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Only a few years after its inception, localization-based super-resolution microscopy has 

become widely employed in biological studies. Yet, it is primarily used in two-dimensional 

imaging and accessing the organization of cellular structures at the nanoscale in three 

dimensions (3D) still poses important challenges. Here, we review optical and computational 

techniques that enable the 3D localization of individual emitters and the reconstruction of 3D 

super-resolution images. These techniques are grouped into three main categories: PSF 

engineering, multiple plane imaging and interferometric approaches. We provide an overview 

of their technical implementation as well as commentary on their applicability. Finally, we 

discuss future trends in 3D localization-based super-resolution microscopy. 

 

 

Introduction 

In the past decade, it has become possible for researchers to 

optically resolve details of biological specimens at the 

nanoscale. This revolutionary advance was enabled by the class 

of microscopy techniques that permit imaging below the Abbe 

diffraction limit,1 commonly referred to as super-resolution 

microscopy.2-9 Super-resolution microscopy techniques are 

numerous and possess distinct functionality and applicability. 

In Stimulated Emission Depletion (STED) microscopy, a 

diffraction-limited excitation focal spot overlaps an engineered 

donut-shape depletion zone. Fluorescence emission is limited to 

an area below the diffraction limit, allowing super-resolution 

information to be obtained through raster-scanning of a sample 

under study.10 Structured Illumination Microscopy (SIM) is a 

wide-field technique in which a sample is illuminated with a 

grid excitation at different angular orientations, allowing 

information below the diffraction limit to be unveiled through 

specialized image processing.11 This review focuses on a third 

class of methods referred to as Localization Microscopy (LM), 

which include Photo-Activation Localization Microscopy 

(PALM)12 and Stochastic Optical Reconstruction Microscopy 

(STORM).13 

LM takes advantage of the recent development of 

photo-activatable and photo-switchable fluorescent proteins and 

dyes. These fluorophores have the characteristic of being 

stochastically activated upon excitation at a specific wavelength 

(often in the near UV, around 400 nm).12-15 Fluorescence 

emission (readout) occurs upon illumination at a distinct 

excitation wavelength, in the visible spectrum. Effectively, in 

any single image of an acquisition sequence, only a sparse 

number of fluorophores will be activated, allowing them to be 

individually distinguished. Through numerical fitting (typically 

with a Gaussian profile), these fluorophores can be localized 

with high accuracy. The localization accuracy, which depends 

primarily on the signal-to-noise ratio with which they are 

detected, is improved by roughly an order of magnitude over 

the optical diffraction limit. This process of localization is 

applied on all relevant emitting fluorophores in every image of 

an acquisition sequence. Super-imposing all localizations 

eventually forms a super-resolution pointillist picture of the 

biological specimen under study. The distinction between 

PALM and STORM lies in the type fluorescent marker that is 

employed; the former uses fluorescent proteins, the latter uses 

synthetic dyes. Initially, PALM and STORM techniques were 

developed for Total Internal Reflection Fluorescence (TIRF) 

microscopy, where only the basal membrane of a cell is 

illuminated and imaged.12, 13 Clearly, many biological specimen 

of interest have a 3D structure that extends beyond the close 

proximity (less than ~500 nm) of the cover glass that is 

accessible with TIRF. There is hence a logical imperative for 

researchers to record 3D super-resolution images.  

Accessing three-dimensional information has long 

been an important challenge in LM. Inherent difficulties are 

tied to the wide-field illumination configuration, which is 

commonly used in LM experiments (Figure 1-a). A first issue 

is the limited depth of field, which typically does not exceed 1 

µm in LM experiments. Second, as activation and excitation 

light illuminate the sample along the optical axis, molecules 

will be activated throughout the volume of the sample resulting 

in captured images containing a non-negligible signal 

component of light emanating from out-of-focus fluorophores. 

This causes elevated background intensity levels and reduced 

signal-to-noise ratios for the detection of pertinent in-focus 
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fluorophores. Furthermore, out-of-focus fluorophores can also 

be bleached, causing a loss of potential information over the 

course of an acquisition.  

