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ABSTRACT  

AO has achieved success in a range of applications in ophthalmology where microstructures need to be identified, 

counted, and mapped. Multiple images are averaged to improve the SNR or analyzed for temporal dynamics. For small 

patches, image registration by cross-correlation is straightforward. Larger images require more sophisticated registration 

techniques. Strip-based registration has been used successfully for photoreceptor mosaic alignment in small patches; 

however, if the deformations along long strips are not simple displacements, averaging will actually degrade the images. 

We have applied non-rigid registration that significantly improves the quality of processed images for mapping cones 

and rods, and microvasculature in dark-field imaging. Local grid deformations account for local image stretching and 

compression due to a number of causes. Individual blood cells can be traced along capillaries in high-speed imaging 

(130 fps) and flow dynamics can be analyzed. 
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1. INTRODUCTION  

Adaptive optics (AO) has recently achieved success in in vivo imaging at the cellular level in a wide range of applications 

in ophthalmology. It has been integrated into flood illumination retinal cameras, confocal scanning laser ophthalmoscopes 

(AOSLO) for reflectance and fluorescence imaging, and optical coherence tomography (OCT) instruments for high 

resolution imaging in humans and animals. AO is being used as a new tool to understand the structural and functional 

aspects of vision, from complex retinal circuitry to neurovascular physiology, and signatures of cellular pathologies and 

processes during the progression of disease. The earliest applications of AO ophthalmoscopy were for imaging and 

characterizing the cone photoreceptor mosaic in the outer retina. It has since been applied to rod imaging, microvascular 

imaging including direct measurements of the foveal avascular zone, retinal capillary erythrocyte and leukocyte flow and 

velocity, and other functional dynamics. AO-corrected microperimetry to probe fixation loci and retinal microscotomas 

have also been recently reported. The RPE cell mosaic has been mapped in monkeys and humans and correlated to the cone 

mosaic. In many of the aforementioned studies, heritable ocular disorders are confirmed and monitored in the living eye. 

Many types of AO platforms are migrating from the research lab into the clinic for use on patients with a variety of diseases 

and conditions. AO imaging systems are also being applied to advanced molecular and gene therapies, both in their 

development and as the primary method to determine treatment efficacy at the cellular level.  

In all of these applications, the building blocks of retinal microstructures such as cone photoreceptors, rods, RPE cells, 

blood cells, and microvasculature need to be identified, counted, and mapped properly. In general, multiple images are 

acquired at the same location and are registered. They can be averaged to improve the signal-to-noise (SNR) ratio or 

analyzed to reveal temporal dynamics. For small patches of the order of half a degree, image registration is relatively 

easy using simple cross-correlations. However, as the image size increases to 1°-2° in flying-spot SLO’s [1, 2] and even 

more to 3.5°x5° as in PSI’s line-scanning retinal imagers [3, 4], more sophisticated image registration techniques are 

needed to remove image distortions and motion artifacts. For this purpose, strip-based stack registration has been 

developed based on the assumption that deformations along the strip are relatively negligible due to the high speed of 

scanning with resonant scanners while torsional motion is neglected altogether. Yet, the living eye is not a rigid sphere, 

and imaged fields are neither flat nor insensitive to changing optical/geometrical perspectives that accompany motion; 

rather, the eye is a liquid-filled bag periodically pumped with blood, constantly pulled by a set of muscles, and subject to 

optical as well as physical distortions. It is reasonable to expect microns of deformations in all directions over  
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0.5-1.5 mm field sizes, not only orthogonal to the strip. If the deformation from one end of the strip to the other is 

comparable to the cone size, strip-based registration will actually blur out the cones and will not provide the expected 

improvement for image analysis.  

2. IMAGE REGISTRATION  

We have recently applied a non-rigid image registration technique [5] that significantly improve the quality of the 

processed images both in mapping cones and rods and in blood flow analysis in dark-field imaging. By using local grid 

deformations non-rigid registration accounts for stretching and compression in different directions in different parts of 

the images from frame to frame. Figure 1 shows an example of local grid deformations (left) and an example of rigid 

(center) vs. non-rigid (right) registration. The difference between the two successive sub-frames is shown illustrating the 

cone displacement as black and white patterns like shadows whose orientation indicates the direction of relative motion. 

Perfect overlap of a (stationary) cone between frames shows as gray. The center image shows cone displacements in this 

region of the image in different directions even along horizontal strips (fast scan is horizontal) while in the right image, 

the cones are better aligned and the difference image is much more uniform. For the rigid registration (center), simple 

2D cross-correlation was used to determine the lateral shift between the images. 

    

Figure 1. Example of grid deformation (left), difference image between two registered frames using rigid (center) and 

non-rigid (right) registration. 

