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Does a person’s foveal cone density impact their performance
and eye movements during high acuity visual tasks?

Y. Wang, N. Bensaid, P. Tiruveedhula, J. Ma, S. Ravikumar, and A. Roorda, "Human foveal cone photoreceptor topography 
and its dependence on eye length," eLife 21 (2019).

• There is a sizable difference in peak cone 
density between these two subjects

• How would their eye movements during a 
high acuity visual task compare?

• To study these questions, we need a way 
to measure each subject’s foveal cone 
density map

• Ideally, we would get maps like these for 
all eye tracking subjects



Adaptive optics enables the capture of high-resolution images
required for assessing cone density within the foveola

A. Roorda, F. Romero-Borja, W. J. D. Iii, H. Queener, T. J. Hebert, and M. C. W. Campbell, "Adaptive optics scanning laser 
ophthalmoscopy," 8 (2002).

• Without adaptive optics, the image 
quality is not good enough to see 
individual cones in the foveola

• Cone density measurements will 
not be accurate unless the 
acquired images show smallest 
foveal cones

Without AO

individual cones not visible

much lower brightness 
(low SNR)

With AO

individual cones visible

much brighter
(high SNR)
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Scanning ophthalmoscopes provide superior depth sectioning
due to confocal pinhole 

Flood illumination Scanning

2D camera captures 
entire image at once

out-of-focus light adds 
blur to image

high-sensitivity single-pixel 
detector

confocal pinhole blocks most 
out-of-focus light

S. A. Burns, "Adaptive optics imaging of the human retina," Prog. Retin. Eye Res. 30 (2019).

Benefits of scanning system:

• Less blur from out-of-focus light, so 
better depth sectioning

• Detector can have much higher 
sensitivity

• Speed only limited by scanning speed

Drawbacks of scanning system:

• Optical design is usually more complex

• Scanning artifacts can distort the image



Adaptive optics can compensate for the aberrations of the eye, 
which yields high-resolution images 

Figures from Austin Roorda’s SPIE Short Course lecture at the Wavefront Congress, titled “Optics and Image Quality in the 
Human Eye” and available for download from his website: http://roorda.vision.berkeley.edu/

For a perfect eye, the 
focused spot of light on 
the retina gets smaller 
as pupil size increases

http://roorda.vision.berkeley.edu/


Adaptive optics can compensate for the aberrations of the eye, 
which yields high-resolution images 

Figures from Austin Roorda’s SPIE Short Course lecture at the Wavefront Congress, titled “Optics and Image Quality in the 
Human Eye” and available for download from his website: http://roorda.vision.berkeley.edu/

For a perfect eye, the 
focused spot of light on 
the retina gets smaller 
as pupil size increases

Imperfections 
(aberrations) in the 
optics of the eye cause 
large amounts of blur 
for large pupil sizes

To see individual cones at the center of the fovea (~2.5 μm in diameter), the combined optics (human 
eye plus AO system) must be almost perfectly corrected

http://roorda.vision.berkeley.edu/


Adaptive optics: an optical system which can dynamically adjust 
its optical properties in response to feedback

Accommodation is an adaptive optics process



Adaptive optics: an optical system which can dynamically adjust 
its optical properties in response to feedback

Accommodation is an adaptive optics process object is out of 
focus on retina



Adaptive optics: an optical system which can dynamically adjust 
its optical properties in response to feedback

Accommodation is an adaptive optics process
lens changes 
shape to refocus

• For accommodation, the lens changes shape to 
alter the eye’s focal length

• This brings the image back into focus, but it doesn’t 
fix the aberrations of the eye



Adaptive optics: an optical system which can dynamically adjust 
its optical properties in response to feedback

Accommodation is an adaptive optics process
lens changes 
shape to refocus

• For accommodation, the lens changes shape to 
alter the eye’s focal length

• This brings the image back into focus, but it doesn’t 
fix the aberrations of the eye

• To correct the eye’s aberrations, we need more 
degrees of freedom, finer resolution, and increased 
speed compared with accommodation

the focused spot 
of light on the 
retina is degraded 
due to aberrations 



The AO system must be active
to achieve good results over time

• The aberrations of the eye change over time, 
so the correction must be continuously 
adjusted