Recent approaches have been proposed to account for the 

challenges presented with super-resolution 3D LM. To this end, 

3D LM techniques can be broadly classified in three categories: 

PSF engineering, multiple plane imaging, and interferometric 

approaches. In this review, we describe 3D LM methods 

pertaining to these categories and, importantly, we highlight 

their applicability in the context of biological imaging. 

Although we primarily discuss microscopy tools for 3D super-

resolution imaging, it is noted that many of the techniques we 

shall discuss can and have been applied for 3D single particle 

tracking (SPT), which itself is an active field in cellular biology 

and biophysics.16 

 

3D Imaging Techniques 

The distribution of light originating from a point emitter (in the 

case of LM, an individual photoactivated fluorophore) is 

embodied by the point-spread function (PSF) of the imaging 

system. In an aberration-corrected wide-field microscope, it is 

most often approximated to have an isotropic Gaussian profile 

in the lateral (x, y) dimensions (Figure 1-b), whose full-width-

at-half-maximum (FWHM) is equal to:17 

,
2

x yFWHM
NA

λ
=

 (1) 

where λ is the emission wavelength and NA is the numerical 

aperture of the microscope objective. In contrast, the FWHM of 

the PSF in the axial (z) dimension is expressed as: 

2

2
zFWHM

NA

λ
=

 (2) 

In single molecule experiments, high NA objectives are used to 

collect as many photons as possible. Physical limitations 

restrain the maximum collection NA to about 1.45 for oil 

immersion objectives. In this case the extent of the axial profile 

of the PSF can typically approach ~750 nm, roughly 2.5x that 

of the lateral profile (Figure 1-b). 

Imaging systems that use pixelated detector arrays (e.g. 

EMCCD cameras) capture discretized lateral intensity 

distributions of the PSF, from which 3D localization of the 

emitter should be inferred. The distribution of the light intensity 

on the camera can be fitted to an adequate model, allowing for 

a lateral localization of the single emitter with a precision 

limited by the number of detected photons and influenced by 

pixelation effects.18, 19 In contrast, axial position is not as 

readily discernible. This is due to two main reasons. First, in the 

absence of aberrations in the optical system, the PSF shape is 

symmetric around the optical axis and the focal plane. Second, 

the lateral width of the PSF varies only slowly near the focal 

plane (before rapidly expanding further away).  

An early approach for determining the axial location of a point 

emitter involved measuring the shape of the cross-sectional 

profile of the PSF in an off-focus imaging scheme and 

correlating it to a depth position.20 Although probing depths 

upwards of 3 µm were achievable with sub-nanometer 

localization precision, it was limited to observing bright 

fluorescent beads. Fluorescing species in PALM and STORM 

experiments are not nearly as bright, making determination of  

 

Figure 1: a) In the conventional wide-field imaging 

configuration, only the volume inside the depth of field (DOF) 

corresponding to the microscope objective is imaged. The out-

of-focus emitting molecules contribute to the background of the 

recorded images. b) The point spread function (PSF) of a 

typical wide-field microscope shown by the lateral and axial 

cross-sections, the latter being in log scale. The profile of the 

PSF is shown in linear scale. This PSF is a simulation for an 

aberration-free imaging system using a 1.4 NA objective lens. 

c) The multifocus imaging modality, simultaneously images 

multiple planes to cover a larger volume in comparison to 

conventional wide-field imaging. d) The selective plane 

illumination configuration, which is used to reduce out-of-focus 

emission. 

    

their axial positions based solely on cross-sectional PSF widths 

a challenging and impractical undertaking. 

The difficulties in the 3D localization of individual emitters in a 

wide-field microscope can be overcome when certain 

adjustments are accommodated in the imaging system. The 

main approaches regroup in the following: breaking the 

symmetry of the PSF by introducing a controlled aberration in 

the optical system to engineer the PSF shape, sampling the PSF 

on multiple focal planes, and increasing the solid angle of 

photon collection using two opposing objectives combined with 

interference for enhanced localization precision. We detail the 

principle of each of these methods whose performance are 

summarized in Table 1. 

