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Abstract

Light microscopy plays a key role in biological studies and medical diagnosis. The spatial 

resolution of conventional optical microscopes is limited to approximately half the wavelength of 

the illumination light as a result of the diffraction limit. Several approaches—including confocal 

microscopy, stimulated emission depletion microscopy, stochastic optical reconstruction 

microscopy, photoactivated localization microscopy, and structured illumination microscopy—

have been established to achieve super-resolution imaging. However, none of these methods is 

suitable for the super-resolution ophthalmoscopy of retinal structures because of laser safety issues 

and inevitable eye movements. We recently experimentally validated virtually structured detection 

(VSD) as an alternative strategy to extend the diffraction limit. Without the complexity of 

structured illumination, VSD provides an easy, low-cost, and phase artifact–free strategy to 

achieve super-resolution in scanning laser microscopy. In this article we summarize the basic 

principles of the VSD method, review our demonstrated single-point and line-scan super-

resolution systems, and discuss both technical challenges and the potential of VSD-based 

instrumentation for super-resolution ophthalmoscopy of the retina.
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I. INTRODUCTION

Light microscopy, an indispensable tool for biological study and medical diagnosis, is 

essential for examining the subcellular details of biological structures or morphological 

distortions. Spatial resolution of one optical instrument is characterized by the finest detail 

that can be reliably identified. In 1873 Ernst Abbe1 realized that the resolution of optical 

imaging instruments is fundamentally limited by the diffraction of light. Inspired by Abbe, 

mathematical proofs were eventually derived by von Helmholtz,2 and experimental 

confirmation was achieved in 1877 by Stephenson.3 This theory explains why a microscope 
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cannot resolve 2 objects separated by a distance smaller than the diffraction limit and can be 

expressed as:

(1)

where λ is the wavelength of illumination light and NA is the numerical aperture of an 

optical system. NA = nsinα, where n is the index of refraction in the object space and α is 

the maximum convergence half-angle of the light beam. A point spread function (PSF) can 

be used to explain resolution in the real space, and the imaging process itself acts as a 

convolution operation of the PSF over the target area. An optical transfer function (OTF), 

which is a Fourier transform of the PSF, can also be used to describe the frequency response 

of the filtering process. The OTF decreases with increasing frequency, and a spatial 

frequency cutoff represents the system resolution (shown in Fig. 1). Theoretically, light 

diffraction limits the best resolution of conventional light microscopy at 200 nm. The 

dimension of many biological structures and molecular processes is smaller than the 

diffraction limit, however, and cannot be directly observed with conventional optical 

microscopes.4

For over a century, the Abbe diffraction limit was considered as the fundamental and 

unbreakable rule restricting the performance of optical microscopy. However, emerging 

techniques such as confocal scanning microscopy, stimulated emission depletion (STED) 

microscopy, photoactivated localization microscopy (PALM), stochastic optical 

reconstruction microscopy (STORM), and structured illumination microscopy (SIM) have 

broken the diffraction-limited resolution. Excellent articles review technical rationales and 

applications of confocal microscopy, STED, PALM/STORM, and SIM.4–12 We provide a 

brief summary of these methods in Section II. Each of these methods has limitations and can 

be used only under certain circumstances. To date, none of these established super-resolution 

imaging techniques can be directly applied to in vivo super-resolution ophthalmoscopy 

because of laser safety issues and inevitable eye movements.

It is well known that eye diseases such as age-related macular degeneration13 and 

glaucoma14 can cause pathological changes in the retina. Without prompt and effective 

intervention, eye diseases can ultimately lead to severe vision loss and even legal blindness. 

In the early stages of eye diseases, associated cellular damage is in the form of degenerative 

or apoptotic changes to a small group of retinal cells. Therefore, high-resolution 

examination of the retinal morphology is essential for detecting disease and evaluating 

treatment. In the 1980s the scanning laser ophthalmoscope (SLO) was used for 

ophthalmoscopy.15 With improved efficiency in light collection and real-time imaging, the 

SLO offers a powerful imaging modality for eye examination. The confocal SLO (CSLO) 

enhanced image contrast compared with conventional imaging systems with flood 

illumination.16 However, the lateral and axial resolutions are confined to 5 and 300 μm, 

respectively. In the 1990s adaptive optics (AO) was uniquely integrated with a fundus 

camera to visualize individual photoreceptors in living human eyes.17 Resolutions in AO 

cameras are about 2–3 μm laterally and <100 μm axially. The first AO SLO was presented in 

Zhi et al. Page 2

Crit Rev Biomed Eng. Author manuscript; available in PMC 2016 August 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2002 to measure and correct high-order aberrations of the human eye and provide real-time, 

microscopic views of the living human retina with improved optical quality.18 With the AO 

SLO, resolutions are about 2.5 μm laterally and <100 μm axially, a video-rate imaging speed 

can be obtained, and the scanning angles are up to 5°.19 In vivo imaging of human cone 

photoreceptor inner segments was also presented by a nonconfocal split-detector AO SLO.20 

Although SLO, CSLO, and AO SLO have provided improved resolution to enable a wide 

range of retinal studies, further improvement of imaging resolution is desirable to better 

study and diagnose retinal diseases.21

Spatial resolution of conventional optical instruments is limited by diffraction. In principle, 

optical resolution can be improved by increasing the NA of optical instruments. However, 

the available NA cannot be adjusted for in vivo retinal imaging. It is well established that the 

maximum NA of the human eye is about 0.25, corresponding to an 8-mm pupil diameter and 

a 16-mm focal length. To tackle the challenge of improving resolution in retinal imaging, we 

recently demonstrated super-resolution scanning laser microscopy (SLM) based on virtually 

structured detection (VSD). Without the complexity of structured illumination, VSD 

provides an easy, low-cost, and phase artifact–free strategy to achieve super-resolution in 

SLM. In combination with rapid scanning methods, VSD has the potential to be used for in 

vivo super-resolution ophthalmoscopy. In this review we provide a brief summary of the 

technical rationales and limitations of currently available super-resolution approaches 

(Section II), we explain the basic principle of the VSD-based super-resolution SLM (Section 

III), and we discuss the technical challenges and the potential of using the VSD-based 

method for in vivo super-resolution ophthalmoscopy (Section IV).