• Long-term changes: eye growth and aging, 
refractive surgery

• Medium-term: time of day

• Short-term: time since last blink, 
accommodation, eye movements

• System must have a way of measuring and 
compensating for the aberrations in near-
real-time



This system uses a wavefront sensor to measure aberrations
and a deformable mirror to correct the aberrations

pupil plane 
of eye

• Telescopes relay entrance pupil of the eye 
onto the scanners, the wavefront sensor, 
and the deformable mirror

• This enables the measurement and 
compensation of aberrations measured at 
the pupil of the eye

• We need the corrected wavefront at the 
eye’s pupil to be perfectly planar

• Achieving good pupil matching is critical for 
good imaging performance: this will require 
extensive alignment

• Mirrors used for most telescopes to 
minimize chromatic aberration (dispersion)



The optical design has been optimized
for high-resolution imaging of the fovea

A. Dubra and Y. Sulai, "Reflective afocal broadband adaptive optics scanning ophthalmoscope," Biomed. Opt. Express 2, 1757 (2011).

Specifications

Frame rate 30 Hz

Fast scan rate 15.5 kHz

Full field of view 1.5°

Image size 512 x 512 pixels

Pixel size 10.5 arcsec (~0.8 μm)

WFS wavelength 940 nm

NIR imaging channel 840 nm

Visible imaging/stimulus 
delivery channels

543 nm (green),
680 nm (red)



We’re building the system based on a blueprint
provided by Austin Roorda and his lab at UC Berkeley

CAD drawing of assembled AO system

parts list with all system components

CAD drawing of wavelength splitter



Nearly all components have arrived
and are nicely organized for efficient assembly

Optics, mechanical components, and electronics are nicely organized and 
labeled, which will make assembly of the system more efficient

• Some of the electronics 
still need to be ordered 
(FPGA, computer, etc.)

• These will be ordered once 
labs reopen and shipments 
can be received

• Assembly and alignment 
of the optical system can 
proceed without these 
additional electronics



Wavelength splitter mechanical assembly is finished
and light delivery stage assembly has begun

Mechanical 
assembly 
completed; 
just need to 
install and 
align optics

Stencil was 
made using 
high-precision 
laser cutter; this 
will allow for 
easy component 
placement and 
initial alignment

Mechanical assembly of light 
delivery stage of AO system 
was started before the labs 
closed (no optics installed yet)



While the labs are closed, I will work on optical modeling
for the system and reading up on best alignment techniques

• Zemax model 
provided by 
Roorda lab

• Will replicate 
model in CODE V 
because I’m 
more familiar 
with it

• Run sensitivity 
analysis on 
entire system, 
which will help 
with alignment

Optical layout for the system in Zemax, an optical design software package



Once labs reopen, we can continue assembling
and aligning the optical system

• Laser has arrived, so we now have all the equipment we need to test alignment

• Plan for resuming work on the system:

1. Install optics in wavelength splitter assembly

2. Align wavelength splitter and verify proper performance

3. Finish building light delivery stage and align optics

4. Assemble the relay telescopes and verify alignment of each subsystem

5. Install scanning and adaptive optics hardware

6. Implement adaptive optics control algorithms

7. Begin testing performance of full system



The system uses a Class IV laser,
so proper laser safety must be followed to prevent injury

visible light

Laser emits 1,000 X the limit for eye safety in the visible wavelengths, 
plus another 4 W of optical power in NIR and IR wavelengths



Following proper laser safety protocols will prevent injury 
during alignment and operation of the system

• Most laser safety concerns will only be an issue during alignment

• Once system is assembled and aligned, engineering controls will prevent accidental exposure

• Dichroics and filters will be used to limit optical power to eye safe levels before any human 
subject tests are conducted 

Alignment protocols

• Only experienced personnel should do alignment

• Door to AO room must remain closed when 
alignment is taking place

• Lowest possible laser power setting should 
always be used

• Keep beam confined to a plane parallel to the 
table, and never move head close to this plane



Thank you for watching this presentation!

I welcome any questions
or feedback you
might have


