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Chapter 1 

Introduction  
 

Authors: Giulia M.R. De Luca, Erik M.M. Manders 

Parts of this chapter are included in “Super-resolution imaging in 

biomedicine”, CRC press, Taylor & Francis Group LLC (2016) 
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The knowledge of biological processes at cellular and subcellular level 

has developed together with the ability of visualize them. One of the instruments 

that gave insight in the morphology and function of cellular components is the 

optical microscope. The debate around the invention of the microscope gives an 

idea on how much the microscopy technique and its biological applications are 

intertwined. The step from lenses to an imaging tool was the key in the 

definition of microscopy itself. This step was made by Anton van Leeuwenhoek 

(1632-1723), which at the end of the XVII century was the first to optimize the 

lenses for a microscope that would allow him to make observations, for 

example, of bacteria, yeast plants and blood. 

Nowadays, fluorescence microscopy is one of the most widely used microscopy 

techniques. In fluorescence microscopy, the structure of interest is labelled with 

a fluorophore which, upon light excitation, re-emits light of slightly lower energy. 

The labeling in fluorescence is molecule-specific and therefore specific cellular 

components can be observed. Furthermore, fluorescence microscopy can be 

performed in a live sample in real time.  

In a basic fluorescence microscope, the excitation light is directed via a dichroic 

mirror through the objective lens into the sample. The excitation light is 

absorbed by the labeling fluorescent molecule, it is re-emitted at lower energy 

and it is collected by the objective lens. The objective lens is characterized by a 

numeric aperture NA, defined by the refractive index of the immersion medium 

n and the maximum angle of collection of the light θ as NA=n*sinθ. The 

emission light is then transmitted through the dichroic mirror, filtered by the 

eventual leakage of excitation light by the emission filter and then detected.  In 

a final fluorescence microscopy image, the precision with which the labeling 

fluorescent molecule can be distinguished is however limited by the nature of 

light itself and by the optical elements along the path.  

The quantification of the resolution properties of an optical microscope was 

defined by Ernst Abbe. He demonstrated that the lateral resolution of the 

images acquired by optical microscopy is limited by the diffraction of the light. 

The diffraction of the light d depends on the emission wavelength in vacuum λ 

and on the numerical aperture of the objective NA as: 
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d =
𝜆

2𝑁𝐴
 

Furthermore, the axial resolution is about 2–3 times as large as the lateral 

resolution. In the visible range of λ, with standard objective with NA ~ 1-1.4, the 

lateral resolution is ~250 nm and the axial is ~600 nm. For the study of sub-

cellular organelles, therefore, the Abbe’s resolution limit represents therefore a 

substantial obstacle during imaging.  

In the last decades, several new technologies have been developed to 

circumvent Abbe’s diffraction limit; these techniques are called super-resolution 

techniques and are based on three principles: detection of localizations of single 

molecule (STORM, PALM, GSDIM), on structured illumination of the sample 

with subsequent image reconstruction (SIM) and on stimulated emission 

depletion (STED) (Schermelleh 2012). Another microscope, often forgotten, that 

achieves a lateral resolution surpassing the Abbe’s diffraction limit is the 

confocal microscope and can therefore be regarded as one of the first super-

resolution techniques. 

 

1.2 How the confocal works 

Re-scan Confocal Microscopy is based on the standard confocal microscope as 

it was developed in the early 80’s [Brakenhoff 1979]. The improved axial 

resolution (optical sectioning) is the most important property of confocal 

microscopy and is often the reason why biomedical researchers decide to use 

this technique. However, most researchers do not realize under which 

conditions the confocal microscope has improved lateral resolution [Mc Cutchen 

1967, Sheppard 1978, Cox 1982, Cox 2003]. Therefore, we will here resume 

the basics of improved axial and lateral resolution in confocal microscopy.  

 

1.2.1 Optical sectioning in confocal microscopy 

A confocal microscope is a point scanning technique, which means that a 

focused laser beam is directed into the sample in a scanning fashion by a pair 

of scanning mirrors (figure 1I). The focused beam excites fluorescent molecules 

in the sample. The in-focus molecules are excited strongly (and therefore 

fluoresce brightly) and the out-of-focus molecules are excited less efficiently 
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(and therefore show dim fluorescence). The light emitted by the fluorescent 

molecules in the sample is collected by the objective and directed, via the same 

scanning mirrors and lenses, towards a pinhole in such a way that the in-focus 

light will pass the pinhole and the out-of-focus light will mainly be blocked by the 

pinhole [Brakenhoff 1979]. As a result of this simple set-up, the in-focus 

molecules in the sample are both excited efficiently and detected efficiently. On 

the other hand, the out-of focus signal from the sample is strongly suppressed 

by two effects: low excitation efficiency and low detection efficiency. This out-of-

focus suppression is called optical sectioning and is the most important property 

of the confocal microscope.  

 

 
Fig. 1: Illustration of improved resolution in confocal microscopy. In a standard 

confocal microscopy setup (J) the scanning mirrors SM1 direct the laser light to 

the sample where they excite fluorescent molecules. The emitted light from the 

molecules is de-scanned via the same mirror unit SM1, directed through the 

detection pinhole and detected by a photomultiplier tube or other detector. 

During the scanning of the laser in the sample, the illumination (blue blurry spot 

in A and E) excites a fluorescent molecule (green point in A and E) with different 
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efficiencies. When the center of the illumination coincides with the position of 

the fluorescent molecule (A), the excitation efficiency is maximum (100 %; B) 

and when the molecule is off-axis of the laser beam (E), the excitation efficiency 

is lower (20% in this example; F). The emitted light is projected on the pinhole, 

which is co-aligned with the excitation laser. 

The detection efficiency is influenced by two factors: the position of the 

emission spot with respect to the center of the pinhole and the diameter of the 

pinhole. The detection efficiency reaches its maximum if the excitation is in the 

center of the molecule and if the pinhole is sufficiently open (C). If the pinhole is 

closed down to 0.2 AU (D) the detection efficiency will diminish to 10% (in this 

example). When the molecule is off-axis (G), even with an open pinhole (1 AU), 

the detection efficiency reduces the detected light (to 18%). When the emission 

spot is off-axis and the pinhole is closed down to 0.2 AU (H), the two effects are 

multiplicative and therefore the detected light is very little (in this example 

0.4%). 

The lateral point-spread-function of the confocal microscope is described by the 

spatial integral of the light distribution that passes the pinhole, as a function of 

the position of the laser beam (and pinhole). The lateral PSF acquired by a 

confocal microscope with the pinhole at 1 AU and at 0.2 AU are shown in (K) 

and (L). It is clear that the diameter of the pinhole influences the lateral 

resolution of confocal microscope: The smaller the pinhole, the better the 

resolution, but on the cost of detection efficiency. 

 

1.2.2 Lateral resolution in the confocal microscopy 

In addition to the advantage of optical sectioning, there is another important 

advantageous property of the confocal microscope: super-resolution in the 

lateral direction.  As explained above, axial resolution improvement (sectioning) 

is caused by less effective excitation and detection of out-of-focus structures. 

Improvement of lateral resolution is established in a similar way: less effective 

excitation of off-axis fluorescent molecules and less effective detection of off-

axis fluorescence signal. So, on-axis molecules are both excited and detected 

more efficiently than off-axis molecules. Fig.1A and 1E show a molecule excited 

by the laser beam at two time points during the scanning movement of the laser 
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spot. In Fig.1A the fluorescent molecule is positioned on the optical axis of the 

laser beam and therefore excited with maximum efficiency and will therefore 

emit the maximum fluorescence intensity (100% in Fig.1B). A little later the axis 

of the optical system does not coincide anymore with the position of the 

molecule due to the scanning movement of the excitation spot (Fig.1E) and 

therefore the molecule will be excited with a lower efficiency and, consequently, 

the emitted fluorescence will be dimmer (20% in the example of Fig.1F).  

Now, let’s regard the situation where the microscope user decided to adjust the 

pinhole diameter to 1.0 Airy Unit (AU). With this relatively open pinhole (Fig.1C 

and Fig.1G) most of the fluorescence signal emitted by the molecule will pass 

the pinhole regardless the position (on- or off-axis) of the molecule.  In the off-

axis situation (Fig.1G), not all the emitted light will pass the pinhole and 

therefore approximately 18% (in this example) of the emitted light will be 

detected. Fig 1J shows the light that passes the pinhole as a function of the 

position on the laser spot. This distribution of detected light (Fig.2J) is as broad 

as diffraction limited distribution of light (Fig.1A and Fig.1B). This means that, in 

case of pinhole diameter of 1 AU, the confocal microscope does not have 

improved lateral resolution. This is an important disadvantage of this large 

pinhole, but it compensates the great advantage of the very high detection 

efficiency and, consequently, a relatively high the signal-to-noise ratio of the 

final image.  

Lateral resolution can only be improved by further reduction of the pinhole 

diameter; in this example down to 0.2 Airy Unit (Fig.1C and 1G). Only a small 

part if the emitted light (10% in this example) will pass the relatively small 

pinhole. At the moment the molecule is in an off-axis position (Fig.1G) the 

detected light will be strongly reduced not only because off-axis molecules show 

dimmer emission, but also because the small pinhole catches only a dim part of 

the distribution of emitted light from that molecule. In this example, the off-axis 

suppression of fluorescence signal is 25-fold (from 10% to 0.4%). This implies 

that the effective distribution of detection (Fig.1K) is narrower than the 

diffraction limited distribution of light (Fig.2A and Fig.2B) which leads to a 

sharper image and an image recorded with pinhole of 1 AU (Fig.1J). The draw-

back of this small pinhole diameter is that the total detection efficiency is low, 
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which leads to noisy images. In conclusion, confocal images recorded with a 

very small pinhole are sharper but noisier. This is why most users are of the 

opinion “better less sharp than noisier” and therefore decide to open the pinhole 

to 1.0 AU. In this way they sacrifice resolution for signal-to-noise ratio (SNR).  

 

1.2.3 Loss of Super-Resolution information  

The standard confocal microscope setup as described above with a pinhole 

diameter of 1.0 AU has high detection efficiency but the resolution is poor. This 

poor resolution is related to loss of information during the detection process, 

where all the light passing the pinhole is integrated in a single pixel value. This 

phenomenon becomes clear if we have a closer look at Fig.1G. This figure 

depicts the distribution of light, emitted by a fluorescent molecule, projected on 

the pinhole. It is clear that the image of the molecule is positioned off-axis, at 

the left-hand side of the optical axis (which is aligned with the center of the 

pinhole). So, this distribution contains spatial information about the position of 

molecules. The detector behind the pinhole, however, sums-up all the light that 

passes the pinhole and stores this spatially integrated signal, represented as a 

pixel value. Due to this spatial integration of light, the spatial information on the 

position of the molecule is lost. This lost information is exactly the information 

that is needed to obtain super-resolution. We will see in the next paragraph that 

this information maintained in ISM and RCM leading to super-resolution images. 

 

1.3 Image Scanning Microscopy 

In the ’80, prof. Sheppard, pioneer in confocal microscopy, was the first who 

realized the potential of using a camera at the position of the pinhole [Sheppard 

1988]. This method would provide improved lateral resolution due to the 

preservation of the spatial information on the distribution of light. Image 

Scanning Microscopy [ISM; Muller and Enderlein 2010] was the first technology 

where a sensitive, fast camera (EMCCD- or a sCMOS camera) was placed at 

the position of the pinhole. At every position of the laser beam in the sample, 

the camera snaps an image of the light distribution at the position of the pinhole. 

It is clear that, in this way, the precious spatial information is maintained and no 

light is lost by squeezing any pinhole (to be clear, there is not any pinhole). With 
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some post-processing steps of the acquired series of “pinhole images” the final 

image can be reconstructed. Depending on the post-processing algorithm a 

final image can be reconstructed that is identical to 1) a standard wide-field 

fluorescence image, 2) a standard confocal image or 3) an image with improved 

lateral resolution.   

 

1.3.1 Reconstruction of ISM “pinhole-image” series. 

As explained above, in ISM a “pinhole image” is recorded for every scanning 

position (x, y) of the laser-spot. The “pinhole-images” are in general relatively 

small (e.g. 16x16 pixels). If we add up all the “pinhole images”, but not before 

shifting them each to a coordinate (x’, y’) that compensates for the position of 

the laser beam (x, y), the light from molecules in the sample will be placed at 

the “right” position in the final image and therefore, the final image will be 

identical to a wide-field image. So in this case the relationship between the 

position (x, y) of the laser beam in the sample and the shifted position (x’, y’) in 

the image is x’=Mshift*Mopt*x and y’=Mshift*Mopt*y where Mshift=1 and Mopt equals 

the optical magnification of the microscope (from sample to camera). 

It is also possible to transform the ISM microscope to a confocal microscope. 

The way to do this is simple: after shifting the “pinhole images” to their right 

positions, but before adding them up, the “pinhole images” will be masked in 

such way that the pixels within a certain distance from the center of the image 

keep their value and all the other pixels are set to zero. In this way as artificial 

pinhole with a specific diameter is created and, consequently, the signal from 

the out-of-focus planes will be set to zero and therefore, after adding-up the 

images at the right position, the final image will be an optical section of the 

sample.  

Another reconstruction procedure, suggested by Sheppard in 1988 and re-

described by Muller and Enderlein in 2010 as Image Scanning Microscopy 

(ISM), suggests to over-compensate the movement of the laser-beam by a 

factor of two. This means that a “pinhole image” recorded at laser-beam 

position (x, y) will be shifted to the position (x’, y’) with the translation 

x’=Mshift*Mopt*x and y’=Mshift*Mopt*y where Mshift=2. This will result in a final image 

where the objects seem to be a little smeared out compared to the situation 
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where Mshift=1. And in fact it is: the image of a single point source in the sample 

will be smeared out by a factor of √2 due re-positioning the light to the “wrong” 

position. But it has to be realized that the image is now magnified by a factor of 

two (since Mshift=2). If we now re-size the image by a factor of ½ in order to 

compensate for the extra 2x magnification, the √2 “smear” will also be resized 

and therefore the net result of this reconstruction is that the image is √2 sharper 

than the Mshift=1 reconstruction. It is clear that this reconstruction procedure for 

improved lateral resolution can easily be combined with the artificial pinhole as 

described above which will lead to an image with both optical sectioning 

properties and lateral super-resolution properties.  

 

1.3.2 Possibilities and limitations of ISM 

Compared to confocal microscopy this new ISM technology has a three 

important advantages. The most important advantage is that the super-

resolution properties that previously only could be achieved with a confocal with 

an almost closed pinhole, can now be achieved with any pinhole size. That 

means that there is no loss of light in order to gain resolution. The second 

advantage of ISM is that the image can be acquired by more sensitive detector 

(EMCCD: QE≈95%, sCMOS: QE≈75%) than the detectors used in the standard 

confocal (GaASP: QE≈45%, PMT: QE≈15%). Moreover, and this is the third 

advantage, due to improved resolution, the light is focused on a smaller area of 

the camera chip and therefore there is more light per pixel and consequently a 

better SNR. These three reasons for improved SNR are important advantages 

of ISM and later in this chapter we will show that Re-scan Confocal Microscopy 

(RCM) has the same sensitivity advantages.  

A drawback of ISM technology is that a “pinhole-images” has to be taken for 

every single pixel of the final image. Although the “pinhole images” can be 

relatively small (between 32 and 256 pixels is enough; Muller and Enderlein 

2010), the total memory capacity needed for storage of a single 2D image is 

large (16 to 128 Mb for a single 512*512 pixels image). Moreover, the total 

acquisition time can be a limiting factor if the camera is not fast enough. 

Another limiting factor is the speed of data transfer and the time that is needed 

for image reconstruction. As far as we know, there is only one commercial 
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system that is based on ISM (Airyscan, Zeiss, Jena, Germany). In this system 

ISM is combined with deconvolution techniques that allow extra improvement of 

the images. Note that such deconvolution step is time consuming and sensitive 

for adjustment of settings in the software.  

 

1.4 Re-scan confocal Microscopy (RCM); the “optics-only” alternative for ISM  

Inspired by the publications about the ISM technology [Sheppard 1988, Muller 

and Enderlein 2010], three alternative methods have been published where the 

reconstruction procedure is performed on-the-fly by the optics of the set-up 

itself. Although there are some essential differences, these three methods have 

in common that they are based on simultaneous scanning of the sample and re-

scanning of the emitted light from the sample on a camera. York et al. [York 

2013, Shroff 2013] designed and tested an optical set-up called Instant SIM 

(ISIM) where multiple laser spots are scanning the sample in parallel. With 

multi-lens arrays and multi-pinhole arrays they managed to obtain imaging with 

improved resolution at very high frame-rate (100 fps). In the Optical Photon Re-

Assignment (OPRA) set-up of Roth et al. [Sheppard 2013, Roth 2013] a single 

scanning mirror was used for both scanning and re-scanning. The photon re-

assignment is established by extra demagnification optics in the optical 

emission path. Re-scan Confocal Microscopy (RCM) [De Luca 2013] is based 

on standard confocal microscopy, extended with an optical unit (re-scanner) 

that projects, in a scanning way, the image directly on a camera.  
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OUTLINE OF THE THESIS 
 
In chapter 2, the new RCM super-resolution technique is presented. Chapter 2 

will describe the principles of RCM and its setup. In this chapter, it will be 

theoretically and experimentally proven that RCM improves the lateral 

resolution compared to the diffraction limit of a factor √2 with optics-only. This 

property will be shown to be effective in imaging biological structures, such as 

microtubules and neuronal dendritic spines, with higher resolution. 

In chapter 3, the RCM technique is further quantified and characterized. The 

lateral and axial resolution of the RCM will be quantified as a function of the 

diameter of the detection pinhole, and compared with standard confocal 

microscopy. The improved lateral resolution of RCM, as simulated in chapter 2, 

will be measured in chapter 3 indipendent from the pinhole size. On the 

contrary, the pinhole in standard confocal microscopy needs to be set to a very 

small diameter (almost closed) in order to obtain high lateral resolution. The 

axial resolution in RCM will be measured ˜15% higher than in standard confocal 

microscopy. The improved signal-to-noise ratio of RCM due to the open pinhole, 

improved light concentration and high sensitive camera detection will be 

quantified and will result up to 4x higher than in standard confocal microscopy. 

In chapter 4, the flexibility of the RCM setup for what concerns excitation 

lasers, emission filters and control of the scan and re-scan unit will be exploited 

and tuned for several biological applications. The RCM will be set to image 

multicolor samples in a simple subsequent frame manner to quantify FRET 

interaction during apoptosis of HeLa cells. The speed on multicolor imaging will 

be improved with line-by-line multicolor imaging to measure ratiometric pH 

changes in yeast cells espressing pHluorine and calcium waves in neurons. 

Furthermore, fast single-line RCM scanning will be performed to measure FRAP 

in HeLa cells. 

In chapter 5, the RCM technique will be equipped with spatially-controlled 

illumination (SCIM) in order spatially control the illumination dose by minimizing 

the illumination in the non-fluorescent areas of the sample and providing 

sufficient illumination dose in the fluorescent areas. The combination of SCIM 
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with RCM will be demonstrated to do not compromise image quality with the 

added benefit of reduced illumination dose. 

Finally, in chapter 6, the main results of the previous chapter will be 

summarized. Furthermore, an outlook for future research prospects will be 

presented. 
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Chapter 2 
Re-scan Confocal Microscopy: scanning twice for better 
resolution 

 

Authors: Giulia M.R. De Luca, Ronald M.P. Breedijk, Rick A.J. 

Brandt, Christiaan H.C. Zeelenberg, Wendy Timmermans, Leila 

Nahidi Azar, Ron A. Hoebe, Sjoerd Stallinga and Erik M.M. 

Manders 

Parts of this chapter are included in “Re-scan Confocal 

Microscopy: scanning twice for better resolution”, Biomedical 

Optics Express, Vol.4, Issue 11, Pag. 2644-2656 (2013) 
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Abstract:  We present a new super-resolution technique, Re-scan Confocal 

Microscopy (RCM), based on standard confocal microscopy extended with an 

optical (re-scanning) unit that projects the image directly on a CCD-camera. 

This new microscope has improved lateral resolution, and strongly improved 

sensitivity while maintaining the sectioning capability of a standard confocal 

microscope. This simple technology is typically useful for biological applications 

where the combination high-resolution and high-sensitivity is required. 
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1. Introduction 
 
Due to the stormy developments in the field of super-resolution microscopy 

[Schermelleh 2010], it is often forgotten that confocal microscopy was the first 

super-resolution technique giving improvement of lateral resolution by a factor 

of √2 compared to wide-field fluorescence microscopy [Sheppard 1978]. 

Remarkably, the historical success of the confocal microscope was not caused 

by its improved lateral resolution but by its sectioning properties (axial 

resolution). The reason why is clear: lateral resolution can only be reduced by 

minimizing the pinhole diameter (in theory down to zero). This, however, would 

reduce the detection efficiency dramatically and result in images with a very low 

signal-to-noise ratio. Therefore, in practice most microscopists adjust the 

pinhole to around one Airy unit (equal to 0.61×l/NA); thus sacrificing lateral 

resolution for the sake of signal-to-noise ratio. 

More than 20 years ago Sheppard [Sheppard 1988] proposed to solve this 

problem by removing the pinhole and using a camera instead at the original 

position of the pinhole. In this technique, named Image Scanning Microscopy 

(ISM) in ref. [Muller and Enderlein 2010], the camera takes an image of the 

distribution of emitted light for every position of the excitation focus in the 

sample. Subsequently, an image reconstruction algorithm calculates the final 

image with enhanced lateral resolution; a time consuming image acquisition and 

processing procedure. Throughout the years, several groups worked on the 

implementation of ISM for both scanning with a single focus [Muller and 

Enderlein 2010, Benedetti 1994, Heintzmann 2006, Sanchez-Ortiga 2012] and 

scanning with multiple foci at the same time [York 2012, 2013]. ISM allows 

imaging with good sectioning properties and improved lateral resolution, but the 

acquisition time is still a significant drawback. 

Here, we propose a new fully optical technique, Re-scan Confocal Microscopy 

(RCM), that overcomes the limitations on acquisition and processing time of 

ISM, while maintaining the advantages in (lateral and axial) resolution 

improvement. RCM is based on standard confocal microscopy, extended with 
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an optical unit (re-scanner) that projects, in a scanning way, the image directly 

on a camera. The major advantage of RCM is that it gives lateral super-

resolution with conservation of sectioning by using a sensitive EMCCD camera 

as detector. This new technology can then be suitable for biological applications 

where improved resolution and efficient photon collection are required.  

In another implementation [Sheppard 2013], a setup making usage of a single 

pair of scanning mirrors where the light is directed twice (first to be de-scanned, 

second to write on the detector) is presented to implement a similar technique. 

In Re-scan Confocal Microscopy we adopt a re-scanning technique that allows 

a more flexible optical architecture allowing for a variation in and optimization of 

the magnification decoupling M. This concept was historically proposed by 

Amos and White [Amos and White 1995] for the implementation of a confocal 

microscope for direct view with a stationary slit aperture. Furthermore, we 

propose a theoretical investigation of the effect of pinhole size on the 

differences between the confocal and re-scan confocal microscopes, and a 

demonstration of the technique on fixed and live biological samples. 

 

2. The re-scanning concept 
 
The additional scanning unit of the RCM, the “re-scanner”, re-directs the light 

from the pinhole to a sensitive camera for image acquisition (Fig. 1a). The key 

to super-resolution properties of this new microscope is de-coupling of the 

scanning magnification of the object (Mobj) and the magnification of the scanning 

spot (Mspot); Mobj is determined by the angular amplitude (sweep) of the two 

scanners and the focal lengths of the two scan lenses, while Mspot is only 

determined by the focal lengths of the lenses and not by the sweep amplitude of 

the scanners. The re-scanning unit therefore enables adjustment of Mobj 

independently from Mspot by changing its sweep amplitudes, which is expressed 

by the sweep factor or magnification decoupling M (with M = Mobj / Mspot).  

