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Biological samples are three dimensional and therefore optical sectioning is mandatory for microscopic images to precisely show the localization or function of structures within biological samples. Today, researchers can choose from a variety of methods to obtain optical sections. This article focuses on structured illumination microscopy, which is a group of techniques utilizing a combination of optics and mathematics to obtain optical sections: A structure is imaged onto the sample by optical means and the additional information thereby encoded in the image is used to calculate an optical section from several acquired images.

Different methods of structured illumination microscopy (mainly grid projection and aperture correlation) are discussed from a practical point of view, concentrating on advantages, limitations and future prospects of these techniques and their use in cell biology. Structured illumination can also be used to obtain superresolution information if structures of higher frequency are projected onto the sample. This promising approach to superresolution microscopy is also briefly discussed from a user's perspective.

Most biological samples are three dimensional, therefore, microscopy has to precisely relay not only the localization of a given structure in the lateral dimensions (x, y), but also in depth (z). Fluorescence images from a conventional widefield microscope show not only the plane of focus, but structures below and above the focal plane also add to the image. If those structures are close to the focal plane, they can be perceived as defocused, or, if they are far away from the focal plane, they add homogenous intensity to the background, thereby decreasing the signal-to-background-ratio (SBR). Therefore, widefield microscopy can only yield clearly defined results when used on thin samples (sample thickness close to the focal depth of the objective used). With increasing sample thickness, out-of-focus information will render the resulting image impossible to interpret. Thicker samples have to be imaged using a microscopic technique offering optical sectioning, i.e. a way to reject out-of-focus light and maintain only in-focus information in the final image. Three dimensional rendering and precise localization in 3D can only be applied to optically sectioned images. Furthermore, advanced imaging modalities like spectral detection or fluorescence lifetime imaging also require optical sectioning for unambiguous interpretation.

Today, a variety of methods are available for optical sectioning microscopy [START_REF] Conchello | Optical sectioning microscopy[END_REF]. They can be grouped in three large categories: a) techniques based purely on optical means to prevent outof-focus light from being detected, b) techniques which rely purely on computational means to subsequently remove out-of-focus light from three dimensional widefield data sets, and c) techniques using optical means to encode additional information in the image which can then be used to greatly facilitate computation of an optical section from the raw data.

The most commonly used optical sectioning microscope is the point scanning confocal microscope. In these instruments an aperture ("pinhole") in a conjugate image plane is used to prevent out-of-focus light from reaching the detector. In confocal microscopes, the detector "sees" only photons from the focal plane, therefore, point-scanning confocal microscopes are ideally suited to generate high contrast optical sections even in the presence of a lot of out-offocus intensity, i.e. with thick and highly fluorescent samples [START_REF] Wright | Introduction to confocal microscopy[END_REF]. However, point-scanning is inherently slow and can only be sped up to a certain point until the pixel dwell time becomes so short that no useful image can be generated any more. Therefore, to speed up confocal image acquisition several approaches to parallel scanning of multiple points are now available like spinning disk or line scanning confocals [START_REF] Graf | Live cell spinning disk microscopy[END_REF][START_REF] Wolleschensky | High-speed confocal fluorescence imaging with a novel line scanning microscope[END_REF]. However, parallel scanning sacrifices a bit of sectioning quality due to out-of-focus light reaching the detector through e.g. neighbouring pinholes (pinhole crosstalk) for the gain in speed. Confocal microscopes normally use lasers for excitation, therefore, the choice of dyes is limited by the available laser lines. Tuneable ("white light") laser sources promise to also overcome this limitation. Deconvolution (DCV), on the other hand, imposes the least requirements on the hardware for image acquisition. Any motorized fluorescence microscope with a digital camera for image capture can be used. The optical section is calculated offline using algorithms based on either the properties of the imaging system (magnification, NA, medium etc.) to calculate a theoretical point-spread function (PSF) or on an empirical point spread function measured under conditions close to the actual experiment [START_REF] Wallace | A workingperson's guide to deconvolution in light microscopy[END_REF]. This method captures not only the infocus signal coming from the sample, but also all the out-of-focus information, therefore, DCV offers the best possible light efficiency not sacrificing any signal. Therefore, it is ideally suited for imaging of very sensitive, living samples. However, the quality of the final computed optical section depends on the quality of the PSF used (for review see [START_REF] Swedlow | Quantitative fluorescence microscopy and image deconvolution[END_REF]). For thicker samples, local variations within the sample (e.g. refractive index variations in different parts of a tissue) cannot be measured or modeled and, therefore, DCV will presumably introduce artifacts when used on thicker inhomogeneous samples. DCV always requires acquisition of a three dimensional data set (z-stack) at high sampling rates. Furthermore, computation time for large datasets can still be considerable. single sections and, therefore, acquisition of a z-stack is not mandatory. Furthermore, SIM computation is very robust and, therefore, less likely to induce structural artifacts in the final section. Furthermore, computation of the sectioned image is very fast, making online display of the sectioned data possible.