Figure 2 shows additional examples of the difference between an anchor frame and a second frame transformed using 

rigid (left) and non-rigid registration. Rigid registration (left) clearly shows displacements in different directions along 

horizontal strips as indicated by the arrows, which can be in opposite directions or orthogonal. The bottom example 

clearly displays much larger cone dislocations on the right side vs. the left side. In both cases these images illustrate the 

obvious improvement in uniformity of non-rigid registration across the whole frame. Give the inter-frame image flow 

revealed by the difference imaging, it is apparent that ocular tremor and other effects are often sufficient to impact the 

quality of averaged images at levels of accuracy required for photoreceptor alignment. In these cases, strip-based 

registration will apparently be insufficient to properly register cones across the whole image.  

The reasons for such complex deformations are not entirely obvious. The spectrum of eye motion from saccades to 

ocular-motor noise is plainly dominant. However, there are also opto-mechanical influences due to the non-rigid 

construction of the eye, periodically pumped with blood in pressurized vessels, and pulled by a set of powerful muscles 

which can induce dynamics in the globe and shear flow in the vitreous. In any case, the images of the cone mosaic 

become distorted and need to be corrected to achieve optimal registration.  

Figure 3 shows the result of non-rigid registration of about 20 frames selected from a stack acquired at 26 fps. The image 

size is 1.5°x1.5° (1000 pixel sampling). The left image is the anchor, which was selected as the image with the best 

overall contrast in the stack. All other images were registered to this frame. It should be noted that the average image has 

slightly lower contrast than the anchor; there is still residual motional broadening whose effects are felt at the spatial 

frequencies near the grid deformation scale. However, the cone mosaic is much more distinguishable especially in the 

top right corner close to the fovea. This is a systematic effect of highest spatial frequencies (cone scale) whose 

contributions are the largest to the local correlation peaks; the cones are rounder, easier to identify and count. Cones not 

visible in the right side of the anchor frame are clearly identified in the average frame. 



 

 
 

 

 

Figure 2. Additional examples of difference image between two registered frames using rigid (left) and non-rigid 

(right) registration.  

 

 

Figure 3. Anchor frame (left) and average image for a stack of 20 frames using non-rigid registration (right). 



 

 
 

 

3. HIGH-SPEED DARK-FIELD IMAGING 

Pseudo dark-field AOSLO imaging, or offset imaging was recently developed by Toco Chui and Steve Burns at Indiana 

University [6]. In bright field AOSLO mode, the collection aperture is confocal with the incident beam’s scanning focal 

spot; collected photons are only back-scattered from the microstructures within the Rayleigh range of the focal spot. In 

offset aperture AOSLO imaging, the collection aperture is offset from the confocal position and is collecting photons 

that were forward scattered by the microstructures in the focal region and back-reflected by the brighter layers below 

(i.e. photoreceptor/RPE complex). This technique de-couples the lateral resolution set by the focal spot from the 

collection aperture set by the pinhole. Therefore, one can maintain the lateral resolution as provided by adaptive optics in 

AOSLO but increase the collection aperture by opening up the pinhole. Given the AOSLO’s ability to move the section 

(focus) through the retinal layers above the RPE, we can image different capillary layers and directly visualize blood 

flow at high resolution. However, the AOSLO typical frame rate (in our case26 fps) is too slow to properly identify and 

follow individual blood cells. For this reason, we increased the frame rate by a factor of 5 to 130 fps by reducing the 

patch size from 1000 lines to 200. Figure 4 shows a single (raw) frame (1), mean (2) and standard deviation (3) of a 

registered stack of 500 frames, and frequency analysis (4) illustrating slower (blue) and faster (reddish) flow. While easy 

to visualize in recorded videos, only a few individual red blood cells can be discerned in still frames in (1), while (3) and 

(4) clearly illustrate the structure of the microvasculature even for capillaries that are not visible in the mean image.  

 

Figure 4. High-speed imaging; single (raw) frame (1), mean (2) and standard deviation (3) of a registered stack of 

500 frames, and frequency analysis (4). Individual blood cells encircled in (1).  



 

 
 

 

4. CONCLUSION 

Proper registration of high-resolution AOSLO retinal images is needed for improving the SNR and for analyzing 

temporal dynamics of retinal cellular structures. Potential retinal targets include cone photoreceptors, vessels and blood 

flow, nerve fibers bundles, lamina cribrosa and optic nerve head, drusen, edema, lesions, geographic atrophy, and other 

features of interest in the normal and diseased eye. We adopted a non-rigid registration technique, initially developed for 

MR images, to register cone mosaic images and demonstrated significant improvement in cone registration and 

identification. In addition, properly registered high-speed (130 fps) dark-field images provide additional benefits as 

compared to regular SLO imaging (26 fps). Individual red blood cells can be traced from frame to frame as they move 

along capillaries and their flow dynamics can be analyzed over large areas. 
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