PSF Engineering 

A direct approach to localize individual emitters in 3D consists 

in engineering the shape of the PSF in order to break its axial 

symmetry, and such that the form of the PSF lateral cross-

section corresponds to a certain depth of the emitter with 

respect to the focal plane. A calibration curve or lookup table 

describes this relationship. Among the techniques for 

engineering the PSF are the astigmatism and double-helix 

methods, as well as the recently introduced self-bending PSF. 

Astigmatism. A popular method that elucidates information on 

the axial position of an emitter is the imposition of astigmatism 

in the microscope emission path.21 A cost-effective solution is 

realizable by adding a weak cylindrical lens (typically with a 

nominal focal length of ~ 10 m) in the infinity part of the 

microscope.21, 22 We have also reported a more involved 

approach that consists of using adaptive optics with a 

deformable mirror, which provides the advantages of tunable 

astigmatism levels and aberration-correction.23 Astigmatism has 

the effect of axially separating the x and y focal planes, such 

that the ellipticity of the PSF becomes dependent on its z 
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position. As shown in Figure 2-a, the PSF is symmetric at the 

focal plane, and elongates in either x or y as a function of 

negative or positive defocus. Fluorophore detections from an 

image sequence are typically fitted by an asymmetric Gaussian 

profile which enables retrieval of the widths of the PSF in x and 

y. These widths serve as input to a calibration curve, which 

gives a corresponding axial position. In part due to its 

straightforward implementation and low-cost, astigmatism-

based techniques of 3D LM have been widely used. For 

instance, it has been employed to image actin cytoskeleton,24 

neuronal synapses,25 and synthetic polymer chains.26  

 

_______________________________________________________________________________________________ 

Table 1 : Summary of the differences in performance of 3D super-resolution localization microscopy techniques  

Imaging Modality 

Probe 

Depth 

[µm] 

Lateral 

Precision 

[nm] 

Axial 

Precision 

[nm] 

Live Cell 

Reported 

Multi-

Channel 

Reported 

ref 

PSF 

Engineering 

Astigmatism 0.75 20 50 Yes Yes 22, 23 

Double-Helix 1.5–2.0 20 50 Yes Yes 27, 28 

SB-PSF 3 10-15 10-15 No No 29 

Multi-Plane 
Biplane 1 30 75 Yes Yes 

30, 31 

 

MFM 4 20 50 Yes Yes 32 

Interferometric 
iPALM 

0.225-

0.750 
15 10 No No 33-36 

4Pi SMS 0.650 8.3-22 5.4-6.6 Yes Yes 37 

Other Methods VVSRM 0.750 20-100 20-100 No No 38 

_____________________________________________________________________________________________ 

A significant challenge with astigmatism-based techniques is 

the strong sensitivity in z localization precision on distortion 

strength, defocus distance, and detection localization algorithm 

(in addition to photon counts). Different magnitudes of 

astigmatic distortion have been shown to adversely affect the z 

localization precision.23 A high sensitivity in lateral PSF shape 

(x and y width) with the relative z position ensures an accurate 

depth localization precision. However, the greater the 

magnitude of the lateral distortion, the more the PSF spreads, 

resulting in an overall weaker emitted signal. Effectively, this 

highlights a tradeoff between the magnitude of the astigmatism 

and signal-to-noise ratio. In practice, a strong distortion for 

reasonably bright fluorophores will ensure an axial localization 

precision of roughly 50 nm or less, with probing depths of 

approximately 750 nm. Recently, it was shown that a dual-

objective approach can provide a marked improvement in 

photon counts, enhancing z localization precision by a potential 

factor of 1.4.24 

The contribution of out-of-focus light due to the wide-field 

excitation configuration can be addressed using light-sheet 

microscopy. By using a thin sheet of light to excite the sample 

or to activate molecules, only emitting molecules located in a 

specific plane contribute to the captured image (Figure 1-d). 