II. AVAILABLE SUPER-RESOLUTION MICROSCOPY TECHNIQUES

Confocal SLM, STED, PALM, STORM, and SIM have broken through diffraction-limited 

resolutions.

A. Confocal SLM

Confocal SLM22–24 uses a tightly focused light spot from an illumination pinhole to scan a 

sample; a small detection pinhole at the conjugate image plane allows only light originating 

from the nominal focus to pass. The light emitted from the sampling volume is detected by a 

photodetector such as a photomultiplier tube or an avalanche photodiode, and a digital image 

is then constructed by mapping the detected light signal in each scanning spot. A schematic 

of a confocal microscope is shown in Fig. 2. The light originating from a specimen lying in 

the focal plane is focused on the pinhole, passes through the pinhole, and reaches the 

photodetector. Light from other planes away from the focus arrives as a defocused spot at 

the pinhole. Out-of-focus light is effectively blocked by the pinhole and so is prevented from 

reaching the photodetector. In comparison with flood illumination microscopy, confocal 

microscopy has a unique sectioning ability as a result of the rejection of the out-of-focus 

light; this has led to great success with their use in biomedical fluorescence imaging. If the 

pinhole is infinitely small, the PSF of confocal SLM can be effectively sharpened by a factor 

of 1.4.25,26 Double scanning was used to improved lateral resolution and sensitivity.27 It was 

reported that deconvolution could yield a 2-fold improvement over the diffraction limit in 
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spinning-disk confocal microscopy.28 Ultrafast super-resolution fluorescence imaging at 30–

100 frames/second (fps) with a spatial resolution of 120 nm was also achieved.29 Another 

advantage of confocal microscopy is its ability to acquire 3-dimensional (3D) images.30 

However, a necessary trade-off between resolution improvements and imaging sensitivity is 

required for practical applications. In general, a small pinhole implies better spatial 

resolution, whereas a large pinhole implies better light efficiency. A technique using 3-zone 

pupil filters31 has been explored to compensate for resolution degradation with a large 

pinhole size.32 Fan-shaped apertures were proposed theoretically to improve axial resolution 

in confocal microscopy for a given pinhole size.33

B. Stimulated Emission Depletion Microscopy

Stefan Hell and his colleagues34,35 demonstrated in the 1990s a novel concept using a 

nonlinear saturation process not for excitation, but rather for controlled de-excitation of 

previously excited fluorophores. This strategy is termed STED microscopy. Later 

experiments showed that both radial and axial resolutions were improved 

simultaneously.36,37 As shown in Fig. 3, using stimulated emission by a high-intensity, 

doughnut-shaped laser beam superimposed with the focused excitation laser beam, STED 

can completely prevent fluorescence emission from peripheral regions of the excitation 

beam. Excitation from the electronic ground state S0 to S1 is produced with a green light and 

returns to S0 with the emission of yellow light or by STED with yellow light38 (Fig. 3). In 

this way, in conjunction with optimal pulse sequences for the excitation and STED beams, 

light emission is turned off everywhere except in a small part of the diffraction-limited focal 

region.38,39 STED microscopy can typically achieve high resolutions in the range of 30–60 

nm. In 2003 spots with a full width at half maximum of 28 nm were reported in combination 

with linear deconvolution.40 The comprehensive study of the inverse square root dependence 

of spatial resolution on the saturation factor in STED microscopy has been reported, and a 

resolution <25 nm has been demonstrated.41 Imaging nitrogenvacancy centers with a 5.8-nm 

lateral resolution were reported in 2009.42 Resolution down to 2.4 ± 0.3 nm in raw data 

images was demonstrated in 2012; this was achieved by focusing the STED beam through a 

solid immersion lens (NA = 2.2) fabricated into the diamond.43 Video-rate (28 fps) far-field 

optical imaging with a 62-nm focal spot size in living cells was also presented.44 Super-

resolution 3D imaging (50-nm-scale axial resolutions in 3 dimensions) with standard 

immunofluorescence labeling of an intracellular microtubule structure was presented using 

the STED-4Pi microscopy mode.45

C. PALM and STORM

Recent applications of the PALM and STORM super-resolution techniques have extended 

our understanding of mechanistic principles in biology at the nanoscale level.11 Both 

STORM and PALM rely on the detection and localization of single fluorescent molecules. In 

2006 Betzig et al.46 demonstrated a novel method for optically imaging intracellular proteins 

at nanometer-scale spatial resolution. PALM relies on the accurate localization of single 

fluorescent proteins based on temporal isolation of single-molecule emission, and it 

combines this precise positional information to reconstruct super-resolution images. The 

principle of PALM is illustrated in Fig. 4. The resolution of PALM is theoretically 

determined by the accuracy of the location of single fluorescent molecules and can reach 1 

Zhi et al. Page 4

Crit Rev Biomed Eng. Author manuscript; available in PMC 2016 August 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



nm. PALM has been broadly applied for investigating the spatial organization and motion of 

diverse types of proteins associated with various structures and environments inside cells 

and tissues. Such a series of a few thousand images can be processed into high-resolution 

images, typically reaching a resolution in the range of 20–30 nm. In 2007 Shroff et al.47 

reported the use of dual-color PALM to determine the ultrastructural relationship between 

different proteins fused to spectrally distinct photoactivatable fluorescent proteins. The 

nanoscale dynamics within individual adhesion complexes in living cells was investigated in 

2008 using photontolerant cell lines in combination with PALM.48 Combining a double-

plane detection scheme with fluorescence PALM, a 3D subdiffraction resolution (30 × 30 × 

75 nm) was achieved in thick samples without compromising speed or sensitivity.49

STORM was presented in 2006 by Rust et al.50 and was realized using a variety of photo-

switchable probes, including dyes and fluorescent proteins. In its simplest form, STORM 

can be achieved using a simple fluorescent dye and a laser that continuously illuminates a 

single color. The principle of STORM is shown in Fig. 5.51 Using this approach, Zhuang51 

resolved cellular structures with lateral and axial resolutions of 20 and 50 nm (FWHM), 

respectively. The multicolor imaging of DNA model samples and mammalian cells with 20- 

to 30-nm resolution was demonstrated in 2007 by introducing a family of photo-switchable 

fluorescent probes.52 The multiscale imaging of human cardiac tissue was obtained by 

correlatively combining nanoscale data from direct STORM with cellular- and tissue-level 

data provided by confocal microscopy.53 The high resolution allows STORM to resolve the 

3D morphology of nanoscopic structures in cells. An image resolution of 20 to 30 nm in the 

lateral dimensions and 50 to 60 nm in the axial dimension has been achieved.54 The 

multicolor 3D STORM was also used to obtain whole-cell images with a spatial resolution 

of 20–30 and 60–70 nm in the lateral and axial dimensions, respectively.55 Combining 

quantum dot asynchronous spectral blueing with STORM and adaptive optics achieved 

multicolor 3D imaging with 24-nm lateral and 37-nm axial resolution.56 The fast 2-

dimensional (2D) and 3D super-resolution imaging of live cells was achieved by Jones et 

al.57; the time resolution was as fast as 1–2 seconds with several independent snapshots.