Structured Illumination for optical sectioning:

A variety of approaches to structured illumination have been published. They all rely on the same principle of operation: A known pattern is positioned / generated in a conjugate plane to the focal plane and projected onto the sample (Figure 1). In focus, the excitation intensity is modulated along the pattern and the emitted fluorescence will reproduce the pattern. Out-offocus, the amplitude of the projected pattern is decreasing according to the modulation transfer function [START_REF] Neil | Method of obtaining optical sectioning by using structured light in a conventional microscope[END_REF], thus, the image of the pattern will be blurred and the modulation of excitation intensity over the field of view is clearly reduced. Therefore, fluorescence emission from structures outside the focal plane is much less modulated. This allows discrimination of in-focus information from out-of-focus information by a simple comparison of several images with the pattern at different positions. Fluorescence from structures which lie outside the focal plane will not vary in intensity between the different images, while fluorescence from infocus structures will display a clear variation in intensity depending on the position of the excitation pattern. By comparing the intensities between the different images on a pixel by pixel basis a sectioned image can be quickly calculated (Figure 2). Different patterns can be used in structuring the excitation light. Laser speckles will provide a quasi random pattern [START_REF] Ventalon | Quasi-confocal fluorescence sectioning with dynamic speckle illumination[END_REF], laser interference will produce a very well defined pattern [START_REF] Neil | Wide-field optically sectioning fluorescence microscopy with laser illumination[END_REF] or a multipoint mask can be used [START_REF] Benedetti | Method for the acquisition of images by confocal microscopy[END_REF]. Depending on the density of the pattern used, the number of images needed for reconstruction changes. Sparse patterns provide a high modulation contrast, but a higher number of images is needed to unambiguously reconstruct the sectioned image. The simplest pattern to use is a Ronchi ruling, i.e. a grid with a 1:1 mark/space ratio [START_REF] Neil | Method of obtaining optical sectioning by using structured light in a conventional microscope[END_REF]. With such a regular 1:1 grid, a minimum of three images per plane is necessary to calculate an optical section. Use of this approach in fluorescence microscopy was pioneered by Wilson and coworkors [START_REF] Neil | Method of obtaining optical sectioning by using structured light in a conventional microscope[END_REF] and by now commercial instruments are available on the market (ApoTome from Carl Zeiss, OptiGrid from Qioptiq).

For non-coherent illumination, one can approximate the axial response (FWHM) of such a grid projection SIM system by the following equation [START_REF] Neil | Method of obtaining optical sectioning by using structured light in a conventional microscope[END_REF]: The optical section thickness achieved by structured illumination is therefore determined by the grid frequency and the NA and magnification of the objective used. For optical sectioning, relatively low grid frequencies can be used. Similar to the optimal pinhole diameter in confocal microscopes, the optimal grid frequency for a given objective is a compromise between SNR of the final image and sectioning capability. For different objectives, different grid frequencies will be needed to achieve optimum sectioning. On the other hand, some samples may demand thicker sections to achieve a better SBR in the final images. So even with a given objective, a choice of grids may be useful to optimize imaging parameters according to the sample.
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For the calculation of the optical section, different algorithms can be used (reviewed by [START_REF] Heintzmann | Structured illumination methods[END_REF]).