The effect of the magnification decoupling is illustrated in the Fig.1b. Two 

nearby molecules are excited one by one by a scanning laser spot. The emitted 

light distributions from the two molecules are imaged in the primary image plane 

as two diffraction limited spots. The position of each spot in the primary image 
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plane does not change during scanning even though the intensity of these spots 

changes during scanning (as the molecules will light up one by one). These 

static spots are subsequently imaged in the pinhole plane, via the confocal 

scanning unit.  The re-imaged spots therefore run over the pinhole plane during 

a scanning sweep. The spots are subsequently re-imaged in the camera plane, 

via the re-scanning unit.  In case the sweep factor M equals one (M = 1) the re-

scanner will exactly compensate for the spot movement due to the confocal 

scanner and the molecules will be imaged at static positions, leading to 

diffraction limited resolution comparable to that of a fluorescence wide-field 

microscope. In case M = 2, the mirrors of the re-scanner move with double 

angular amplitude. This extra “sweep”, indicated by black arrows in Fig.1b, 

transfers the light to a spot that moves across the camera chip with constant 

velocity and therefore smears out the image of the molecules by a factor of 

approximately √2. However, the distance between the two molecules is doubled 

due to the double sweep of the re-scanner. As a result, by scanning with a 

sweep factor of M = 2, the width of the spot is improved by a factor of √2 relative 

to diffraction limited resolution (M = 1; see inset of Fig.1A). 

 

 
Fig. 1. The Re-scan Confocal Microscope (RCM) (A) consists of two units: 1) a 

standard confocal microscope with a pair of scanning mirrors which have 

double function: scanning the excitation light and de-scanning the emission 

light, and 2) a re-scanning unit that “writes” the light that passes the pinhole 
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onto the CCD-camera. The ratio of angular amplitude of the two scanners, 

expressed by the sweep factor M, changes the properties of the re-scan 

microscope (see inset in A). For M = 1 the microscope has the lateral resolution 

of a wide-field microscope, defined by the diffraction limit. For M = 2 the RCM 

performs best concerning resolution. Even with a wide open pinhole the 

resolution is √2 times improved, which makes the system much more photo-

efficient compared to conventional confocal microscopes with similar resolution 

(that should have pinhole < 1 Airy unit). For large values of M the system 

converts to a confocal microscope with open pinhole. (B) The concept of RCM 

is simple: For M = 1 the two scanners compensate each other and two point-

objects (red and green dots) are projected on the camera without extra 

magnification. When the sweep-factor is set to M = 2, the extra sweep 

(indicated with black arrows) will smear out the spots on the camera by a factor 

of √2. Since the distance between the objects is 2 times larger, the relative 

width of the spots is reduced by a factor of √2. This resolution improvement is 

clearly visible by comparing C and D. Two 100 nm beads are positioned 250 nm 

from each other and cannot be resolved by M = 1 (C) but can easily be 

separated by RCM with M = 2 (D). FWHM in these two configurations was 255 

nm and 185 nm, respectively. Scale bars are 100 nm. 

 

A semi-quantitative analysis of the resolution improvement as a function of 

sweep factor M can be made as follows. The measured spot on the camera is 

the sum of emission spots that have a peak height determined by the excitation 

spot and that are mutually displaced proportional to M-1 due to the re-scan 

operation. The Point Spread Function (PSF) is thus the convolution of the 

emission PSF with a scaled version of the excitation PSF. The separation of two 

points also scales with M so the effective width of the emission PSF scales as 

1/M and the effective width of the excitation PSF envelope scales as (M-1)/M. A 

measure for the spot width W, such as the Full Width at Half Maximum 

(FWHM), is thus effectively given by: 
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where Wem and Wex are the widths of the emission and excitation spots. Clearly, 

in the limit M = 1 we find W = Wem, i.e. the resolution is determined by the 

emission branch only and the microscope is equivalent to a widefield 

fluorescence microscope (see also inset graph in Fig. 1A in the main text). In 

the opposite limit M®¥ we find W = Wex, i.e. now the resolution is determined 

by the excitation branch only and the microscope’s resolution is equivalent to 

that of a confocal fluorescence microscope with open pinhole. The optimum 

(minimum) spot width is found for a magnification decoupling: 

(2)  
2

21 em

ex

W
M

W
= +  

For which the optimum (minimum) spot width is equal to: 
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In case the excitation and emission spot width are equal Wem = Wex this boils 

down to M = 2 and and a √2 reduction in spot width W = Wem/√2 = Wex/√2. A 

small correction can be expected for normal fluorescence microscopy due to the 

Stokes-shift between excitation and emission leading to an emission spot width 

that is a bit larger than the excitation spot width.  

In conventional confocal microscopy both axial and lateral resolution are 

determined by the diameter of the pinhole. In RCM the pinhole influences only 

axial resolution, not lateral resolution. In both techniques, conventional and re-

scanning confocal microscopy, maximum axial resolution is obtained by setting 

the diameter of the pinhole at one Airy unit. However, for the lateral resolution 

the two techniques have a quite different response to the pinhole diameter. The 

lateral resolution in RCM is independent of pinhole diameter, whereas in 

conventional confocal microscopy the lateral resolution only improves for a 

pinhole size smaller than one Airy unit leading to loss of detected fluorescence 

signal. It turns out that for RCM, a pinhole size of 2-3 Airy units gives the 

optimum combination of high resolution, high sensitivity and good optical 

sectioning.  

 

 



 32 

 
3. Theory 
 
The image formation of the re-scan confocal microscope is governed by the 

following set of equations: 

(4)
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where T(u) is the object fluorescence, Hex(u) the excitation PSF, Hem(u) is the 

emission PSF, Hre(u) is the re-scan relay PSF,  uo is the object plane position, ui 

the pinhole plane position, us  the scan position, uc the camera plane position, 

v0 the axial object position, D(ui) the pinhole transmission function, Ipin(ui ,us) the 

image intensity in the image (pinhole) plane as a function of ui and us,  Icam(uc, 

,us) the image intensity in the camera plane as a function of uc and us, and 

Irec(uc) the final re-scan confocal image intensity after completion of the 

scanning operation. Here, the in-plane coordinates are scaled with the 

diffraction unit lex/NA, where lex is the excitation wavelength and where the NA 

is the numerical aperture in the object plane (for uo), in the pinhole (image) 

plane (for ui), or in the camera plane (for uc). The axial position v0 is the z-

coordinate scaled with the axial diffraction unit nlex/NA2, with n the object 

refractive index. For the sake of simplicity, we work in the scalar diffraction 

regime, although the NA is generally rather high. 

Consider the case where the pupil stop of the re-scan relay is much higher than 

the re-imaged pupil stops of the objective lens. Then the re-scan relay PSF is 

essentially a delta-function (no additional diffraction induced blurring in that part 

of the imaging path), and the re-scan confocal image intensity can be written as: 

 (5) ( ) ( )( ) ( )( )2 2 ,rec c s c s pin c s sI M d u D M I M= - -òu u u u u u   

that is, the point in the image plane at position ui is imaged onto the point uc = 

us + ui /M. Now the role of M becomes clear: the magnification of the re-scan 

relay is different from the magnification of the re-scan operation by a factor M.  
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The re-scan confocal image intensity can now be rewritten as: 

 (6) ( ) ( ) ( )2 , ,rec c o o rec c o o o oI d u dv H v T v= -òu u u u   

with the re-scan confocal PSF: 

(7)
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Taking the Fourier Transform (FT) and with a little algebra it is found that: 
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with the re-scan confocal Optical Transfer Function (OTF): 
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For a magnification decoupling M = 2 we retrieve the results of Sheppard 

[Sheppard 2013] and Müller and Enderlein [Muller and Enderlein 2013], with a 

spatial frequency cutoff that is extended by a factor of two. The doubling of 

optical bandwidth is not achieved at the expense of the optical sectioning 

capability. The integrated intensity as a function of defocus is: 

 (10)
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For a near-zero pinhole size (FT of pinhole transmission function equal to one 

for all spatial frequencies) the OTF is given by the convolution of the (scaled) 

excitation and emission OTF so that the re-scan confocal PSF is the product of 

the emission and excitation PSFs: 

 (11) ( ) ( ) ( ), , ,rec em exo o oH v H v H v= -u u u   

independent of M. For an infinite pinhole radius (FT of pinhole transmission 

function equal to a delta peak) the OTF is given by the product of the excitation 

and emission OTF: 
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and now the integrated intensity is equal to one for all defocus values, i.e. no 

optical sectioning is achieved. 

 
Fig. 2. PSF (A, B) and MTF (C, D) of the confocal (a, c) and re-scan confocal (b, 

d) microscope for different pinhole radii and defocus zero. The peak of both the 

MTF and PSF curves are normalized to unity. The width of the confocal 

microscope is only narrowed for small pinhole sizes (radius below about 1-2 

Airy units), the same degree of narrowing is achieved in the re-scan confocal 

case for any pinhole size. 
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The performance of the re-scan confocal microscope may be compared with the 

standard confocal operation for which the image intensity is given by: 

   (13) 
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with the confocal PSF: 

   (14) 

( ) ( ) ( ) ( )

( ) ( ) ( ) ( )

2

*2 2

, , ,

ˆ ˆ , ,o
s o

conf s o o i i em i o s o ex o s o

i
em o ex s o

H v d u D H v H v

d q D H v e H vp × -

- = - + - -

= - -

é ùë û
é ùë û

ò
ò q u u

u u u u u u u u

q q u u
 

which is equal to the product of the excitation PSF and the convolution of the 

emission PSF and the pinhole aperture function. The integrated intensity as a 

function of defocus is given by Eq. (10), i.e. equal to the re-scan confocal case 

for all defocus values.  

This implies that the optical sectioning capabilities of the re-scan confocal 

microscope are the same as with the traditional confocal microscope. Thus, the 

main advantage of re-scanning is the improvement of lateral resolution, even for 

intermediate to large pinhole sizes, thereby maintaining a good signal to noise 

ratio. 

Simulations have been done to investigate the effect of pinhole size on the PSF 

and Modulation Transfer Function (MTF, the absolute value of the OTF), of the 

RCM in comparison to the confocal microscope. The simulations were done 

with Matlab using the chirp z-transform based method for evaluating the 

necessary Fourier transforms [Bakx 2002]. The image plane was discretized 

with a 127×127 grid of size 3l/NA, the reciprocal plane was discretized with a 

256×256 grid of size 4NA/l. Fig. 2 shows the PSF and MTF of the confocal and 

re-scan confocal microscopes for different pinhole radii. The optical bandwidth 

for the re-scan confocal case is extended by a factor of two, but the transfer 

function is very low for spatial frequencies close to the cut-off, giving an 

effective increase with a factor of about √2. The width of the confocal spot 

increases with pinhole radius, whereas the width of the re-scan confocal spot 

remains more or less the same for different pinhole radii. This is quantified by 

the FWHM as a function of pinhole radius (see Fig. 3).  
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It is noticeable that in RCM, for pinhole sizes decreasing to zero, the FWHM 

increases slightly, with, as a limiting case, the same FWHM as in confocal 

microscopy with pinhole zero. It could be due to Bessel effects, as, for small 

pinhole sizes, the deviation of the PSF from a (perfect) Gaussian shape induces 

a slight disadvantage with respect to resolution improvement. 

 
Fig. 3. FWHM of the PSF as a function of pinhole radius for the confocal and re-

scan confocal microscope, showing identical width for near zero pinhole size 

and a ratio of FWHM-values leveling off to a value a bit larger than √2 for large 

pinhole sizes. Data from numerical simulations. 

 

4. Experiments 
 
The improvement of lateral resolution was quantified by 3D imaging of 

fluorescent beads of 100 nm with the pinhole set to two Airy units (radius equal 

to 2×0.61l/NA). Individual shoulder-to-shoulder beads (distance 250 nm) can 

clearly be distinguished with M = 2 (Fig. 1D) whereas they are observed as not 

resolved for M = 1 (Fig. 1C). Analysis of 25 beads shows that the FWHM is 

reduced from 245 nm (± 15 nm) for M = 1 to 170 nm (± 10 nm) for M = 2, which 

is an improvement by a factor of 1.4 (± 0.1), confirming the theory of RCM.  

Note that the FWHM in the axial direction, which is only determined by the size 

of the pinhole, is 500 nm (± 30 nm) in both cases (M = 1 and M = 2). Fig. 4 
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shows the FWHM as well as the FWHM improvement ratio (FWHM at M = 1 

divided by FWHM) as a function of sweep factor M. The data is obtained from 9 

beads measured on a different sample. For each value of M ≠ 1 a new dataset 

for M = 1 is measured directly afterwards so as to mitigate effects of focus drift 

on the measured improvement ratio. Clearly, the model, represented by Eq. (1), 

fits the data well with an optimum close to M = 2, and a resolution improvement 

factor of 1.41 (± 0.13), close to the predicted factor √2. The fitted widths of the 

excitation and emission spots are 224 nm and 235 nm, respectively, obtained 

from a chi-square fits of both curves. These values are several tens of 

nanometers larger than the FWHM of diffraction limited spots at the excitation 

wavelength (488 nm) and emission wavelength (515 nm), probably due to 

broadening by the finite sized beads (diameter 100 nm) and small defocus 

errors in the light path. 

In Tab.1, we present a comparison between confocal microscopy and Re-Scan 

Confocal Microscopy. The theoretical data for confocal microscopy have been 

reported in Fig. 3 as FWHM of the PSF in l/NA units. In Tab. 1 the data have 

been scaled for the NA (1.4) and l (510 nm) used in the experimental setup and 

the obtained PSF has been convolved with a 100 nm FWHM gaussian profile in 

order to take into account of the beads’ dimension. The theoretical data for 

RCM have been reported in Fig. 4. The experimental data for the Confocal 

Microscopy were obtained by using a commercial Zeiss LSM 510 Confocal 

Microscope with a Zeiss Plan-Apochromat, 100x /1.40 oil objective. The pinhole 

has been varied from 0.2 to 2 AU. From this comparison, it is possible to 

resemble the results from confocal microscopy with pinhole 0.2 AU to the 

results from RCM with M = 2, as predicted by the theory. In this case, it is 

critical to underline the importance of the improved sensitivity offered by RCM: 

the use of an almost closed pinhole in confocal microscopy allows a better 

resolution, but at the cost of a substantial reduction of photon collection. RCM 

with M = 1 can be compared with confocal microscopy with pinhole set at 2 AU, 

as predicted by the theory as well. These two comparisons show that the trade-

off in between sensitivity and resolution that is present in confocal microscopy is 

not present anymore for RCM. 
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 Theory Experiment 

Confocal, pinhole 0.2 AU 166 184 nm (± 17 nm) 

Confocal, pinhole 1 AU 193 220 nm (± 21 nm) 

Confocal, pinhole 2 AU 208 246 nm (± 19 nm) 

RCM, M = 1 234 245 nm (± 15 nm) 

RCM, M = 2 162 170 nm (± 10 nm) 

 

Tab. 1.  Comparison between confocal microscopy with different pinhole size 

(theoretical values obtained from Fig. 3) and RCM (theoretical values from Fig. 

4). 

 
  

Fig. 4.  Measured FWHM (A) and FWHM improvement ratio w.r.t. M = 1 (B) as a 

function of sweep factor M obtained from measurements on 9 beads, and the 

prediction of Eq. (1) with excitation and emission spot widths Wex = 224 nm and 

Wem = 235 nm, showing a good agreement between the experiment and the 

model and a clear optimum in resolution improvement close to M = 2. 

 

The improvement in resolution is also shown in optical sections of fluorescently 

labeled microtubules in HUVEC cells (Fig. 5). Time lapse imaging of living HeLa 

cells expressing EB3-GFP, which is associated with the growing end of 

microtubules (Fig. 6), shows that RCM allows tracking of fast dynamic 

structures (0.5 μm/s) with improved resolution, high sensitivity and sufficient 

sample rate (2 fpm). Finally, we show that the RCM technology allows accurate 
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observation of the mobility of dendritic spines in living primary hippocampal 

neurons expressing pGW1-GFP (Fig. 6). Video shows mobility of spines, sub-

resolution structures where communication between neurons takes place. On 

the right hand side two spines very close to each other appear and either fuse 

again move to the back-side of the dendrite. Although the distance between the 

spine necks is only 250 nm, they can be resolved by RCM (M = 2) and 

observed as individual spines, each with its specific structure. Note that the 

dimensions of these structures are similar to the micro beads in Fig. 1d which 

can only be resolved with RCM (M = 2), indicating that RCM will be helpful for 

the study of the dynamic structure of dendritic spines. With confocal 

microscopy, these structures can only be observed with a pinhole diameter 

much smaller than one Airy unit, leading to loss of fluorescence signal and 

decrease of signal-to-noise ratio.  

 
Fig. 5. Optical sections of fluorescently labeled microtubules in HUVEC cells 

imaged by RCM with sweep-factor M = 1 (A), which gives an image with 

standard diffraction limited resolution of a wide-field fluorescence microscope. 

By imaging in double-sweep mode (sweep-factor M=2) (B) gives resolution 

improvement by a factor of √2. Measured diameter of the microtubules is 
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reduced from 255 nm for M = 1 to 185 nm for M = 2. The insets show junctions 

of microtubules (C, D) and parallel microtubules (D, F) unresolved with wide-

field resolution (C, D) that can be distinguished by RCM in double sweep mode 

(E, F). Scale bars are 1 μm. 

 
Fig. 6. (A) Screenshot from an RCM time lapse series of HeLa cells expressing 

EB3-GFP shows that RCM allows live cell imaging with improved resolution. 

Left: M = 1, diffraction limited resolution, right: M = 2, improved resolution. 

Duration acquisition of 200 optical sections was 200 sec. (B) Screenshots from 

an RCM time lapse series of living HeLa cells expressing EB3-GFP showing 

that RCM (M = 2) allows tracking of fast dynamic structures (0.5 μm/s) with 

sufficient sample rate (1 fps). (C) Screenshot from RCM time lapse series of a 

dendrite of living hippocampal neurons expressing pGW1-GFP. Time series is 

222 sec. All scale bars (A, B, C) are 1 μm. 

 

5. Discussion 
 
In this study, we have proven, both theoretically and experimentally, that the 

lateral resolution of the Re-scan Confocal Microscope (RCM) with open pinhole 

equals the lateral resolution of the conventional confocal microscope with 

almost closed pinhole. Therefore, it has strongly improved sensitivity while the 

sectioning capability of conventional confocal microscopy is maintained. 

Moreover, post-processing of the image, which may introduce artifacts, is not 
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required. We expect that this new technology will find its way in biological 

applications where superior photon economy and resolution beyond the 

diffraction limit is essential. 

In particular, the RCM technique may be suitable for application with modern 

sCMOS cameras, which combine a large Field of View (2048×2048 pixels) and 

a high frame rate (100 fps) with a reasonable Quantum Efficiency (around 70%) 

and low readout noise, without suffering from excess noise like EMCCD 

cameras [Huang 2013]. This compares favorably to the photon detection 

efficiency of Photo-Multiplier Tubes (PMTs) generally used in confocal 

microscopes (up to 40%). 

 

Appendix: Optical setup and sample preparation 
 
Optical setup 
Light from a 488 nm diode laser (Obis 488-50, Coherent Inc.) is coupled into a 

single mode optical fiber and collimated with a 10 mm lens (Thorlabs Inc.). The 

light is directed via a 488/594 nm double band dichroic mirror (ZT488/594rpc, 

Chroma Technology Corp.) to the first xy-scanner (VM1000, GSI Lumonics) at 

the telecentric point of the scan lens (Nikon Instruments Inc.). A TE2000 

microscope (Nikon Instruments Inc.) stand is equipped with a 100x objective 

(CFI Apo TIRF 100X Oil, NA 1.49, Nikon Instruments Inc.) and Remote Focus 

Accessory (Nikon Inc.). Fluorescence light is, after de-scanning, focused with a 

400 mm achromat (Thorlabs Inc.) on a lever-actuated iris diaphragm with an 

adjustable size (Thorlabs Inc.) that is used as a pinhole. Light after the pinhole 

is collected with a 200 mm achromat (Thorlabs Inc.) and re-scanned with a 

second scanner (VM500T, GSI Lumonics) and projected with a 85 mm scan 

lens (Thorlabs Inc.) on an EMCCD camera (iXon897, Andor Technology) with 

512×512 pixels of 16×16 µm2. Electronic components of the setup are 

interfaced by a Nidaq pci-6713 card (National Instruments Co.), LabVIEW 2012 

and Micro-Manager 1.4. 

The microscope magnifies both the object and the laser spot into the primary 

image plane with a factor Mmicr. After the primary image plane the 

magnification of an object is determined by the angular amplitudes αde and αre 
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of the de-scanner and the re-scanner, respectively and the focal distances, f1 

and f2, of the scan lenses since the scanners are placed in the telecentric point 

of L1 and L4 (see Fig. 1). Resulting in the total magnification of the object:  
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The scanning spot is also magnified, first by the microscope, then by the optics 

of the de-scanner (f2/f1) and finally by the optics of the re-scanner (f4/f3):  
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Note that Mspot is independent of the angular amplitudes (“sweep”) of the two 

scanners. The sweep factor M is defined by:  
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and can be adjusted by changing the angular amplitudes of the scanners or by 

replacing lenses L2 and L3. 

 

Sample preparation 
For resolution measurements on beads we used yellow-green FluoSpheres 

carboxylate-modified microspheres of 0.1 μm diameter (Invitrogen), mounted in 

VECTASHIELD (Vector Labs) on Menzel-Glaser Nr.1 coverslip. The EMCCD 

gain during the acquisition was set at 50, with 1 s acquisition time and 20 μW 

laser intensity. 

For images on microtubules, HUVEC cells (Human Umbilical Vein Endothelial 

cell) derived from blood vessel of human umbilical cords were grown on 

collagen covered coverslips in a mix of RPMI and DMEM (50-50%) with 10% 

fetal bovine serum (FBS) at 37°C degree at 5% CO2. The cells were fixed with 

10% MeS buffer (100 mM Mes, PH6.9, 1mM EGTA and inM MgCl2) and 90% 

methanol for 5 minutes on ice. After Blocking with 5% BSA (Bovine Serum 

Albumin) for 1 hour cells were incubated in monoclonal anti Microtubules (anti-

tubulin YL1/2 clone: sc-53029, Santa Cruz biotechnology, raised in Rat) for 1 

hour and secondary antibody Alexa 488 donkey anti rat (Invitrogen) for 30 
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minutes at room temperature. 3D stack contained 41 optical sections with 100 

nm interval. Acquisition time for each section was 1 s. EMCCD gain set to 150 

and laser intensity to 10 μW. 

For images of EB3-GFP in HeLa cells, the cells (ATCC) were cultured in 

DMEM-Glutamax, 10% FBS, penicillin (100 U/ml) and streptomycin (100 µg/ml; 

Invitrogen) on 24 mm cover slips (Menzel-Gläser). Cells were transfections 

using Lipofectamin 2000 (Invitrogen) using 300 ng/µl EB3-GFP plasmid per 

sample. Cells were cultured for 24 hours before imaging in microscopy medium 

(20 mM HEPES (pH 7.4), 137 mM NaCl, 5.4 mM KCl, 1.8 mM CaCl2, 0.8 mM 

MgCl2, 20 mM glucose). Time series were made at sample rate of 0.5 and 1.0 

fps for supplementary video 2 and 3, respectively. EMCCD gain was set to 200 

and the laser intensity was 65 μW and 20 μW, respectively.  

For images of neurons, hippocampi were dissected from rat embryos (E16-19) 

[Kapitein 2010]. Tissue was homogenized with trypsin (2.5% wt/vol, Gibco 

15090) and cells were cultured on coverslips at 36 ºC and 5% CO2. After 3 

days, half of the culture medium was replaced with culture medium containing 

10 µM FUDR. 18 days later (DIV18) samples were transfected with 5 µg/ml 

pGW1-GFP (kindly provided by C.C. Hoogenraad, Utrecht University) using 

Lipofectamine (10 µl/ml; Invitrogen, cat. No.11668-027) in culture medium for 

20-30 minutes. Samples were transferred to a new well with 2 ml of pre-warmed 

incubation medium containing 1% GlutaMax (Gibco, cat. No. 35050-038) and 

the transfection mix was added in a drop-wise manner. This was then left to 

incubate for 45 minutes at 36 ºC and 5% CO2, after which the samples were 

gently washed in 3 ml of culture medium and returned to their original well. One 

day after transfection, samples were imaged at room temperature in 2 ml of pre-

warmed artificial cerebrospinal fluid. Of the brightest neurons, secondary or 

tertiary dendrites with dendritic spines were imaged. Time lapse imaging was 

performed at 0.5 fps with EMCCD gain of 200 and laser intensity set to 55 μW. 
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Abstract:  Re-scan Confocal Microscopy (RCM) is a new super-resolution 

technique based on a standard confocal microscope extended with a re-scan 

unit in the detection path that projects the emitted light onto a sensitive camera. 