Light sheets typically range from 1–2 µm thickness,39 closely 

corresponding to the conventional wide-field focal depth of ~1 

µm. For 3D localization of emitters within the light sheet, the 

PSF must have axial information encoded, justifying its use 

with astigmatism to achieve sub-diffraction imaging.39 Light 

sheet microscopy has been successfully demonstrated by 

focusing an excitation beam with a cylindrical lens on live cells 
39 and through the use of selective-plane two-photon activation 

with temporal focusing.40, 41 The latter approach was 

demonstrated to achieve whole-cell super-resolution imaging 

when combined with axial scanning focusing.40, 41 

Double-Helix PSF. Depth information of an emitting single 

particle can be encoded in the PSF when it takes the form of a 

double-helix in the axial direction (Figure 2-b).27 By 

introducing a spatial light modulator (SLM) loaded with a 

double-helix PSF (DH-PSF) phase mask in the Fourier plane of 

the objective of a wide-field microscope, the lateral cross-

section of the PSF decomposes into two dominant lobes, as in 

an idealized double-helix. Effectively, the two lobes rotate 

about each other as the axial position is changed. Accordingly, 

the angle between the two lobes gives an estimate of the axial 

position of the emitting molecule. Lobes are fitted either with a 

least-squares Gaussian or centroid fit, whereupon the angle 

between the lobes is determined. As with the astigmatism-based 

technique, a calibration curve is constructed a priori to correlate 

the angle between the lobes and the PSF axial position. 

The DH-PSF method has been used for multicolor imaging of 

live bacterial protein ultrastructures where lateral and axial 

localization precisions of 25 nm and 50 nm have been reported, 

respectively, along with a probing depth of ~1.5 µm.28 The DH-

PSF method may encounter challenges in densely emitting 

biological samples, where lobes may overlap, rendering single-

molecule discrimination difficult. Furthermore, the SLM is 

polarization-sensitive and incurs a heavy photon loss (upwards 

of ~60%) that may limit its use to very bright fluorophores and 

impose constraints related to fluorophore switching rates to 

account for lengthier exposure times. Recently, surface-relief 

phase masks have been used to compensate these effects for the 

DH-PSF, where photon collection efficiencies may reach 

90%.42  

Another method in which axial position is determined via 

angular deviations of PSF features, is the corkscrew PSF, which 

has yet to be reported for super-resolution imaging. In this case 

the PSF is made to have a lateral elliptical cross-section that 

rotates as a function of the emitter axial position.43  

Self-Bending PSF. A recently presented technique involves 

engineering the PSF such that it takes the form of an Airy 

beam, which has notable limited diffractive characteristics.29 It 

involves splitting the emission channel into two paths, where 

each respective wave front is modulated with an SLM that, in 

turn, models the PSF into two self-bending Airy beams. The 

two images are then projected side-by-side on a single camera 

detector. A single emitter within the axial detection range is 

seen as a point in each of the images, where the relative 

distance between the two defines the final axial position. An 
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isotropic localization precision of ~10-15nm is obtained using 

this method over a 3 µm axial range, albeit with ~2000 photons 

per emitter.   