A very simple approach was proposed by Neil et al. [START_REF] Neil | Method of obtaining optical sectioning by using structured light in a conventional microscope[END_REF]. With three images of an equal phase shift of 2/3π, an optical section can be calculated on a pixel-per-pixel basis using the following equation:
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This simple calculation will only result in an artifact-free image if the three images were taken with exactly the assumed phase shift. Any inaccuracy in grid movement will result in residual grid lines visible in the sectioned image. A more general approach to calculation of the optical section was proposed by Schaefer et al. [START_REF] Schaefer | Structured illumination microscopy: Artefact analysis and reduction utilizing a parameter optimization approach[END_REF] and later also by Tkaczyk et al [START_REF] Tkaczyk | High resolution, molecular-specific, reflectance imaging in optically dense tissue phantoms with structured illumination[END_REF]. Their approach has the advantage of working with arbitrary phase shifts. Furthermore, this general approach allows the use of more than three images. In this case, a least squares approach can be used to produce results with greater accuracy and improved SNR [START_REF] Schaefer | Structured illumination microscopy: Artefact analysis and reduction utilizing a parameter optimization approach[END_REF]. Schaefer et al. also considered several potential artifacts. Fluctuations in light source intensity will lead to intensity differences between the three images which are unrelated to the position of the grid. Similarly, bleaching will result in intensity losses which have to be taken into account during calculation. Continuous bleaching of the whole field of view will result in a gradual loss in intensity over time, which may be corrected by normalization of the raw data images by their mean intensity as suggested by Cole et al [START_REF] Cole | Time-domain whole-field fluorescence lifetime imaging with optical sectioning[END_REF]. Heterogenous bleaching will occur when different structures / dyes display different decay rates. As mentioned above, inexact grating shifts may result in residual grid lines in the sectioned image. Finally, all commercial instruments use rectangular grating patterns instead of the ideal sinusoidal ones, which also is a reason for artifacts in the final image. Schaefer and colleagues modeled all these sources of potential artifacts and included a parameter-optimization approach to achieve efficient artifact removal [START_REF] Schaefer | Structured illumination microscopy: Artefact analysis and reduction utilizing a parameter optimization approach[END_REF] which was incorporated into the Zeiss ApoTome software.

Today, many experiments in cell biology demand quantification of the final results. As the resulting optical section in SIM is based on calculations, the quantifiability of SIM images has to be scrutinized. Most suggested algorithms for calculating optical sections from SIM data include non-linear steps at some point. In many cases the influence of these non-linear steps is negligible, and the result will be linear with respect to the emitted light intensity [START_REF] Tkaczyk | High resolution, molecular-specific, reflectance imaging in optically dense tissue phantoms with structured illumination[END_REF][START_REF] Barlow | Quantization of widefield fluorescence images using structured illumination and image analysis software[END_REF]. However, when the signal is low, the non-linear steps will lead to severe deviations from a linear relationship between the emitted fluorescence and the intensity in the sectioned image.

Therefore, quantification of SIM images with low SNR (e.g. in situation with very strong outof-focus background) should be treated with caution [START_REF] Heintzmann | Structured illumination methods[END_REF].

The theoretical sectioning capabilities of a SIM system are slightly worse than a true confocal instrument [START_REF] Karadaglic | Image formation in structured illumination wide-field fluorescence microscopy[END_REF]. The practical performance of any SIM system is, however, limited by the signal-to-background ratio. Sectioning in a SIM system depends on sufficient grid contrast.

Strong of out-of-focus fluorescence which overwhelms a weak in-focus signal can lead to insufficient grid contrast, making reliable calculations of an optical section impossible. As a rule of thumb, the grid lines have to be clearly visible in the eyepieces for SIM sectioning to work. In thick, highly scattering samples, the grid contrast can be completely lost -then a true point scanning confocal might be the only instrument able to capture optical sections. This is closely linked to another problem of SIM -limited dynamic range of the final image. The raw data images contain both in-focus and out-of-focus information. During calculation of the optical section, the out-of-focus information is removed, and only the in-focus intensity remains in the final sectioned image. How much dynamic range this final sectioned image still offers depends again on the signal to background ratio and also on the dynamic range of the camera used. Only cameras with a high dynamic range will allow capturing sufficient in-focus information even in the presence of strong out-of-focus intensity. This can be improved by high dynamic range (HDR) imaging. In this technique several images with increasing exposure time are combined to calculate one HDR image with increased dynamic range including both very bright and very dim structures. HDR imaging can be combined with SIM acquisitions to increase the dynamic range of the final optical section (Figure 3).

The necessity to acquire at least three images per optical section imposes a clear limit on the time resolution of any SIM system. If living structures are observed, one must assure that no significant movement will occur in between the acquisition of the three images -otherwise artifacts are inevitable.

Some recent publications demonstrate ways to improve structured illumination systems

beyond what is possible at the moment. The use of digital micromirrors or spatial light modulators promise to improve the flexibility of SIM setups [START_REF] Fukano | Whole-field fluorescence microscope with digital micromirror device: Imaging of biological samples[END_REF]. Adaptive optics may be used to improve the performance on thick samples [START_REF] Debarre | Adaptive optics for structured illumination microscopy[END_REF]. Area detectors with "smart pixels" in combination with illumination structures continuously moving at a defined frequency may allow on-chip calculation of the sectioned image [START_REF] Mitic | Optical sectioning in wide-field microscopy obtained by dynamic structured light illumination and detection based on a smart pixel detector array[END_REF], which may allow the study of highly dynamic processes and/or may also offer a higher dynamic range in the final sectioned image, once such detectors become available at sensitivities sufficient for use in microscopy.