D. Structured Illumination Microscopy

The SIM technique uses structured illumination with sinusoidal striped patterns to shift 

some high-frequency information beyond the diffraction limit to lower frequencies and 

thereby expand the effective passband of the optical system.58 This is achieved by projecting 

the fringe or grid using sophisticated mechanical manipulation to generate structured 

illumination patterns with specific phases. A high-resolution image can be reconstructed 

from a series of images with different orientations and phases of the excitation pattern. 

These reconstructing algorithms use various correlations and filters to separate the 

overlapping components in frequency space, and they finally shift the moiré information 

back to the original high-frequency places to reconstruct the image. The comparison of 

images formed by conventional wide-field microscopy and SIM is shown in Fig. 6.58 With 

this approach, the lateral resolution increases beyond the classical diffraction limit by a 

factor of 2.59 Blind SIM is also reported to have a resolution about 2 times better than that of 

conventional wide-field microscopy and is obtained by simply illuminating a sample with 

several uncontrolled random speckles.60 Improvement in wide-field fluorescence imaging by 
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a factor of 5.5 using nonlinear SIM has also been reported.61 Surface plasmon resonance–

enhanced STED-SIM is proposed to achieve high-speed imaging at 30-nm resolution and to 

have single-molecule sensitivity.62 Combining patterned illumination with the single-pixel 

detection strategy, it has been shown that the resolution of the reconstructed image is limited 

only by the NA of the projecting optics, regardless of the quality of the collection optics.63 

An apodization filter without adjustable parameters based on the application of the Lukosz 

bound was proposed to achieve the artifact-free reconstruction.64 With 3D SIM, an 

additional 2-fold increase in the axial resolution can be achieved by modulating the 

excitation light along the z-axis using 3-beam interference and processing a z-stack of 

images accordingly.65,66 The achieved lateral and axial resolution can be 100 and 300 nm, 

respectively. Thus, with 3D-SIM, an approximately 8-fold smaller volume can be resolved in 

comparison with conventional microscopy. Wide-field SIM with 100-nm-scale resolution in 

3 dimensions was also reported.67 An attractive feature of structured illumination for cell 

biological applications is the fact that standard dyes and staining protocols can be used and 

multiple cellular structures can be simultaneously imaged with optical sectioning in 3 

dimensions. Thus fine patterns of replication foci could be resolved throughout the entire 

nucleus using 3D SIM and quantitatively analyzed. One disadvantage, however, is that 3D 

SIM requires more image frames per focus plane and also requires the acquisition of images 

across multiple focal planes.68 The thick-slice blind SIM was reported to provide images 

with an optical sectioning and lateral resolution enhancement similar to that of a 3D SIM 

system requiring only single-slice acquisition.69

E. Limitations of Current Super-Resolution Techniques

Each super-resolution approach has limitations. For STED, the extremely intensive laser 

exposure (typically >1.0 MW/cm2) limits its applications for imaging of live cells in 

biological systems, especially a delicate and fragile retina. STORM/PALM can achieve 

super-resolution by mapping localizations of individual molecules with photo-switchable 

fluorescence probes, and therefore the imaging speed is limited by the requirement of 

acquiring multiple subimages for use in super-resolution reconstruction. Moreover, STED, 

STORM, and PALM are dedicated to fluorescence detection and are not suitable for intrinsic 

light transmission/reflectance measurement such as fundus examination of the light reflected 

intrinsically from the retina. By contrast, SIM can be used for imaging both fluorescence 

signals and intrinsic light transmission/reflectance. In early SIM instruments, the fringe or 

grid projection requires complicated mechanical manipulation to generate structured 

illumination patterns with specific phases, which is particularly challenging for moving 

samples.70 The use of a spatial light modulator for pattern alterations is rapid, precise, and 

without mechanical calibration.71 Video-rate (11 fps) SIM imaging of live cells was reported 

by producing the gratings with a spatial light modulator .72 A frame rate of 7.6 fps per 

reconstructed 2D slice by 2-beam interference SIM was reported.73 The further 

improvement of raw data acquisition rate is achieved at 162 fps.74 Recent spatial light 

modulator–based 3D SIM has been applied for live-cell imaging. The recording speed can 

be up to 5 seconds/volume with a 120-nm lateral and 360-nm axial resolution.75 A high-

speed ferroelectric liquid crystal microdisplay was used to define the illumination pattern.76 

A digital micromirror device was used for fringe projection, and the maximum acquisition 

speed for 3D imaging in the optical sectioning mode was 1.6 × 107 pixels/second.77 Instant 
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SIM was also presented, enabling 3D super-resolution imaging in live cells and embryos 

with a lateral resolution of 145 nm and an axial resolution of 350 nm at acquisition speeds 

up to 100 Hz.78 However, these SIMs involve complex and expensive pattern illumination 

systems. Furthermore, most SIMs use wide-field illumination, which is challenging to apply 

to thick, dense tissues (i.e., >100 μm thick). Combining a single-plane reconstruction 

algorithm with hardware for high-speed switching between illumination patterns and rapid 

acquisition of fluorescence images achieved high-speed super-resolution imaging (in excess 

of 14 fps) inside biological organisms.79 However, this method is essentially wide-field SIM 

and very complex. Combined with line scanning, SIM can suppress out-of-focus light by 

enhancing the resolution of structured illumination and therefore enables high-resolution 

