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Introduction

In vivo visualization of retinal abnormalities is important 
for eye disease study and diagnosis. However, optical 
resolution of in vivo retinal imaging has been limited due 
to the relatively low numerical aperture, ocular aberration, 
and involuntary movements of the human eye. Structured 

illumination microscopy (SIM) has been established to 
break the diffraction-limit by shifting high-frequency signal 
of the sample into the passing band of the imaging system 
(1-3). However, a direct implementation of SIM for in vivo 
retinal imaging is difficult. Traditional SIM requires reliable 
illumination pattern with accurate phase control, which is 
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challenging for imaging moving samples, such as the retina 
due to inevitable eye movements.

By providing an alternative way to SIM, virtually 
structured detection (VSD) was firstly demonstrated for 
resolution improvement in in vitro microscopy of the retina 
(4-6). Without the system complexity of SIM required for 
precise pattern and phase controls, the VSD based approach 
provides an easy, low-cost, and phase-artifact-free strategy 
to achieve super-resolution imaging. Moreover, digital 
masks are applied to modulate the two-dimensional (2D) 
light profiles in VSD processing. Therefore, the direct-
current (DC) component, which affects noise level and then 
effective dynamic range in traditional SIM, of the image 
spectrum can be suppressed due to the sinusoidal intensity 
modulation without DC offset in VSD processing (4,7). 
This merit further supports VSD as a good candidate for 
in vivo retinal imaging, considering the inherent weak light 
reflectance from the retina.

VSD has been recently demonstrated for resolution 
improvement in in vivo imaging of anesthetized animals 
(8,9). However, practical implementation of VSD for in vivo  
retinal imaging of awake human is still challenging, due to 
involuntary eye movements and uncertain cut-off frequency, 
which is essential for VSD processing, of ocular optics of 
each subject (10,11). In principle, digital image registration 
can be applied to raw images to compensate for the effect of 
eye movements, before the VSD processing for resolution 
improvement. Therefore, VSD promises a potential to 
improve the resolution of in vivo retinal imaging. Accurate 
assessment of the cut-off frequency, which defines the 
frequency shift for VSD processing, of ocular optics 
is required. It is known that an inadequate amount of 
frequency shift will result in a poor resolution improvement, 
due to less high-frequency components being shifted into 
the passing band of the imaging system; while excessive 
frequency shift will introduce artifacts to degrade the 
image quality. For our preliminary study with anesthetized 
frogs, which are known to have relatively low aberration, 
empirical frequency shift was adopted for VSD processing 
(8,9). However, optical property of human subjects can 
be significantly variable among different subjects, making 
the selection of a proper frequency shift difficult. In this 
study, we developed a method to retrieve the modulation 
transfer function (MTF) of the imaging system to enable 
an objective identification of the cut-off frequency of ocular 
optics and validated it for in vivo retinal imaging of awake 
human subjects.

Methods

Figure 1 illustrates the experimental setup, i.e., a line-scan 
scanning laser ophthalmoscopy (SLO) system. As shown 
in Figure 1, the compact line-scan SLO can fit onto a 
stage with dimension of ~46 cm × 46 cm (Figure 1A). The 
line-scan strategy was selected to provide high imaging 
speed to minimize the effect of eye movements on retinal 
imaging. A near-infrared superluminescent diode (SLD-
35-HP, Superlum), with 830 nm central wavelength and 
60 nm bandwidth was used as the light source. The line 
illumination was achieved by using a cylindrical lens 
(CL, Figure 1B) to condense the illumination light in one 
dimension. The galvo scanning mirror (GVS011, Thorlabs) 
was placed at the conjugate plane of the pupil to minimize 
the vignetting effect. The reflected light from the retina 
with line-illumination was de-scanned by the scanning 
mirror and recorded by a high-speed CMOS camera 
(FastCam Mini Ax50, Photron) as a 2D line-profile pattern 
(Figure 1B). The line profile of the illumination was along 
the X-direction and the scanning was performed in the 
Y-direction. The 2D line-profile patterns were acquired 
at a speed of 25,000 Hz to minimize the intra-frame blur 
correlated with eye movements. The system possesses a 
theoretical pixel resolution of 0.85 μm at the retina and can 
achieve a super-resolution imaging speed of 40 fps with a 
frame resolution of 500×512 pixels, considering a 0.8 duty 
ratio. 