In this chapter the fundamental properties of RCM, lateral resolution, axial 

resolution and signal-to-noise ratio, are characterized and compared with 

properties of standard confocal microscopy. The results show that the lateral 

resolution of RCM is ~170 nm compared to ~240 nm of confocal microscopy for 

488 nm excitation and 1.49 NA. As the theory predicts, this improved lateral 

resolution is independent of the pinhole diameter. In standard confocal 

microscopy, the same lateral resolution can only be achieved with an almost 

closed pinhole and, consequently, with a major loss of signal. We show that the 

sectioning capabilities of the standard confocal microscope are preserved in 

RCM and that the axial resolution of RCM is slightly better (~15%) than the 

standard confocal microscope. Furthermore, the signal-to-noise ratio due to 

improved detection in RCM is a factor of 2 higher than in standard confocal 

microscopy due to the use of highly sensitive modern cameras. In case the 

pinhole of a confocal microscope is adjusted in such way that the lateral 

resolution is comparable to that of RCM, the signal-to-noise ratio in RCM is 4 

times higher than standard confocal microscopy. Therefore, RCM offers a good 

alternative to standard confocal microscopy for higher lateral resolution with the 

main advantage of strongly improved sensitivity. 

 

 

 

 

 

 

 

 



 50 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 51 

1. Introduction  

Fluorescence microscopy is a powerful tool in the study of biological samples. 

The ability to resolve details of a sample with a conventional wide-field imaging 

system is fundamentally limited by the nature of light: diffraction. The resolution 

of an imaging system is described as the smallest distance d between two close 

and still distinguishable details in the sample. In a diffraction limited system, the 

distance d is defined by Abbe’s Law as d= λ/2NA, where λ is the vacuum 

wavelength of light and NA is the numerical aperture of the objective. In the last 

decades, several new technologies have been developed to circumvent Abbe’s 

diffraction limit; these techniques are called super-resolution techniques and are 

based on three principles: detection of localizations of single molecule 

(stochastic optical reconstruction microscopy (STORM), photoactivated 

localization microscopy (PALM), ground state depletion microscopy followed by 

individual molecule return (GSDIM)), on structured illumination of the sample 

with subsequent image reconstruction (structured illumination microscopy 

(SIM)) and on stimulated emission depletion (stimulated emission depletion 

(STED)) [Rust 2006, Betzig 2006, Hess 2006, Gustafsson 2001, Hell 1994, 

Leung 2011]. It is often forgotten that confocal microscopy not only offers 

improved sectioning compared to wide-field systems, but can also achieve a 

lateral resolution surpassing the diffraction limit defined by Abbe’s Law in an 

optics-only way (i.e. without post-processing) and can therefore be regarded as 

one of the first super-resolution techniques. Its super-resolution capabilities in 

the lateral direction are scarcely exploited because, as described in the further 

in this introduction, a confocal image with lateral super- resolution can only be 

obtained with an almost closed detection pinhole and this severely 

compromises signal-to-noise ratio (SNR).  

In our previous paper [De Luca 2013] we have introduced Re-scan Confocal 

Microscopy (RCM) as a new “optics-only” super-resolution technique that 

matches the super-resolution capabilities of confocal microscopy. In contrast 

with standard confocal microscopy, the lateral resolution of RCM is independent 

of the pinhole diameter. Furthermore, RCM uses a highly sensitive camera 

(electron multiplying charged coupled device (EMCCD) or scientific 
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complementary metal oxide semiconductor (sCMOS)) as a detector and, 

therefore, allows high sensitivity imaging.  

The basic idea for super-resolution imaging, with techniques similar to RCM, 

was proposed for the first time by Sheppard in 1988 [Sheppard 1988]. Only in 

2010 the idea was implemented for the first time in Image Scanning Microscopy 

(ISM) [Muller and Enderlein 2010]. The ISM technique involves a number of 

post-processing image reconstruction steps that are essential to obtaining 

super-resolution. In the last few years, other optics-only implementations of the 

ISM idea were proposed, where the super-resolution is obtained by pure optics 

and without involving a post-processing step. Implementations with single-point 

scanning [Sheppard 2013, Roth 2013, Heintzmann 2013] and multi-point 

scanning [York 2012, Shroff 2013, Schulz 2013] were proposed. RCM is an 

extremely simple “optics-only” implementation of ISM idea, without post-

processing or image reconstruction steps.  

In this chapter we will characterize the novel RCM technique in depth. We will 

first describe the essentials of the standard confocal set-up and explain its 

super-resolution potential. Subsequently, we will show how the RCM 

overcomes the technical limitations that hinder the super-resolution properties 

of standard confocal microscopy. The resolution of RCM has been 

characterized by evaluating the influence of the pinhole on the lateral and axial 

resolution. The sensitivity of the RCM has been measured and compared with 

standard confocal microscopy. The resolution and the SNR of RCM have been 

compared with confocal microscopy confirming that RCM is a highly sensitive 

technique that allows high resolution at any pinhole diameter. 

 

2. Confocal Microscopy and RCM 
 

2.1 State of the art in confocal microscopy 

Before we explain how RCM works, it is important for our understanding to 

briefly review here the fundamentals of confocal microscopy. In a confocal 

microscope the illumination of the sample is performed by a focused excitation 

laser. The laser light is directed through the objective in a line-by-line scanning 
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manner across the fluorescent sample via a pair of scanning mirrors. The 

emitted fluorescence light, coming from the sample through the objective, is de-

scanned by the same pair of mirrors and directed onto the pinhole. The light 

passing the pinhole is subsequently detected by a photomultiplier tube (PMT). 

The final image is constructed as a distribution of the intensity of the detected 

light that passes the pinhole as a function of the XY-position in the sample. The 

crucial part of the confocal setup is the pinhole, which is placed in a conjugate 

plane of the focal plane in front of the detector. Because the pinhole obstructs 

most of the out-of-focus light and, in addition because the out-of-focus single 

point objects are excited with a lower intensity and therefore emit less light, 

there is a strong suppression of out-of-focus light and therefore the detected 

fluorescence signal mainly originates from the proximity of the focal plane. In 

this way optical sectioning in standard confocal microscopy is obtained. The 

pinhole diameter can be adjusted by the user to select how much of the out-of-

focus should be suppressed and therefore to select the thickness of the optical 

section. While the effect of the pinhole on optical sectioning is widely 

recognized, it is important to underline that the pinhole also has an influence on 

the lateral resolution.  

 

2.1.1 Lateral super-resolution in confocal 

The effect of the pinhole on the lateral resolution follows the same principle as 

for the axial resolution; as axial resolution is improved by inefficient excitation 

and inefficient detection of out-of-focus fluorescence, the lateral resolution is 

improved by inefficient excitation and inefficient detection of off-axis 

fluorescence. For both excitation and emission, the Point Spread Function 

(PSF) through the in-focus plane is bell-shaped in the lateral directions (x, y) 

[Shaw and Rawlins 1991]. When an infinitely small point object such as a 

fluorescent molecule is in the center of the excitation profile (in-focus and on-

axis), it is illuminated with maximum laser intensity and therefore efficiently 

excited and the on-axis molecule will consequently fluoresce brightly. In 

contrast, a molecule with a position not aligned with the excitation profile (in-

focus but off-axis) is excited with a lower intensity and will therefore fluoresce 

with a low intensity. Similarly, for the emission, the bright fluorescence emitted 
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by the on-axis molecule will be focused at the center of the pinhole and will 

therefore be obstructed in a minimal way. Contrary, the relative weak emission 

of the off-axes molecule will be projected off-center with respect to the center of 

the pinhole and therefore, apart from poor excitation efficiency, also the 

detection efficiency of off-axis molecules is poor. This reduction of the off-axis 

detection efficiency will be more pronounced for a smaller diameter of the 

detection pinhole. In summary, two effects are present for off-axis signal 

suppression: firstly, off-axis point objects are excited with lower laser intensity 

and therefore fluoresce less brightly than the on-axis point objects and, 

secondly, the light emitted by off-axis point objects are detected with poor 

detection efficiency.  

At this point, the pinhole dimension needs to be considered in more detail. 

When the pinhole is adjusted to 1 Airy unit (A.U., corresponding to a diameter of 

1.22 l/NA) or larger, most of the light (>83%, [Shaw and Rawlins 1991]) emitted 

by both on-axis and off-axis point objects (as far they are excited by the 

excitation PSF), will reach the detector, meaning that off-axis information is not 

strongly suppressed and therefore, lateral resolution is solely dictated by the 

excitation PSF and is consequently diffraction limited. When the pinhole 

diameter is smaller than 1 Airy unit, the detection efficiency of the off-axis light 

is significantly decreased relative to the detection efficiency of the on-axis light 

and, therefore, lateral resolution is improved (better than diffraction limited). In 

the extreme case, when the pinhole is closed to almost zero, this suppression of 

off-axis detection leads to maximal improvement of the lateral resolution of 

effectively by a factor of √2 compared the diffraction limit [Cox and Sheppard 

2003, Pawley 2006].  

 

2.1.2 Limitations of confocal microscopy 

A confocal microscope can only provide images with improved lateral resolution 

(compared to the Abbe–limit) in case the pinhole diameter is much smaller than 

one Airy unit (<<1 A.U.). Because the improvement is only possible with such a 

small pinhole diameter, the extra resolution is only possible at the cost of a 

severe reduction of signal. Therefore, lateral resolution and SNR are directly 

coupled in confocal microscopy. The user of the confocal microscope has to 
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choose between improved resolution on one hand and good SNR on the other 

hand.  

The signal contributing to a confocal image is not only influenced by the pinhole 

dimension. The sensitivity of the detector has a strong influence on SNR as 

well. The detectors need to be fast and sensitive. For these reasons, the 

detectors in confocal microscopy are typically Photo-Multiplier Tubes (PMTs). 

The quantum efficiency of these detectors is approximately 15% [Michalet 

2009]. Nowadays, hybrid detectors are becoming more popular for their 

improved quantum efficiency reaching 45% and low dark noise (2500 dark 

counts per sec) [Mihalet 2009, Krishnaswami 2014]. The quantum efficiency of 

state-of-the-art cameras, such as sCMOS and EMCCD cameras, is in the order 

of 70-95% [Borlinghaus 2012]. So far, sCMOS and EMCCD should not be used 

as a single point detector in confocal microscopy because they are not fast 

enough; the framerate of EMCCD and sCMOS used as point detectors is too 

slow compared to the required speed of detection which is in the order of µs.  

Summarizing, the standard confocal microscope has two main limitations: it can 

provide (lateral) super-resolution images, but at the cost of low signal, and the 

sensitivity of detectors used in most confocal microscopes is limited. Using 

RCM, the super-resolution properties of confocal microscopy can be preserved 

without compromising on the SNR, because RCM substitutes PMT’s with highly 

sensitive EMCCD or sCMOS camera’s for detection. 

 

 2.2.1 Re-scan Confocal Microscopy basics 

The RCM setup basically consists of two units: a standard confocal microscope 

and a re-scan unit (see Fig.1). The pair of scanning mirrors (SM1 in Fig.1) has a 

double function: scanning and de-scanning. The mirrors direct the excitation 

laser light in a scanning manner to the sample and they direct the emission light 

from the sample to the pinhole (de-scanning). Behind the pinhole, the confocal 

unit is extended with a second pair of scanning mirrors (SM2 in Fig.1) forming 

the heart of the re-scan unit. The re-scan mirrors (SM2) direct the emission light 

that passes the pinhole towards the camera. The two pairs of mirrors SM1 and 

SM2 are synchronized at the same frequency and phase, but the angular 

amplitude of the scanning movement of each pair of mirrors can be adjusted 
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independently. The novelty in the RCM setup is that control of the amplitude of 

the scanning mirrors gives the possibility to introduce an extra (mechanical) 

magnification step on top of the optical magnification of the microscope. This 

mechanical magnification is determined by the angular amplitude 𝛼()*+,- of the 

re-scan mirrors relative to the amplitude 𝛼*+,- of the scanning mirrors and the 

focal distances of the scan-lenses (𝑓/	and 𝑓1). The mechanical magnification is 

given by:  

𝑀3)+4 =
𝑓1 tan 𝛼()*+,-
𝑓/ tan 𝛼*+,-

		≈ 	
𝑓1	𝛼()*+,-
𝑓/ 	 𝛼*+,-			

 

Together with the magnification 𝑀39+(	of the microscope (combination of tube-

lens and objective) the mechanical magnification 𝑀3)+4 sets the total 

magnification 𝑀:;< of the RCM system.  

𝑀:;< = 𝑀39+( ∗ 𝑀3)+4 

In our study we used a 100 x objective (Mmicr =100).  

When the scanning mirrors are set to a fixed position, the magnification will be 

defined by 𝑀39+( and an optical magnification 𝑀>?@ determined by the focal 

distances of the lenses L1, L2, L3 and L4 following: 

𝑀>?@ 	= 	
𝑓A
𝑓/
∗ 		
𝑓1
𝑓B

 

When the angular amplitudes of scanners and re-scanner are set in such way 

that  𝑀3)+4 = 	𝑀>?@ , the amplitude of the re-scanner 𝛼()*+,- compensates 

exactly for the amplitude of the scanner 𝛼*+,- and the image of the object on the 

camera chip will not move during the scanning process. In this specific case, 

the sweep-factor M, defined by:	

	𝑀	 = 	
𝑀3)+4

𝑀>?@
	 

and which expresses the relative mechanical magnification, will equal 𝑀 = 1. 

The RCM has in this case exactly the same resolution as conventional confocal 

microscopy.  

In general, the total magnification of the RCM microscope can be calculated by 	

𝑀:;< = 𝑀39+( ∗ 𝑀>?@ ∗ 𝑀 where the sweep-factor M equals: 

𝑀	 = 	
𝑓B	.		𝛼()*+,-
𝑓A	.		𝛼*+,-
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Fig.1: RCM setup: The setup consists of two parts: a standard confocal unit 

(Unit 1) and a re-scanning unit (Unit 2). In the confocal unit, the laser light is 

directed to the sample via the dichroic mirror DM, the scan unit SM1 (composed 

by a pair of scanning mirrors), scan lens L1, tube lens TL and objective (OL). 

On the way back, the emitted fluorescence from the sample is de-scanned by 

scan unit SM1 and directed to the pinhole where it reaches the re-scanning unit. 

The emitted fluorescence light that passes the pinhole is collimated by lens L3 

and, subsequently, directed to the sensitive camera by the re-scan unit SM2 

(also composed by a pair of (re-)scanning mirrors), and focused by lens L4. By 

tuning the sweep-factor (related to the angular amplitudes of SM1 and SM2) to 

M=2, the width of the PSF of anRCM microscope is improved by a factor of √2 

for any pinhole diameter, with a factor of 2 improvement of the support of the 

OTF. 

 

 2.2.2 Influence of the sweep-factor M on resolution 

For a sweep factor M=1, the resulting image has the lateral and axial resolution 

both dependent on pinhole diameter, like any confocal microscope.  

By doubling the angular amplitude of the pair of re-scanning mirrors (SM2), the 

mechanical magnification will double and consequently the sweep-factor will be 

M=2. Although the size of the diffraction limited spot of emission light that 

generates the image on the camera chip is only dependent on optical 
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magnification, the image of the spot is now smeared out over the camera-chip 

due to the extra angular movement of the re-scanners. Due to this smearing-

effect or motion blur, the final image will be blurred by a factor of √2. As 

described above, however, the final image is now exactly doubled due to the 

extra 2x mechanical magnification. Considering the ratio of the two effects (2x 

extra magnification and √2 blurring) results in an image with √2 better resolution 

compared to a conventional diffraction limited image (M=1).  

As shown in our previous publication, the dimension of the final effective PSF 

(𝑊) can be expressed as a function of the factor M and the dimension of the 

excitation PSF (𝑊)F+) and emission PSF (𝑊)3) as 

𝑊A =
𝑀 − 1 𝑊)F+

𝑀

A

+ 	
𝑊)3

𝑀

A

 

Provided that the difference between 𝑊)F+ and 𝑊)3 is negligible (negligible 

Stokes shift), for M=2 the dimension W reaches a minimum and, consequently, 

the resolution improvement has an optimum for M=2. For higher values of M, 

the resolution improvement is reduced and, in the extreme case where 𝑀 → ∞ 

the resolution of the microscope will be equivalent to that of a conventional 

confocal fluorescence microscope with open pinhole. 

In conclusion, by re-scanning with M=2, a resolution improvement by a factor of 

√2   can be achieved. Since the image is projected directly on the camera chip, 

RCM does not need any reconstruction software to improve resolution and is 

therefore a fully optical super-resolution technique. Note that the effect of the re-

scan is not influenced by the pinhole diameter. Therefore, RCM offers the 

super-resolution properties that standard confocal can only offer with an almost 

closed pinhole, but with no loss of detected photons at the pinhole and therefore 

provides high SNR images.  

The synchronization of the scan and re-scan units has been tested and it did 

result to be a problem, because a small phase-shift between the scanning and 

re-scanning mirrors results in a minor lateral shift of the complete image 

projected on the camera and this error can easily be corrected by adding an 

offset voltage to re-scan unit. Furthermore, a possible 180 degrees phase-shift 

(inversion of the re-scan movement with respect to the scan movement) is 
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identifiable with an elongate image on the direction of the inversion, and it is 

therefore corrigible in the allignment proces. 

During the acquisition of high quality images there are many factors that 

influence the quality of the image. Two of these factors are crucial and mutually 

connected: 1) SNR and 2) lateral resolution. Not only lateral resolution, but also 

the level of noise has a strong influence on the ability to see detail in an image. 

Resolution and noise are both characteristics that influence the image quality 

and therefore, in this chapter, measurements and simulations have been 

performed to quantify the resolution and noise-characteristics of the newly 

developed technique RCM in comparison with standard confocal microscopy. 

In this chapter, the lateral resolution of RCM (~170 nm at 488 nm excitation and 

1.49 NA) has been measured and its independency from the pinhole diameter is 

quantified and compared with confocal microscopy. Another effect, although 

less pronounced, is improvement of the axial resolution. Measurements have 

shown that RCM gives a 15% higher axial resolution compared to confocal 

microscopy. In RCM, the improved lateral resolution determines a higher 

intensity (and therefore a lower noise level) for sub-resolution objects due to the 

concentration of light into a smaller confocal volume. This effect was measured 

for different pinhole diameters and compared with standard diffraction limited 

resolution images. Finally, the SNR of RCM has been compared with standard 

confocal microscopy, and the measurements show how the sensitive detector in 

RCM offers two-times improvement in SNR (so four times higher sensitivity) 

compared to confocal microscopy. Therefore, the SNR in RCM is improved 

compared to standard confocal microscopy for three factors: 1) higher 

concentration of light, 2) open pinhole and 3) more sensitive detector. This 

characterization complements the first description of the method in our previous 

paper [De Luca 2013] and proves that RCM is an imaging technique that 

combines high resolution and high sensitivity. The combination of high 

resolution and high SNR is crucial for high quality images. We prove in this 

chapter that RCM provides both high resolution and high SNR for high quality 

images. 

 



 60 

3. Material & Methods 
 

3.1 RCM optical setup 

For the experiments we have built and used two different RCM setups. The 

Setup 1 is a compact version of the RCM, built on a breadboard of 30x40 cm, 

and is equipped with user friendly software and therefore is more accessible for 

biological experiments. Setup 2 is built on an optical table of 1.2x1.2 meter. 

 

3.1.1 Setup 1 

Light from a 488 nm diode laser (Obis 488-50, Coherent Inc.) is coupled into a 

single mode optical fiber and collimated with a 25 mm lens (ACN127-025-A, 

Thorlabs Inc.). The light is directed via a 405/488/561/640 nm quad band 

dichroic mirror (ZT405/488/561/640rpc, Chroma Technology Corp.) to an xy-

scanner pair (GVSM002/M, Thorlabs Inc.) at the telecentric point of the scan 

lens (CLS-SL, Thorlabs Inc.) and directed to a standard Nikon Ti-E body. 

Fluorescence light is, after de-scanning by the same xy-scanner set, and 

passing the quad-band mirror, focused with a 150 mm achromat (AC254-200-A, 

Thorlabs Inc.) on a pinhole (Precision Pinholes, Thorlabs Inc.). Light after the 

pinhole is collected with a 200 mm achromat (AC254-150-A, Thorlabs Inc.) and 

re-scanned with a second scanner (GVSM002/M, Thorlabs Inc.) and projected 

with a scan lens (CLS-SL, Thorlabs Inc.) onto a sCMOS camera (Hamamatsu 

Flash 4.0) with 2048x2048 pixels of 6.5×6.5 μm2. Electronic components of the 

setup are interfaced by a Nidaq pci-6713 card (National Instruments Co.) via a 

plug-in in NIS Elements (Nikon Instruments). This setup was used for SNR 

measurements. 

 

 3.1.2 Setup 2 

Light from a 488 nm diode laser (Obis 488-50, Coherent Inc.) is coupled into a 

single mode optical fiber and collimated with a 15 mm lens (Thorlabs Inc.). The 

light is directed via a dichroic mirror (ZT488/594rpc, Chroma Technology Corp.) 

to the first xy-scanner (VM1000, GSI Lumonics) at the telecentric point of the 

scan lens (Nikon Instruments) and directed to a standard Nikon TE2000 body. 
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Fluorescence light is, after de-scanning, focused with a 300 mm achromat 

(Edmund Optics) on a pinhole (Thorlabs Inc.). Light after the pinhole is collected 

with a 150 mm achromat (Edmund Optics) and re-scanned with a second 

scanner (Cambridge Technology Inc., type 6210) and projected with an 85 mm 

achromat lens (Edmund Optics) on an EMCCD camera (Andor Ultra 897) with 

512x512 pixels of 16×16 μm2. Electronic components of the setup are 

interfaced by a Nidaq pci-6713 card (National Instruments Co.) via LabView and 

MicroManager. This setup was used to lateral resolution, axial resolution and 

intensity measurements.  

 

3.2  Measurement of lateral and axial resolution 

For resolution measurements yellow-green carboxylate-modified microspheres 

of 0.1 μm diameter (Invitrogen FluoSpheres) were diluted at 1:105 in MilliQ 

(90%) and Ethanol (10%) and distributed on a Menzel-Glaser Nr.1 coverslip, 

after washing the coverslip in ethanol and drying it with flame. After drying the 

sample in air overnight, the beads were mounted in Mowiol on a standard 

microscope slide (Menzel-Glaser) and sealed with nail polish.  

3D stacks of fluorescent beads (diameter 100 nm) were acquired by RCM and 

standard confocal microscopy (Confocal system A1, Nikon) for different pinhole 

diameters. The same objective was used in all the measurements (100x 1.49 

NA Oil TIRF, Nikon Instruments), the pixel size was 45 nm, the z-step size was 

100 nm, the excitation wavelength was 488 nm and the emission filter was 520-

570 BP. For estimation of the lateral and axial resolution the influence of the 

bead size was neglected. The lateral resolution was measured as the FWHM of 

the lateral profile across the center of the bead focal plane. The axial resolution 

was measured as the FWHM of the axial profile through the center of the bead. 

The average of the FWHM of at least 25 bead spots per pinhole diameter and 

its standard deviation was measured.  

 

3.3 Simulations of lateral and axial resolution 

The PSF of RCM and standard confocal microscopy were estimated for various 

pinhole sizes using Matlab. The simulations were done using the chirp z-
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transform based method for evaluating the necessary Fourier transforms [Bakx 

2002]. The z-profile was estimated by calculating the PSF in each out-of-focus 

plane for a re-scanned and non re-scanned image for pinhole size equal to 2 

Airy Units. 

 

3.4 Peak intensity measurement 

Images of fluorescent beads of sub-resolution size (100 nm) were acquired by 

RCM under imaging conditions identical to the resolution measurements (3.2). 

The measurements were performed by RCM with the ratio of the angular 

amplitudes of the scanners M set to 1 or to 2 in order to obtain a standard 

resolution image or an RCM image with improved resolution for the same field 

of beads. An area of 100x100 nm2 was analyzed at the center of the (x, y) bead 

image. The sum of the intensity in the area was calculated and corrected for the 

background.  The average peak intensity (n>25) was plotted as a function of 

pinhole diameter and sweep-factor M.  

 

3.5   SNR measurements 

For the SNR measurements a thin (ca. 100 nm) uniform reference layer was 

used [Zwier 2004, 2008]. It was made with a low concentration (0.01% w/v) of 

fluorescent dye in a polystyrene matrix manufactured by spin coating from a 

toluene solution. The spectral excitation of the used dye was from 400 to 550 

nm and emission from 520 to 550 nm. 