imaging of thick samples.80,81 Combined with cross-structured illumination pattern optics 

and line-scanning confocal microscopy, the cross-structured illumination confocal 

microscope improves lateral resolution and image acquisition speed.82 In this scheme, 

however, axial resolution is compromised because of the reduced effective NA of the 

objective. Using Bessel beam plane illumination, rapid 3D isotropic imaging of living cells 

can be performed.83 With a high acquisition speed and a minimized, out-of-focus 

background, this plane-illumination microscopy can provide unparalleled optical sectioning 

ability. However, it is not practical to use a light sheet approach for in vivo applications such 

as imaging the brain cortex or the retina. In theory, SIM can also be used in a point-scanning 

system through spatiotemporal modulation, either by modulating the light source intensity in 

the illumination light path or by moving a physical mask in the detection light path.84 Using 

intensity-modulated laser scanning structured illumination, a laser point-scanning 2-photon 

structured illumination microscope was constructed; it enhanced lateral resolution by a 

factor of 1.42.85 However, the spatiotemporal modulation of the illumination/detection light 

is technically complicated. To develop a practical alternative, we used the VSD method to 

demonstrate super-resolution in point-scanning SLM,86 point-scanning optical coherence 

tomography (OCT),87 and line-scanning SLM.88 The combination of nonlinear 

photoresponse and point-scanning structured illumination with digital temporal modulation 

has also been presented.89

III. SCANNING SUPER-RESOLUTION MICROSCOPY BASED ON VSD

The mathematical foundation of the VSD is presented first in this section. Then the super-

resolutions based on VSD in point-scanning SLM, point-scanning OCT, and line-scanning 

SLM are discussed.

A. VSD Principle

A PSF can be used to evaluate resolution in the spatial domain. We assume that the PSF of 

the illumination path hil(x,y) is identical to the PSF of the detection path hde(x, y). Under 

incoherent illumination, the theoretical PSF is90

(2)
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where J1 is the first-order Bessel function, Ω=2πNA/λ, and . The resolution 

of conventional SLM is defined as the radius of the Airy disc R. In the Fourier domain the 

corresponding cutoff frequency of the PSF can be expressed as

(3)

In other words, only frequencies below the cutoff frequency are able to pass through the 

conventional SLM system:

(4)

We assume that the illumination intensity is normalized at 1. Therefore, in conventional 

SIM, the acquired wide-field image can be represented as

(5)

where m is the modulation function, s is the reflectance ratio, and both hil and hde are the 

PSF of the illumination path and the detection path, respectively. ⊗ Denotes convolution. 

Equation (5) represents exactly the acquired image of conventional wide-field SIM in which 

the modulation function m(x,y) is implemented spatially in the illumination arm.

According to the operation properties of convolution, the image can also be represented as

(6)

Equation (6) represents exactly the acquired image of conventional wide-field SIM in which 

the modulation function m(x, y) is implemented spatially in the detection arm. The 

equivalency of Eqs. (5) and (6) implies that, in theory, modulations in the illumination arm 

and in the detection arm are equivalent to each other.

Because the illumination is no longer spatially uniform, scanning microscopy is not space-

invariant.84 However, the out-of-band frequencies in the specimen can actually be shifted 

into the pass band of the microscope through beating with frequencies in the single scanning 

spot. In VSD-based SLM 2D light profiles of individual scanning patterns are collected by 

the detector, digitally modulated, and then integrated into the single pixel corresponding to 

the current scanning position. After each complete frame is scanned, modulated by a 

particular digital mask, and integrated, one moiré pattern is built. The digital mask m(x, y) 

with a sinusoidal function is
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(7)

where θ is the rotation angle of sinusoidal stripes, and φ represents a constant phase. Both l 
and k are the weight factors. The carrier frequency f0 is set here to the value of the cutoff 

frequency fc:

The Fourier transform of Eq. (6) is

(8)

where fx and fy are spatial frequencies and FFT is the Fourier transform operator. 

Is the Fourier transform of Eq. (7):

(9)

where δ is the Dirac delta function. Because of the sifting property of δ, Eq. (8) can be 

rewritten as

(10)

where constant coefficients are ignored. Thus the higher frequency  is shifted 

toward the lower passing band of . With the given fringe orientation θ, , 

, and  can be solved if the emission 

OTF and the shift φ are known. The out-of-band frequencies in , which overlap in the 

collection band, can be then “shifted back” during postprocessing. The finally retrievable 

frequency based on Eq. (10) is

(11)

Therefore, the theoretical retrievable band width is doubled. In other words, the theoretical 

resolution is enhanced by a factor of 2.
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In the 2D system, applying a modulation pattern along a particular direction extends the 

bandwidth only along the corresponding direction in Fourier space. Thus to extend the 

bandwidth isotropically in the Fourier space, it is, in theory, necessary to apply modulation 

patterns along an infinite number of directions. In practice, however, using a set of 3 or 4 

orientations of the modulation pattern separated by π/3 or π/4 radians gives an almost 

isotropic improvement in resolution.

Figure 7 shows a computational simulation of the VSD-based super-resolution method. The 

diffraction-limited resolution of the simulated system was 5 μm, whereas the period of the 

simulated sample was 2.5 μm. The information of the sample (black curve in Fig. 7B) could 

not pass through the passing band of the PSF (red curve in Fig. 7B) except for the direct 

current (DC) component. Therefore conventional SLM could not differentiate the sinusoidal 

variations of the sample, as shown in Fig. 7C. Figure 7D confirms that only the DC 

component of the sample was detected by conventional SLM. The Airy disc was modulated 

by digital sinusoidal masks, as shown in Fig. 7F–H. Figure 7I shows the image reconstructed 

using the VSD-based super-resolution method. Figure 7J shows the corresponding Fourier 

spectrum. The fine details (high spatial frequencies) outside of the critical frequency have 

been partially retrieved.