In summary, structured illumination microscopy provides an easy-to-use and most of all easyto-add tool for optical sectioning. The necessary modification to a standard widefield fluorescence microscope is very simple, as only a slider with the grid has to be added to the field stop position in the reflected light beam path. SIM systems work with normal white light illumination; therefore, the full range of dyes can be used. The low excitation intensities necessary for widefield illumination also lead to low bleaching rates, making SIM a suitable technique for sensitive samples. Acquisition of optical sections is relatively quick, as only three images per plane have to be acquired and computation time is negligible. A big advantage of SIM systems is that they capture both a complete widefield image and all information for an optical sectioned image simultaneously. This allows direct comparison of 

Structured illumination for dynamic events:

To push structured illumination into the domain of live cell imaging is the promise of another technique, called aperture correlation. Again, this technique was pioneered by T. Wilson and coworkers [START_REF] Juskaitis | Efficient real-time confocal microscopy with white light sources[END_REF][START_REF] Wilson | Confocal microscopy by aperture correlation[END_REF]. They used a spinning disk approach and combined that with the high light efficiency of structured illumination [START_REF] Neil | A light efficient optically sectioning microscope[END_REF]. In the original approach, the sample was illuminated through a spinning disk with a random pinhole pattern allowing up to 50% of the incident light to pass through to the sample. As in other spinning disc systems, emitted light from the sample is directed back to and detected through the same disk which is located in a conjugate image plane. As the openings on the disk are placed very close together in this approach, the image detected through the disk is not purely confocal. A significant amount of out-of-focus light can pass through neighboring pinholes. Therefore, the image detected through the disk consists of the in-focus information overlaid by a pronounced out-of-focus contribution. To calculate an optical section, this widefield contribution has to be subtracted.

In their original approach, Juskaitis et al. suggested to capture a second, pure widefield image through a blank sector of the disc. A scaled subtraction of this widefield image from the through-the-disk image would yield an optical sectioned image [START_REF] Juskaitis | Efficient real-time confocal microscopy with white light sources[END_REF][START_REF] Wilson | Confocal microscopy by aperture correlation[END_REF][START_REF] Neil | A light efficient optically sectioning microscope[END_REF]. This approach required tight synchronization of the camera acquisition with the disk rotation to match the disk sectors. Furthermore, two images had to be acquired, which might still lead to certain motion artifacts. These disadvantages were overcome in a second generation design [23], which allows simultaneous capture of both images. To this end, the spinning disk is positioned in the beampath at a slight angle and the side of the disk facing the sample is reflective. Thus, light rejected at the disk can be injected into a second imaging beampath. This can be captured by a second camera or -using additional optics -it can be imaged sideby-side with the through-the-disk image on one camera [23] (Figure 4). A similar approach to simultaneous capture of the conjugate and non-conjugate image was also proposed for the programmable array microscope [START_REF] Heintzmann | A dual path programmable array microscope (PAM): Simultaneous acquisition of conjugate and non-conjugate images[END_REF]. Simultaneous capture of both the conjugate (in-focus + widefield) and non-conjugate (mainly out-of-focus) information allows reliable and artifactfree calculation of optical sections even of highly dynamic events (Figure 4).

The optical sectioning properties of such a system are comparable to other SIM approaches [START_REF] Wilson | Confocal microscopy by aperture correlation[END_REF]. As the in-focus information is again imaged against the background of the out-of-focus information, the practical limit is again set by the SBR. In thick, highly fluorescent samples, both images will become more and more identical and the dynamic range of the final sectioned image will decrease until no sectioned image can be reliably calculated any more.

However, the technique maintains the high light efficiency of other structured illumination approaches, so that normal white light sources can be used. The instrumentation is more complicated than the one necessary for grid projection, but still much simpler than that of laser-based Nipkow-disk instruments, thus representing a cost-effective entry point to optical sectioning live cell imaging. The technique has been developed into a commercial product by the inventors and Aurox Ltd., which will be distributed by e.g. Carl Zeiss.