Three human subjects, without known ocular diseases, 
were recruited for this study with informed consents. 
The imaging experiment was conducted in a room with 
minimized ambient light. The pupil size was measured as 
4–5 mm, without pharmacological pupil dilation. A dim 
red fixation target was used to minimize voluntary eye 
movements. For retinal imaging, the illumination power 
at cornea was ~2.5 mW, which is within exposure safety 
limit defined by the American National Standards Institute 
(ANSI) (12). The illumination light beam has a width of 
~2.75 mm at the surface of the cornea to optimize the image 
focusing of the retina (13).

Before VSD processing, digital registration of sequential 
line-profile patterns was implemented to compensate 
for inter-frame shift correlated with eye movements. 
Basic principle of VSD processing has been reported in 
previous publications (4,7). To achieve robust resolution 
improvement in VSD processing, we developed an objective 
method to estimate the cut-off frequency. The reflected 
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optical signal from each illuminated line area of the 
retina is recorded by a 2D camera as a line-profile pattern 
(512×64 pixels, Figure 1B). Each recording signal can be  
expressed as:

( , ) ( , ) ( , ) ( , )lp il dex y x y xI hys x yh= ⊗  [1]

where Ilp(x,y) is the line-profile pattern recorded by the 
camera; (x,y) indicates the spatial domain; hil(x,y) and hde(x,y) 
are the point spread functions (PSF) of the illumination 
and detection paths, respectively; s(x,y) represents the 
reflectivity of the sample, i.e., the retina; ⊗ represents 
convolution.

For VSD processing, a recorded line-profile pattern will 
first be digitally modulated by a sinusoidal mask (4,6):

( , ) ( , ) ( , )mlp lpI I mx y x y x y=  [2]

where Imlp(x,y) is the line-profile pattern after intensity 
modulation by the mask m(x,y). m(x,y) has an expression:

(( , ) cos[2 cos sin ])mm x y f x yπ θ θ α= + +  [3]

where fm is the modulation frequency. For the line-scan 
modality, the modulation is performed along the scanning 
direction, i.e., Y-direction. Thus θ = 90°, and

( , ) cos(2 )mm x y f yπ α= +  [4]

Each Imlp(x ,y)  is then spatially integrated in the 
Y-direction and assigned to a corresponding position yi. The 
output picture p(xi,yi) can be then expressed as (4,6):

( ) {[ ( ) ( )]( , ) , , , ,( )}i i il dep x y h x y h x y x y s x ym⊗= ⊗  [5]

The Fourier transform of Eq. [5] is:

( ) (( , ) , {[ , ( , )] ( , )})x y il x y de x y x y x yp f f h f f h f f m f f s f f= ⊗ 

    [6]

where (fx, fy) indicates the Fourier domain and ( , )x ym f f  
has a form:

1( , ) [ ( , ) ( , ) ]
2

i i
x y x y m x y mm f f f f f e f f f eα αδ δ −= − + +  [7]

Therefore, ( , )x yp f f  can be expressed as:

1( , ) , , ( , )( )[ ( ) , ( , )
2

( ) ]i i
x y il x y de x m x y m de x m x y mp f f h f f h f f s f f f e h f f s f f f eα α−= − + − +  

  

1( , ) , , ( , )( )[ ( ) , ( , )
2

( ) ]i i
x y il x y de x m x y m de x m x y mp f f h f f h f f s f f f e h f f s f f f eα α−= − + − +  

  

 [8]

To get ( , )x y ms f f f−  and ( , )x y ms f f f+ , two modulation 

phases (α = 0 and π/2) will be employed to solve Eq. [8]:

Figure 1 Photograph (A) and schematic diagram (B) of experimental setup. SLD, superluminescent diode; CO, collimator; CL, cylindrical 
lens; L1–L4, lens; BS, beam splitter; SM, scanning mirror. The illumination light was projected onto the retina as a focused line. A 
representative 2D line-profile pattern is shown in the dashed window.
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0 0 01, , , [ ( , ) ( , ) ]
2

( ) ( ) ( )
m

i i
f x y il x y de x m x y m x y mp f f h f f h f f s f f f e s f f f e−= − + + 

  

0 0 01, , , [ ( , ) ( , ) ]
2

( ) ( ) ( )
m

i i
f x y il x y de x m x y m x y mp f f h f f h f f s f f f e s f f f e−= − + + 

  

 

[9]

and

( )/ 2 / 2 / 21, , , [ ( ,( ) () ( ) , ) ]
2m

i i
f x y il x y de x m x y m x y mp f f h f f h f f s f f f e s f f f eπ π π−= − + + 

  

