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The human eye is complex and is composed of many 
cellular layers which play a role in the visual system.  
One of the layers in particular, is a single layer of cells 

called the retinal pigment epithelial (RPE) cells.  They help 
support the function of the photoreceptor cells, providing 
nutrients and eliminating waste products.  Numerous retinal 
diseases such as Stargardt macular dystrophy, Best’s disease and 
cone-rod dystrophy1 have been associated with the disruption 
of the structure and function of these cells.  It is also found 
that these cells produce a variety of support mechanisms, 
which promotes the health and vitality of photoreceptor cells.  
Therefore, it is important to image and learn more about these 
RPE cells as they may lead to early detection and treatment of 
retinal diseases.

One of the ways to image these cells is through adaptive 
optics (AO) combined with fluorescence imaging.  AO allows 
one to see small structures in the retina including individual 

The Effects of Adaptive Optics and a 
Scanning Laser Ophthalmoscope on RPE 
Cells
Katherine Shen, 2006

Advised by David R. Williams, Ph.D. and Jessica Wolfing

Center for Visual Science, University of Rochester

photoreceptors, nerve fibers, capillaries, and blood cells.2,3  

Another technique using a scanning laser ophthalmoscope 
(SLO) provides the ability to take advantage of the intrinsic 
fluorescent properties of lipofuscin granulates which accumulate 
in the RPE as a natural byproduct of visual processes.4,5,13-18  By 
combining the AO with the SLO, the RPE layer can be imaged 
in vivo at a high transverse resolution.  The goal of this paper 
is to analyze the effects of this AOSLO method on the imaging 
of a primate, donor and a human retina.

Background
The light enters the front portion of the eye through the 

cornea and the lens.  The light is focused onto the back of 
the retina which is composed of several layers of cells.  These 
cells include the ganglion, amacrine, bipolar, horizontal, and 
photoreceptor, all of which are responsible for detecting light 
and sending the electrical signal to the brain for visual processing.  

Figure 1: Schematic diagram of the eye.10
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RPE are responsible for supporting the photoreceptors.  These 
layers are shown in Figures 1 and 2.  The photoreceptors and 
the retinal pigment epithelium are the two deepest layers in 
the retina.  The cells in front of the photoreceptors (ganglion, 
amacrine, bipolar and horizontal) are transparent allowing 
light that enters the eye to reach the photoreceptors.6  

The photoreceptors are responsible for absorbing photons 
and relaying this signal to the inner cells of the retina.  There 
are two types of photoreceptors: rods and cones, which play 
a role in night vision and color perception respectively.  The 
cones are also responsible for high spatial resolution and are 
packed densely in the fovea (an highly specialized area), while 
the rods are located primarily in the periphery.

The RPE cells are responsible for absorbing scattered light in 
the retina which helps reduce any chance of scattered light being 
absorbed by the photoreceptors.  These cells are located in the 
deepest layer of the retina, directly behind the photoreceptors, 
and form a monolayer throughout the entire retina.  Because of 
the close connection with the photoreceptors, they are involved 
in supplying the photoreceptors with nutrients, participating in 
the regeneration of retina in the visual cycle and phagocytising 
photoreceptor outer segments.7 They also form tight junctions 
between one another.  The ones found in the periphery can be 
as large as 60μm in diameter while the ones in the fovea are 
between 10 and 15μm.8 

Adaptive Optics Retinal Imaging System
 The human eye has many imperfections, referred to 

as aberrations, which distort the light entering the eye.  These 
imperfections in the eye can be measured by a wavefront sensor.  
In turn, most aberrations may be corrected by a deformable 
mirror (wavefront corrector).  Figure 3 demonstrates the 
basic idea behind the adaptive optics.  The wavefront sensor 
typically used in adaptive optics is called the Shack-Hartmann 

Figure 2: Simple diagram of the organization of the retina.10

sensor, where a lenslet array samples the wavefront at a plane 
optically conjugate to the pupil of the eye, thus allowing 
measurement of the wave aberration of the optics of the eye.1  

The measurement and correction of the eye’s aberration with 
Adaptive Optics has allowed high resolution retinal imaging of 
individual photoreceptors in vivo.