The SNR in standard confocal (Confocal system A1, Nikon, with PMT set at 110 

gain, corresponding to -540 V) and RCM was measured to test the influence of 

the different photodetectors used in the two techniques. The same Nikon 100x 

TIRF Oil objective was used for confocal and RCM, with excitation at 488 nm 

and emission in the range 520-570 nm.  

Assuming that the generation of signal and noise in the dark and in the 

illuminated images are independent processes, it is possible to estimate the 

contribution of the SNRphoton due to the emitted photon statistics by: 

𝑆𝑁𝑅?4>@>- = 	
𝐼*9N-,O − 	 𝐼P,(Q

𝜎*9N-,OA − 	𝜎P,(QA 	
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In the acquired images of the fluorescent layer, the average intensity Isignal and 

its standard deviation σsignal were measured in 6 different 1.5x1.5 µm2 areas of 

the in-focus plane, averaged and corrected for the detector dark level and noise 

contribution by subtracting the average value of the dark level Idark  and its 

standard deviation σdark from 6 different 1.5x1.5 µm2 areas of a dark image.  

 
4. Results 

4.1 RCM improves lateral resolution 

In standard confocal microscopy, the diameter of the pinhole has a strong 

influence on the lateral resolution and on the SNR of the image. An increase in 

lateral resolution by a factor of √2 can be achieved at a high price: the pinhole 

must be closed to obtain this resolution but at the expense of rejecting up to 

95% of the light [O. Hollricher and W. Ibach 2010, Stelzer 1998]. Although the 

lateral resolution of the standard confocal image is improved by setting a small 

pinhole diameter (<< 1 A.U.), the SNR of the image is degraded according to 

the effect described in [Cox and Sheppard 2003, Pawley 2006]. In contrast to 

standard confocal microscopy, in RCM the pinhole does not influence the lateral 

resolution of the image. In RCM, the lateral resolution is always √2 times better 

than the Abbe’s resolution limit, independent of the pinhole diameter. The lateral 

resolution of RCM as a function of the pinhole diameter has been simulated in a 

previous study [De Luca 2013] and it is now confirmed with measurements as 

shown in Fig.2. In confocal microscopy with pinhole diameter of 0.5 A.U. the 

measured lateral resolution is 182±5 nm and with pinhole diameter equal to 1.5 

A.U. or larger (up to 4 A.U.) the lateral resolution is 233±6 nm. In RCM, the 

lateral resolution is ~170 nm (171 ± 7 nm), independent of the pinhole diameter 

(here measured in the range from 0.5 to 4 A.U.). The image quality is influenced 

both by the lateral resolution and by the SNR. Therefore, the high lateral 

resolution of standard confocal microscopy may not be exploited with standard 

fluorescent samples because the low SNR would be drastically limiting the 

image quality.   
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Fig. 2: Lateral resolution of RCM versus standard confocal microscopy: The 

lateral resolution of standard confocal microscopy and RCM is quantified by the 

measured FWHM of 100 nm fluorescent beads (A). The pinhole diameter varied 

from 0.5 to 5.5 A.U.. The lateral resolution of standard confocal microscope 

(circles) clearly depends on the pinhole diameter. With an almost closed pinhole 

(0.5 A.U.) the lateral resolution of standard confocal microscope is √2 better 

than the conventional resolution limit (240 nm at pinhole = 5.4 A.U.). In the 

practice of a biological experiment, this small pinhole setting is not often used 

because the image quality is severely reduced by the low SNR of the image. 

 

4.2 Improved lateral resolution leads to higher intensity of sub-resolution objects 

In RCM, the lateral resolution is improved by a factor √2, as shown in the 

previous paragraph. Therefore, the width of the final PSF is √2 smaller than the 

diffraction limited PSF. Because of the smaller PSF in RCM, the light is more 

concentrated and therefore the intensity is higher than the intensity in 

diffraction-limited images for pinhole diameter > 1 A.U.. This effect was 

measured for beads with a diameter smaller than the diffraction limit (100 nm 
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diameter; see Fig.3). The data show that for a small pinhole diameter (< 1 A.U.) 

the lateral resolution of a conventional confocal system is the same as in RCM 

and no appreciable difference in intensity is measured. For a pinhole diameter > 

1 A.U., the RCM lateral resolution is √2 higher than the conventional diffraction 

limit and the intensity of the sub-resolution objects increases with a factor 

1.5±0.2. Therefore, in RCM, the intensity of small objects is higher due to the 

higher concentration of light following from the √2 higher lateral resolution. This 

factor is comparable with the theoretical factor as simulated in [Sheppard 2013, 

Roth 2013]. 

 
Fig.3: Intensity of sub-diffraction objects in RCM versus standard confocal 

microscopy: In RCM, the lateral resolution is improved by a factor √2 (see Fig.2) 

and therefore the light is concentrated in a 2 times smaller area and 

consequently, the sub-diffractive object is expected to be 2 times brighter. This 

effect was measured as the relative peak intensity in the focal plane of 100 nm 

fluorescent beads imaged with conventional diffraction limited resolution and 

RCM resolution (respectively with M=1 and M=2 in the RCM setup). The 

experimental results show a ~1.5 higher intensity in RCM than in conventional 

diffraction-limited images. 
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4.3 RCM preserves the optical sectioning of standard confocal 

microscopy 

In standard confocal microscopy, the diameter of the pinhole influences not only 

the lateral resolution and the SNR in the image, but also the suppression of out-

of-focus light. Simulations and measurements have been performed to assess if 

RCM shows any improvement of the axial resolution compared to standard 

confocal microscopy. The 3-dimensional PSF of RCM was simulated and 

compared to the PSF of the standard confocal microscope (Fig.4A and B). 

According to these simulations, in RCM the axial resolution is improved by a 

factor 1.3 compared to standard confocal microscopy, as shown in Fig.4F 

where the normalized axial profile is plotted. At different axial coordinates, 

indicated by crosses and circles in Fig.4F, the profile of the 2D-planes across 

the PSF of standard confocal microscopy and RCM are plotted in Fig.4D and E. 

In RCM, the waist of the PSF in the axial direction is reduced. The simulations 

were compared with measurements of axial resolution (Fig.4G). These data 

show that the axial resolution in RCM is improved by a factor 1.15±0.08 

compared to standard confocal microscopy in our setup. The simulated axial 

resolution and the measured axial resolution improvement differ by a factor 

0.15. This may be explained by spherical aberrations arising from refractive 

index mismatch in the sample which causes an asymmetry and blurring of the 

PSF in the axial direction. An example of a measured PSF in RCM is shown in 

Fig.4C. The axial resolution of RCM is therefore preserved compared to 

standard confocal microscopy, with a slight 15% improvement.  
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G

 

 

Fig.4: Axial resolution of standard confocal microscopy and RCM: The 

3D PSFs of standard confocal microscopy (A) and RCM (B) have been 

calculated and compared with a measured RCM PSF (C) and their axial profile 

is shown in (F). At different axial coordinates (crosses and circles in F) the 

profile of the 2D-planes across the PSF of standard confocal microscopy and 

RCM are plotted in D and E. The simulations show that the axial resolution of 
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RCM is 1.3 times better than standard confocal microscopy. The simulations 

have been compared with measurement of axial FWHM of 100 nm fluorescent 

beads for different pinhole diameters in G. The axial resolution of RCM is 

1.15±0.08 times better than standard confocal microscopy. 

 

4.4 A sensitive camera improves the SNR in RCM  

Since RCM is a camera-based technique, the SNR in the image is higher due to 

the sensitive detectors in use (EMCCD: QE~95%, sCMOS: QE~75%) 

compared to the less sensitive detectors used in confocal microscopy (GaASP: 

QE~45%, PMT: QE~15%) [Pawley 2006, Michalet 2009]. The RCM setup was 

equipped with a sCMOS camera and an SNR comparison between standard 

confocal and RCM was performed for the same pinhole diameter (2 A.U.), as a 

function of laser power for the same exposure time. Fig.5 shows that RCM has 

a factor of ~2 higher SNR than standard confocal microscopy for equal light 

dose and pinhole diameter. This factor is, as expected, on the order of the 

square root of the ratio of the QEs of the two detectors in use (sCMOS: QE ~ 

70% versus PMT: QE ~ 15%). Therefore, if needed, the laser intensity can be 

set ~4 times lower while the same image SNR is maintained. As shown in Fig.2, 

a standard confocal microscope has higher resolution with almost closed 

pinhole (<< 1 A.U.). The lateral resolution of standard confocal microscopy at 

pinhole diameter 0.5 A.U. was measured to be similar to the resolution of RCM 

as reported in Fig.2. By closing the pinhole from 2 to 0.5 A.U., a theoretical 

reduction of SNR of a factor of 1.66 is expected by simulations and according to 

literature [Sheppard 2006]. For the same pinhole diameter at 0.5 A.U., the SNR 

of standard confocal microscopy was measured and reported in Fig.5. For 

pinhole diameter at 0.5 A.U., the SNR in standard confocal microscopy was 

measured ~2 lower than in standard confocal microscopy with pinhole 2 A.U. 

and ~4 lower than in RCM with pinhole 2 A.U.. Therefore, for obtaining a similar 

lateral resolution than RCM, the pinhole in standard confocal microscopy was 

closed down to 0.5 A.U. with a measured SNR 4 times lower than in RCM.  



 69 

 
Fig.5: Signal to Noise Ratio of standard confocal microscopy and RCM: The 

signal-to-noise ratio of images of a uniform fluorescent layer was measured for 

a pinhole diameter equal to 2 A.U. in confocal (circles) and RCM (crosses) with 

laser power ranging from 17 to 146 µW. The sCMOS camera used in RCM has 

higher quantum efficiency (QE~70%) than the less sensitive PMT detector used 

in confocal microscopy (QE~15%). As expected, the SNR in RCM is about two 

times higher than the SNR in standard confocal microscopy for equal pinhole 

size and light dose. As shown in Fig.2, when the pinhole in standard confocal 

microscopy is set at 0.5 A.U., the lateral resolution of the standard confocal 

microscope is similar to the lateral resolution of RCM for any pinhole diameter. 

However, when the SNR of standard confocal microscopy at 0.5 pinhole 

diameter is measured (rhombus), the SNR is ~4 times lower than RCM for 2 

A.U. pinhole diameter.  

 

 
5. Conclusion 

 
The research presented in this chapter is focused on the characterization of 

lateral resolution, axial resolution and SNR of RCM. The RCM-technique was 
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compared with standard confocal microscopy using simulations and 

measurements, in order to give a clear view on the potential of the RCM 

technology.  

The lateral resolution of RCM is ~170 nm for any pinhole diameter (488 nm 

excitation, 1.49 NA). This is an improvement with a factor √2 compared to 

standard confocal microscopy (with pinhole diameter > 1.5 A.U.). In RCM, the 

optical sectioning of standard confocal microscopy is preserved, and the axial 

resolution is slightly improved with 15%. Furthermore, in RCM the SNR is 

improved by three factors. First, in contrast with standard confocal microscopy, 

in RCM it is not necessary to use a pinhole with a very small diameter in order 

to obtain high resolution. The second reason is that the cameras used in RCM 

have a higher quantum efficiency compared to the PMTs used in standard 

confocal microscopy. A third reason for the higher SNR in RCM is related to the 

improved resolution of RCM. Because the width of the PSF is √2 smaller in 

RCM, the intensity of the light is higher compared to diffraction limited images 

for point objects. These three factors have been measured in this chapter as 

summarized in Table 1 and it can be concluded that these measurements are 

comparable with the expected theoretical values.  

 Theory (SNR improvement) Measurement (SNR improvement) 

Pinhole (from 

0.5 to 2 A.U.)  

1.7 1.8-2.0 

Quantum 

efficiency 

2.1 1.5-2.1 

Intensity of 

light 

1.4 1.1-1.3 

  

Therefore, while standard confocal microscopy with pinhole 0.5 A.U. and RCM 

with a pinhole of 2 A.U. have equal lateral resolution, the SNR of RCM is in 
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theory improved by a factor of 5 and according to our measurements it is 

improved by a factor of 4.1(±0.4). 

It is important to underline that high SNR and high lateral resolution are both 

crucial for high quality images. High resolution with a low SNR, or high SNR 

with low resolution are both combinations where two near objects cannot clearly 

be resolved. Only with and high resolution and high SNR a microscope provides 

high resolution images. 

This important statement, combined with the results of this research, is 

underlined by Fig.6. Fig.6 shows a computer simulation that illustrates resolving 

power is related to both lateral resolution and SNR [Stelzer 1998]. Two 

fluorescent beads with a diameter of 10 nm at a distance of 190 nm are 

generated and convolved with a PSF according to the resolution of the 

simulated optical techniques. The simulated sampling is 10 nm per pixel. The 

noise is generated according to the Poisson distribution of the intensity.   

In the simulation, beads with four different fluorescence intensity are generated: 

here referred to as “very weak”, ”weak”, ”medium” and ”bright” fluorescence. 

The generated number of photons was 1x104, 4x104, 16x104 and 64x104 

photons per bead, respectively. In addition images were generated with an 

infinite number of photons to illustrate the resolution of the different techniques 

without influence of noise. The beads are imaged with three imaging systems: 

1) standard confocal microscopy with open pinhole (2 A.U.), 2) standard 

confocal microscopy with almost closed pinhole (0.5 A.U.) and 3) RCM with 

open pinhole (2 A.U.). The simulated quantum efficiency of the detector in 

standard confocal microscopy is 17.5% and of the camera in RCM is 70%. The 

noise of the detectors has not been included in these simulations.  
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Fig.6: Signal to noise ratio and resolution: The noise level in the image clearly 

influences the measurable resolution of the objects. In this simulation, two point-

objects are generated and imaged under different conditions. The total 

fluorescence intensity was varied; very weak (A, F and K; 1*104 photons), weak 

(B, G and L; 4*104 photons), medium (C, H and M; 16*104 photons) and bright 

fluorescence (D, I and N; 64*104 photons). Panel E, J and M show the image of 

the beads with infinite number of detected photons. Image formation was 

simulated for standard confocal microscopy (quantum efficiency 17.5%) and 

with an RCM (quantum efficiency 70%). The two objects are not distinguishable 

with standard confocal microscopy (A-E) with open pinhole. With standard 

confocal microscopy with pinhole at 0.5 A.U., the two objects should be 

resolvable in theory (J). But the strongly decreased detection efficiency due to 

the small pinhole and the low sensitivity of the detector, makes that the weak 

and very weak objects are not even visible (F and G) and only medium to bright 

objects are visible and distinguishable (H and I). With high lateral resolution of 

RCM, it is also theoretically possible to distinguish the two objects (O). But now, 

because of the improvement of SNR due to the open pinhole, higher 

concentration of light and highly sensitive detector, even the very weak objects 

are visible (K) and weak objects are resolvable (L). This image summarizes the 

strength of RCM: RCM provides 170 nm resolution. However, it is its superior 
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light efficiency that makes the 170 nm resolution really visible, also for extreme 

weak objects.  

 

In standard confocal microscopy with open pinhole (Fig.6A-E) the two simulated 

objects are not distinguishable and even barely visible for the very weak beads 

(Fig.6A). In order to improve the lateral resolution of standard confocal 

microscopy, the pinhole is closed to 0.5 A.U. (Fig.F-J). Although the two objects 

should be theoretically resolvable in this configuration (Fig.6J), the very weak 

and the weak beads are not visible anymore (due to the loss of signal by closing 

the pinhole; Fig.F, G) and only medium to bright beads are visible and 

distinguishable (Fig.6H, I). With the high RCM resolution, it is theoretically 

possible to distinguish the two objects (Fig.6O, SNR=∞), since RCM has the 

same resolution as standard confocal microscopy with closed pinhole (0.5 

A.U.). Now it becomes clear why SNR has such a great influence on the 

resolving power. In RCM the improvement of SNR has three reasons: due to 

the open pinhole, the concentration of light and the highly sensitive detector. 

Therefore, in RCM, even the very weak objects are visible (Fig.6K) and the 

weak objects are visible and resolvable (Fig.6L).  

This example illustrates how only a high resolution optical system with a high 

sensitivity such as RCM gives high quality images in such way that nearby 

objects are distinguishable. Note that the difference in SNR between the 

confocal image in Fig 6H and the RCM image in Fig.6M of the beads with 

“medium” intensity is a factor of 4 (in theory a factor of 5) which means that with 

RCM 16 times more photons are collected. Four times higher SNR opens the 

possibility to reduce the light dose by a factor of 16 which reduces phototoxicity 

dramatically. The combination of high resolution at open pinhole and high 

sensitive detection defines RCM as a major advance in high-resolution live cell 

imaging. 
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Abstract:  The new high-sensitive and high-resolution technique, Re-scan 

Confocal Microscopy (RCM), is based on a standard confocal microscope 

extended with a re-scan detection unit. The re-scan unit includes a pair of re-

scanning mirrors that project the emission light onto a camera in a scanning 

manner. The signal-to-noise ratio of RCM is improved by a factor of 4 compared 

to standard confocal microscopy and the lateral resolution of RCM is 170 nm 

(compared to 240 nm for diffraction limited resolution, 488 nm excitation, 1.49 

NA).  Apart from improved sensitivity and resolution, the optical setup of RCM is 

flexible in its configuration in terms of control of the mirrors, lasers and filters. 

Because of this flexibility, the RCM can be configured to address specific 

biological applications. In this chapter we explore a number of possible 

configurations of RCM for specific biomedical applications such as multicolor, 

FRET, ratio-metric and FRAP imaging. 
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1. Introduction 
 
In the last decades, fluorescence microscopy has grown in research potential 

by the strong improvement of the optical resolution and by the possibility to 

observe dynamic behavior of molecules in living cells with functional imaging. 

High resolution and high sensitive imaging combined with multicolor imaging 

and functional imaging have proven to be essential for the analysis of specific 

biological processes [Schermelleh 2010]. Super-resolution techniques like SIM, 

STED, STORM and PALM have enabled fluorescence imaging with improved 

spatial resolution [Rust 2006, Betzig 2006, Hess 2006, Leung 2011]. While 

these new techniques are growing in popularity in the scientific community, they 

still show some drawbacks in multicolor and fast acquisition in living cells [Marx 

2013] and for this reason wide-field fluorescence microscopy and confocal 

microscopy are still widely used for a variety of biological studies. In this chapter 

we will show how Re-scan Confocal Microscopy, a confocal technique with 

improved resolution and sensitivity, can be used in several morphological and 

functional applications. 

Re-scan Confocal Microscopy (RCM) is a new optics-only super-resolution 

technique based on standard confocal microscopy [De Luca 2013, De Luca 

submitted]. The RCM setup is based on a standard confocal microscope 

extended with a re-scan detection unit. The re-scan unit includes a pair of re-

scanning mirrors that direct the emission light onto a sensitive sCMOS camera 

in a scanning manner. RCM has been shown [De Luca submitted] to provide 

170 nm lateral resolution (at 488 nm excitation). This resolution is independent 

from the pinhole diameter [De Luca 2013, De Luca submitted] in contrast with 

standard confocal microscopy where the higher resolution is only possible with 

almost closed pinhole (<< 1 A.U. (Airy Units)). For similar lateral resolution, 

obtained with RCM with a pinhole diameter of 2 A.U. and with standard confocal 

microscopy equipped with PMTs with 0.5 A.U. pinhole diameter, RCM offers 

four times improved signal-to-noise ratio because of the combination of open 

pinhole and sensitive camera detection [De Luca submitted].  
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RCM is a fully optical implementation of an idea described by Sheppard in 1988 

[Sheppard 1988] where he demonstrated that the lateral resolution of the 

confocal microscopy can be improved by using the spatial information of the 

distribution of light at the pinhole plane. This idea was implemented for the first 

time in Image Scanning Microscopy (ISM) [Muller 2010] where several images 

are recorded, forming a final single high resolution image by a post-processing 

image reconstruction procedure. In the last few years, implementations of the 

optical analogue of ISM idea by single-point scanning [Sheppard 2013, Roth 

2013, Heintzmann 2013] and multi-point scanning [York 2013, Shroff 2013, 

Schulz 2013] were proposed. Our implementation, RCM [De Luca 2013, De 

Luca submitted], is a single-point optics-only implementation of the ISM idea 

with two separate pairs of scanning mirrors; the scanner and the re-scanner. 

With RCM, it is possible to obtain √2 improved lateral resolution compared to 

the diffraction limit. Because RCM uses a sensitive camera for detection, the 

signal to noise ratio in RCM images is improved compared to standard confocal 

microscopy using photomultiplier tubes for detection. 

In addition to the improved resolution and higher sensitivity [De Luca 2013, De 

Luca submitted], the RCM has another strong advantage: the optical setup of 

RCM is flexible in its configuration of excitation lasers, filters and control of the 

scanning mirrors. This chapter shows how RCM can easily be configured to 

assess biologically driven applications. We show how the super-resolution and 

the high sensitivity of RCM are also combined with multicolor and high speed 

imaging. Three configurations were studied in detail: frame-sequential multicolor 

imaging, line-sequential multicolor imaging and fast single line imaging. Frame 

sequential multicolor imaging was used to image fixed samples labeled with 

multiple fluorescent proteins and FRET during HeLa cell apoptosis with the 

Caspase3-GR sensor. In line-by-line multicolor imaging, changes in intracellular 

calcium concentrations in primary mouse hippocampal neural stem cells (NSC) 

and fast ratio-metric measurement of pH in live yeast cells labeled with pHluorin 

were measured. For fast single line imaging, the speed of sub-resolution beads 

in solution and fast FRAP of mDia2 in HeLa cells was measured. Other 

configurations will be discussed, but not extensively illustrated with biological 
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applications. All configurations were implemented by exploiting the flexibility of 

separate control of the scan and re-scan units. The high sensitivity and high 

resolution of RCM can therefore be combined with this flexible setup and tuned 

to assess several applications. 

 

The basics of the RCM microscope 

RCM is a new super-resolution technique that offers √2 higher resolution than 

Abbe’s resolution limit for any pinhole diameter. Furthermore, RCM is equipped 

with a high sensitive sCMOS or EMCCD camera as a detector, and therefore 

has a high sensitivity. 

The RCM setup consists of two units: a standard confocal microscope and a re-

scan unit (see Fig.1). In the confocal unit, the scanning mirrors (SM1 in Fig.1) 

direct the excitation laser light to the sample and, on the way back, the emission 

light is directed to the pinhole (de-scanning). After the pinhole, the confocal unit 

is extended with a re-scan unit including a second pair of scanning mirrors 

(SM2 in Fig1). The re-scan mirrors (SM2) direct the emission light that passes 

the pinhole towards the camera. In the RCM, the presence of two independently 

controllable scan- and re-scan units, each consisting of a pair of mirrors, a 

horizontal (x) and a vertical (y) mirror. These four mirrors, here called x-scan, y-

scan, x-rescan and y-rescan, are driven from the software. The software driver 

allows independent adjustment of frequencies (fx,scan, fy,scan, fx,rescan and fy,rescan), 

amplitudes (αx,scan, αy,scan, αx,rescan and αy,rescan), offset and phase of each mirrors. 

For standard RCM imaging, the frequencies of the scan unit and of the re-scan 

unit are equal. With the angular amplitudes of the mirrors, the magnification can 

be influenced by adding a mechanical magnification step. 
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Fig.1: The RCM setup is composed by a standard confocal unit extended via a 

re-scan unit. The excitation lasers are directed via a dichroic mirror towards the 

first scanning unit SM1. As in a standard confocal microscope, the scanning unit 

scans the laser light in the sample and de-scans the emission light, directing it 

at the pinhole PH. After the pinhole, a second re-scan unit SM2 directs the light 

onto a camera chip. The resolution of the system can be improved by a factor of 

√2 compared to Abbe’s resolution limit. Because of the sensitive camera 

detection, the SNR of the RCM is 4 times higher than in standard confocal 

microscopy. Besides the improved resolution and sensitivity, the RCM optical 

setup is flexible in its configuration of control of the mirrors, excitation lasers and 

filters. 

 

The mechanical magnification in RCM is determined by the angular amplitude 

𝛼()*+,- of the re-scan mirrors relative to the amplitude 𝛼*+,- of the scanning 

mirrors and the focal distances of the scan-lenses (𝑓/	and 𝑓1). The mechanical 

magnification is given by:  
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𝑀3)+4 =
𝑓1 tan 𝛼()*+,-
𝑓/ tan 𝛼*+,-

		≈ 	
𝑓1	𝛼()*+,-
𝑓/ 	 𝛼*+,-			

 

Together with the magnification 𝑀39+(	of the microscope (combination of tube-

lens and objective) the mechanical magnification 𝑀3)+4 sets the total 

magnification 𝑀:;< of the RCM system.  