Structured Illumination for super-resolution imaging:

The recent years have seen the advent of several techniques able to overcome the classical resolution limit in fluorescence microscopy (Reviewed in [START_REF] Hell | Far-field optical nanoscopy[END_REF] and [START_REF] Henriques | What hides behind the raleigh limit?[END_REF]). Of all technical approaches to overcome this barrier in fluorescence microscopy, a special variant of SIM proves to be a very versatile approach to super-resolution microscopy [START_REF] Heintzmann | Breaking the resolution limit in light microscopy[END_REF]. In high resolution SIM (HR-SIM), a grid pattern with a grid frequency close to the theoretical maximum (i.e. the cut-off frequency of the optical transfer function of the system) is projected onto the sample. This finely structured light will interact with fine structures in the sample (created by the distribution of fluorophors in the sample) to create an interference pattern reminiscent of a moiré pattern in the acquired image -a pattern with greater periodicity than both original patterns. This emerging moiré pattern formed by the unknown sample pattern and the known grid pattern can be used to extract information beyond the normal resolution limit in fluorescence microscopy (Figure 5). By acquiring images at different known grid positions, structures below the resolution limit can be first visualized as different moiré versions of their former selves and, finally, the original structure can be reassigned once the known grid pattern is removed [START_REF] Gustafsson | Surpassing the lateral resolution limit by a factor of two using structured illumination microscopy[END_REF][START_REF] Gustafsson | Extended resolution fluorescence microscopy[END_REF]. While in optical sectioning SIM most calculations can be done in real space, the calculations of a HR-SIM image are done in frequency (Fourier) space. Details of the calculation of a HR-SIM image are beyond the scope of this review as recent excellent articles cover these aspects in depth [START_REF] Heintzmann | Structured illumination methods[END_REF][START_REF] Gustafsson | Three-dimensional resolution doubling in wide-field fluorescence microscopy by structured illumination[END_REF][START_REF] Carlton | Three-dimensional structured illumination microscopy and its application to chromosome structure[END_REF].

For HR-SIM, a grid with a high grid frequency has to be projected onto the sample. To be able to use grids with the highest frequencies possible, phase grids in combination with laser illumination are used in HR-SIM, as the transmission grids used in optical sectioning SIM would not yield sufficient modulation contrast at high frequencies like this. Direct interference of coherent laser beams is another approach to create patterns of suitable frequency. In contrast to optical sectioning SIM, this pattern has to be moved not only laterally but must also be rotated. Care has to be taken, that the whole system including the sample is exceptionally stable during acquisition of the HR-SIM dataset.

The pattern projected onto the sample can interact with structures finer than the diffraction limit; the pattern projection itself is, however, limited by the diffraction limit. Therefore, the maximal increase in resolution achieved by HR-SIM is twofold in all dimensions. Although this gain in resolution is moderate, it is enough to enter dimensions where important biological questions wait for answers. For example, recent publications have shown that the resolution increase by HR-SIM is enough to gain important new information on chromosome structure [START_REF] Carlton | Three-dimensional structured illumination microscopy and its application to chromosome structure[END_REF][START_REF] Schermelleh | Subdiffraction multicolor imaging of the nuclear periphery with 3D structured illumination microscopy[END_REF] and HR-SIM will probably provide new information on the organization of other subcellular components in future.

The big advantage of HR-SIM is again its ease-of-use. In contrast to other high resolution microscopy systems, the use of common dyes is straightforward in HR-SIM. Fixation and In all cases, SIM systems are distinguished by their simple and robust instrumentation and their ease-of-use. SIM will continue to provide exciting new possibilities for cell biology over the next years. 

  Structured illumination microscopy (SIM) used for optical sectioning can be considered as an intermediate between deconvolution and confocal microscopy. It does not require the sophisticated instrumentation of confocal microscopes, but gives reliable results even with thicker samples. It uses additional information encoded in the image by structuring the excitation light to compute an optical section from several raw data images. SIM works on

  λ wavelength in nm, n refractive index of the immersion medium, α aperture angle of the objective (NA = n sinα) in the sample plane With M magnification of the objective, ν grid frequency, b instrument-dependent magnification factor of the reflected light beam path, NA numerical aperture of the objective

  with the sectioned image and also subsequent deconvolution of the SIM data.

  similar to normal fluorescence microscopy, only special care has to be taken that the sample is fixed thoroughly enough to preserve all structures at the new resolution level. Dye-labeling must be stable enough to survive the acquisition of multiple images required for a high resolution reconstruction without too much bleaching. But if those few precautions are observed, multilabel and multicolor experiments are straightforward to carry out using the full range of normal dyes, fluorescent proteins and antibody conjugates already available in all labs. This makes HR-SIM the most versatile and robust of all new high resolution microscopy techniques.Conclusions:Over the last years, structured illumination in the form of grid projection systems has developed into an established technique in fluorescence imaging. It is now recognized as an attractive alternative to classical confocal microscopes for optical sectioning. But structured illumination is not limited to optical sectioning -with the new techniques presented the strengths of the SIM approach now extend to live cell imaging and to high resolution imaging.
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 3 Figure 3: The dynamic range of the final optical section can be increased by HDR imaging.
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 4 Figure 4: Calculation of an optical section using the latest design of the aperture correlation
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