Adaptive optics technology was combined with the SLO 
by Roorda and colleagues in 2002 to provide high transverse 
resolution as well as axial sectioning capabilities.1  Building on 
this technique, the David Williams’ laboratory at the University 
of Rochester has built a system that combines the benefits of 
confocal, adaptive optics, multispectral, and fluorescence 
imaging.9  The new fluorescence adaptive optics scanning laser 
ophthalmoscope (AOSLO) (Figure 4), consists of an adjustable 
scanning system, an adaptive optics system, two imaging lasers, 
and two detectors for simultaneous reflectance and fluorescence 
imaging.  Fluorescence occurs when a molecule absorbs a 
photon at one wavelength, gets excited to a higher energy state, 
and then relaxes back to the ground state by emitting a photon 
of a longer wavelength than the one absorbed.1  The light with 
the longer wavelength is the emitted fluorescence.  Reflectance 
is the amount of light reflected from the image.  With this 
method the smallest retinal capillaries and features of RPE cells 
have been seen.

Imaging individual RPE cells in vitro
In order to find and begin to understand the features of the 

RPE cells, a human donor retina was imaged in vitro under a 
conventional confocal microscope.  The donor human retina 
was flatmounted on a microscope slide to allow en face1 
imaging of the RPE.  Fluorescence and reflectance images of 
an 81-year-old female donor’s left retina were taken with a 
conventional confocal microscope shown in Figure 5.  
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By looking at the fluorescence images, certain characteristics 
of the RPE cells were observed.  The RPE cells appear as dark 
circles in the fluorescence image on the left of Figure 5 while 
in the reflectance image on the right, they appear white and 
saturated.  This phenomenon is an indication that RPE cells 
contain autofluorescent properties of lipofuscin granules.  
Lipofuscin is composed of numerous autofluorescent 
molecules and it accumulates as a byproduct of phagocytosis 
of photoreceptor outer segments.12  As one ages, lipofuscin 
is a major constituent of the RPE cells’ cytoplasm, while the 
nucleus of the cells do not fluoresce. 

Characteristics of the RPE mosaic from the donor 
retina

Images of the donor human retina were also taken using the 
AOSLO under both reflectance and fluorescence conditions.  
After collecting the images, the images were dewarped and 
summed.  All of the fluorescence sums were then applied to a 
montage software program developed by a post-doctoral fellow 
in the Williams’ lab where the program automatically aligns 
and superimposes two or more sums.  As a result, a series of 
images are connected together to form a horizontal mosaic.  
This montage is shown in Figure 6.  Similar characteristics of 
the RPE cells found in the conventional microscope were seen 
here.  This shows that the AOSLO is capable of resolving the 

RPE cells and of detecting the low light levels obtained with 
autofluorescence.

Figure 3: Schematic diagram from Carroll et al. of an adaptive optics system for high-resolution retinal imaging.  The aberrations in the eye are measured by a 
wavefront sensor and corrected by the adaptive mirror.11

Figure 4: Schematic design of the fluorescence adaptive optics scanning laser 
ophthalmoscope (AOSLO) system at the University of Rochester for high-
resolution retinal imaging.9
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Figure 5: Left: Fluorescence donor retina microscope image. Right: Reflectance donor retina microscope image.

Imaging individual RPE cells in primate retina in vivo
After imaging a cross-section of a donor retina using 

a conventional confocal microscope and seeing RPE cell 
features, we began to image a live primate retina to see the 
RPE cells in vivo.  Primates are often used in experiments 
because they provide good models of the human eye for 
numerous experiments including testing treatments for retinal 
diseases.1  Additionally, in order to image a live primate, the 
primate is sedated so that the eye can be stabilized.  We also 
used a peribulbar block1 to further minimize the amount of 
eye movements.  Both fluorescence and reflectance images 
were then taken simultaneously.  Figure 7 shows two registered 
fluorescence sums, one at the fovea and the other 10 degrees 
away.  As a result of eye stabilization distinctive RPE cells were 
found.  Looking at figure 7, one can see RPE cells in the shape 
of honeycombs.  Furthermore, the RPE cells found in the fovea 
are smaller and flatter than the ones in the periphery.

Results from imaging individual RPE cells in normal 
human retina using AOSLO

Subsequent to imaging from a live primate retina and finding 
RPE cells, we wanted to find similar results from a normal 
human retina.  However, imaging a primate retina is relatively 
easier than imaging human retina because of the fixation 

stability.  One such factor is that under normal conditions, 
the image formed on the retina is never stationary.  The eye 
is continually moving, but never shifts far from its mean 
position during maintained fixation.  While imaging a human 
retina, the subject was required to hold their eye steady while 
staring at a beam of light.  Due to blinking and involuntary 
eye movements, it was difficult to stabilize the eye completely, 
leading to shifts and distortions in both the fluorescence and 
reflectance movie files.  To compensate for eye movements, a 
dual registration program was implemented.

