar guidelines. For instance, it was 
recently reported that the resolution in stimulated emission deple-
tion microscopy images equally depends on the label density85.

Of course, there are circumstances in which these guidelines do 
not work well. Guideline (ii) is an analogy of the Nyquist criterion, 
stating that the characteristic distance between two neighboring 

Box 4 TY PES OF LABELS FOR LOCALIZATION MICROSCOPY 
 A number of options exist for labeling samples for localization 
microscopy. For a comprehensive overview of suitable labels, the 
reader is referred elsewhere106–108. Here, the advantages and dis-
advantages of the three main classes of fluorescent labels (fluores
cent proteins, organic dyes and quantum dots) are discussed.

Photoactivatable and photoswitchable fluorescent proteins 
(PAFPs) offer the convenience of genetic control of the fluoro-
phore, attachment to a protein of interest and controlled sub-
cellular localization and expression level. Furthermore, their 
moderate size (a cylindrical shape of diameter ~2.8 nm and 
length ~4 nm) and their compatibility with the cellular milieu 
make them advantageous for live- and fixed-cell imaging. As a 
matter of fact, the first live-cell localization microscopy study 
used PAFPs109. It is advised to use monomeric forms of PAFPs 
to minimize self-aggregation110. A downside in comparison 
to organic dyes is that PAFPs generally emit fewer photons 
before photobleaching106. The turnover rate and the potential 
for problems induced by PAFP overexpression are also crucial 
considerations that can limit the density of labeled molecules 
and ultimately the image quality and achieved resolution.

Conventional organic dyes may be used for localization 
microscopy provided that proper conditions can be obtained 
such that the majority of fluorophores are within long-lived 
dark states. Conditions that achieve this requirement have 
been determined for a large number of such probes and often 
require the presence of thiol or other reducing agents within 
the imaging buffer106. Their small size and the relatively  
large number of photons they can emit make organic dyes  
advantageous for applications in which maximization of 
localization precision and accuracy is desired. In that case it 
is better to attach organic dyes to small molecules (such as 
phalloidin), rather than to large antibodies, for targeting to 
specific biological structures. In addition, antibody labeling is 

mostly limited to fixed permeabilized cells. Although live-cell 
applications are possible in which molecules on the cell  
exterior are labeled, the introduction of thiol or other  
reducing agents can affect live-cell physiology.

Caged organic dyes are another option for labeling cells, 
the advantages of which are similar to other organic dyes, but 
without the requirement for reducing agents or thiol. With 
respect to both conventional and caged organic dyes, recently 
developed methods to couple these probes to small geneti-
cally encoded binding sites that can be expressed in cells 
have enabled live- and fixed-cell labeling schemes that offer 
many of the advantages of both PAFPs and organic dyes (i.e., 
Snap-tags81, ‘click’ chemistry111 or HaloTags112), although 
background can be a problem108.

Quantum dots are also an option for cell labeling; these 
have the advantage of high brightness and resistance to 
photobleaching113 but are also prone to self-aggregation114 
and blinking115. Quantum dots have recently been synthesized 
with sizes as small as a few nanometers116 but so far have 
not been produced in a photoactivatable or photoconvertible 
form, although blinking has been exploited to allow super-
resolution imaging117. The density of quantum dots in the 
on state, unlike the density of PAFPs or organic dyes, is thus 
hard to control by illumination, limiting their use to applica-
tions in which small populations of quantum dots attached to 
molecules of interest are visualized over long periods of time. 
Methods to label both extracellular and intracellular structures  
using quantum dots in fixed cells, and to some extent in 
live cells, have been developed108. However, the delivery of 
quantum dots to the cytosol of living cells118 and attenuating 
their cytotoxicity remain challenging. Thus, although there are 
many options, the best choice of label will depend very much 
upon the type of localization microscopy application.
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emitters must be smaller than half of the smallest sample feature 
that can be resolved81,88. However, it has recently been shown that 
the Nyquist criterion can overestimate the increase of resolution 
with label density89. In the case of a sample with a small number 
of molecules of interest—for example, a membrane receptor nor-
mally expressed at the level of a few hundred copies per cell—the 
structure itself does not have continuous boundaries. Localizing 
every molecule of interest with arbitrarily high precision will still 
yield an image that appears sparse, which means that guideline  
(ii) does not apply. Image resolution is thus arguably not a 
meaningful concept in this particular case. The kind of structure 
being examined also plays a role in the reliability of the informa-
tion obtained. For example, confirming a gap in a filament imaged 
by localization microscopy requires that the labeling of this fila-
ment be as uniform as possible, and even if this is achieved, the 
stochasticity of the localization process will cause ‘false’ gaps to 
occur by chance. The only way to interpret such an image is to 
compare the width and frequency of observed gaps with the width 
and frequency of gaps expected by chance.