B. Point-Scanning Super-Resolution Microscopy Based on VSD

A point-scanning system was first constructed to validate the VSD-based super-resolution 

microscopy method.86 Figure 8 illustrates a schematic of the point-scanning super-resolution 

microscopy based on VSD. A superluminescent laser diode (SLD; SLD-35-HP; Superlum) 

with a center wavelength λ of 830 nm and a bandwidth Δλ of 60 nm is used to produce near-

infrared (NIR) illumination of the specimen. A dual-axis galvo mirror (GVS002; Thorlabs, 

Inc.) is used to steer the focused NIR light across the specimen to generate 2D images. To 

control the vignetting effect, the Fourier plane of the objective is conjugated to the middle 

point between these 2 galvo mirrors. The reflected light from the sample is de-scanned by 

the 2D (x and y) scanning system and is relayed to the image plane. A charge-coupled 

device (CCD) camera (AVT Pike F-032B) is used to map the light profile of individual 

sampling points. The stack of 2D object field profiles is used to construct super-resolution 

images based on the VSD method. A 5× objective with an NA of 0.1 is used in the 

experiment. A confocal configuration can be readily achieved using virtually synthesized 

pinholes to reject out-of-focus light. In this study the virtual confocal pinhole was set at 2× 

the Airy disc diameter.

To verify the feasibility of the VSD-based super-resolution imaging of photoreceptors, a 

freshly isolated intact frog retina was used in the experiment. The frog was killed by rapid 

decapitation and double pithing. After enucleating the eyes, the globe was hemisected below 

the equator with fine scissors. Figure 9 shows the obtained moiré pattern and the 

corresponding results in the Fourier domain. A set of 3 orientations (θ1 = 0, θ2 = π/3, and θ3 

= 2π/3) of the digital sinusoidal modulation pattern were applied. With given orientation, the 

phase shifts (φ1 = 0, φ2 = π/3, and φ3 = 2π/3) were assigned. It has been established that the 

frog retina consists of photoreceptors with variable diameters (rods: 5–8 μm; cones: 1–3 

μm).91 Therefore the frog retina is a simple specimen that allows comparisons of the 
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imaging performance of conventional SLM and VSD reconstruction. Conventional SLM, 

which has a lateral resolution of 5 μm, could resolve only a partial amount of the 

photoreceptors, as shown in Fig. 10A. By contrast, VSD-based super-resolution microscopy, 

which has a lateral resolution of 2.5 μm, was able to detect more photoreceptors, as shown in 

Fig. 10B. The corresponding results in the Fourier domain are shown in Fig. 10C and D, 

respectively. Compared with conventional line-scanning microscopy (LSM) (Fig. 10C), 

VSD reconstruction, as shown in Fig. 10D, contains more information and can yield a 

resolution approximately improved by a factor of 2.

C. Point-Scanning Super-Resolution OCT Based on VSD

By providing unparalleled axial resolution to achieve depth-resolved imaging, OCT has 

become a useful tool for high-resolution imaging of the internal microstructure in living 

tissue and has been extensively used in ophthalmic imaging, vascular medicine, and 

dermatological studies, among others.92,93 The lateral resolution of OCT is limited by light 

diffraction, however, which precludes the feasibility of quantitative assessment of individual 

cells. Wang et. al presented a point-scanning super-resolution OCT based on VSD.87

Figure 11 shows a schematic of VSD-based super-resolution OCT. Similar to point-scanning 

super-resolution microscopy, an NIR SLD (SLD-35-HP; Superlum) was used to illuminate 

the sample. A dual-axis galvo mirror (GVS002; Thorlabs, Inc.) was used to scan the focused 

illuminating light across the sample in a raster pattern and to de-scan light reflected from 

sample to the light detector. A CCD camera (AVT Pike F-032B) was used in place of the 

single element sensor in conventional time-domain OCT. In the reference arm, neutral 

density filters were applied to adjust light intensity. A glass block was inserted into the 

reference arm to compensate for optical dispersion of the electro-optic phase modulator 

(model 350-50; Conoptics, Inc.), which was used to introduce rapid, vibration-free phase 

modulation for OCT reconstruction. Briefly, the electro-optic phase modulator shifted the 

reference beam light phase by 0, π/2, π, and 3π/2 at each scanning position. Four 

corresponding interference patterns were recorded at each scanning position for OCT 

reconstruction. The axial resolution of the system was ~4 μm. With a 0.1 NA 5× objective, 

the lateral resolution of the conventional OCT was theoretically estimated at 5 μm. In theory, 

the VSD can improve resolution by a factor of 2. A virtual pinhole (2× the Airy disc 

diameter) was applied during reconstruction.

The super-resolution OCT identification of individual frog photoreceptors is demonstrated in 

Fig. 12 to verify the enhanced resolution of freshly isolated frog retina imaging. A B-scan 

cross-sectional image is shown in Fig. 12. Different retinal layers can be observed (from top 

to bottom): inner plexiform layer, inner nuclear layer, outer plexiform layer, outer nuclear 

layer, and photoreceptor layer. Both en face OCT images were acquired at the inner segment 

of the photoreceptor layer (yellow dashed line in Fig. 12A). Conventional OCT could 

achieve only a blurred structure of the photoreceptors, as shown in Fig. 12B. By contrast, 

VSD-based OCT was able to detect more photoreceptors, as shown in Fig. 12C. This shows 

that VSD can be successfully integrated with OCT to achieve lateral super-resolution.

VSD imposes a spatially resolved detector to record the diffraction profile of each scanning 

position. At a frame resolution of 200 × 200 pixels, the imaging speed of point-scanning 
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super-resolution microscopy based on VSD is 40 seconds/frame, which is not suitable for 

imaging dynamics and moving samples, such as in vivo imaging of the retina, which will 

inevitably move. Therefore it is essential to combine VSD and rapid scanning approaches to 

achieved high-speed super-resolution imaging.

D. Super-Resolution LSM Based on VSD

A high image acquisition speed is vital for imaging biological dynamics and moving 

samples. In this work, an optical system that combines VSD and a line-scanning 

approach94–96 to achieve super-resolution imaging with a frame speed up to 0.33 fps at a 

frame resolution of 400 × 400 pixels is presented.

Figure 13 illustrates the experimental setup of super-resolution LSM based on VSD. An NIR 

SLD (SLD-35-HP; Superlum) was used. A cylindrical lens was used to focus the light into a 

line. The focused line was swept across the specimen using a single-axis scanning galvo 

mirror (GVS001; Thorlabs, Inc.). To minimize the vignetting effect, the pivot point of the 

scanner was conjugated to the pupil plane of the objective. The reflected light from the 

sample was descanned by the scanner and was relayed to the image plane with a 4-f system. 

