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Th i i f li hThe interaction of lightThe interaction of lightThe interaction of light

E i t t t i l tiExperiment: try to see cones in normal retinaExperiment: try to see cones in normal retina

Resolution ~ 5µm, but: LED headResolution    5µm, but:
pupil camera & lens

head

Cone size ~ 2‐4µm
pupil camera

Cone size   2 4µm
S l i lSolution:  oversample retinal camerap

t k lti l f
retinal camera

BS #1take multiple frames lens #1
BS #1p

use LED avoid flash
lens #1

BS #2use LED, avoid flash
lens #2

BS #2

use good eyes
lens #2

use good eyes
employ weighted shift and addemploy weighted shift‐and‐add

borrowed from astronomy pupil monitor = borrowed from astronomy p p
fixation target

• choose region of interest• choose region of interest
create matched filter• create matched filter

l t h i• correlate each imageg
l l t i ht d hift• calculate weight and shift g
b l h f dd• sub‐pixel shift to centre, add to previoussub pixel shift to centre, add to previous

update matched filter, repeat twiceupdate matched filter, repeat twice
with addition of multiple frames:with addition of multiple frames: 

varying PSF mean PSFvarying PSF mean PSF

one frame 
CCD pixels

one frame 
CC  p e s

main features add upmain features add up
side lobes average outside lobes average out

l ti iresolution improves: 240 frames p 240 frames 

1 3×0 8 mm2 1 92×1 mm21.3×0.8 mm2 1.92×1 mm2
average over heart beat

Hexagonal close packing of conesHexagonal close packing of cones

Power spectrum: One frame 240 frames 240 frames after repeated Power spectrum: One frame 240 frames p
π/3 rotation and addition

Analytical test: Pick small regions where cones are orderedAnalytical test:  Pick small regions, where cones are ordered
Fourier transform squareFourier transform, square
convert to polar coordinatesconvert to polar coordinates
pick sixth frequency corresponding to hexagonspick sixth frequency, corresponding to hexagons
find density of cones over retinafind density of cones over retina

2d Fourier (u,v)→(ρ,θ)

retinal image
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average poweraverage power
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S bject A Subject B

Alt ti t t t t h d filt f d h
Subject A Subject B

Alternative test: create matched filter for cones and hexagonsg
l filt t iapply filters to imagepp y g

locate all bright signals for cones or hexagonslocate all bright signals, for cones or hexagons
divide to find fraction of hexagonsdivide to find fraction of hexagons

fovea
registered image conesregistered image cones

10%10%

hexagons hexagons /hexagons hexagons / 
conescones

40%
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d i i h it and tissue in the retinat and tissue in the retinat and tissue in the retina

Si l ti t t li ht idi i th tiSimulation: try to see light guiding in the retinaSimulation: try to see light guiding in the retina

Franze et al (PNAS 2007): wave guiding by Mueller (glial) cell in guinea pigsFranze et al. (PNAS 2007): wave guiding by Mueller (glial) cell in guinea pigs
li ht iTest hypothesis that human glial cells are an array of light guides light inTest hypothesis that human glial cells are an array of light guides

h f li l ll h l ( )Shape of glial cells: Chao et al., J. Neurocyt. (1997)Shape of glial cells: Chao et al., J. Neurocyt. (1997)
I di iti dImages digitisedg g
P ( ll t i < λ) i dProcesses (small extensions < λ) ignored( ) g
Added random meanderingAdded random meandering
Neuron and nuclei layers assumedNeuron and nuclei layers assumed
constant across retinaconstant across retina

Refractive index for neurons nuclei by Barrer (JOSA 1957)Refractive index for neurons, nuclei by Barrer (JOSA 1957)
Recent data for glial cell by Franze et al (PNAS 2007) f ti i dRecent data for glial cell by Franze et al. (PNAS 2007) refractive index
Random fluctuations added to represent fine neuronsRandom fluctuations added to represent fine neurons

S lit t b ti th h t ti l lSplit-step beam propagation throughout retinal volumep p p p g g
d thdepth

  

step size h =130 nm; 1000 stepsstep size h =130 nm; 1000 steps

Fi t li tiFirst applicationpp
t o nearb cells• two nearby cells
illuminate central cell only• illuminate central cell only

• tilt array change wave length• tilt array, change wave length
Leakage could decrease image resolutionLeakage could decrease image resolution
No leakage at small angles (photopic vision)No leakage at small angles (photopic vision)
Worst leakage is at high angles (scotopic)Worst leakage is at high angles (scotopic)
Best performance is at green‐redBest performance is at green red
Worst leakage is at blue at high anglesWorst leakage is at blue at high angles

central cell neighbour cellneighbour cell

photopicphotopic
photopic blueblue

scotopic
blue

d
scotopic

scotopic redred

Second applicationSecond application
•an array of cells•an array of cells
•illuminate central cell only or use a wide gaussian•illuminate central cell only, or use a wide gaussian
•tilt light, change wave lengthtilt light, change wave length
•monitor propagation, bottom distributionmonitor propagation, bottom distribution

B fi f i d iBenefits of inverted retina
B tt ti f h t i iBetter preservation of photopic imagesp p p g
R d d iti it t l it h ti b tiReduced sensitivity to longit. chromatic aberrations
Concentrates light by Mueller cells into cones conesConcentrates light by Mueller cells into cones
Reduces loss by blood vesselsReduces loss by blood vessels rods

Scatters more blue infrared light out of conesScatters more blue, infrared light out of cones
Improves scotopic vision by scattering light into rodsImproves scotopic vision by scattering light into rods
Results valid for vertebrates human parafoveaResults valid for vertebrates, human parafovea

Reference: A M Labin and E N Ribak: “Retinal Glial cells enhance human vision acuity”Reference: A M Labin and E N Ribak:  Retinal Glial cells enhance human vision acuity , 
h i l i 0 ( )Physical Review Letters 104, 158102 (2010).y , ( )