( )/ 2 / 2 / 21, , , [ ( ,( ) () ( ) , ) ]
2m

i i
f x y il x y de x m x y m x y mp f f h f f h f f s f f f e s f f f eπ π π−= − + + 

  

 
[10]

Solving Eq. [9] and Eq. [10]:

0 / 2( ) ( ) ( ), , ( , ) , ( , )
m mil x y de x m x y m f x y f x yh f f h f f s f f f p f f ip f fπ± = ± 

  

0 / 2( ) ( ) ( ), , ( , ) , ( , )
m mil x y de x m x y m f x y f x yh f f h f f s f f f p f f ip f fπ± = ± 

  

 
[11]

Taking the case of ( , )x y ms f f f−  as an example and 
omitting  for simplicity:

0 / 2( )( ) ( ) ( ) ( )
m mil y de m y m f y f yh f h f s f f p f ip fπ− = − 

    [12]

As fm is the modulation frequency of the digital mask, 
it can be assigned with different values, such as f1...fi. 
Figure 2, A1 illustrates three representative spectra of 

( ) ( () )il y de m y mh f h f s f f− 

  with different fm values. For each 
fm, let fy always takes a value equal to fm. Taking fm=fi as an 

example:

0 / 2(0)( ) ( ) ( ) ( )
i iil i de i f i f ih f h f s p f ip fπ= − 

    [13]

If we further assume the optical transfer functions (OTF) 
of illumination and detection path are same:

2 0 / 2( ) (0) ( ) ( )
i ide i f i f ih f s p f ip fπ= −

    [14]

where (0)s  is an invariant complex. By scanning fi 
across 0 to 1⁄(2× pixel Resolution), we can obtain a series of 

0 / 2( ) ( )
i if i f ip f ip fπ−  , which reflect the profile of 2 ( )de ih f . 

By identifying the value 2 ( ) (0)de ih f s

  for each fi, the MTF 

Figure 2 Super-resolution ophthalmoscopy. (A1) Representative spectra of ( ) ( () )il y de m y mh f h f s f f− 

  with three different fm values. (A2) Profile of 
the reconstructed MTF ( (| ) |de yh f ). (B1) MTF profiles retrieved at ~2° eccentricity from three different subjects. (B2) MTF profiles retrieved 
at ~2°, 5°, and 10° eccentricities from subject 1. (C1) EWF image reconstructed from the same raw dataset acquired at ~2° eccentricity of 
subject 1. Corresponding VSD based super-resolution images reconstructed with different frequency shifts: 0.02 cycles/μm (C2), 0.06 cycles/
μm (C3), and 0.14 cycles/μm (C4).
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Figure 3 EWF (A1) and VSD based super-resolution (B1) images reconstructed from the same dataset with center at ~3° eccentricity from 
fovea. Arrowheads in (B1) identify the projection of retinal vasculatures on the photoreceptor layer. (C1,D1) Standard deviation map of a 
time-lapse recording of 80 super-resolution images in linear and logarithmic scale, respectively. Images are cropped to 400×512 pixels for 
display. A2, B2, C2 and D2 show magnified view of the areas specified by the yellow dashed rectangles in A1, B1, C1 and D1) respectively. The 
yellow and red arrowheads in (D2) specified rod photoreceptors, and the sub-cellular structures at the center of photoreceptors revealed by 
motility processing. Scale bars represent 50 μm. The scanning direction is along Y-direction.

A1 A2

B1 B2

C1 C2
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profile ( (| ) |de yh f ) can be obtained (Figure 2, A2). For the 
estimation of cut-off frequency of the imaging system, 

only the positive side of the MTF profile is used. Figure 2B 
illustrates representative MTF profiles from three subjects 
and retinal locations.

Results

As shown in Figure 2B, the MTF profiles exhibit significant 
differences between subjects and retinal locations. To 
balance the resolution improvement and noise artifacts, the 
frequency where MTF attenuates to 1/e of its maximum 
was selected as the cut-off frequency for VSD processing. 
To validate this method, comparative EWF and VSD based 
super-resolution images were reconstructed from the same 
datasets acquired at ~2° eccentricity (Figure 2C). The super-
resolution images were processed with three different 
frequency shift values. The corresponding MTF profile is 
shown as the red curve in Figure 2A,B, and the frequency 
corresponds to 1/e attenuation is 0.06 cycles/μm. Figure 
2, C2,C3,C4 show super-resolution images reconstructed 
with frequency shift values of 0.02, 0.06, 0.14 cycles/μm, to 
demonstrate the effect of insufficient, proper, and excessive 
frequency shift, respectively. By using the frequency shift 
specified by the proposed method, the reconstructed super-
resolution image (Figure 2, C3) presents significantly better 
image quality compared to the images reconstructed with 
the other two frequencies (Figure 2, C2,C4). Individual 
photoreceptors can be clearly observed in Figure 2, C3.