𝑀:;< = 𝑀39+( ∗ 𝑀3)+4 

In our study we used a 100 x objective (Mmicr =100).  

When the scanning mirrors are set to a fixed position, the magnification will be 

defined by 𝑀39+( and an optical magnification 𝑀>?@ determined by the focal 

distances of the lenses L1, L2, L3 and L4 following: 

𝑀>?@ 	= 	
𝑓A
𝑓/
∗ 		
𝑓1
𝑓B

 

When the angular amplitudes of scanners and re-scanner are set in such way 

that  𝑀3)+4 = 	𝑀>?@ , the amplitude of the re-scanner 𝛼()*+,- compensates 

exactly for the amplitude of the scanner 𝛼*+,-. In this specific case, the sweep-

factor M, defined by:	

	𝑀	 = 	
𝑀3)+4

𝑀>?@
	 

and which expresses the relative mechanical magnification, will equal 𝑀 = 1. 

The RCM has in this case exactly the same resolution as conventional confocal 

microscopy.  

In general, the total magnification of the RCM microscope can be calculated by 	

𝑀:;< = 𝑀39+( ∗ 𝑀>?@ ∗ 𝑀 where the sweep-factor M equals: 

𝑀	 = 	
𝑓B	.		𝛼()*+,-
𝑓A	.		𝛼*+,-

 

The sweep factor M can be adjusted by changing the angular amplitudes of the 

scanners or by replacing lenses L2 and L3. For M=1, there is no extra 

magnification due to the sweep factor and the resolution of RCM is the same as 

for a diffraction limited microscope. For M=2, the spot of emission light projected 

on the camera chip does not get any larger by this extra magnification because 

the size of this spot is only determined by Mopt and not by Mmech. Because of the 

extra re-scan movement, the spot of emission light will be smeared out and the 

final image will therefore be blurred by a factor of √2. Considering the ratio of 
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the two effects (2x extra distance and √2 blurring), the result is an image with √2 

better resolution compared to the diffraction limit.  

In conclusion, by re-scanning with double amplitude, a √2 resolution 

improvement can be achieved, without reduction of signal or loss of axial 

resolution. Since the image is projected directly on the camera chip, RCM does 

not need any reconstruction software to improve resolution and is therefore fully 

optical super-resolution technique. Note that this resolution effect is not 

influenced by the pinhole diameter [De Luca submitted].  

In this chapter, the control of the scan and re-scan units, excitation lasers and 

emission filters of the RCM setup were adjusted to address several biological 

applications. We show how the pairs of mirrors are controlled not only by 

adjusting the relative amplitude, but also by adjusting their frequency and phase 

to tune the microscope, for example, for FRET, calcium activity, ratio-metric pH 

and FRAP measurements. 

 

2. Results 
2.1  RCM for frame sequential multicolor imaging 

The optical set-up of a confocal microscope can be configured in several ways 

in order to record multi-color images. Each configuration has its specific 

characteristics regarding color separation. The simplest multi-color configuration 

is simultaneous scanning where all colors are excited at the same time by one 

or more lasers, and where the emitted light is separated by dichroic mirrors 

(either projected on the same camera chip, or split onto separate cameras). 

Although simultaneous scanning is fast, it has the disadvantage that it is rather 

costly (if the configuration with multiple cameras is chosen) and that cross-talk 

between the channels is rather high. Therefore, in this study we did not 

demonstrate this scanning mode with a biological application.  

Sequential scanning, the alternative for simultaneous scanning, is a 

configuration where the fluorophores are imaged one-by-one. The fluorophores 

are images sequentially, each excited with a specific wavelength and a specific 

emission filter. Sequential scanning can be performed line-by-line or frame-by-

frame. Frame-by-frame sequential scanning is the simplest configuration to 

obtain multi-color images with a relatively low crosstalk between the channels. 
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The RCM setup was equipped with three excitation lasers (405 nm, 488 nm and 

561 nm), a triple-band dichroic mirror and a filter-wheel with dedicated band-

pass filters in front of a single camera. For each fluorophore a separate image 

was acquired with lasers and emission filters selected accordingly. Obviously, in 

this configuration there is a time-lag between the images of different colors due 

to the exposure time for each image plus some extra time for rotation of the 

emission filter wheel. Therefore, this simple approach is well compatible with 

the analysis of fixed multicolor samples, but less suitable for highly dynamic 

living-cell experiments. To illustrate the applicability of frame sequential 

multicolor imaging the set-up was used in two biological experiments: dual color 

imaging of fixed, double immune stained cells and a live-cell experiment where 

caspase activity was monitored with a FRET-sensor.  

For the dual color imaging of fixed cells, the proteins vimentin and keratin were 

immuno-labelled in PA-JEB cells with Alexa 488 and 555, respectively (Fig.2). A 

3D-stack was recorded (one slice is shown in Fig.2) and the lasers and 

emission filters were changed for each frame to obtain the dual color image. 

Exposure time of each channel was 1 s, and the extra time-lag between the two 

channels due to filter wheel rotation was 150 ms. Although the disadvantage of 

the time-lag, this simple method is easy to implement and effective to image 

fixed samples. The spatial misalignment of the two channels was less than a 

single pixel (40 nm, measured with 100 nm microbeads, data not shown) and 

therefore no correction procedure needed to be applied to overlap the green 

and red image.  
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Fig.2: Slice of PA-JEB cell (1 s exposure time) with vimentin and keratin 

labelled with Alexa 488 and Alexa 555 imaged in RCM multicolor frame-by-

frame. 

 

In another biological application the frame-sequential multicolor RCM 

configuration was used to measure FRET in living cell. A FRET-based sensor, 

caspase3-GR [Shcherbakova 2012], was expressed in order to observe 

caspase-3 mediated apoptosis in living HeLa cells. The sensor consists of a 

green (TagGFP) and a red (TagRFP) fluorescent protein connected by a linker 

containing a caspase-3 specific substrate sequence of amino acids (DEVD). 

Under standard conditions, the distance between TagGFP and TagRFP 

molecules is small (relative to the Forster radius) and therefore energy transfer 

between the molecules, FRET, is efficient. The activation of caspase-3 during 

apoptosis leads to the cleavage of the DEVD sequence and, therefore the 

FRET signal between GFP and the RFP is lost [Shcherbakova 2012]. Apoptosis 

was induced by addition of staurosporine to the medium. Two hours after 

induction of apoptosis, the signal of the donor (TagGFP) and acceptor 

(TagRFP) was monitored by sequential time-lapse imaging (Fig.3) and the ratio 

of these signals Idonor/Iacceptor  was measured [Jalink 2008]. At the beginning of 
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the experiment, the donor and the acceptor (Fig. 3A and B) are close enough to 

allow FRET. The measured FRET ratio Idonor/Iacceptor was 0.68±0.04 (for t=2 

hours). At t=4.5 hours after addition of staurosporine, some cells showed a 

quick change of the FRET ratio indicating that caspase-3 became active by 

cleaving the DEVD sequence. Fig. 3C and D clearly show that at 4.5 hours after 

addition of staurosporine the cells were driven into apoptosis. It is possible to 

notice the decrease of intensity of the acceptor channel and the increase of the 

intensity of the donor channel due to the reduced FRET between GFP and RFP 

(Fig.3C and D). At the end of the imaging experiment (Fig.3F and G), 7.5 hours 

after staurosporine addition, the apoptosis process was completed for all cells 

and the FRET ratio was measured to stabilize to a value of 0.50±0.03.  

 

 
Fig.3: Apoptosis of HeLa cells expressing the TagGFP-TagRFP FRET caspase-

3 sensor was imaged in multicolor frame-by-frame RCM imaging. Donor A and 

the acceptor B channel were imaged at the beginning of the experiment, 2 h 

after treatment with the apoptosis inducer staurosporine, with initial FRET ratio 

of 0.68±0.04. The two channels were imaged during 5 hours of experiment. 

During apoptosis, the domain connecting TagGFP and TagRFP is cleaved. This 
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caused a decrease of FRET over time, reducing acceptor fluorescence intensity 

(after 4.5 h, D, and after 7.5 h, F) and increasing donor fluorescence (after 4.5 

h, C, and after 7.5 h, E), with final FRET ratio of 0.50±0.03. 

 

These examples show that frame-sequential multicolor imaging can be used for 

multicolor imaging of fixed cells and FRET analysis of apoptosis in HeLa cells 

imaged in multicolor with sub-pixel color shift.  

 

2.2 RCM line-by-line multicolor imaging by multiplexing 

For monitoring highly dynamic biological processes, frame sequential scanning 

for multicolor acquisition is not suitable due to the time-lag between the different 

colors, during which the sample can change between imaging of the different 

colors. In standard confocal microscopy this limitation is overcome by line-

sequential imaging. Each line of the sample is scanned with two (or more) 

excitation wavelengths and enabling two (or more) different detectors, each with 

a fluorophore specific emission filter. The signals from the detectors are 

digitized and stored in two (or more) separate images.  

In Re-scan Confocal Microscopy, a similar procedure can be applied. Like in 

conventional confocal microscopy, line-sequential scanning is also performed 

by scanning the same line two (or more) times with different fluorophore specific 

excitation wavelengths. On the emission side the situation is different; the 

emitted light is directed to the same camera, but each color is projected on 

different areas of the camera chip by setting the re-scan unit control. In this way 

the time-lag between the colors is reduced to the order of milliseconds and, 

consequently, shift between the colors is expected to be negligible. We call this 

procedure line-by-line multiplexing. Fig.4A shows a typical two-color image by 

line-sequential multiplexing; The same field of view in different colors is 

projected on different areas of the camera chip. By a simple affine image 

transformation [Arganda-Carreras 2006] the two color components of the image 

are aligned as shown in Fig.4B.  
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Fig.4: PA-JEB human keratinocytes were immune-labeled for the cytoskeletal 

proteins vimentin and keratin with Alexa 488 and Alexa 555, respectively. The 

sample was imaged with line-by-line multicolor RCM imaging at 488 nm and 

561 nm and the emission multiband filter was a multiband filter (515-550 nm 

and 600-650 nm band pass). The two colors were projected on the same 

camera chip (A), the red component on the top and the green component on the 

bottom part of the chip. The two components have been aligned (B) for the final 

two-color image. 

 

Note that the improved lateral resolution (~170 nm), typical for RCM imaging, is 

also obtained in multi-color imaging by multiplexing. For the choice of emission 

filter there are three possible configurations. 1) a double band-pass filter and 2) 

a combination of single band filters, constructed in such way that different parts 

of the camera chip are covered with different single-band filters. We will call this 

combined filter the “church-window” emission filter. 3) it is also possible to use a 

single band-pass filter, which has specific applications in ratio-metric imaging. 

For each configuration we will here present a typical biological application.  

 

2.2.1 Double band-pass filter 

In the simplest configuration for line-sequential multiplexing a multi-band 

emission filter is used in front of the camera chip. Fig.4B shows a fixed PA-JEB 

human cell immuno-labeled for the cytoskeleton proteins vimentin and keratin 

with Alexa 488 and Alexa 555, respectively. Fluorophores were excited with 488 

nm and 561 nm and the emission multiband filter had bands in green (515-550 
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nm) and red (600-650 nm). The images of the two color components of the 

same field of view are projected on the same camera chip (Fig.4A), the red 

component on the top and the green component on the bottom part of the chip. 

The alignment of the two components was performed by calculating the affine 

transformation between the green and the red channel. The best alignment 

results were obtained by including translations, scaling, rotation and shear in 

the transformation matrix [Arganda-Carreras 2006]. After alignment residual 

color shift was less than 40nm (pixel size). The combined image of the double 

stained PA-JEB cells is shown in Fig.4B. It is obvious that the maximum field of 

view is 2 times smaller than the field of view in frame-sequential imaging (Fig.2). 

Also the crosstalk between the two channels in this configuration is higher than 

in frame-sequential scanning since the dual-band emission filter is open for both 

green and red. For this specific configuration the measured crosstalk was 

53±9%. Although the crosstalk is high, the advantage of the line-by-line 

multicolor imaging is the reduced time-lag between imaging of different colors 

which is now reduced from several seconds to typically only 2.5 ms. For some 

biological quantitative measurements, such as FRET measurements and ratio-

metric measurements and for very dynamic live-cell imaging, this reduced time-

lag can be essential. 

 

2.2.2 “Church-window” filter 

In line-sequential multiplexing the crosstalk between the color components can 

be further reduced by using a dedicated filter which has different spectral 

properties for different areas of the camera chip. The green filter is a 500-550 

BP filter and the red filter is a 575 LP filter (Chroma Technology Corp.). Such 

“church-window filter” is constructed by assembling the two half mirrors together 

and positioning them just in front of the camera chip. The crosstalk from green 

to red was in this specific configuration reduced down to 39±5%. This 

configuration was tested with imaging of calcium-indicator [Girard 1993] in 

primary mouse NSC [Fitzsimos 2013] transfected with AsRed2 and labeled with 

Fluo4-AM, a green fluorescent calcium-indicator. Both spontaneous and 

histamine-evoked calcium activity was imaged [Fitzsimons 2004], with exposure 

time of 0.5 s per frame. After stimulation with 100 μM histamine, the intensity of 
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Fluo4-AM fluorescence strongly increased due to increased intracellular calcium 

concentration. The ratio of red and green intensity was measured and plotted 

over time, normalized by the intensity of the red channel. The intensity of Fluo4-

AM increased up to 25% in ROI1 and up to 31% in ROI2. This increase shows 

that hippocampal NSCs respond to histamine with changes in intracellular 

calcium concentrations, confirming previous observations [Tonelli 2012, Apati 

2013].  

 

 

Fig.5: RCM line-by-line multicolor imaging was used with a dedicated “church-

window” emission filter to image spontaneous and histamine-evoked calcium 

activity in primary mouse neuronal stem cells transfected with AsRed2 and 

labeled with Fluo4-AM, a green fluorescent calcium-indicator. After stimulation 

with 100uM histamine, the intensity of Fluo4-AM fluorescence increased up to 

25% in ROI1 and up to 31% in ROI2 after normalization with the intensity of the 

red channel. 

 

2.2.3 Single band-pass filter 

In a third configuration of line-sequential multicolor RCM a single-band filter is 

used in front of the detector. This configuration was designed for quantitative 

measurement of changes in intra-cellular pH in living cells in response to 

changes of extracellular environmental conditions. The imaging was performed 

with cells expressing pHluorin in the cytosol. pHluorin is a ratio-metric pH 

dependent GFP-derivative [Miesenbock 1998]. The protein has an excitation 

spectrum that changes with the pH of the environment between pH 5.5 and pH 
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7.5. The emission peak (508 nm) is independent from the pH [Miesenbock 

1998]. To measure the pH, pHluorin was excited at 405 nm and at 488 nm and 

imaged by line-sequential multicolor RCM with a single band emission filter 

(500-550 nm). The ratio between the signal emitted from 405 nm excitation and 

the signal emitted from 488 nm excitation (405/488-ratio) was measured and 

later related to the cytosolic pH by means of a calibration curve. This calibration 

curve was generated by measuring the 405/488-ratio in permeabilized cells 

resuspended in a range of buffers from pH 5 -8 (Fig.6).  

In yeast cells, cytosolic pH is known to respond to glucose availability in the 

growth media [Orij 2009]; During growth, the cytosolic pH is around neutrality 

but it decreases when glucose is depleted from the media. Glucose re-addition 

to starved cells triggers a rapid acidification (about 30 seconds) followed by a 

recovery of the cytosolic pH to neutral values [Orij 2009]. In order to monitor this 

process with RCM, yeast cells were starved by washing them with culture 

medium lacking glucose. Starved cells were then imaged and pHc was followed 

in the RCM upon the addition of glucose to the slide.  

The starved yeast cells were imaged during 2 minutes. At the beginning of the 

experiment (Fig.7A), in the absence of glucose, the internal pH was 6.2±0.2. 

After addition of glucose to the medium, the internal pH increased to 7.6±0.2 

(Fig.7E), which is an average physiological level for yeast cells [Miesenbock 

1998]. Images representing the pH (Fig.7) clearly show a rapid change of pH (˜1 

minute). The alignment of the color components over time was stable (within the 

resolution limit) and the system did not need re-alignment during a one-day 

experiment. The speed of imaging was limited by the speed of the scanning 

mirror to 0.5 s per frame for a 50μm2 field of view. 
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Fig.6: In situ pH calibration curve. Yeast cells were permeabilized and buffered 

at different pH in order to calibrate the image ratio Imageratio= S3,N)TUVWXY
S3,N)TZZWXY

 as a 

function of the pH of yeast cells. The calibration was used to determine the pH 

of yeast cells at a measured Imageratio. 

 
Fig.7: In line-by-line multicolor RCM imaging, starved yeast was imaged 

immediately prior (A), during (B-D) and after (E) glucose replenishment. The 

ratio images Imageratio= S3,N)TUVWXY
S3,N)TZZWXY

 are at 30 s interval. The pH of the yeast cells 

increases from 6.15±0.04 (A) to 7.61±0.12 (B) after glucose addition.  

 

2.3 RCM fast line scanning 

The speed of imaging in RCM is limited by the speed of the fast scanning and 

re-scanning mirror (x-direction). In the current set-up the fast mirrors were 

driven by galvanometers running at a maximum speed of 400 lines per second 

which limits the frame-rate. Speed can be improved by replacing the 

galvanometers by resonance scanners. Another option is to give up acquisition 

of 2-dimensional information and monitor intensity changes along a single line 

(1-dimensional) at an extremely high imaging rate. By fast scanning over a 
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single line it is possible to obtain intensity information at 400 lines per second, 

i.e. at time resolution of 2.5 ms. For specific biological applications this single-

line configuration can provide specific insight in the dynamic of the sample as 

demonstrated in two examples. Here it is shown that this configuration can be 

used for kymographic detection and analysis of highly dynamic objects and for 

quantitative measurement dynamics of fluorescent molecules by line-FRAP [van 

Royen 2009]. 

For single-line scanning in RCM, the flexibility of the control of the scanning and 

re-scanning mirrors is exploited. Although the read-out speed of the camera is 

limited, single-line scanning can be performed by “writing” a series of lines on 

the full frame of the camera. In this way the camera image contains now x-

versus-time information in contrast with of x-versus-y information in standard 

microscopy. X-t imaging can be obtained by control of the mirrors in the 

following way: the x-scan mirror and the x-rescan mirror run synchronously (with 

the angular amplitude ratio which is typical for RCM (M=2)), the y-scan mirror is 

static and the y-rescan mirror runs slowly in the t-direction on the camera chip. 

In this way kymograph imaging was set up.  

To demonstrate that single-line scanning can give specific information 

concerning mobility of particles in solution, a single line across a suspension of 

100 nm beads, freely diffusing in water, was imaged with 488 nm excitation 

beam. The kymographic image (Fig.8) shows the intensity distribution over a 

single line (horizontal direction), as a function of time time (vertical direction). 

The line was 25 μm long and scanned within 1.25 ms. The line frequency was 

400 Hz meaning that every 2.5 ms a new line was written. In this experiment 

200 lines were written in a full frame in 0.5 s. Fig.8 show how microbeads, 

driven by Brownian motion, cross the scanning line indicated by tracks in the x-t 

space, with the possibility to measure time information from the t-direction, as 

shown for example in Fig.8 where a bead was crossing the imaged line in a 

measured time of 0.07 s. Note that also in this experiment the lateral resolution 

in the x-direction has the high resolution of RCM. Measured FWHM of the 

tracks of the 100 nm microbeads (175±11 nm) confirmed the expected high 

resolution. The kymograph imaging was used to measure the speed of the 

beads in solution by measuring the length of the track of a single bead in the 
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time-direction. This length, converted to seconds, is a measure of the time in 

which the bead crosses the imaging line. From the average of the length of 100 

traces of beads, a mean square displacement of 1.7±0.4 10-11 m2/s was 

measured which is according to measurements reported in literature [Sok Won 

2011] based on wide-field microscopy.  

 

 

Fig.8: RCM in fast line scanning (kymograph) was used to image beads in 

solution. A single line in the sample was scanned and the image of the line was 

re-scanned over time across the camera. The length of the trajectory of a single 

bead indicates the time in which the bead was passing through the imaged line, 

for example 0.07 s for the bead indicated in red in the figure. The kymograph 

was therefore used to measure the speed of the beads with a measured mean 

square displacement of 1.7±0.4 10-11 m2/s. 

 

In addition to measurement of diffusion of single particles, the single-line 

scanning configuration can also be used to measure diffusion properties of an 

ensemble of molecules in a living cell by fluorescence recovery after 

photobleaching (FRAP). To demonstrate this, the diffusion of the mammalian 

diaphanous-related formin mDia2 protein was measured in HeLa cells by 
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single-line scanning RCM-FRAP (Fig.9). The experiment was performed with 

488 nm laser excitation and green detection at 2 Hz frame rate and 400 lines 

per second. A uniform part of the sample of length 5 μm and width 0.250 μm 

(diffraction limited) was imaged in the sample. The FRAP experiment was 

composed by three imaging periods, all imaged in the same frame. In the first 

period, the sample was monitored to measure the fluorescence intensity before 

the bleaching pulse. Then, during a short period, the bleaching pulse was 

applied and imaged as a bright line. After the bleaching pulse, the recovery was 

followed over a long period of time. The laser power during bleaching was 250 

μW and before and after bleaching 10 μW. The final frame was therefore an 

image of the same line over time before, during and after line bleaching. For 

some line-FRAP applications, the information about the spatial distribution of 

the fluorescence along the imaged line is not necessary. In this case, the 

fluorescence intensity is integrated along the line and the value of this integral is 

plotted as a function of time. This mathematical operation can easily be 

performed in RCM by controlling the scanning and re-scanning mirrors as 

follows. The fluorescence from the excited line was integrated in a single 

diffraction-limited spot over time by setting αx,rescan=0 (integrated intensity). By 

integrating the intensity, the spatial distribution of fluorescence is lost, but the 

readout of the fluorescence is performed with fewer pixels from the sCMOS 

camera and therefore the read-out noise decreases. As an example, the FRAP 

of mDia2 in HeLa cell with integrated intensity is reported in Fig.9A. The frame, 

like for the kymograph, includes the imaging of one line in the sample before, 

during and after bleaching. From the imaging experiments, the characteristic 

recovery time and the total immobile fractions were estimated by fitting of the 

FRAP profile. The fluorescence was measured (Fig.9B) to recover with a 

recovery half time τ1/2 of 0.07±0.02 s and with an immobile fraction of 0.15±0.03. 

The diffusion coefficient of mDia2 was measured D=3.2*10-12 m2/s. This result is 

in agreement with similar measurement of diffusion coefficient of the same 

molecule performed in Fluorescence Correlation Spectroscopy (FCS)-FRAP 

(data not shown) of D~10-12. Fast internal dynamics in line-FRAP were therefore 

measured with RCM with an imaging speed increased for this application to 400 

Hz. 
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Fig.9: Example of FRAP on mDia in HeLa cells of a single line imaged in fast 

line scanning (integrated intensity). One line of the sample is imaged and the 

fluorescence from the line is directed in a single spot on the camera over time. 

After pre-bleaching screening, a bleaching pulse was applied and the FRAP 

recovery is followed over time for a total duration of the experiment of 0.5 s. The 

intensity across the FRAP curve is plotted in B with a measured diffusion 

coefficient of D=3.2*10-12 m2/s. 

 

3. Conclusions 
 
Because of the independent control of the scan and re-scan units, the RCM can 

be configured in several ways, each tuned to specific biological questions. 
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These new configurations show how the RCM is potentially flexible for 

assessing different biological applications. High-resolution multicolor imaging 

was performed in a frame-by-frame scanning manner and for the first time in a 

line-by-line scanning manner for calcium activity and ratio-metric pH 

measurements. Fast single line scanning was performed at high imaging speed 

for FRAP measurements.  

In this chapter, only some of the possible configurations of the RCM are shown 

to illustrate how flexible control of the scanners allows specific configurations. In 

the future, more settings can be tuned to extend the range of biological 

applications. For example, the line-by-line multicolor imaging can be performed 

with more than two colors to monitor fluorescent samples with multiple labeling. 

Furthermore, the RCM microscope can be configured to do FCS measurements 

by parking the scan mirrors at a fixed position in the sample and let the re-scan 

mirrors scan across the camera.  