A 2D CCD camera (Pike F-032B; Allied Vision Technologies GmbH) was used to record 

the light profile of individual sampling lines. To achieve isotropic resolution improvement, a 

dove prism was mounted to a motorized rotation stage to rotate the image field. The image 

field was rotated with respect to the longitudinal axis at twice the rate of the prism’s 

rotation.

A region of interest (ROI) for the camera using a virtual slit 0.5× the Airy disc diameter was 

selected for CLSM imaging. A ROI for the camera using a virtual slit 2× the Airy disc 

diameter was selected for VSD reconstruction. In the x-axis direction, a maximum length of 

400 pixels was set. The ROI of the camera was set at 50 × 400 pixels. Along the y-axis, 400 

frames were sampled. Thus the final reconstructed super-resolution image size was 400 × 

400 pixels. The sampling frame rate of the CCD was set at 1000 fps. Therefore the line-

scanning scheme required 0.4 second to finish 1-dimensional scanning. To enhance the 

isotropic resolution, a 4-angle (θ1 = 0, θ2 = π/4, θ3 = π/2, and θ4 = 3π/4) scanning pattern 

was used. The acquisition time was ~1.6 seconds for the camera and the transition time was 

~1.4 seconds for the rotation motor (NR360S; Throlabs, Inc.) to control the dove prism at 

the desired angles in sequence.

A standard-resolution target (USAF 1951 1X; Edmond) was used to verify resolution 

enhancement of the VSD-based super-resolution LSM system. Figure 14 shows the obtained 

moiré patterns. A set of 4 orientations (θ1 = 0, θ2 = π/4, θ3 = π/2, and θ4 = 3π/4) of the 

digital sinusoidal modulation patterns were applied. With a given orientation, phase shifts 

(φ1 = 0, φ2 = 2π/3, and φ3 = 4π/3) were assigned. Figure 15 shows the comparison between 

conventional LSM, confocal LSM (CLSM), and VSD-based super-resolution LSM. The 

smallest grid period was 4.4 μm. A 5× objective with 0.1 NA was used for this experiment. 

Conventional LSM, which has a theoretical resolution of 5 μm, was not able to differentiate 

these 4.4-μm grids, as shown in Fig. 15A. CLSM could barely differentiate them, as shown 

in Fig. 15B. By contrast, the smallest grid could be resolved clearly in both the longitudinal 

and horizontal directions after VSD reconstruction, as shown in Fig. 15B. The resolution 
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enhancement was further confirmed by intensity profiles, as shown in Fig 15G and H. Three 

bumps were observed after VSD reconstruction; these were the intensity profiles along the 

horizontal and longitudinal directions, as shown in Fig. 15A–C. By contrast, the details were 

not differentiated by LSM and CLSM. The corresponding results in Fourier space (shown in 

Fig. 15D–F) also demonstrated that more spectrum information was retained with VSD 

reconstruction and there was higher super-resolution than with both conventional LSM and 

CLSM.

A freshly isolated frog (Rana pipiens) eyecup was also used for functional validation of the 

super-resolution LSM based on VSD. The lens and anterior structures were removed before 

the eyecup was moved into the chamber with Ringer’s solution for imaging. A 10× water 

immersion objective (NA = 0.25) was used in this experiment. Figure 16(a) shows a retinal 

image acquired with conventional LSM. Figure 16(b) shows an image acquired with CLSM. 

Figure 16(c) shows a super-resolution result through VSD reconstruction. The 2 selected 

groups of normalized intensity profiles of the adjacent photoreceptor pairs in Fig. 16A–C are 

plotted in Fig. 17A and B, respectively. Both results showed that VSD reconstruction 

provides much-improved lateral resolution over conventional LSM and CLSM. The 

corresponding results in the Fourier domain are shown in Fig. 16D–F, respectively. 

Compared with conventional LSM (Fig. 16D), CLSM (Fig. 16E) can yield improved 

resolution by a factor of 1.3, whereas VSD reconstruction, as shown in Fig. 16F, contains 

more information and can yield improved resolution by a factor of 2. Given the improved 

resolution, bright subcellular spots (red arrowheads) were observed in Fig. 16C. Rods (blue 

arrowheads) and cones (red arrowheads) can be directly differentiated. The rod 

photoreceptors had relatively homogenous reflectivity at the cellular level. The distinct 

bright subcellular spots were typically observed in cone photoreceptors, which reflect 

hyperreflectivity at a subcellular level (e.g., photoreceptor-connecting cilium) and have been 

observed in 2-photon excited autofluorescence images.97

IV. CHALLENGES AND POTENTIAL OF USING VSD-BASED METHODS FOR 

SUPER-RESOLUTION OPHTHALMOSCOPY

In summary, STED, PALM, and STORM can break the diffraction limit to provide super-

resolution microcopy. However, the high laser power required for super-resolution imaging 

limits their application for retinal imaging of living animals or humans. Moreover, all of 

these methods require fluorescence labeling, which exclude them from application for 

imaging intrinsic light signals. SIM can be applied to both fluorescence and intrinsic signal 

imaging. However, direct application of SIM to moving objects, such as the retina with eye 

movements, is challenging. VSD-based super-resolution imaging has 2 technical merits over 

conventional SIM. First, VSD-based super-resolution imaging is free from precise phase 

premodulation with sophisticated modulation of the pattern generator. In conventional SIM 

systems dynamic phase modulation of structured illumination is necessary for super-

resolution reconstruction. Therefore precise phase premodulation of illumination patterns is 

necessary, which makes conventional SIM vulnerable to phase modulation artifacts.98,99 

This predefined pattern is particularly challenging for moving samples, such as eyes. By 

contrast, VSD-based super-resolution imaging applies virtually digital phase modulation and 
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allows precise compensation for eye movements through image registration before 

implementing super-resolution reconstruction. Second, VSD-based super-resolution imaging 

provides improved sectioning ability. In conventional wide-field SIM, only modulation with 

a positive magnitude on the illumination is allowed. Zero spatial frequency does not 

attenuate with defocusing in a wide-field illumination system. The DC component may 

become dominant and overwhelm the second and third items that contain super-resolution 

information in a complex structure, especially in thick tissues. Thus it has been challenging 

to conduct wide-field SIM in deep (>100 μm) tissues. The axial resolution is compromised 

in conventional line-scanning SIM,. In VSD-based super-resolution imaging, the weight 

factors can take any value, so the digital modulation patterns can be a single sinusoid wave 

without the DC offset. By contrast, VSD-based super-resolution imaging can provide 

improved sectioning capability as a result of attenuated zero spatial frequency signals 

correlated with out-of-focus volumes.