Figure 3A,B show the representative equivalent wide-
field (EWF) image and the super-resolution image acquired 
at ~3° eccentricity from fovea with a frame rate of 40 fps. 
Both EWF and super-resolution image were reconstructed 
from the same dataset. The EWF image was obtained 
by sequentially superimposing the registered line-profile 
patterns. The super-resolution image was reconstructed 
with the frequency shift specified by the corresponding 
MTF profile. As shown in Figure 3A,B, the super-resolution 
image provides enhanced resolution, compared to the EWF 
image, to reveal individual photoreceptors. Moreover, the 
image contrast is also significantly improved in the super-
resolution image (0.88), compared to that in the EWF 
image (0.32). Given the improved resolution and contrast 
in the super-resolution image, the projection of micro-
capillary structures can be observed (yellow arrowheads in 
Figure 3, B1. 

Motility processing was further applied to the super-

resolution images of retinal photoreceptors. Dynamic 
change of photoreceptor reflectance has been observed 
previously (14,15). This motility property provides 
additional contrast of photoreceptors and is used to further 
enhance the image quality in this study. A 2-second sequence 
of super-resolution images (80 frames) were obtained 
from the same retinal location as shown in Figure 3A,B.  
A combination of strip registration (16,17) and affine 
registration (ImageJ, NIH) was performed to register the 
time-lapse super-resolution images (Video 1). A 2D standard 
deviation map was then generated for the registered super-
resolution image sequence and was used to reflect the 
dynamic reflectance change of photoreceptors (Figure 3C). 
As shown in Figure 3C, the photoreceptors exhibit clearer 
boundaries and more integrated shape, compared to that in 
the super-resolution image (Figure 3B). The image contrast 
in Figure 3C is further improved to 0.92. By using the 
logarithmic scale, the motility images of photoreceptors in 
Figure 3D show that rod photoreceptors can be observed at 
~3° eccentricity from fovea.

Figure 4 shows montaged EWF (Figure 4A), super-
resolution (Figure 4B), and motility (Figure 4C) images to 
cover an enlarged field of view. Each subpanel was acquired 
at a frame rate of 40 fps. The location of the fovea is 
indicated by the white asterisks. Consistent with the results 
shown in Figure 3, photoreceptor mosaics cannot be well 
resolved in the EWF images. However, super-resolution 
images revealed individual cone photoreceptors up to ~1° 
eccentricity from fovea. The super-resolution image also 
exhibits improvement in contrast, compared to the EWF 
image. Specifically, the average contrast of the EWF image 
is 0.31. In comparison, the super-resolution image has an 
average contrast of 0.86. Due to the quality improvement 
in super-resolution image, the projection of micro-capillary 
structures, which cannot be observed in the EWF image, 
are further confirmed in the super-resolution image 
(yellow arrowheads in Figure 4B. As shown in Figure 4C,  
clearer pattern of photoreceptor mosaics is presented by 
the motility processing and the motility image possesses an 
improved contrast of 0.90, compared to the super-resolution 
image.

Discussion

In summary, VSD has been demonstrated for resolution 
improvement of in vivo imaging of retinal photoreceptors 
in awake human. In order to minimize the effect of the 

https://amepc.wistia.com/medias/duduqzrk6d
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Figure 4 EWF (A), VSD based super-resolution (B), and motility (C) image of photoreceptor mosaics. (A,B,C) are reconstructed from same 
datasets acquired at different retinal locations. (C) is shown in logarithm scale. The overall field of view covers ~1.6° in the X-direction and 
~4.2° in the Y-direction. Arrowheads in (B) identify the projections of retinal micro-capillaries on the photoreceptor layer. Asterisks specify 
the fovea. Scale bars represent 100 μm.

A

B
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involuntary eye movements on inter-frame blur, a line-
scan modality was adopted to provide ultra-high speed, 
i.e., 25,000 Hz, for rapid acquisition of 2D line-profile 
sequence required for VSD based super-resolution image 
reconstruction. Before the VSD processing, digital image 
registration was implemented for further compensation 
of the effect of eye movements on intra-frame shifts 
among sequential line-profile patterns. For practical 
implementation of VSD in human retinal imaging, the 
method developed to retrieve system MTF facilitated an 
objective estimation of the optimal frequency shift for the 
VSD processing.