Multiplane Approaches 

Biplane. As discussed, the PSF cross-section width slowly 

varies near the focal plane, making it difficult to determine the 

z-position solely from a single 2D PSF fit. This difficulty can 

be overcome by recording two images of the same emitter, 

taken at different focal positions. The emission pathway may be 

split into two separate paths, where the light is captured by two 

cameras conjugated with two different planes of the sample 

(Figure 2-c). The vertical separation of the two planes is 

usually between 500 nm and 1 µm, such that an emitter will 

always be out-of-focus on at least one of the cameras. Known 

as the biplane configuration, the simultaneous projection of the 

PSF shape on two different cameras can be used to infer the 

axial position of the emitter.44 The depth over which objects 

can be localized varies according to the signal strength. It has 

been reported to be ~ 1 µm for fluorescent proteins and dyes 

and ~ 2 µm for brighter probes such as quantum dots and 

beads.45 

The first implementation of the biplane technique for LM 

super-resolution imaging was reported for the study of 

fluorescent molecules on the surface of 4 µm diameter beads.31 

In this case, sequential z-scanning was employed to cover the 

entire axial extent of the bead. It has been recently used for 

super-resolution imaging of mitochondria networks,46 tubulin 

fibers and septin structures.47 It is noted that the biplane 

approach can have better performance than PSF engineering 

techniques,31 which are prone to PSF aberrations. An inherent 

advantage of the biplane technique is that 3D localization 

accuracy is considered uniform over observed volumes,48, 49 

which cannot be claimed about astigmatism methods where the 

resolution deteriorates far from the focal plane.30 

Biplane imaging is also a powerful method for 3D single-

particle tracking in live cells, as it offers fast acquisition speeds 

and the flexibility for combination with other excitation or 

tracking methods.44, 50, 51 A recent extension of the technique 

has been shown in which four planes are simultaneously 

imaged with four different cameras, allowing tracking of bright 

quantum dots over depths of 8 µm.51 Dual-objective 

configurations have also been used with this method, to help 

mitigate the division of photon counts between multiple 

detectors.52  

Multifocus Microscopy. We have recently introduced an 

extension of the multiplane imaging concept with the 

development of multifocus microscopy (MFM).53 MFM is 

based on the presence of a chirp-distorted diffraction grating 

placed in the Fourier plane of a wide-field microscope. Emitted 

light is diffracted into nine central orders, which, after 

chromatic correction, are separately imaged on a single camera 

detector. Precise definition and design of the grating distortion 

ensures that the nine images correspond to nine focal planes 

equally separated in the specimen being imaged (Figure 2-d). A 

multifocus microscope is capable of probing a volume of nearly 

20×20×4 µm3 in a single camera exposure, with a recording 

speed limited only by the camera readout rate (Figure 1-c).  

MFM reaches single-molecule sensitivity, making it compatible 

with PALM and STORM.32 The recorded PSF can be fitted 

with a 3D Gaussian fitting algorithm to infer the three 

dimensional localization of the emitter. Among its reported 

applications, MFM has allowed whole-cell multicolor super-

resolution imaging of yeast cells and organelles in mammalian 

cells,32, 54 as well as 3D tracking of individually labeled proteins 

in the nucleus.53 A potential limitation to MFM is the combined 

effect of dividing photons to nine different diffractive orders 

and the ~65% efficiency with which light is diffracted into the 

nine central orders. In practice, however, the 3D localization of 

a PSF sampled on multiple focal planes enhances the lateral 

localization accuracy, making it comparable to other 3D LM 

methods.32  

 

Interferometric Approach 

In localization-based super-resolution microscopy, axial 

precision can be improved by the self-interference of an emitted 

wave emanating from a single molecule near the common focus 

of two collection objectives. This has the added benefit of 

collecting nearly twice the number of photons from each 

emitter, as compared to a single-objective setup. The 

configuration of the optical system can be tuned to allow 

interference over a wide range of lateral emitter positions to 

form interference image on the CCD camera for rapid parallel 

acquisition. Due to the periodic nature of the interference 

signal, configurations using three or four channels of 

interference signals are employed.  

 iPALM (interferometric PALM). iPALM employs a three-way 

beam splitter configuration, where self-interfered light is 

recorded on three cameras with amplitudes oscillating 120° out-

of-phase.35 An emitter is detected on the three detectors with 

three respective intensities. The lateral position can be directly 

deduced from the captured images by averaging the respective 

localizations, while the axial position is determined from the 

relative intensities from the three cameras (Figure 2-e).  

The significant advantage of iPALM is its near spatially 

isotropic 3D localization precision. It has a typical precision of 

20 nm laterally and 10 nm axially, which surpasses all other 3D 

super-resolution LM techniques. An inherent limitation to 

iPALM, however, is depth of focus, which is limited to 225 nm. 

To improve the axial extent of this method, iPALM has been 

combined with astigmatic detection to yield a probing depth of 

750 nm. As a consequence, the challenges related to 

astigmatism are encountered, such as deterioration of 

localization precision near the edges of the recorded volume.  