So far, the speed of the imaging has been limited by the scanning mirrors. In 

our setup, the mirrors showed reliable performances until 400 Hz. Further 

improvement can be achieved by substituting galvo mirrors with the faster 

resonant mirrors, only if a precise control and synchronization is not a limitation.  

The examples reported in this chapter show how the potential in fast multicolor 

live cell imaging of RCM can be exploited not only because of its high resolution 

and high sensitivity, but also because of the flexible configurations of the mirrors 

that are only possible with two separate scan and re-scan units. With respect to 

other implementations of the Sheppard and ISM principle [Sheppard 2013, Roth 

2013, Heintzmann 2013, York 2013, Shroff 2013, Schulz 2013], RCM is the only 

setup composed by two different scan and re-scan units that can be controlled 

independently. This independent mirror control has been exploited in resolution 

comparison studies [De Luca 2013, De Luca submitted] with the possibility to 

change the sweep-factor M from M=1 to M=2 allowing easy resolution 

comparison. In this chapter, we show how this flexibility is necessary to tune the 

mirrors for expanding the number of biological questions that the RCM can 

answer, as for example multicolor and single-line imaging. RCM can therefore 

be applied in a variety of biological applications and be configured for specific 

requirements in speed or excitation and emission wavelength and for imaging at 
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high resolution and high sensitivity. This makes RCM a confocal technology 

with a broad spectrum of applications. 
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5. Material and Methods 
 
RCM setup 

Light from 405, 488 and 561 nm laser (Melles Griot 405, Obis 488-50, Coherent 

Inc., Obis 561-20, Coherent Inc.) is coupled into a single mode optical fiber and 

collimated with a 25 mm lens (ACN127-025-A, Thorlabs Inc.). The light is 

directed via a 405/488/561/640 nm quad band dichroic mirror 

(ZT405/488/561/640rpc, Chroma Technology Corp.) to the first xy-scanner 

(GVSM002/M, Thorlabs Inc.) at the telecentric point of the scan lens of effective 

focal length 70 mm (CLS-SL, Thorlabs Inc.) and directed to a standard Nikon Ti-

E body. The objective in use is 100x Oil 1.49NA Apo-TIRF(Nikon). 

Fluorescence light is, after de-scanning, focused with a 150 mm achromat 

(AC254-200-A, Thorlabs Inc.) on a 200 µm pinhole (Precision Pinholes, 

Thorlabs Inc.). Light after the pinhole is collected with a 200 mm achromat 

(AC254-150-A, Thorlabs Inc.) and re-scanned with a second xy-scanner 

(GVSM002/M, Thorlabs Inc.) and projected with a scan lens of effective focal 

length 70 mm (CLS-SL, Thorlabs Inc.) on a sCMOS camera (Hamamatsu Flash 
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4.0) with 2048x2048 pixels of 6.5×6.5 μm2. Electronic components of the setup 

are interfaced by a Nidaq pci-6733 card (National Instruments Co.) via a plug-in 

in NIS Elements (Nikon Instruments). For line-by-line multicolor imaging mode 

and fast line scanning, electronic components of the setup are interfaced via 

LabView. 

 

RCM mirrors settings 

Table 1 summarizes the settings of the mirrors that were used for each 

biological application. The offsets and the phases were equal for all 

experiments. The offset of the scan unit was set to center the laser beam at the 

back aperture of the objective as offsetscan,x=0.5V offsetscan,y=-0.7V. The offset of 

the re-scan unit was set to center the emission light in the center of the camera 

chip as offsetrescan,x=1.5V offsetrescan,y=2V. The phase of the mirrors where 

adjusted as Δφ=φscan,x – φrescan,x=180o and Δφ=φscan,x – φrescan,x=0 o.  

 

Overlapping of line-by-line multicolor RCM images 

After imaging with the RCM multicolor settings, the acquired image shows the 

same field of view from different excitation lines one on top of the other. It is 

therefore necessary to crop the two fields of view and align them one on top of 

each other. The calibration elastic transformation was first calculated with 

Tetraspeck beads (Invitrogen) by the ImageJ plugin bUnwarpJ. The calculated 

transformation from the calibration beads was then applied to the acquired 

images.  

The calibration images used to calculate the transformation matrix where 

acquired by imaging Tetraspeck beads (Invitrogen). The beads were excited 

with 405 nm and 488 nm lasers and the emission detected with a multiband 

filter (450-470/515-550/600-650 BP). The image of the same field of beads 

excited at 405 and 488 nm was acquired at 1 s exposure time. The elastic 

transformation has been calculated by the ImageJ plugin bUnwarpJ [Arganda-

Carreras 2006], that calculates elastic deformations represented by B-splines 

between two 2D images. The two images of the beads at different colors are 

respectively selected as ‘source’ and ‘target’ for the algorithm and the 

transformation matrix between source and target is calculated. For what 
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concerns the parameters for the alignment, the Registration Mode was set 

‘Accurate’, the Initial Deformation ‘Very coarse’ and the Final Deformation ‘Very 

fine’. No landmarks were set to calculate the transformation to prevent possible 

user’s errors. The algorithm saves the direct and inverse transformations into 

files. 

After calculating the transformations with the bead images, the calculated 

transformations were applied to the yeast images of the same field of view 

acquired with the same mirrors settings. The background determined from dark 

images (laser off, same exposure time as the standard imaging conditions) was 

subtracted to the final aligned images and the ratio image Imageratio was 

calculated as Imageratio= S3,N)TUVWXY
S3,N)TZZWXY

.  

 

Cross-talk measurement 

The cross-talk was measured with FluoCells Prepared Slide #6 (Muntjac cells 

with Mouse Anti-OxPhos Complex V Inhibitor Protein, Alexa Fluor® 555 Goat 

Anti-Mouse IgG, Alexa Fluor® 488 Phalloidin, and TO-PRO®-3, Thermofisher 

Inc.). The sample was imaged with 488 nm excitation laser light and red 

detection (575 LP) to obtain the cross-talk image. The cross-talk image was 

normalized by the standard red image (561 nm excitation laser light, 575 LP 

detection). 

 

PA-JEB sample preparation 

Pyloric atresia junctional epidermolysis bullosa (PA-JEB) keratinocyte cells 

expressing β4 integrin (PA-JEB/β4) were cultured as described previously 

[Geerts 1999]. For immunofluorescent analysis, keratinocytes grown on 

coverslips were fixed with 10% MeS buffer (100 mM MeS, pH 6.9, 1mM EGTA 

and 1mM MgCl2) and 90% methanol for 5 minutes on ice. After blocking with 

5% Bovine Serum Albumin (BSA) for 1 hour, the cells were incubated with 

mouse anti-vimentin monoclonal antibody (Clone V9-Dako) and rabbit anti-

keratin 14 polyclonal antibody (Covance) for 1 hour. Subsequently all the cells 

were incubated with goat anti-rabbit and goat anti-mouse antibodies (Alexa 488 
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and Alexa 555 Invitrogen) for 30 minutes. All the fixation and staining steps 

were done at room temperature. 

 

FRET Sample preparation 

Plasmids have been prepared using a mini prep kit (Thermo Scientific) as in 

[Shcherbakova 2012]. The plasmids contain the sequences for the TagGFP and 

the TagRFP, separated by the caspase-3 cleavage sequence, DEVD.  

HeLa cells were seeded on 25 mm glass coverslips in a 6-well plate and 

cultured in optim MEM medium supplemented with 10 % FBS (Invitrogen) and 

0,5% penicillin-streptomycin (Invitrogen). Transfections were performed with the 

plasmids described above using PEI as transfection reagent and imaged after 2 

days after transfection.  

For sample preparation, a glass coverslip from the 6-well plate was placed in a 

cell chamber with 500 µl of microscopy medium. The cells were then treated 

with 2 µM Staurosporine (LC Laboratories) prior the start of the experiment. 

 

NSPC sample preparation 

Mouse hippocampal NSPCs were cultured as described before (PMID: 

26207921, PMID: 22925833). 2 days prior to imaging, 2.5x105 cells were 

seeded on laminin/PLA-coated 35mm coverslips. To fluorescently label the 

NSPCs, one day after seeding AsRed2 plasmid (2500 ng/coverslip) was 

transfected into the NSPCs using Attractene transfection reagent (Qiagen) 

following manufacturer’s instructions, as described before (PMID: 26207921). 

On the day of imaging, NSPCs were loaded with Fluo4-AM (ThermoFIsher 

Scientific), a green fluorescent calcium indicator following manufacturer’s 

instructions. To prevent Fluo4-AM leakage from the cells, the organic anion-

transport inhibitor Probenecid (thermoFisher Scientific) was added to the 

loading solution. Loading solution consisted of 1:1000 Fluo4-AM, 1:100 

Probenecid, and 1:100 Powerload (ThermoFisher Scientific). NSPCs were 

incubated with loading solution for 30 minutes at 37C, followed by 30 minutes at 

room temperature. After loading, cells were washed once with culture medium 

before proceeding to imaging. Evoked calcium-activity was imaged using 

100uM histamine in culture medium. 
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Yeast sample preparation 

The yeast used for this study is from the haploid strain BY4741 with genotype 

MATa, his3D1, leu2D0, met15D0, ura3D0. The cells are kept and grown in a 

media including the nutrients, except the amino acids used to add the plasmids. 

The media used for this study is a Synthetic Complete (SC) media. The yeast 

was imaged with an Optical Density (OD) between 5 and 10, ensuring the best 

conditions for cells viability. The cells are kept in a saturated culture at cold 

temperature.  

For the calibration curve, cells expressing pHluorin were imaged in buffers of 

defined pH: a set of buffers is prepared mixing 0.1 M citric acid and 0.2 M 

Na2HPO4 in different relative quantities to cover a buffer range from pH 5.5 to 

pH 8.5. The yeasts are grown overnight in 20 ml media to a concentration of 10 

OD. They are permeabilized with 100 µg/ml digitonin in PBS for 10 min. The 

digitonin creates pores in the cell membrane; in this case, the extracellular pH is 

the same as the intracellular pH. The cells are washed and concentrated in PBS 

in Eppendorf tubes.  

For yeast imaging at physiological pH, yeasts expressing pHluorin are grown 

overnight in 10 ml media to a concentration of 10 OD. The starvation is obtained 

by isolating yeast cells at physiological conditions from their culture medium and 

substituting it with glucose-free medium. The imaging was performed after 1 

hour from the isolation. For the sample imaging preparation, 7 μl of yeast 

solution is pipetted on a Nr.1 coverslip (Menzel-Glaser) and a layer of Agarose 

is positioned on top of the cells to fix them to the coverslip. For the pH 

calibration curves, the coverslips were subsequently mounted on a microscope 

coverglass (Menzel-Glaser). For the glucose addition experiments, the 

coverslips were subsequently mounted on a microscopy imaging ring.  

 

Beads sample preparation 

100 nm diameter yellow-green fluorescent beads (Invitrogen) were diluted at 10-

6M solution. 0.5 ml of beads solution and 0.5 ml of distilled water where mixed 

and 0.15 ml of the final solution was mounted on a Nr.1 coverslip (Menzel-

Glaser) and on an imaging ring. 
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Abstract  
Fluorescence microscopy is an important tool for imaging the distribution of 

specific molecules in a sample. The interaction between the excitation light and 

the fluorescent sample governs two of the most important factors in the imaging 

process: photodamage and image quality. Controlled light exposure microscopy 

is a technique, introduced in 2007, to minimize the effects of photodamage by 

spatially controlling the illumination dose in the sample. This technology is 

referred to as spatially controlled illumination microscopy (SCIM), which 

employs spatial control of the illumination dose by minimizing the illumination in 

the background areas of the sample and providing sufficient illumination dose in 

the foreground areas accordingly to the required signal-to-noise ratio. Re-scan 

confocal microscopy (RCM) is an ultra-sensitive microscopy technique which 

provides an improvement of signal-to-noise ratio by a factor of 4 and an 

improvement of lateral resolution by a factor of √2 compared to standard 

confocal microscopy. In this study, the combination of the two techniques is 

presented, SCIM and RCM, for reduced illumination dose and improved 

resolution. This combination of techniques was implemented in a line-by-line 

scanning approach. During imaging of a line, the background and foreground 

areas are identified and have a predictive value for the fluorescence distribution 

of the next line. Based on that prediction, the optimal illumination profile for the 

next line is determined in order to achieve optimal signal to noise ratio in the 

image, while minimizing the illumination dose in the non-fluorescent background 

areas. Finally, the detected images are corrected for the applied illumination 

profiles forming the final reconstructed 2D SCIM-RCM image. As a proof-of-

principle for this new combination of two new techniques, images of test 

samples and neurons obtained with SCIM-RCM and conventional RCM imaging 

were compared. The results show that the combination of SCIM with RCM does 

not compromise image quality with the added benefit of reduced illumination 

dose. 
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1. Introduction 
 

The study of fluorescent live samples using microscopy enabled scientists to 

have a better understanding of biological functions in the dynamic of cells. The 

illumination used for fluorescent imaging can potentially lead to photodamage, 

especially in case of living samples. Photodamage includes the phenomenon of 

phototoxicity and photobleaching. Photodamage is mainly caused by the 

interaction between a fluorescently labelled living sample and light. Generation 

of free radicals compromises health of the living sample and may even induce 

cell death. Consequently, photodamage affects high quality imaging of living 

sample [R. Dixit and C. Richard 2003, Dobrucki 2007, Grzelak 2001].  

Spatially controlled illumination microscopy (SCIM) was introduced in 2007 

(formerly referred to as CLEM) [Hoebe 2007] to reduce the risk of photodamage 

without compromising image quality [Hoebe 2007, Hoebe 2008, Krishnaswami 

submitted]. Re-scan confocal microscopy (RCM) is a novel technique 

introduced in 2013 [De Luca 2013] for enhancing the image quality by improving 

the lateral resolution and increasing the sensitivity of standard confocal 

microscopy [De Luca submitted]. In this study, the combination of SCIM and 

RCM is presented. This combination offers high resolution and sensitivity at low 

illumination levels for strongly reduced phototoxicity. RCM and SCIM are 

combined in a line-by-line scanning approach. One-line RCM image is used for 

identifying the background and the foreground areas and their distribution has a 

predictive value for the the fluorescence distribution of the next line of the final 

2D-image. This final SCIM-RCM image is reconstructed by correcting the 

detected line images, each for their specific illumination profile. To understand 

this new method, first the concepts of SCIM and RCM will be explained, and 

then the potential of the combination of these techniques will be discussed. 

Finally, imaging of fluorescent microspheres and neurons with SCIM-RCM 

compared with RCM imaging are shown, demonstrating that SCIM-RCM 

reduces the illumination levels without compromising the image quality.  
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2. Background information 

In this study two innovative technologies, SCIM and RCM, are 

combined with the aim to improve resolution, sensitivity and cell viability. SCIM 

has been introduced for the first time in 2007 as controlled light exposure 

microscopy (CLEM), while RCM is a novel microscopy technique introduced in 

2013. 

 

2.1 Spatially controlled illumination microscopy (SCIM) 

The strategy of SCIM imaging is to restrict photodamage by minimizing 

the illumination dose without compromising the image quality [Hoebe 2007, 

Hoebe 2008, Krishnaswami submitted]. Conventionally, imaging is performed 

with spatially uniform illumination that results in a distribution of detected 

photons that contains the information on the spatial distribution of fluorescent 

molecules in the sample. In contrast with this conventional strategy of imaging, 

the strategy of SCIM imaging is based on a non-uniform spatial distribution of 

illumination of the sample, chosen in such way that the resulting distribution of 

detected photons is more homogeneous. As a consequence of this strategy, the 

intensity distribution of the sample is predominantly encoded in the illumination.  

The illumination in SCIM is adjusted for foreground and background 

areas of the sample in a different way. In the foreground areas, which contain 

the important features of the sample, the illumination is tuned in such way that 

the final detected image has a homogeneous intensity and, consequently, an 

homegeneous signal-to-noise ratio. Therefore, according to this strategy the 

illumination intensity is lower in the areas of bright features and higher in the 

areas of weak fluorescent features. The result is a detected image with a more 

homogeneous distribution of detected photons and each detected image has a 

corresponding non-uniform illumination profile. In the background areas, the 

illumination is reduced to a low value to minimize unnecessary light exposure of 

the areas without important features, but still apply some illumination in order to 

do not miss any detail. Then, after image acquisition, images are corrected for 

the corresponding illumination profile in order to obtain the final image.   

SCIM illumination has been successfully applied in different optical microscopes 

such as confocal (Controlled light exposure microscopy [Hoebe 2007]), two-
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photon microscopy (Adaptive illumination microscopy [Chu 2007]), stimulated 

emission depletion microscopy (Reduction of state transition cycles RESCue 

STED [Staudt 2011]). In practice, SCIM is realized with a closed-loop feedback 

system between the illumination and detection units as shown in Fig.1. 

 

 

Fig.1: Feedback system in SCIM: In conventional imaging, the sample 

(A) is illuminated with a spatially-uniform level of illumination (B) and the spatial 

distribution of fluorescence is encoded in the detected image (C). In spatially 

controlled illumination microscopy (SCIM), a feedback controller is introduced 

real-time during imaging to identify the background and foreground areas. 

Illumination levels are then adjusted during imaging to maintain constant 

detection levels in the foreground and to minimize the illumination in the 

background (E). Therefore, the illumination profile is not spatially uniform over 

the sample. The actual image information of the sample (D) is then 

mathematically estimated (G) based on the information from the detected image 

(F) and the applied illumination profile (E). 
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The feedback controller operates real-time during imaging. The detected image 

is analyzed to identify structures with different fluorescent intensity and the 

illumination is spatially controlled according to it. It has been shown that, with 

SCIM, good quality images can be obtained with a reduced illumination dose 

and, consequently, reduced phototoxicity and photobleaching [Hoebe 2007]. 

 

2. 2  RCM 

Re-scan confocal microscopy (RCM) is a new super resolution 

technique based on a standard confocal microscope extended with a re-scan 

detection unit.   RCM provides 170 nm lateral resolution (at 488 nm excitation 

and 1.40 NA) independently of the pinhole diameter [De Luca 2013, De Luca 

submitted]. Moreover, because of the sensitive camera detection, for equal 

pinhole size, RCM offers 4 times higher sensitivity as compared to a standard 

confocal microscope equipped with PMTs [De Luca submitted].  

The RCM setup is based on two units: the scan unit (like every confocal 

microscope) and the re-scan unit. The scan unit includes a pair of (x, y) 

scanning mirrors which direct a focused beam of laser light into the specimen. 

The emission light from the specimen is de-scanned via the same scan mirrors 

and directed to the emission pinhole. After the pinhole, the emission light is 

directed to the re-scan unit. The re-scan unit includes a second pair of (x, y) re-

scan mirrors that direct the light onto a sCMOS camera. The scanning and re-

scanning units are synchronized in frequency while their amplitudes can be set 

independently. The angular amplitude of the re-scan unit relative to the angular 

amplitude of the scan unit determines the lateral resolution of the microscope. 

The re-scan unit amplitude can be set to exactly compensate the 

movement of the scanning unit. For these settings, the image at the camera has 

a diffraction-limited resolution. The re-scan unit can be set to over-compensate 

for the scanning movement by a factor of 2. The resulting image now has a √2 

better resolution compared to the diffraction limit [De Luca 2013, De Luca 

submitted]. The lateral resolution of RCM is proven to be independent from the 

pinhole diameter [De Luca 2013, De Luca submitted], in contrast with the lateral 

resolution of standard confocal microscopy which does depend on the pinhole 

diameter; the lateral resolution of standard confocal microscopy can also be √2 
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better than the diffraction limit, but only for an almost closed pinhole. When the 

two systems are compared for equal lateral resolution (standard confocal 

microscopy with 0.5 A.U. pinhole, RCM with 2 A.U. pinhole), because of the 

high sensitivity of the camera in use in RCM, the SNR in RCM was measured 4 

times higher than in standard confocal microscopy [De Luca submitted]. RCM 

can therefore be used for performing imaging with high resolution and high 

sensitivity.  

 

2. 3 SCIM and RCM for live cell imaging 

 The two described techniques, SCIM and RCM, have a strong research 

potential in live cell imaging applications. SCIM has been shown [Hoebe 2007, 

2008] to reduce phototoxicity 2- to 10-fold and to prolong 6-fold the survival of 

HeLa cells in its implementation in standard confocal microscopy, compared to 

spatially-uniform illumination. RCM has been shown [De Luca 2013] to improve 

the sensitivity of standard confocal microscopy up to 16 times and the lateral 

resolution by √2 times. Therefore, the combination of SCIM and RCM can 

improve the imaging of live cells samples in two aspects: reduced photodamage 

and improved image quality.  

 

3. Imaging strategy of RCM-SCIM 
 

Here we introduce a SCIM-based closed loop feedback system in RCM 

imaging. The SCIM feedback could be implemented in a frame-by-frame 

fashion, where the illumination is based on the image of the complete field of 

view after acquisition of the complete frame. In such implementation, the 

prediction for the illumination would be decided after acquiring one complete 

frame. Therefore, the predicted illumination would be applied a full frame later 

which may be too slow for fast moving cells in the specimen. Therefore, the 

implementation of SCIM as described in this study is performed in a line-by-line 

fashion. The image of one line (column of pixels of an image) is used to decide 

for the illumination of the following line, and the sample is scanned line-by-line 

until the complete field of view is imaged. In this way, the time-lag between the 
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prediction and the applied illumination is ideally reduced down to the time to 

image a single line, which is in the here described implementation ~2.5 ms.  

Line-by-line imaging is performed as illustrated in Fig.2. A series of N line-

images is acquired at 1 pixel imaging step size (0.04 μm) in the specimen. Each 

line-image has 8x248 pixels (0.32x9.92 μm). In the y-direction, the high 

resolution is obtained optically, according to the RCM principle, by re-scanning 

with the y-rescan mirror with double the amplitude compared to the y-scan 

mirror. In the x-direction, the high resolution is acquired by post-processing, 

according to the ISM principle [Muller and Enderlein 2010]. The N acquired line-

image are acquired at 1 pixel imaging step size, so therefore in order to 

reproduce the double sweep the line-images are summed with 2 pixels 

distance. In this way, the high resolution is preserved also in the x-direction.  

Each line-image is corrected for the camera offset and filtered with a median 

filter to reduce the camera noise and the photon noise. In the acquired line-

image, the center of the illumination is aligned along the 4th column. Because 

the imaging step size in the imaging is 1 pixel, the next line-image will be the 

line imaged in the 5th column. Therefore, the 5th column on the line-image is 

analyzed in order to spatially locate the fluorescent areas of the sample.  
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Fig.2: Flowchart SCIM RCM: SCIM-based closed loop feedback system in 

RCM imaging. in a line-by-line fashion. The image of one line is used to decide 

for the illumination of the following line, and the sample is scanned line-by-line 

until the complete field of view is imaged. The illumination is decided according 

to the fluorescence intensity along the line-image following the look-up table of 

Fig.3. The line-images with SCIM illumination are not spatially-uniform 

illuminated, but the illumination distribution varies in intensity across the line. 

The line-images have therefore to be corrected for the applied illumination. The 

correction is accomplished by dividing the detected imaged by the applied 

illumination profile and the resulting corrected line-image is used to decide for 
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the illumination profile of the following line-image. The feedback loop proceeds 

until the end of the imaging of the field of view. 

 

 

The illumination is decided according to the fluorescence intensity along the 

line-image. The pixels with value below the user-decided background threshold 

are classified as background. In the background areas, the illumination is kept 

constant at a minimum laser power in order to obtain a sufficient detected signal 

in the background areas. The pixels with grey-value above the user-decided 

background threshold are classified as foreground. In the foreground areas, the 

illumination is estimated to obtain a uniform detected SNR level. Although the 

threshold defines a discontinuity at the foreground/background transition, the 

illumination intensity around this threshold gradually increased from 90% to 

100% of the threshold value. An illustration of the illumination strategy is 

reported in Fig.3. 

 

 

Fig.3: Illumination: The illumination decision is decided according to the 

different SNR of the pixels in the detected line classified as background or 

foreground. In the background, the illumination is kept constant at a minimum 

laser in order to obtain a sufficient detected signal. In the foreground area, the 

illumination is estimated to obtain a uniform desired SNR in the following 

detected line. In order to obtain that, the illumination in the foreground areas 

follows an inversely proportional trend. In the transition between background 
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and foreground, the illumination increases to ensure a smoother transition and 

limit errors in classification due to the noise. 