The VSD based super-resolution images exhibited 
significantly improved image quality, in the aspects 
of resolution and contrast, compared to that of the 
EWF images. Individual cone photoreceptors from ~1° 
eccentricity from fovea were clearly resolved (Figure 4). It is 
known that rod photoreceptors have smaller diameter and 
weaker reflectance, compared with cone photoreceptors 
in human retina (18-20). It is usually difficult to image 
rod photoreceptors in vivo. In conjunction with the image 
quality improvements brought by the VSD and motility 
processing, logarithmic scale display enabled unambiguous 
observation of rod photoreceptors in the super-resolution 
image (Figure 3, D2). Moreover, the shape of cone 
photoreceptors revealed in the motility image are closer 
to the actual pentagonal/hexagonal pattern of the cone 
photoreceptors (21-23). Motility processing also revealed 
sub-cellular dynamics in individual cone photoreceptors 
(specified by the red arrow heads in Figure 3, D2. The 
dark areas exhibit in some photoreceptors but are absent 
in some other photoreceptors, indicating they may not be 
artifacts caused by registration. We speculate that the sub-
cellular dynamics may reflect motility of cell membrane, 
disc, or waveguide property of retinal photoreceptors. 
Further investigation is required to understand the 
mechanism of the subcellular motility properties, which 
may provide new biomarkers of functional assessment of 
retinal photoreceptors. It is also noticed that the motility 
processing provided a better performance at the parafoveal 
area compared with the foveal region. The reason is 
that the motility processing relies on the performance of 
registration. As photoreceptors can be well resolved at 
the parafovea area, it allows a precise registration between 
time-lapse images and produces high-quality motility 
image. However, as the photoreceptors at the foveal area 
cannot be well resolved in the super-resolution images, 

the corresponding motility processing may suffer from 
mismatch or translocation between registered images. 
Therefore, better registration algorithm and improved 
image resolution will benefit the performance of motility 
processing at the foveal region. Additionally, as line-
illumination is used in the current system, the resolution 
improvement is anisotropic, i.e., along the scanning 
direction. Using multi-orientation scan modality can achieve 
an isotropic improvement in the resolution and improve  
the performance of VSD and motility processing (5).

The visible edges in Figure 4A are caused by the non-
uniform illumination between different recordings. The 
ocular position changes relative to the illumination light 
position for sequential view field recordings, and thus the 
illumination intensity may vary for a specific retinal location 
in different images. Moreover, at different view fields, actual 
magnification of the ocular optics may also have slight 
changes due to possible eye movement and accommodation. 
In principle, further data processing can be involved to 
balance the image. The visibility of the edges is reduced in 
Figure 4B,C, suggesting that the VSD processing effectively 
suppressed the direct-current noises. The mismatches 
at the edge area are caused by the slight difference in 
magnification, which is also related with the ocular position 
changes among recordings. 

As a proof-of-concept study, the system was constructed 
with al l  commercial ly  avai lable components .  We 
anticipate that further optimization of the system, such as 
customized optical design, can further improve the imaging 
performance and promise a cost-effective method to foster 
clinical deployments of high-resolution ophthalmoscopy. 
Moreover, adaptive optics (AO) has been well established 
to compensate for the aberration of ocular optics to achieve 
diffraction-limit resolution (24,25). We are currently 
pursuing the feasibility of combining the VSD and AO 
for super-resolution ophthalmoscopy, i.e., breaking the 
diffraction-limit, which can further improve the imaging 
resolution to advance retinal study and eye disease 
management. 

Conclusions

In conjunction with rapid line-scan imaging and digital 
registration to minimize the effect of eye movements, 
VSD enabled resolution improvement for unambiguous 
observation of individual retinal photoreceptors without 
the involvement of AO. An objective method has been 
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developed to derive MTF from digital image profiles to 
enable quantitative estimation of the cut-off frequency 
required for robust VSD processing. Dynamic motility 
processing further enhanced the image contrast of 
individual photoreceptors, allowing reliable identification 
of rod and cone photoreceptors. We anticipate that 
further development of the VSD based super-resolution 
SLO can provide an easy, low-cost solution to foster 
clinical deployment of quantitative imaging of retinal 
photoreceptors, which are essential for advanced study 
and diagnosis of eye disease, such as age-related macular 
degeneration, retinitis pigmentosa, etc., which are known 
to damage photoreceptors, particularly rod cells at the early 
stages (26-28). 
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