After imaging using AOSLO, a dewarping program was 
used on both movies to correct for the sinusoidal horizontal 
scan.  Results of a single frame from both movies are shown 
in Figure 8.  After the movies have been dewarped, a general 
cross-correlation technique of image registration was used 
to average several frames in the two separate movie files.  
Through the cross correlation algorithm, frames are selected 
with little movement while frames with large displacements 
or low correlations are eliminated.  This way, movement in 
the captured image series is compensated for, resulting in a 
sharper final image.  The reflectance movie is used to calculate 
the cross correlation and estimate the motion, then this same 
estimation for motion is applied to the fluorescence movie.  By 
simultaneously acquiring images using both reflectance and 

Figure 6: Fluorescence montage in a normal retina
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Figure 7: Left: RPE cells at the monkey fovea. Right: RPE cells at 10 degree eccentricity from the fovea. Scale: 1 pixel = 1μm

Figure 8: Left: Fluorescence single frame in a normal retina. Right: Reflectance single frame at the same simultaneous location. Scale: 1 pixel = 1μm

Figure 9: Left: Fluorescence registered sum of 564 images at 10 degrees Superior-Nasal. Right: Reflectance registered sum of 564 images at the same simultaneous 
location. Scale: 1 pixel = 1μm

fluorescence at the same retinal location, a high-contrast high 
resolution images are produced.  This is seen below in Figure 
9, a registered sum of 564 frames.  Compared to the individual 
frames in Figure 8, images having gone through the dual 
imaging program showed clearer and distinct retinal features 
such the blood vessel and the RPE layer.  However, individual 
RPE cells have not currently been resolved, additional 
improvements can be applied.  One such technique would be 
to use a dual focusing system to correct for the eye’s chromatic 
aberration and therefore to improve registration.  With the 
dual focus, the two beams of light used for simultaneous 

imaging of reflectance and fluorescence can both be focused 
on retinal features despite the eye chromatic aberration.  With 
this technique, the reflectance beam could be focused on the 
photoreceptor layer and the fluorescence beam focused on the 
RPE.  Having a focused reflectance and fluorescence image 
simultaneously should lead to improved image registration.  
Eventually, with this improvement, individual RPE cells may 
be seen in a human retina.

Conclusion
Studying the RPE cells is important because they provide 
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critical support to the photoreceptors as well as help researchers 
understand the fundamental cause and progression of retinal 
diseases.  They are also unique because they contain auto 
fluorescent properties that can be detected using adaptive 
optics.  Although our abilities to characterize these cells were 
limited by many factors such as software programs and imaging 
techniques, our findings from imaging donor slides, monkey 
retina and human retina so far have contributed to the learning 
of RPE cell features.  Future improvements such as using the 
dual focus will help eliminate the intra-frame motion to result 
in better image summation.  Nevertheless, further research is 
required to help understand more about these RPE cells and to 
find ways for early detection and treatment of retinal diseases.
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jur: What is your research about / what applications does it have?

The primarily part of my research was to understand more about RPE cells in the 
retina. These cells as have shown to be linked to macular degeneration, which is one 
of the leading causes for blindness. Using one of the latest imaging techniques, we 
were then able to image these cells in monkeys and humans.

 jur: How did you become interested in this area of research? / What motivated you 
to do this research?

I took Visual Perception with Dr. Williams my sophomore year in college and the 
subject completely changed my focus on life. I became really interested in vision 
and its components because without them, our lives would be completely different. 
Then, my last semester of college, I decided to work with Dr. Williams and his 
Graduate students in hopes to understand more in depth of how one layer in the 
retina can lead to many ocular diseases.

 jur: How does this research relate to your major/future plans/interests?

I had been interested in going to Optometry school since junior year and once I 
found out I was accepted, this research allowed me to focus more on the research 
part of the program. Thus, I am now pursuing a joint OD/MS degree with the 
possibility of continuing on for a PhD.

 jur: While doing this research project, what was your biggest obstacle and how did 
you overcome it?

One of the hardest things was imaging the RPE cells. We had build an adaptive 
optics system with a scanning laser ophthalmoscope in hopes to see individual RPE 
cells clearly. This technique was still in the process when I was there so it took a 
long time to generate good data consistently. However, we were able to find a few 
really good images.

jur: After completing your project, what do you think was your most fulfilling 
experience?

The most rewarding experience was definitely understanding what it was like doing 
research. I was given my own project with deadlines that I had to fulfill. I attended 
lab meetings just as if I was a grad student and read numerous papers regarding 
the subject.

jur: Any advice you can give to fellow undergraduates who would like to do this 
kind of research? (or any other type of research)

Pick an area where you would be interested in learning more about. You don’t have 
to know anything about the subject because that is what research is about. Also, pick 
a good advisor who would help you out step by step.