Our preliminary results indicate that VSD can provide an easy, low-cost, and phase artifact–

free strategy to achieve super-resolution in SLM. Both super-resolution point-scanning 

microscopy and LSM based on VSD have been validated. While the point-scanning system 

provided a frame speed of 0.025 fps with a frame resolution of 200 × 200 pixels, the line-

scanning system increases the speed to 0.33 fps with a frame resolution of 400 × 400 pixels, 

which is equivalent to 1.32 Hz with a frame resolution of 200 × 200 pixels. For in vivo 

applications, further improvement of the frame speed is necessary. We are currently pursuing 

a microlens array scanning system that can provide simultaneous multifocal illumination (10 

× 10 focus). Using a high complementary metal-oxide semiconductor camera (PCO Dimax 

S4), a maximum frame speed of 50 fps has been demonstrated. VSD-based super-resolution 

microscopy, which requires neither dynamic modulation of the light source intensity in the 

illumination arm nor a physical mask in the light detection arm, has excellent potential for in 

vivo imaging of the retina with subcellular resolution. The in vivo super-resolution imaging 

of frog photoreceptors using high-speed laser LSM through VSD has been recently achieved 

by our group. The field of view is about 313 × 293 μm and the final imaging speed is 149 

fps. Major challenges for in vivo imaging of human photoreceptors include the effects of 

optical aberration100 and retina movements on image resolution. In the future, adaptive 

optics101,102 can be integrated to correct for optical aberration of the ocular optics of the 

human eye. High-speed scanning, high-speed retinal tracking,103 accurate postrecording 

image registration,94 and postprocessing algorithms104 can be readily added for accurate 

correction of intraframe blur caused by retina movement. We expect that further 

development of VSD-based super-resolution imaging will lead to the advanced study and 

diagnosis of morphological distortions caused by eye diseases. Improved imaging resolution 

can also benefit the optical detection of retinal physiology. Stimulus-evoked intrinsic optical 

signal changes have been detected in both animal105–114 and human115–118 retinas. Recent 

studies indicate that a high resolution is essential to provide a high signal-to-noise in 

functional intrinsic optical signal imaging of retinal physiology.119–121 Moreover, transient 

retinal phototropism has been observed in isolated retinas. The development of super-

resolution ophthalmic instruments will allow in vivo study of the transient retinal 

phototropism, which not only may lead to a better understanding of the nature of the vision 
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system but also may produce a new biomarker for the early detection of eye diseases such as 

age-related macular degeneration that produce retinal photoreceptor dysfunction.
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FIG. 1. 
(A) Coarse (blue) and fine (green) spatial structure in real space (numerical simulation). (B) 
corresponding low and high frequency wave in Fourier space. The optical transfer function 

(OTF) and cutoff frequency are also shown. a.u., arbitrary units. (From ref. 5. Reprinted by 

permission from Rockefeller University Press. © 2010.)
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FIG. 2. 
Schematic diagram of confocal microscopy.
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FIG. 3. 
Physical conditions, setup, and typical focal spot for stimulated emission depletion (STED) 

microscopy. (A) Energy diagram of an organic fluorophore. A: fluorescent state S1; B: 

ground state S0. (sExc., excitation; Fluor., fluorescence. (B) Saturated depletion of the S1 

with increasing STED pulse intensity (ISTED), as measured by the remaining fluorescence of 

an organic fluorophore. a.u., arbitrary units. (C) Schematic of a point-scanning STED 

microscope. Excitation and STED are accomplished with synchronized laser pulses focused 

by a lens into the sample, indicated as green and red beams, respectively. Fluorescence is 

registered by a detector. The corresponding spots at the focal plane are outlined below. (D) 
Fluorescent spot in the STED microscope (left) and in the confocal microscope (right). 

(Reprinted by permission from Nature Publishing Groups Copyright © 2003 Nature 

Biotechnology.)
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FIG. 4. 
The principle and typical data subsets of photoactivated localization microscopy. (A and B) 
A sparse subset of photoactivatable fluorescent protein (PA-FP) molecules that are attached 

to proteins of interest and then fixed within a cell are activated with a brief laser pulse at λact 

= 405 nm and then imaged at λexc = 561 nm. (C and D) The same process is repeated many 

times until the population of inactivated, unbleached molecules is depleted. (E and F) 
Summing the molecular images across all frames results in a diffraction-limited image. (G) 
If the location of each molecule is determined first by fitting the expected molecular image 

given by the point spread function of the microscope (center) to the actual molecular image 

(left), the molecule can be plotted as a Gaussian plot (right) that has a standard deviation 

equal to the uncertainty in the fitted position. Repeating with all molecules across all frames 

(A′–D′) and summing the results yields a super-resolution image (E′ and F′). (From Betzig 

et al.46 Reprinted with permission from The American Association for the Advancement of 

Science.)
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FIG. 5. 
The principle of stochastic optical reconstruction microscopy (STORM). A target structure 

(A) is activated by a subset of probes (B). In (B), green circles that do not overlap are the 

activated images of fluorescent labels at any given time. Red crosses are the activated 

fluorophore positions. (C) After enough fluorophores have been localized, a high-resolution 

image is constructed by plotting the measured positions. (Reprinted by permission from 

Nature Publishing Groups. Copyright © 2009 Nature Photonics.)
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FIG. 6. 
Image formation in conventional wide-field (A) and structured illumination (B) microscopy. 