iPALM is particularly useful in biological contexts where thin 

structures are imaged. For example, it has been used to reveal 

that that integrins and actin are vertically separated by a ~40 nm 

core region consisting of multiple protein-specific layers.33 

Efforts to correlate iPALM super-resolution images with 

electron microscopy have also been recently reported.34, 36  

4Pi SMS Microscopy (Stochastic mode or Single Marker 

Switching). The 4Pi method was first proposed for super-

resolution single-molecule detection using a four-way beam 

splitter configuration.55 A later implementation was referred to 

as 4Pi-single marker switching (4Pi-SMS).37 This technique 

relies on the interference between orthogonal polarizations of 

photons collected by both objectives. The signals are then tiled 

on different quadrants of the same CCD detector. 4Pi SMS is 

able to localize emitting molecules within 650 nm (1.5 times 

the wavelength).  To overcome the ambiguity over the z 

localization and extend the range of axial positions beyond� �⁄ , 

this technique calculates the phase not only of the Gaussian-

weighted intensity of the emission spot but also of its Gaussian-

weighted third central moment. 4Pi-SMS has been used to 

visualize human platelets and tubulin fibers in mammalian 

cells.55 
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Figure 2 : The different imaging modalities developed for 3D super-resolution imaging. They are divided into three main groups: 

a-b) PSF engineering c-d) Multiple plane imaging and e) interferometric approaches. a) The astigmatic-based 3D imaging setup, 

where a cylindrical lens (CL) is placed in the infinity space between the microscope objective (MO) and the tube lens (TL). The 

image of the PSF shown on the camera (C) is elliptical. The shape defines the position of the emitter along the optical axis. b) The 

double helix PSF imaging modality, where an adequate phase mask (in reflection or transmission configuration) is placed at the 

back focal plane of the objective (BFP), inducing a double helix PSF. The two lobs rotate depending on the axial position of the 

emitter. c) The biplane imaging setup: an intensity beam splitter (IBS) separates the emission into two, the detectors are placed 

such that they image two different focal planes at the specimen level. The PSF is thus sampled on two different focal planes, 

enabling a precise localization of the emitter position on the axial axis. d) The multifocus microscopy scheme: a phase mask, 

placed at the BFP of the objective, splits the emission into nine central orders which are corrected for chromatic aberration using a 

chromatic correction module (CCM) before being imaged on the camera. The different diffraction orders are corrected for different 

defocusing power enabling a thorough sampling of the PSF in three dimensions, thus a precise localization along the optical axis. 

e) The interferometric imaging approach illustrated by iPALM configuration. A three-way beam splitter (3WBS) is used to 

interfere the light collected by the two objectives. The signal recorded on three cameras is later compared to a calibration signal to 

recover the axial z position of the emitter. f) An adapted image of the neuronal synapse from ref 25, with the red and blue channels 

corresponding to gephyrin scaffold proteins expressing mEos2 and glycine receptors tagged with Alexa 647, respectively. g)  

Multicolor image of a live Caulobacter crescentus bacterium adapted from ref 28 in a colocalization study of the CreS protein h) 

Depth color-coded super-resolution image of nuclear pore protein POM121 of U2OS cells obtained using the multifocus 

microscopy for which ~ 3600nm depth was directly reconstructed.32 i) z color-coded iPALM image of U2OS cells expressing td-

EosFP-��-integrin. Adapted from Ref 35. 

 

Other Methods 

Other methods have been demonstrated for the 3D localization 

of individual fluorophores, although less common than the ones 

mentioned above. Virtual Volume Super-Resolution 

Microscopy (VVSRM) uses a tilted mirror near the objective to 

create a virtual side-view image.38 This defocused virtual image 

is visualized simultaneously beside the real (front) image at the 

detector by dividing the emission into two using a beam splitter 

(as is done with the biplane). By combining the front and side 

view, it is possible to reach a nearly isotropic resolution of 

better than 100 nm in all directions.38 

Methods developed in the context of single molecule 3D 

tracking can likely be extended to super-resolution imaging. 

The parallax method splits the emission of each fluorophore in 

the Fourier space into two paths with a sharp edge mirror.56 The 

emission is then imaged on two different parts of the camera. 

Under this optical configuration, a lateral displacement of the 

fluorophore appears as a shift of the two images in the same 

direction, while an axial movement will manifest as the images 

moving toward or away from each other. This method showed 

good potential in single-molecule tracking over large extent 

reaching 1 µm, however it suffers from a reduced lateral 

accuracy (< 200 nm). 