 

The line-images with SCIM illumination are not spatially-uniform illuminated, but 

the illumination distribution varies in intensity across the line. The line-images 

have therefore to be corrected for the applied illumination. The correction is 

accomplished by dividing the detected imaged by the applied illumination profile 

and the resulting corrected line-image is used to decide for the illumination 

profile of the following line-image. The here described imaging procedure 

proceeds line-by-line until the end of the imaging of the field of view. After 

imaging all the lines of the field of view, the set of line-images is used to obtain 

the final image of the specimen. The line-images, corrected for the illumination 

profile, are forming the final image according to the ISM procedure; after shifting 

each line two pixels and subsequently adding up all the line-images. In this way 

high resolution in the x-direction is obtained. The final image is a SCIM-RCM 

image, with high resolution, obtained with spatially-varying illumination.  

 

4. Material and methods 

RCM setup 

Light from 488 nm laser (Obis 488-50, Coherent Inc.) is coupled into a 

single mode optical fiber and collimated with a 25 mm lens (ACN127-025-A, 

Thorlabs Inc.). The light is directed via a 405/488/561/640 nm quad band 

dichroic mirror (ZT405/488/561/640rpc, Chroma Technology Corp.) to the first 

xy-scanner (GVSM002/M, Thorlabs Inc.) at the telecentric point of the scan lens 

(CLS-SL, Thorlabs Inc.) and directed to a standard Nikon TE2000 microscope 

body. The objective in use is 60x Oil 1.40NA (Nikon Instrument Inc.). 

Fluorescence light is, after de-scanning, focused with a 150 mm achromat 

(AC254-200-A, Thorlabs Inc.) on a pinhole (Precision Pinholes, Thorlabs Inc.). 

Light after the pinhole is collected with a 200 mm achromat (AC254-150-A, 

Thorlabs Inc.) and re-scanned with a second scanner (GVSM002/M, Thorlabs 

Inc.) and projected with a scan lens (CLS-SL, Thorlabs Inc.) on a sCMOS 



 122 

camera (Hamamatsu Flash 4.0) with 2048x2048 pixels of 6.5×6.5 μm2. 

Electronic components of the setup are interfaced by a Nidaq pci-6713 card 

(National Instruments Co.) via Labview (Labview 2012, National Instrument Inc.) 

and Matlab (Matlab 2015a, MathWorks Inc.) 

 

Measurement of lateral resolution 

For resolution measurement yellow-green carboxylate-modified microspheres of 

0.1 μm diameter (Invitrogen FluoSpheres) were diluted at 1:105 in MilliQ (90%) 

and Ethanol (10%) and distributed on Menzel-Glaser Nr.1 coverslip, after 

washing the coverslip in ethanol and drying it with flame. After drying the 

sample in air overnight, the beads were mounted in Mowiol on a standard 

microscope slide (Menzel-Glaser) and sealed with nail polish. The in-focus slice 

of fluorescent beads was acquired by RCM and SCIM-RCM with 60x Oil 

1.40NA (Nikon Instrument Inc.). The excitation wavelength was 488 nm and the 

emission filter was 520-570 BP. The lateral resolution was measured as the 

FWHM of the lateral profile across the center of the bead focal plane. 

 

Measurement of SNR dependency 

Comparison of SNR in SCIM-RCM was performed with test samples of 

TetraSpeck fluorescent microspheres with a diameter of 4.0 µm (Tetraspeck 

beads test slide, position 1, Invitrogen). The microspheres were imaged with 

488 excitation and a 520-570 BP emission filter. 

 

Calibration of photons per gray value for sCMOS images 

For the calibration of the number of photons per gray value for sCMOS images 

measurements a thin (ca. 100 nm) uniform reference layer was used [Zwier 

2004, 2008]. It was made with a low concentration (0.01% w/v) of fluorescent 

dye in a polystyrene matrix manufactured by spin coating from a toluene 

solution. The spectral excitation of the used dye was from 400 to 550 nm and 

emission from 520 to 550 nm. The average gray value and the standard 

deviation s were measured in 6 uniform areas of 0.4x0.4 µm2 and were used to 

calibrate the number of photons per gray value according to √Nphoton=averagegray 
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value /sgray value. The results indicate a calibration factor of 2±0.2 gray values per 

photon.  

 

Neuron sample preparation 

Primary Rattus Norvegicus hippocampal cultures were prepared from 

embryonic day 18 rats [Hoogenraad 2005]. Cell were plated on 24mm 

coverslips coated with poly-D-lysine (30 μg/ml) at a density of 75,000 cell/well. 

Hippocampal cultures were grown in Neurobasal medium supplemented with 

B27, 0.5 mM glutamine, 12.5 mM glutamate and penicillin/streptomycin and 

maintained at 37°C and 5% CO2. At DIV 14 neurons were transfected with 2 μg 

pGW1-EGFP plasmid DNA per well using lipofectamine [Kapitein 2010]. 

Sample was fixed 24 hours after transfection using 4% paraformaldehyde in 

PBS for 15 minutes at room temperature and subsequently mounted in mowiol.  
 

5. Results 
 The combination of SCIM and RCM was implemented in a line-by-line 

manner for a high sensitive and high resolution microscope that includes a 

feedback system for reduced light dose. The RCM technology provides the high 

resolution and high signal-to-noise ratio (SNR) and the SCIM technology 

provides the illumination light dose decreases. In a first experiment the 

resolution was tested in order to confirm that the resolution of RCM was 

maintained in the combination with SCIM. Previous studies on the resolution of 

RCM [De Luca 2013, De Luca submitted] have reported a lateral resolution of 

170 (± 10) nm, where the resolution was quantified as the FWHM of the lateral 

profile of 100 nm microbeads. In combination with SCIM the FWHM of the same 

beads was measured. The FWHM of the average of 20 aligned images of 100 

nm (SNR of the average was equal to 7) showed that the lateral resolution of 

SCIM-RCM is 176 (± 15) nm. Therefore, it can be concluded that the lateral 

resolution of RCM is maintained, independently of the SCIM feedback system. 

There are two parameters that need to be set by the user prior the acquisition. 

To identify the less important areas containing only background, a background-

to-foreground threshold grey-value is set. A second parameter defines the 

desired SNR in the important foreground areas. Both parameters are set by the 
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user. In the here reported imaging experiments, the desired SNR was set 

between 2 and 17.5. The threshold to define background was automatically set 

to 10% of the maximum grey-value at SNR 17.5. Fig.4A, B, C and D shows four 

experiments of SCIM-RCM images acquired with SNR=2, 3.5, 7 and 17.5 and 

their respective illumination masks in Fig.4E, F, G and H. Note that the 

illumination in the foreground areas can be even lower than the illumination of 

background (e.g. Fig.4E and F) in order to reduce the intensity of the 

fluorescence signal in such way that the SNR is according to the set SNR. 

When the desired SNR is set to a high level, (e.g. Fig.4H) the illumination in the 

foreground areas can be almost always at the maximum intensity, in order to 

obtain maximum fluorescence signal to reach the desired SNR. This experiment 

shows that this illumination strategy follows the pre-set, desired SNR and, as 

expected, that the required illumination light dose increases with the pre-set 

SNR.  

As described above, the illumination of the sample is based on the prediction of 

the intensity, which, on its turn, is based on measurements of neighboring 

pixels. Neither in background areas, nor in foreground areas, this prediction 

procedure is very critical; i.e. a little mistake in the prediction of intensity will 

only slightly change the illumination for foreground pixels and even not change 

the illumination at all for background pixels. Moreover, a small deviation of the 

illumination will have minor influence on the final illumination-corrected image. 

However, around borders between foreground and background, the prediction 

procedure is extremely critical; a little mistake in the predicted intensity (due to 

noise) has strong consequences for the illumination of the pixel. Foreground 

pixels which are mistakenly predicted to be background pixels will be 

illuminated with very dim light leading to extremely noisy foreground pixels and, 

on the other hand, background pixels which are mistakenly predicted as 

foreground pixels will be illuminated with a high intensity leading to unnecessary 

light exposure and therefore cell damage. This mis-classification of pixels has 

been quantified as a function of pre-set SNR. To do that, the SCIM-RCM 

images were compared with standard RCM images (uniform illumination). 

SCIM-RCM images and RCM images were taken simultaneously and the 

background-foreground classification based on the prediction of intensities was 
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performed with both SCIM-RCM illumination and uniform RCM-illumination. As 

expected, some pixels were differently classified when illuminated according to 

the SCIM-RCM procedure as compared to the uniform illumination of standard 

RCM. Foreground pixels were mistakenly predicted as background pixels 

(depicted in red in Fig. 4I, J, K, L) and, vice versa, background pixels mistakenly 

predicted as foreground pixels (depicted in green in Fig. 4I, J, K, L). As 

explained above, the wrongly predicted foreground pixels (red) have the 

strongest influence on the quality of the image since they contribute to extra 

noise in areas around the borders between foreground and background. Figure 

4 clearly shows that in the high-noise images (e.g. Fig. 4I) the number of 

foreground pixels mistakenly predicted as background pixels is higher than in 

low-noise images (e.g. Fig 4L) and that these wrongly judged pixels sometimes 

give dark pixels in the final image (e.g. Fig. 4A).   

 

 
Fig.4: Images of SCIM RCM images and illumination and prediction: The proof-

of-principle of the combination of SCIM and RCM was implemented in a line-by-

line manner. Examples of SCIM-RCM images are reported in A, B, C and D 
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acquired with SNR 2, 3.5, 7 and 17.5. The illumination masks used for each 

image are reported in E, F, G and H. In order to calculate the illumination, the 

pixels in a detected RCM image are classified in background and foreground. 

The prediction masks calculated with SCIM illumination and with uniform 

illumination have been compared and the errors introduced by SCIM are shown 

in I, J, K, L. The errors can be of two kinds: foreground pixels can be wrongly 

predicted as background pixels (red), or background pixels wrongly predicted as 

foreground pixels (green). 

 

The percentage of wrongly classified foreground and background pixels has 

been quantified. It is clear that the percentage of wrongly classified background 

pixels is relatively independent from the pre-set SNR of the image (this 

percentage is around 14±2% for all images). However, the percentage of 

wrongly classified foreground pixels (red pixels, the ones that make dark pixels 

in the final image) decreases strongly with increasing pre-set SNR (from 19% to 

9%, depicted in red columns in Fig.5). This implies that, when the SNR is pre-

set to a higher level, not only the noise decreases but also the number of dark 

pixels decreases.  

A higher image quality may be a reason to pre-set the SNR to a high level, 

however, a high SNR can only be achieved with a high illumination light dose, 

and therefore with the introduction of extra photo-damage. In order to get an 

indication of the typical reduction of illumination light dose, the total illumination 

dose has been calculated for each illumination mask (Fig.4E, F, G and H). 

These were normalized to the illumination dose for uniform illumination. Fig.5 

shows that the total illumination dose for SNR=2 (Fig 4E) is 28.7% of the 

illumination dose for uniform illumination and for SNR=17.5 is 67.4% of the 

illumination dose for uniform illumination (Fig 4H).  

Note that the data presented here are only valid for this specific object and that 

the calculated light dose in based on a 2D image and not on the complete 3D 

stack. The exact numbers will be different for every image, but the principle is 

always the same: when the pre-set SNR is set to a higher level, the noise in the 

image will decrease, the number of wrongly classified pixels is lower, but on the 

cost of a higher light dose and therefore more photo-damage. 
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Fig.5: Errors and illumination as a function of the SNR: The wrongly classified 

foreground pixels were quantified from Fig.4 I, J, K and L for different SNR 

values. Increasing the SNR in the detected images, the number of foreground 

pixels wrongly predicted as background pixels is reduced (red), but the total 

illumination increases (blue). In SCIM-RCM imaging there is therefore a 

compromise between prediction accuracy and reduction of light dose that needs 

to be considered when setting the acquisition parameters. 

 

SCIM-RCM has been tested fixed hippocampal neurons labelled with GFP in 

order to prove the method with real biological samples. The desired SNR value 

was chosen to SNR=7. Compared to the test sample, the structure of neurons 

presents details containing high special frequencies. The example of RCM-

SCIM image at SNR 7 of hippocampal neuron is shown in Fig.6A and the 

respective illumination mask is reported in Fig.6C. In order to quantify the 

prediction errors, the same sample was imaged with uniform illumination and 

the respective image is reported in Fig.6B. As for the test sample, the SCIM and 

uniform illumination decisions were compared to quantify the prediction errors of 

SCIM compared to uniform illumination and the results are reported in Fig.6D. 

The total number of prediction errors was 4% of the total pixels and the 

background-to-foreground errors were the 10% of all the errors. The illumination 

applied on the sample with SCIM was 46.4% of the uniform illumination. 

Therefore, SCIM RCM imaging is also compatible with imaging of real biological 

samples because of the low number of prediction mistakes, with the benefit of 

reduced illumination. 
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Fig.6: Images of neuron: SCIM-RCM was used to image fixed hippocampal 

neuron samples labelled with GFP. The sample was imaged with required 

detected SNR equal to 7 and the SCIM-RCM image is reported in A with 

illumination mask reported in C. The same sample was imaged with uniform 

illumination in B. The prediction errors of SCIM compared to uniform illumination 

are reported in D. 

 

 

6. Discussion 
 
This chapter describes a first proof-of-principle of the combination of 

RCM and SCIM. The high resolution and sensitivity of RCM are useful in 

combination with SCIM illumination because the higher is the signal compared 

to the noise, the more precise the decision for the illumination can be. Equally 

important is the improved resolution, because the more spatial details are 

known for the sample, the more precisely the adaptation of the illumination at 
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the details of the specimen. These extra features were used in the feedback 

system of SCIM to reduce the illumination light were not necessary, and it was 

also tested that the reduction of illumination did not degrade the lateral 

resolution of RCM. Furthermore, in the combination of RCM and SCIM, the 

effect of the desired SNR in the detected images was studied, focusing on the 

errors in the predictions of the pixels and on the illumination levels. The desired 

SNR was shown to be a trade-off between image quality and light dose in the 

sample.  

A strong limitation of the current setup is the speed. At the current stage of the 

research, the speed of the SCIM-RCM setup is still limited by the software 

control of the feedback system at 2 seconds per line. This speed limitation is not 

intrinsic to the SCIM-RCM technology, but can simply be overcome by faster 

(parallel) processing. An image of 10x10 μm2 has approximately 7.5 min 

acquisition time. Because of the low acquisition speed, it was impossible to 

perform 3D imaging and time lapses were not possible to implement for live cell 

imaging. The speed is currently limited by the components control and the 

writing of the acquired images from the camera to computer hard disk. In order 

to overcome this limitation, real-time control with a field programmable gate 

array (FPGA) can be implemented in order to speed up the SCIM decision to 

ideally almost real-time, with delays in the order of ns. 

Before the start of a SCIM-RCM imaging experiment, the two parameters that 

need to be set by the user are the threshold between background and 

foreground and the desired SNR in the acquired imaged. In future 

implementations, for example, a pre-scanning assay could be implemented in 

order to automatically optimize the threshold and the desired SNR in the 

acquired images. A first scan, in a small area of the sample, could be used to 

extract the optimal desired SNR value for the imaging of the complete area of 

interest. 

Once high speed SCIM-RCM imaging will be implemented, the illumination 

profile could be not only decided with the information of the fluorescence 

distribution in the previous acquired line from the same plane, but with the 

information of the fluorescence distribution from the earlier recorded optical 

sections above scanned section and from the previous time point in case of 
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time lapse imaging. With the acquisition of a time sequence and a 3D image, 

the knowledge of the sample would not be based anymore on a single slice, but 

checked on multiple slices and the accuracy will increase. Because of that, the 

total number of prediction errors can therefore potentially be reduced and, 

therefore, the desired SNR in the detected images can be lowered.   

The presented SCIM-RCM setup has been implemented and used in imaging of 

a variety of samples. Because live cell imaging with SCIM implemented in 

confocal microscopy increases the survival time of the imaged live biological 

sample [Hoebe 2007], also SCIM-RCM could offer even higher survival time 

during live cell imaging due to the improved sensitivity of RCM. Therefore, 

SCIM-RCM imaging strategy shows high potential for high resolution and high 

sensitive live-cell imaging experiments with reduced light dose. 
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The standard confocal microscopy technique is based on the patent by M. 

Minsky of 1961 [Minsky 1961]. The technology was further developed and the 

first instruments were built in the early 80’s [Wilson and Sheppard 1981 and 

1984, Sheppard and Choudhury 1977, Cremer and Cremer 1978, Brakenhoff 

1985]. In a confocal microscope, the sample is excited with point illumination 

and a detection pinhole is placed in an optically conjugate plane in front of the 

detector to eliminate out-of-focus signal. During the years, some developments 

of the confocal setup served as an source of inspiration for the work presented 

in this thesis.  

One of these sources of inspiration was a confocal microscopy technique where 

a sensitive camera is used for detection, the spinning disk confocal microscope 

[Petran 1968]. In spinning disk confocal microscopy, light passes through the 

multiple pinholes in a disk to produce multiple excitation beams that are swept 

across the sample as the disk spins around. Fluorescence emission light from 

the sample is focused back onto the spinning disk and after passing the 

pinholes it is projected on a sensitive EMCCD camera. Due to the multi-foci 

excitation and detection, the speed of spinning disk microscopy is extremely 

high, up to the order of 100 frames per second. Furthermore, the sensitivity of 

the microscope is high due to the high sensitivity of the camera. 

Another inspiring development in confocal microscopy is the slit-scanning 

configuration. By repeatedly sweeping a line of illumination over the sample and 

directing the emission light from the sample through a slit aperture, the sample 

can be imaged at a very high rate (up to 120 frames per second). Brakenhoff 

[Brakenhoff 1992] was the first who used the re-scan principle in his slit-

scanning confocal microscope. By re-scanning the emitted light and projecting it 

on a camera, the image was formed. This principle was later used in the 

“InSight” (Meridian Inc.) and the principle comes back in literature as the 

“Swept-field” microscope [Castellano-Munoz 2012] and is available on the 

market as the “Opterra” (Brucker Inc).  

 

In 1988, Sheppard suggested a new method to improve the lateral resolution of 

standard confocal by substituting the pinhole with a “pixelated detector” and 

using the images of the emission light distribution at the position of the pinhole 
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in order to obtain the final image in post-processing [Sheppard 1988]. This 

method was further developed and implemented in 2010 by Muller and 

Enderlein [Muller and Enderlein 2010] as Image Scanning Microscopy (ISM). 

New sensitive detectors for camera based confocal microscopy became 

available, as EMCCD and sCMOS, composed by an array of detectors and not 

by a single-point detector anymore as the standard PMT’s. The principle, as 

explained in more details in the introduction of this thesis, is based on 

Sheppard’s idea to acquire images of the distribution of emission light at the 

pinhole plane for every position of the laser-beam in the sample and to 

reconstruct the final image by summing up all the pinhole images, in a post-

processing step, after scaling them down in size by a factor of 2. After this 

reconstruction, the final image shows an improvement of the lateral resolution 

by a factor √2 compared to the diffraction limit. The implementation of the ISM 

technique requires the storage of all the pinhole images and the final, super-

resolution image is not available real time, but only after a time consuming post-

processing step. The speed of the ISM technique has been improved in its 

recent commercial implementation, the Airyscan (Zeiss). In this case, a 

dedicated array of fast detectors is used to detect the light at the pinhole plane 

and to display the final image on-the-fly. 

Inspired by the publications on the ISM technology [Sheppard 1988, Muller and 

Enderlein 2010], new methods have been published where the reconstruction 

procedure is performed on-the-fly by an optical system. The image processing 

steps of ISM, (1) re-scaling of images, (2) shifting the position of images and (3) 

adding up images, can be performed by simple optics. Re-scaling of images 

can be performed by lenses, shifting of the position of an image can be 

performed by a pair of re-scanning mirrors and adding up images can be 

performed by a camera that integrates the light during the re-scan procedure. 

With this idea in mind, the fundamental principle of the Re-scan Confocal 

Microscope is established. Mirrors, lenses and a camera are used to 

reconstruct on-the-fly the final super-resolution image [De Luca 2013]. The 

implementation of this principle in a real microscope set-up can be done in 

several ways. 
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York et al. [York 2013, Shroff 2013] designed and tested an optical set-up called 

Instant SIM (ISIM) where multiple laser spots are scanning the sample in 

parallel. With multi-lens arrays and multi-pinhole arrays they managed to obtain 

imaging with improved resolution at very high frame-rate (100 fps), but at the 

cost of a setup that requires a complicated alignment procedure.  

In the Optical Photon Re-Assignment (OPRA) set-up of Roth et al. [Sheppard 

2013, Roth 2013] a single scanning mirror was used for both scanning and re-

scanning. Because of this combination, any possible de-synchronization 

between scanning and re-scanning, which may cause a shift of the image, is 

avoided. However, by using the mirror unit twice, there is no possibility to 

independently control the scan and re-scan movement. The photon re-

assignment is established by extra demagnification optics in the optical 

emission path. 

In Re-scan Confocal Microscopy (RCM) separate scanning mirrors are used for 

scanning and re-scanning. The synchronization of the scan and re-scan units 

has been tested and it did not induce problems; a small phase-shift between the 

scanning and re-scanning mirrors results in a minor lateral shift of the complete 

image projected on the camera. This error can easily be corrected by adding an 

offset voltage to re-scan unit. The two separate units make the set-up relatively 

simple to build and flexible to use, and the two units can be independently 

controlled for tuning the setup to specific biological applications. 

In all these methods the image of the sample is observed real time and there is 

no need for storage of all the images at the pinhole position. Although there are 

some essential differences, these three methods have in common that they are 

based on simultaneous scanning of the sample and re-scanning of the emitted 

light from the sample on a camera. 

At the beginning of this study, which started in March 2012, the goal of the 

project was to develop an ultra-sensitive confocal microscope. The idea of 

improving the sensitivity of the confocal microscope started in 2007 with the 

idea of controlled light exposure microscopy (CLEM, [Hoebe 2007], nowadays 

called: SCIM). The idea of SCIM is that the intensity of excitation light is 

adapted to the fluorescence distribution of the sample. By this adaptive 

illumination the illumination light dose needed for a certain SNR is strongly 
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reduced; and vice-versa, the SNR is strongly improved for a certain light dose 

when SCIM is used. We can therefore conclude that the effect of SCIM is 

equivalent to the effect of a more sensitive detector, i.e. improving SNR without 

increasing the light dose and without reducing phototoxicity and photobleaching 

of the sample.   

While the sensitivity was successfully improved with the SCIM illumination 

strategy on the excitation side of the microscope, the work presented in this 

thesis started by improving the sensitivity on the detection side of the 

microscope by using detectors with a higher sensitivity and by improving the 

lateral resolution of the standard confocal by a factor √2. The last step towards 

building an ultra-sensitive confocal microscope was to combine the 

improvements on the excitation side with the improvements on the emission 

side on the microscope. This combination, RCM with spatially-controlled 

illumination (SCIM, formerly referred as CLEM [Hoebe 2007]) is described in  

chapter 5 of this thesis. In this way, the improved illumination strategy of SCIM 

is implemented in RCM for reduced illumination light dose combined with high 

sensitive detection.  

 

Outlook 
 
The RCM technology described in this thesis is an important step in the 

development of confocal microscopy towards high resolution and high sensitive 

imaging. The flexibility of the setup and the high quality of the final images 

represent a starting point for future developments. The RCM technology can still 

be further developed in order to target more biological applications and to 

improve its speed and resolution. So far, as described in this thesis, the RCM 

microscope has proven to be a valid alternative to standard confocal 

microscopy for a variety of applications where high resolution, high sensitivity 

and setup flexibility are keys for the success of the imaging experiment. 

For example, the illumination of RCM can be modified for STED-RCM 

measurements with further improved resolution. Furthermore, the resolution and 

the signal-to-noise in RCM images can be improved with deconvolution of RCM 

images. Another post-processing approach that can be applied to RCM imaging 
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for improved resolution is SOFI. Then, the RCM super-resolution approach for 

improved lateral resolution can also be applied in the axial direction in order to 

obtain axial RCM super-resolution imaging. Here we will discuss these four 

specific techniques, although we know that there are numerous other 

techniques that can be developed further and can be combined with the basic 

RCM concept.  

 

1. STED-RCM 
The resolution of standard confocal microscope has been shown to be 

successfully improved by STED illumination [Hell 1994]. With STED, the 

resolution is improved by decreasing the effective excitation area in the sample 

by using an extra laser, the depletion laser, which has a donut-like shaped 

focus and  which depletes the fluorescence at the periphery of the excitation 

PSF. This simple optical trick results in a smaller effective excitation PSF.  