In structured illumination microscopy, high-frequency components in the sample can be 

imaged as a result of the frequency shift by the structured illumination; however, they 

overlap with lower-frequency image components. Three overlapped components are 

extracted and reconstructed in the frequency domain. Inverse Fourier transform allows the 

reconstruction of a fluorescence image with high spatial-frequency information. The circled 

X represents convolution. OTF, optical transfer function; PSF, point spread function. (From 

Yamanaka et al.58)
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FIG. 7. 
Computational simulation of the virtually structured detection (VSD)–based super-resolution 

imaging, with 830 nm, numerical aperture = 0.1, and incoherent illumination assumed. The 

resolution of this system was 5 μm. (A) A sample of sinusoidal stripes. The period was 2.5 

μm. (B) Normalized spectra of the sample and the point spread function of the system on x 

dimension. (C) Conventional scanning laser microscopy image. (D) Normalized spectrum of 

the image in (C) on x dimension. (E) Airy disc at the center of the sample used in (A). (F–
H) The Airy disc was modulated by digital sinusoidal masks with orientation angles θ of 0, 

π/3, and 2π/3. (I) Reconstructed super-resolution image. (J) Normalized spectrum of the 

image in (I) on x dimension. Scale bars = 10 μm. (Reprinted from ref. 86 with permission of 

The Optical Society.)
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FIG. 8. 
Schematic of the experimental setup of point-scanning super-resolution microscopy based 

on virtually structured detection. The focal lengths of lenses L1, L2, and L3 are 200, 40, and 

150 mm, respectively. BS, beam splitter; CCD, charge-coupled device; CO: collimator; OB, 

objective; SLD, superluminescent laser diode. (From Ref. 86. Reprinted with permission of 

the Optical Society (OSA).)
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FIG. 9. 
Implementation of virtually structured detection–based super-resolution imaging on 

photoreceptors in an intact frog retina. A set of 3 orientations of the digital sinusoidal 

modulation pattern were applied: θ1 = 0, θ2 = π/3, and θ3 = 2π/3. For a given orientation, 

the phase shifts φ1 = 0, φ2 = π/3, and φ3 = 2π/3 were assigned. (A–I) The obtained Moiré 

patterns. (J–L) The corresponding results of 3 orientations in the Fourier domain.

Zhi et al. Page 29

Crit Rev Biomed Eng. Author manuscript; available in PMC 2016 August 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



FIG. 10. 
Point-scanning super-resolution microscopy based on the virtually structured detection 

(VSD) of freshly isolated frog retina. (A) An image of the retina acquired by conventional 

scanning laser microscopy. (B) A super-resolution image of the retina by VSD 

reconstruction. C, D) The corresponding results in the Fourier domain for (A) and (B), 

respectively.
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FIG. 11. 
Schematic of the experimental setup of point-scanning super-resolution optical coherence 

tomography based on virtually structured detection. The focal lengths of lenses L1, L2, and 

L3 are 200, 40, and 150 mm, respectively. BS: beam splitter; CCD, charge-coupled device; 

CO, collimator; EOPM, electro-optic phase modulator; ND, neutral density filter; OB, 

objective (5× magnification, 0.1 NA); SLD, superluminescent laser diode. (From Ref. 87. 

Reprinted with permission from AME Publishing Company.)
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FIG. 12. 
Virtually structured detection (VSD)–based super-resolution optical coherence tomography 

(OCT) of freshly isolated retina. (A) A B-scan of an isolated frog retina. (B) En face image 

of an isolated frog retina acquired by conventional OCT. (C) En face image of an isolated 

frog retina acquired by VSD-based super-resolution OCT. INL, inner nuclear layer; IPL, 

inner plexiform layer; ONL, outer nuclear layer; OPL, outer plexiform layer; PRL, 

photoreceptor layer. (From Ref. 87. Reprinted with permission of from AME Publishing 

Company.)
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FIG. 13. 
Schematic of the experimental setup of line-scanning super-resolution microscopy based on 

virtually structured detection. The focal lengths of lenses L1–L8 are 100, 150, 40, 80, 100, 

100, 75, and 100 mm, respectively. BS, beam splitter; CCD, charge-coupled device; CL, 

cylindrical lens; CO, collimator; DP, dove prism; GM, galvo mirror; M, mirror; OB, 

objective; RA, rectangular aperture; SLD, superluminescent laser diode. (From Ref. 88. 

Reprinted with permission from the Optical Society (OSA).)

Zhi et al. Page 33

Crit Rev Biomed Eng. Author manuscript; available in PMC 2016 August 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



FIG. 14. 
Implementation of virtually structured detection–based super-resolution imaging on a 

standard-resolution target. A set of 4 orientations of the digital sinusoidal modulation pattern 

were applied: θ1 = 0, θ2 = π/4, θ3 = π/2, and θ4 = 3π/4. With a given orientation, the phase 

shifts φ1 = 0, φ2 = 2π/3, and φ3 = 4π/3 were assigned. (A–K) show the obtained Moiré 

patterns.
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FIG. 15. 
Comparison of 3 different imaging results using the USAF standard-resolution target: by 

conventional line-scanning microscopy (LSM) (A); by confocal LSM (CLSM) (B); and by 

reconstruction using virtually structured detection (VSD) (C). The magnified views of the 

smallest bars are indicated by the rectangles in (A–C). (D–F) The corresponding results of 

(A–C), respectively, in the Fourier domain. (G): Normalized intensity profiles along the 

longitudinal direction in (A–C). (H) Normalized intensity profiles along the horizontal 

direction in (A–C). (From Ref. 88. Reprinted with permission from the Optical Society 

(OSA).)
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FIG. 16. 
Comparison of 3 different imaging results using a living frog eye cup: by conventional line-

scanning microscopy (LSM) (A), by confocal LSM (B), and by reconstruction using 

virtually structured detection (VSD) (C). The selected field of view was 80 μm × 80 μm. The 

corresponding results in the Fourier domain are shown, respectively, in (D–F). The 

measured frequency cutoff boundaries of the functions are delineated with red circles. The 

colored lines in (A–C) correspond to the plotted points in Fig. 17. (From Ref. 88. Reprinted 

with permission from the Optical Society (OSA).)
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FIG. 17. 
(A) The normalized intensity profiles of the selected adjacent photoreceptors (along upper 

lines) in Fig. 16A, B, and C are plotted. (B) The normalized intensity profiles of the selected 

adjacent photoreceptors (along lower lines) in Fig. 16A, B, and C are plotted. CLSM, 

confocal line-scanning microscopy; LSM, line-scanning microscopy; VSD, virtually 

structured detection. (From Ref. 88. Reprinted with permission from the Optical Society 

(OSA).)
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