 

Localization Algorithms 

Numerically localizing the position of stochastically emitting 

fluorophores in captured microscopy images is a non-trivial 

task that has garnered significant attention. The procedure of 

searching an individual image for fluorescence emission events 

is typically decomposed into two steps: first, the emission event 

is identified, and second, the PSF of the emission is fitted to a 

numerical model. Emission events are usually identified by an 

intensity local maxima search after a specific image filter has 

been applied to the image to suppress the appearance of false-

positive events due to noise (such as a difference-of-Gaussians 

filter). 

Once the spatial coordinates of the emission event have been 

determined, the intensity distribution from the emission (i.e. the 

digitally-represented PSF) is fitted. Collectively, the two steps 

are referred to as localization. Numerous algorithms have been 

proposed to achieve this, including those based on centroid,57 

Gaussian,58-61 and radial symmetry techniques.62, 63 The most 

prevalent method for fitting is with Gaussian profiles.

___________________________________________________

___________________________________________________

___________ 

Table 2 summarizes the most actively used localization 

methods. 

_________________________________________________________________________________________________________________ 

Table 2 : Localization software used in 3D localization microscopy (More info in 64 ). 

PSF Fitting 

Method 
Compatibility Available Implementations 

Reference 

Centroid 

(Centre-of-

Mass) 

Single-Plane 

Astigmatism 

QuickPALM 57 

Gaussian-

Based 

Single-Plane 

Multi-Plane 

Astigmatism 

Double Helix 

rapidSTORM 

DAOSTORM 

Multi-Target Tracing 

µManager 

FISH-quant 

60  
58 
61 
65 
59 

Radial 

Symmetry 

Single-Plane 

Multi-Plane 

 62  
63 

_________________________________________________________________________________________________________
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For PSF engineering-based microscopy methods, emissions are 

fitted with a prescribed 2D spatial form. In astigmatism 

techniques, for example, a 2D asymmetric Gaussian profile 

closely approximates the imposed lateral distortion of the 

PSF.23 The lateral (x and y) standard deviations of the profile 

are afterwards compared to a calibration curve or table to 

approximate the axial position of the emitting fluorophore. 

Direct 3D fitting of emissions may be performed on images 

acquired using multi-plane techniques (as opposed to indirect 

3D fitting in the aforementioned PSF-engineering technique).59 

This can be done with an anisotropic 3D Gaussian profile, with 

standard deviations corresponding to respective extensions of 

the PSF in the lateral and axial dimensions. The discussed 

biplane technique localizes emissions by fitting the recorded 

projection of the emitter PSF with the experimental 3D PSF 

using a simplex fitting algorithm. 

As a single emitter may give rise to numerous localizations, 

especially with the use of photoswitchable fluorescent dyes, 

efforts to deal with localization redundancies is often a 

necessity. Selection of fluorescent dyes with proper switching 

properties is especially critical in the case of STORM 66, 67 but 

it is also important in PALM experiments, notably for single-

molecule counting.68 Generally speaking, however, localization 

post-treatment is of great importance and is often non-trivial. 

To this effect, pair-correlation methods, Fourier ring 

correlation, estimation theory, and nearest neighbour based 

analysis have been applied to improve notions of localization 

precision. 69-73 The recent review by Small and Stahlheber 

provides an overview of algorithmic considerations in single-

molecule localization for super-resolution microscopy74 For 

calibration and verification of localization accuracy, the use of 

DNA origami has been proposed for benchmarking.75  

One of the challenges facing 3D localization microscopy is the 

density of emitting fluorophores. While it is essential to have 

sparsely emitting fluorophores in each image frame, 

reconstructions of the super-resolved image requires a thorough 

sampling of the entire structure. Hence, tens of thousands of 

frames are usually acquired in order to form a super-resolved 

image. The task is more intricate for live-cell super-resolution 

imaging, as it is essential to record a high number of individual 

molecule emissions in a time as short as possible. The 

consequence of high emission densities is that individual PSFs 

may eventually overlap in a single image. Clearly, 

distinguishing overlapping fluorophores is an important 

numerical challenge. Currently, the PSF-dependent fitting 

technique described in 3D-DAOSTORM presents an approach 

to overcoming this effect.76 Although only available in 2D, the 

Bayesian localization approach discussed in ref 77 also 

addresses this important challenge. 