Thus, guidelines (i) and (ii) do not account for all of the sources 
of resolution degradation, and ideally a more sophisticated esti-
mate of resolution should be made. One example of a general 
estimator of image information and resolution is the informa-
tion transfer function derived from Fisher information theory90, 
which quantifies the total amount of information captured within 
a localization microscopy image and includes the effects of locali-
zation precision and density. However, the practical use of this 
theoretical framework might be limited, as it requires a prior 
model of the sample structure. A different approach that does 
allow one to estimate the resolution directly from the recorded 
localization microscopy image, accounting for both localization 
precision and label density, is based on the calculation of the 
Fourier ring correlation (FRC)91,92. An extension of this concept 
was shown to capture the effect of line-like (such as microtu-

bule92) and ring-like (such as nuclear pore complex91) sample 
features on the resolution. However, the usefulness of the FRC 
for determining whether structures with many other particular 
geometries (for example, two globular objects or a gap in a fila-
ment) are resolved remains to be investigated. In addition it would 
seem that the FRC is not relevant for structures without con-
tinuous boundaries. Thus, for the near future, the best practice is 
probably for users to report both measured localization precision 
and localized probe density (or nearest-neighbor distance) for 
each rendered image, even if a sophisticated resolution measure 
such as the FRC is calculated.

Several approaches have been used to experimentally character-
ize the resolution in localization microscopy. Often, this is done 
purely qualitatively by imaging known structures, such as actin 
filaments or microtubules (Fig. 10 and Supplementary Note 2). 
Quantitative measurements of resolution have also been reported 
using nanoscale rulers, i.e., structures that contain single emitters 
at predefined distances from each other. For instance, double-
stranded DNA labeled with multiple emitters separated by a fixed 
number of base pairs has been used as a nanoscale ruler8. A more 
rigid and controllable nanoscale ruler has recently been obtained 
by DNA origami, using short fluorescently labeled DNA staple 
strands that bind at particular points on a long single-stranded 

Figure 9 | Influence of localization precision, label density and label 
displacement on the resolution in a localization microscopy image.  
(a–d) The actual structure consisting of molecules is symbolized by the 
green dots. The apparent structure that is observed in the localization 
microscopy image consists of estimated positions (red dots) of the labels 
(blue dots). The open red circles represent the localization precision.  
(a) The localization microscopy image faithfully represents the actual structure 
only when the localization precision and label density are sufficiently high and 
the label displacement is sufficiently small. The resolution in the localization 
microscopy images is decreased by lower localization precision (b), lower label 
density (c) and higher label displacement (d).
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Figure 10 | Experimental images illustrating the influence of localization 
precision and label density on the resolution in localization microscopy. 
Microtubules in HeLa cells labeled with Alexa 647 are shown. (a,b) The 
images show the effect of an increasing localization precision (i.e., 
decreasing values of the lateral localization precision σxy) (a) and an 
increasing labeling density (i.e., increasing values of the number of localized 
molecules m) (b). See Supplementary Note 2 for more information.
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DNA scaffold93. However, such measurements should be inter-
preted with care, as they are relevant only when the localization 
precision, labeling density and geometry are all comparable to 
those of the actual sample. Simulated images are a better alterna-
tive because they allow easier control over these three parameters. 
For instance, by taking the measured localization precision and 
label density from an experiment, it is possible to simulate images 
of emitters on structures with different geometries. Comparison 
of the simulated and experimental images allows better under-
standing of what structures have been resolved.

Not only localization imprecision but also inaccuracy  
can adversely affect the resolution in localization microscopy. 
When induced by dipole orientations or detector photoresponse 
nonuniformities, inaccuracy can in principle be eliminated by 
application of the best practices for these situations. Localization 
inaccuracy induced by the labeling method poses more of a  
problem (Fig. 9a,d) and thus warrants further investigation. 
This is also the case for emitter photoblinking94, which can affect  
the apparent label density and, therefore, the resolution.

SPT analysis. In SPT, the measured trajectories of nanoparticles 
or macromolecules are usually analyzed to obtain information 
about the particle mobility or its interaction with the surrounding 
medium. For correct trajectory analysis it is crucial to account for 
any nonzero localization precision or accuracy. A popular type of 
analysis is the fitting of a theoretical model to the mean-square dis-
placements of the trajectories11,13,95. For instance, the mean-square 
displacement is linearly proportional to the time lag between the 
observed locations in the case of free Brownian motion, whereas 
typically a power law is considered in the case of anomalous diffu-
sion95. The effect of limited localization precision has to be included 
in the model through a constant offset5,96 (Fig. 11). In the context 
of SPT, where particles or molecules are typically mobile, motion 
during camera exposure and its effect on localization precision 
has to be taken into account. Surprisingly, it was not until recently 
that this effect was considered for free Brownian motion64,97; more 
efforts are still required for other motion types.

Conclusion and future outlook
Localization microscopy and SPT have provided invaluable insight 
into biological systems at the nanoscale. As these powerful techniques 
are becoming more mature and are being applied to increasingly  

complex biological systems, it is of crucial importance to fully 
understand localization precision and accuracy of single emitters,  
two related concepts that are at the heart of these techniques. This 
means that the use of popular position estimators, such as fit-
ting an isotropic Gaussian, should be used with consideration, 
as they yield optimal localization precision and accuracy only in 
circumstances that are in fact rarely achieved in SPT or localization 
microscopy experiments. Continuation of the ongoing efforts to 
investigate the localization precision and accuracy of a whole array 
of other position estimators will be of great help in selecting the 
most suitable position estimator for a given situation. Furthermore, 
as SPT is being used to probe nanoscale motion with increasing 
temporal resolution, effects due to nonzero localization precision 
and accuracy should be taken into account in the analysis of SPT 
data. In localization microscopy, it will be crucial to develop a 
correct understanding of spatial resolution in biological samples 
in relation to localization precision and accuracy.

Note: Any Supplementary Information and Source Data files are available in the 
online version of the paper.
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