Historically, STED microscopy has been first demonstrated [Hell 1994] using 

pulsed lasers for both excitation and depletion beams, with a lateral resolution 

below 40 nm [Harke 2008]. An implementation of STED that does not require 

pulsed lasers and temporal alignment, but results in a lower lateral resolution of 

35-65 nm [Hell 2007, Hell 2010], is continuous wave (CW) STED [Hell 2007, 

Hell 2010]. In order to improve the depletion contrast and the lateral resolution 

in CW STED, the power of the depletion laser has to be increased [Hell 2010].  

Because of the simple implementation in the existing RCM setup, CW STED 

can be an option for further improvement of the lateral resolution of RCM. Due 

to the added CW STED illumination, the width of the effective excitation width, 

Wexc, in the sample is reduced by approximately a factor of 2. Because of the 

reduction of the width of the excitation Wexc relative to the emission width, Wem, 

the sweep-factor, M, has to adapted according to the equations in chapter 2 and 

3. In case the width of the excitation PSF Wexc,STED is 50% better than the width 

of a PSF without STED, the optimal value of MSTED would be MSTED=5 and the 

RCM technology would improve the resolution by a factor of 1.12. The 

resolution improvement by RCM, on top of the improvement by STED, is not 

spectacular, but the high sensitivity of RCM (4 times higher compared to 

standard confocal microscopy as described in chapter 3) will be essential to 
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obtain high image quality. Moreover, the RCM set-up is much simpler to build 

and is much cheaper than a standard STED microscope. CW-STED-RCM can 

therefore be a very promising combination for high resolution and high sensitive 

STED imaging. 

 

2. Deconvolution of RCM images 
Deconvolution is an image restoration technique applicable to microscopy 

images. With deconvolution [Wallace 2001], the image of the object, degraded 

by the blurring and the addition of noise during the acquisition process, is 

restored. Deconvolution has been demonstrated to be a successful image 

restoration technique for different techniques, such as wide-field [Swedlow 

2002], confocal microscopy [Shaw 1991] and STED microscopy [Benard 2015]. 

It makes sense that deconvolution can also be applied to RCM images.  

Because the RCM images have a higher resolution and SNR compared to 

standard confocal microscopy images, the results of deconvolution in RCM can 

lead to even further improved resolution compared to the factor √2 measured 

with pure optics. As shown by Enderlein and co-workers [Muller and Enderlein 

2010], the resolution of ISM images is improved by a factor of √2 with pure 

optics and by a factor of 2 when the final image is deconvolved and the high 

frequencies are restored by deconvolution. Preliminary results performed with 

deconvolution with the software Huygens (Scientific Volume Imaging B.V.) have 

shown that the image quality of RCM can be improved by deconvolving RCM 

images using the information of the measured PSF. Further studies can be 

performed by characterizing the effect of deconvolution as a function of SNR in 

RCM images and compare the results with standard confocal microscopy and to 

other super-resolution technique, such as structured illumination microscopy 

(SIM) [Gusstaffson 2009]. 

 

3. SOFI-RCM 
A new method for achieving super-resolution information is super-resolution 

optical fluctuation imaging (SOFI) [Enderlein 2009, Dertinger 2013]. SOFI is a 

post-processing method which extracts high resolution information from the 

temporal correlations of independently fluctuating fluorescent emitters in a time 
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sequence of the area of interest. The SOFI principle is based on the idea that 

each emitter in an object emits fluorescent light intermittently and uncorrelated 

with the neighboring emitters in the same objects. Because the background 

does not blink, another advantage of applying SOFI algorithms is background 

removal from the images. The resolution in a SOFI image of order n, which is 

the order of the cumulant used in the SOFI calculations, is √n higher than the 

diffraction limit.  

It has been proven that the resolution of RCM is improved by a factor of √2 

compared to the diffraction limit. A post-processing SOFI algorithm step can be 

included in RCM imaging. The speed of the RCM acquisition can be optimized 

for the blinking cycle of the emitter of choice. In order to increase the acquisition 

speed of RCM at ~10 fps, a small field of view (~2x2 μm2) can be imaged. SOFI 

is standardly applied to wide-field and standard confocal microscopy [Dertinger 

2013, Dertinger 2012]. Because RCM has higher resolution than these 

microscopy techniques, the final SOFI-RCM image can have higher resolution 

than SOFI-wide-field or SOFI-confocal images of the same order. 

 

4. Axial RCM super-resolution 
The RCM has been shown to offer √2 higher lateral resolution compared to the 

diffraction limit. Furthermore, the measurements reported in chapter 3 shown 

that, in addition to the lateral resolution improvement, the sectioning capabilities 

of the RCM are improved by a factor 1.15 with respect to standard confocal 

microscopy. This is a minor improvement. But there is a way to further improve 

the axial resolution by a procedure which is the axial equivalent of ISM: photon 

re-assignment in the axial direction. Here we will explain the idea. 

As explained in chapter 1, 2 and 3, the principle of the RCM is based on the 

possibility to uncouple the lateral position of a part of the objects from the lateral 

position of the image of the objects on the camera. For the lateral resolution 

improvement, this effect is obtained with the independent control of the scan 

and the re-scan units, which introduce an extra magnification step independent 

from the pure optical magnification. By this extra magnification the light from the 

object is projected at a “wrong” position in the image of the object. This re-

positioning of light is also called: photon-re-assignment [Heintzmann 2013] 
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In order to obtain axial RCM super-resolution, first the axial position of the 

objects has to be uncoupled from the axial position of the image of the objects 

on the camera. This means that for each focus plane in the sample, a series of 

images at different out-of-focus planes has to be acquired by moving the 

camera in the axial direction. Instead of physically moving the camera to 

different axial positions, an additional optical element has to be introduced to 

controllably defocus the imaged plane on the camera. After image acquisition, 

the final axial super-resolution RCM reconstruction can be performed by 

repositioning (re-assignment) the images at double distance in the z-direction. 

In this way, the re-assignment, similar to the double-sweep in the lateral 

direction, can now be performed in the axial direction.  

Preliminary computer simulations have shown that an  axial resolution 

improvement by a factor of 1.25 should be achievable with this method. A 

preliminary experimental setup was built in order to perform experiments to 

validate our simulations. A fast electrically-tunable lens was used to image the 

sequence of out-of-focus planes for every z-position in the sample. The 

measured axial resolution improvement was 1.2±0.2 compared to standard 

RCM axial resolution confirming the computer simulation experiments. These 

preliminary results for RCM axial super-resolution are promising although the 

resolution improvement is lower than the expected of √2. The value is lower 

than √2 because of the not-Gaussian distribution of light in the axial direction 

and because of possible spherical aberrations that introduces asymmetry of the 

PSF.  

In conclusion, the first experiments have shown that RCM can offer a 3D 

imaging with improved lateral and axial resolution at the same time. 

 
Further developments 
 
In the outlook section, only few of the new possible configurations that can be 

implemented in RCM are described. Other possible new configurations include 

extra multicolor possibilities, Fluorescence Correlation Spectroscopy (FCS) or 

Fluorescence Lifetime Imaging Microscopy (FLIM) measurements.  
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The RCM setup has been proven to be a new microscope which can be tuned 

to assess a variety of biological applications. Due to its improved resolution and 

sensitivity, it can offer a good alternative to standard confocal microscopy. The 

evolution of RCM can still proceed by including new features and by modifying 

the setup for new applications. 
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SUMMARY 
 

The knowledge of processes at cellular and subcellular level has developed 

together with the instruments dedicated to their study. One of the instruments 

that gave insight in the morphology and function of cellular components is the 

optical microscope. In the optical microscope, the biological sample is 

illuminated and the information of the structure of the sample is then made 

visible by eye or with a photodetector. Nowadays, optical microscopy in 

biomedical applications is commonly combined with fluorescence. In 

fluorescence microscopy, specific objects or molecules in the sample are 

labeled with fluorophores which, upon light excitation, emit light of slightly longer 

wavelength. The labeling in fluorescence microscopy is structure-specific and 

compatible with live cell imaging and therefore this technique is now widely 

used for morphological and functional studies of cells. 

One fundamental limit in the possibility to distinguish small structures in the 

sample is dictated by the physics of light. This limit was defined by Abbe, who 

demonstrated that the lateral resolution of the images acquired by optical 

microscopy is limited by diffraction. Objects that are closer together than the 

diffraction limit cannot be distinguished.  

In the last decades, several new technologies have been developed to 

circumvent Abbe’s diffraction limit; these techniques are called super-resolution 

techniques. They are based on detection of localizations of single molecule 

(STORM, PALM, GSDIM), on structured illumination of the sample combined 

with image reconstruction (SIM) and on stimulated emission depletion (STED). 

Another microscope that achieves a lateral resolution surpassing the Abbe’s 

diffraction limit is the confocal microscope.  Confocal microscopy is a point 

scanning technique in which a focused laser beam is directed into the sample in 

a scanning fashion by two scanning mirrors. The focused laser beam excites 

fluorescent molecules in the sample. The light emitted by the fluorescent 

molecules in the sample is collected by the objective and directed, via the same 

scanning mirrors and lenses, towards a pinhole and is finally detected. The 

pinhole masks the light coming from out-of-focus planes, for improved optical 

sectioning (axial resolution), but also from out-of-axis plane, for improved lateral 
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resolution. However, the lateral super-resolution effect is only significant when 

the pinhole is almost closed. In this case, the final image is maybe sharper, but 

very noisy. This is the reason why the lateral super-resolution properties of the 

confocal microscope are seldom used. 

This thesis describes a new super-resolution technique, Re-scan Confocal 

Microscopy (RCM), which is based on standard confocal microscopy technology 

but without the disadvantage of the increased noise as described above. In 

RCM the confocal microscope is extended with an extra pair of mirrors in the 

detection light path. This extra pair of mirrors, called re-scan mirrors, direct the 

emission light onto a camera for detection. The two pair of mirrors, the scanner 

and the re-scanner, can be controlled independently. Now, lateral super-

resolution is obtained by a very simple trick: the re-scan mirrors sweep with 

double amplitude of the amplitude of the scan mirrors. As a result, the final 

lateral resolution is √2 higher than the diffraction limit. The camera used for 

detection is more sensitive than the detectors for standard confocal microscopy, 

and therefore RCM combines high resolution with high detection sensitivity.  

This thesis is about the new RCM technology and its applications in biomedical 

research. Chapter 2 describes the method in detail and the theory behind the 

technology. This is the chapter where we present the method for the first time 

and show the proof of principle.  

In chapter 3 the imaging properties are characterized in terms of lateral and 

axial resolution and the signal-to-noise ratio (SNR) of the RCM image. This 

study shows that the resolution is improved by a factor of 1.4 (as predicted by 

the theory (chapter 2) and that the SNR is improved by a factor of 4, as 

compared to conventional confocal microscopy. The improved SNR is shown to 

be essential to really make use of the improved resolution. 

In chapter 4 it is shown that RCM can be used for a wide range of biomedical 

applications. RCM has been tuned to image multicolor samples and to perform 

functional studies as Forster resonance energy transfer (FRET) and 

fluorescence recovery after photobleaching (FRAP) in HeLa cells, ratiometric 

pH changes in yeast cells and calcium waves in neurons. The take-home 

message of this chapter is that the independent control of the scanner and re-
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scanner gives the unique opportunity to configure the set-up specifically for 

several applications. 

Chapter 5 describes how the RCM technique has been combined with spatially-

controlled illumination (SCIM) in order to minimize the illumination of the sample 

for reduction of phototoxicity. The set-up is described in detail and imaging 

properties characterized. This SCIM-RCM project is a typical example of how 

the RCM can be configured for a specific biological application, as imaging with 

an extremely low dose of light. 

In this thesis it is proven that the RCM microscope is a valid alternative to 

standard confocal microscopy for a variety of biomedical applications where 

high resolution is required in combination with high sensitivity. We believe that 

the RCM technology is an important step forward in the development of the 

confocal microscope. 
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RIASSUNTO 
 
La conoscenza dei processi a livello cellulare e sub-cellulare si è evoluta negli 

anni insieme agli strumenti dedicati al loro studio. Uno degli strumenti che ha 

fornito informazioni importanti sulla morfologia e sulla funzione delle 

componenti cellulari è il microscopio ottico. In un microscopio ottico, il campione 

viene illuminato e l’informazione sulla sua struttura è visibile ad occhio nudo o 

con l’uso di un rivelatore di luce. Oggigiorno, la microscopia ottica per 

applicazioni biomediche viene comunemente combinata con la fluorescenza. In 

microscopia a fluorescenza, molecole o oggetti specifici nel campione vengono 

marcati con fluorofori, i quali, dopo essere stati illuminati dalla luce di 

eccitazione, emettono fotoni di lunghezza d’onda leggermente maggiore. I 

fluorofori hanno localizzazione strutturale specifica ed il loro uso è compatibile 

con studi in vivo; per questo, la fluorescenza è comunemente usata per studi 

morfologici e funzionali delle cellule.  

Un limite intrinseco nella possibilità di distinguere piccole strutture nel campione 

è dettato dalla fisica della luce stessa ed è stato descritto da Abbe, il quale ha 

dimostrato che la risoluzione laterale delle immagini acquisite con un 

microscopio ottico è limitata dalla diffrazione della luce. Oggetti più vicini del 

limite di diffrazione non possono essere distinti nell’immagine finale acquisita al 

microscopio. 

Negli ultimi anni sono state sviluppate nuove tecnologie per ottenere immagini a 

risoluzione maggiore che quella definita dal limite di Abbe. Queste tecnologie 

sono basate sulla localizzazione di singole molecole (STORM, PALM, GSDIM), 

sull’uso di illuminazione variabile del campione con ricostruzione dell’immagine 

in post-processing (SIM) o deplezione per emissione stimolata (STED). Il 

microscopio confocale, strumento molto usato in biologia, è però anch’esso un 

microscopio che può fornire immagini a maggiore risoluzione che quella dettata 

dal limite di Abbe. La microscopia confocale è una tecnica in cui la luce laser, 

concentrata da un obbiettivo, è scansionata nel campione facendo uso di due 

specchietti di scansione. La luce laser eccita i fluorofori, i quali emettono luce di 

fluorescenza che viene raccolta dall’obbiettivo e diretta, facendo uso degli 

stessi specchietti, attraverso un pinhole (foro stenopeico) e rivelata dal un 
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fotorivelatore. Il pinhole agisce da filtro per la luce proveniente da piani del 

campione non a fuoco e da posizioni del campione non allineate con il centro 

dell’eccitazione. Nel primo caso, il pinhole aiuta a migliorare la risoluzione 

assiale e, nel secondo caso, la risoluzione laterale delle immagini. Per 

migliorare la risoluzione laterale delle immagini in modo significativo, però, il 

diametro del pinhole deve essere così piccolo che l’immagine finale avrà 

rumore molto alto e il segnale sarà quasi indistinguibile dal rumore. E’ per 

questo motivo che il microscopio confocale non è quasi mai usato come 

microscopio ad alta risoluzione. 

Questa tesi descrive una nuova tecnica di super-risoluzione, Re-scan Confocal 

Microscopy (RCM), basata sul microscopio confocale standard, ma non più 

limitata dal rumore nell’immagine finale. Nel microscopio RCM, il setup del 

microscopio confocale è esteso dopo il pinhole da un’altra coppia di specchietti, 

chiamati di ri-scansione (re-scan), i quali dirigono la luce di fluorescenza verso 

una camera di rivelazione di luce. Le due coppie di specchietti, scansione e ri-

scansione (scan e re-scan) hanno movimenti indipendenti. In questo setup, la 

super-risoluzione laterale viene ottenuta usando un trucco molto semplice: gli 

specchietti di ri-scansione si muovono con ampiezza doppia rispetto agli 

specchietti di scansione. Come risultato, l’immagine finale ha risoluzione 

migliorata di un fattore √2, cioè 1.4. La camera di rivelazione è molto sensibile 

alla luce, più dei rivelatori standard usati in microscopia confocale. Quindi, RCM 

è una tecnologia che combina alta risoluzione e alta sensibilità alla luce.  

Questa tesi descrive la tecnica RCM e le sue applicazioni in ricerca biomedica. 

Il capitolo 2 descrive il metodo in dettaglio, presentandone anche la teoria. In 

questo capitolo il metodo RCM viene presentato per la prima volta e viene 

dimostrato il suo principio di base. Il capitolo 3 descrive le proprietà delle 

immagini acquisite con RCM per quanto riguarda la loro risoluzione laterale ed 

assiale e il rumore. Questo capitolo dimostra che, come previsto dalla teoria, la 

risoluzione laterale del microscopio RCM migliora di un fattore 1.4 

indipendentemente dal diametro del pinhole e il rumore migliora di un fattore 4, 

se confrontato con microscopia confocale standard.  

Nel capitolo 4 viene dimostrato che RCM può essere applicata a diverse 

applicazioni biologiche, come lo studio di trasferimento di energia di risonanza 
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Forster (FRET) e recupero di fluorescenza dopo photobleaching (FRAP) in 

cellule HeLa, oppure come misure di pH in lievito e misure di onde di calcio in 

neuroni. Il messaggio più importante di questo capitolo è che il movimento delle 

due coppie di specchietti, essendo indipendente, può essere ottimizzato per 

specifiche applicazioni biologiche.  

Il capitolo 5 descrive come RCM è stato dotato di illuminazione controllata 

posizione per posizione (SCIM) per minimizzare la luce laser, di modo da 

ridurre gli effetti tossici sulle cellule. In questo capitolo vengono descritti il setup 

e le proprietà del microscopio RCM con illuminazione SCIM. La combinazione 

di RCM con SCIM è un ulteriore esempio di come RCM può essere adattato per 

applicazioni biologiche specifiche, come esperimenti che richiedono bassa 

illuminazione per proteggere le cellule. 

In questa tesi viene dimostrato come il microscopio RCM rappresenta una 

valida alternativa al confocale standard per diverse applicazioni biologiche dove 

viene richiesta alta risoluzione ed alta sensibilità alla luce. Crediamo quindi che 

RCM sia un importante passo avanti nello sviluppo del microscopio confocale.  
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SAMENVATTING 
 

De kennis van biologische processen op cellulair en subcellulair niveau en de 

ontwikkeling  van instrumenten voor onderzoek aan die processen, zijn altijd 

hand-in-hand gegaan. Een van de instrumenten die inzicht heeft gegeven in de 

morfologie en functie van cellulaire componenten is de optische microscoop. In 

de optische microscoop wordt het biologische preparaat belicht en de informatie 

over de structuur van het preparaat kan vervolgens worden waargenomen met 

het blote oog of met een camera. Tegenwoordig wordt optische microscopie in 

biomedische toepassingen vaak gecombineerd met fluorescentie. In 

fluorescentiemicroscopie zijn specifieke objecten of moleculen in het preparaat 

gelabeld met fluorescerende molekulen die, in aangeslagen toestand, licht 

uitzenden van een iets langere golflengte. Het labelen van het preparaat is 

structuur-specifiek, kan worden gekombineerd met live-cell imaging en derhalve 

wordt deze techniek nu veel gebruikt voor morfologische en functionele studies 

van cellen. Een fundamentele beperking om kleine structuren te onderscheiden 

in het preparaat wordt bepaald door de fysica van licht. Deze limiet werd 

beschreven door Abbe, die aantoonde dat de laterale resolutie van een 

optische microscoop wordt beperkt door diffractie. Het is daarom niet mogelijk 

om objecten te onderscheiden die dichter bij elkaar zijn dan de diffractie limiet. 

In de laatste decennia zijn verschillende nieuwe technologieën ontwikkeld om 

Abbe’s diffractielimiet te omzeilen; deze technieken worden daarom “super-

resolutie microscopie” genoemd. Zij zijn gebaseerd op de detectie en lokalisatie 

van individuele moleculen (STORM, PALM, GSDIM), op gestructureerde 

belichting van het preparaat in kombinatie met beeldreconstructie (SIM) en op 

gestimuleerde emissie depletie (STED). Een ander microscoop die diffractie 

limiet van Abbe omzeilt, is de confocal microscoop. Een confocal microscoop is 

een punt-scan techniek waarbij een gefocusseerde laserbundel, via een paar 

van twee scan-spiegels, door het preparaat scant. De gefocusseerde 

laserbundel slaat de fluorescerende moleculen in het monster aan. Het licht, 

uitgezonden door de fluorescerende moleculen, wordt verzameld door het 

objectief en wordt, via dezelfde scan-spiegels en lenzen, in de richting van een 

pinhole gestuurd, waarna het wordt gedetecteerd. De pinhole maskeert het licht 
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afkomstig van out-of-focus vlakken, voor een betere axiale resolutie (optical 

sectioning), maar het maskeert ook het off-axis licht hetgeen leidt tot een betere 

laterale resolutie. Dit superresolutie effect in de laterale richting is alleen 

significant wanneer de pinhole bijna gesloten is. In dit geval is het uiteindelijke 

beeld misschien wel scherper, maar bevat storend veel ruis. Dit is de reden 

waarom de laterale superresolutie eigenschappen van de confocal microscoop 

zelden wordt gebruikt.  

Dit proefschrift beschrijft een nieuwe super-resolutie techniek, Re-scan confocal 

microscopie (RCM), gebaseerd op standaard confocal microscopie techniek 

maar zonder het nadeel van de hierboven beschreven storende ruis. In RCM 

wordt de confocal microscoop uitgebreid met een extra paar spiegels in het 

lichtpad waar de detectie plaatsvindt. Dit paar spiegels, de zogenaamde re-

scan spiegels, richt het emissie licht op een gevoelige camera. De twee paar 

spiegels, de scanner en de re-scanner, kunnen onafhankelijk worden bestuurd. 

De laterale super-resolutie wordt verkregen met een zeer eenvoudige truc: de 

spiegels van de re-scanner bewegen met dubbele amplitude vergeleken met de 

amplitude van de spiegels van de scanner. Door deze simpele truc wordt een 

resolutie bereikt di √2 keer hoger is dan de diffractielimiet. Bovendien, is de 

gebruikte camera vele malen gevoeliger dan de detectoren voor standaard 

confocal microscopie. Concluderend kunnen we stellen dat RCM een hoge 

resolutie combineert met een hoge detectiegevoeligheid.  

Dit proefschrift gaat over de nieuwe RCM technologie en haar toepassingen in 

biomedisch onderzoek. Hoofdstuk 2 beschrijft de werkwijze in detail en de 

theorie achter de technologie. Dit is het hoofdstuk waarin we de methode voor 

het eerst presenteren en demonstreren. In hoofdstuk 3 worden de 

afbeeldingseigenschappen gekarakteriseerd in termen van laterale en axiale 

resolutie en de signaal-ruisverhouding (SNR) van het RCM-beeld. Deze studie 

toont aan dat de resolutie wordt verbeterd met een factor 1.4 (zoals voorspeld 

door de theorie (hoofdstuk 2)) en dat de SNR wordt verbeterd met een factor 4 

vergeleken met conventionele confocal microscopie. De verbeterde SNR is 

essentieel om echt gebruik te kunnen maken van de verbeterde resolutie. In 

hoofdstuk 4 wordt aangetoond dat RCM kan worden gebruikt voor 

uiteenlopende biomedische toepassingen. RCM werd afgestemd op multicolor 
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monsters om onderzoek te doen naar celfunctie, zoals Forster resonance 

energy transfer FRET) en fluorescence recovery after photobleaching (FRAP) in 

HeLa-cellen, ratiometrische pH veranderingen in gistcellen en calciumgolven in 

neuronen. De take-home boodschap van dit hoofdstuk is dat de onafhankelijke 

besturing van de scanner en de re-scanner de unieke kans biedt om de set-up 

te configureren voor diverse toepassingen. Hoofdstuk 5 beschrijft hoe de RCM 

techniek gecombineerd werd met spatially-controlled illumination (SCIM) om de 

belichting van het preparaat te minimaliseren en daarmee fototoxiciteit te 

verminderen. De set-up wordt in detail beschreven en de eigenschappen voor 

de vervaardiging van het beeld gekarakteriseerd. Dit SCIM-RCM project is een 

typisch voorbeeld van hoe de RCM kan worden geconfigureerd voor een 

specifieke biologische toepassing, zoals beeldvorming met een zeer lage 

lichtdosis.  

In dit proefschrift wordt aangetoond dat de RCM-microscoop een alternatief is 

voor standaard confocal microscopie voor verschillende biomedische 

toepassingen die hoge eisen stellen aan zowel resolutie als aan gevoeligheid. 

Wij geloven dat de RCM technologie een belangrijke stap vooruit is in de 

ontwikkeling van de confocal microscoop. 
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