In practice, there is interplay between the localization density, 

the image acquisition speed, the localization precision, and the 

depth of the imaged structure. Principally, the density is critical 

inasmuch as there is a sufficient number of localized detections 

to faithfully describe the specimen under observation. This 

lends itself to considerations on the effective number of 

detections per emitting molecule, the fluorescence state relative 

to its dark state lifetime, and overall labeling density,66 which 

depends on the type of photoactivatable protein (in the case of 

PALM) or organic fluorophore (in the case of STORM) that is 

utilized. 

Three-dimensional localizations in an image acquisition 

sequence can number in the millions, which poses a non-trivial 

challenge for visual representation. Commercial tools and 

MATLAB or Python-based scripts can reasonably represent 

localization along axial projections (slices). However, an 

interactive viewing of localizations is often more practical. Our 

recently developed ViSP software,78 offers a host of features for 

visualization and quantification, including: a rapid and 

interactive 3D visualization context, localization-based surface 

rendering, and measurement of arbitrarily-oriented profiles of 

localization densities. 

 

Conclusion and Perspectives 

Almost ten years after its advent, the benefits of super-

resolution imaging in biology are becoming increasingly 

evident. As a result, there is a need to apply LM in an ever-

expanding variety of specimens, which raise several challenges 

for microscopists and motivates the development of novel 

optical, chemical and computational techniques. Among the 

most pressing issues for LM is the need to acquire 3D super-

resolution multicolor images in thick samples and in live 

conditions.  

Applications in super-resolution LM have motivated the design 

and synthesis of new fluorescent proteins and dyes with 

improved brightness and with emission wavelengths spanning 

the visible and infrared.67, 79, 80 This will clearly benefit 

multicolor super-resolution studies, where several subcellular 

structures need to be imaged simultaneously. The obvious 

constraints related to multiple fluorophore selection and their 

respective spectral separations remain but techniques such as 

spectral demixing may alleviate this issue.81, 82 

In many cases, such as the full mapping of the nervous system, 

one of the goals of the BRAIN project, 83 it would be highly 

desirable to go beyond cultured cells and acquire super-

resolution images in samples such as tissues, brain slices or 

small organisms. As discussed above, the implementation of 

light-sheet techniques will surely be instrumental for that 

purpose. Yet, other tools will be necessary. Indeed, an 

important issue for LM in thick samples is the potential 

aberrations that are due to scattering within the biological 

medium or to the fact that high-NA immersion objectives are 

used far from the glass coverslip, a regime they are not 

designed for. In this context, adaptive optics will likely play a 

key role to optimize the detection of individual fluorophores 

and maximize the resolution of LM in thick biological 

specimen.  

Since it is clear that the most relevant information on biological 

processes are usually obtained from dynamic studies and not 

from fixed samples, it is essential to improve our ability to 

acquire super-resolution data in living cells. For LM, it means 

recording the 3D localizations of many individual activated 

fluorophores in as short a time as possible. Currently, it is 

possible to acquire live images with a temporal resolution in the 

range 1-30 s, depending on the sample.39 Several factors will 

probably concur to further improve this temporal resolution. 

First, future improvements in the performance of optoelectronic 

devices, such as sCMOS cameras,84 that enable acquisition over 

a large field of view, at high speeds and with high sensitivity, 

will play a key role. Next, as noted above, one can anticipate 

the design of new dyes, either synthetic or genetically-encoded, 

with enhanced fluorescence properties. Already, progress has 

been made for fast acquisition of STORM images through 

optimization of buffer conditions.67 Finally, a great gain in 

recording speed will come through the implementation of new 

computational methods. For instance, algorithms based on 

compressed sensing concepts allow the analysis of 
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PALM/STORM 2D images with high density of emitters85 and 

their implementation for 3D data will be very beneficial.  

In conclusion, super-resolution microscopy is rapidly 

transforming from a set of cutting-edge techniques into a 

mature technology. As discussed in this review, LM is already 

able to provide 3D multicolor images of cultured cells, even in 

live conditions and it will surely soon be extended to more 

complex biology samples. As time goes by, one can safely 

expect super-resolution microscopy to hold true to its original 

promise and to radically alter our view of biological structures, 

of their function and of their regulation. 
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