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Structure and optics of the human eyé

Cornea
~ 43 dioptres
~ 1.376 refractive index

Ciliary fibers

Iris / &
Lens Cornea,/ »&
~ 18 dioptres \
~ Graded index 1.37-1.42 '

Vitreous humor

Axial length
221 25 mm (or higher)

Retina

0 Aqueoué“'»~..."‘ °%s Retina \vOptic nerve
~ 70% humor \ ,
~ 6M cones (S,M,L)
~ 90M rods

Sclera



Corneal and ocular aberrations
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Cones and rods of the human retina

En-face view of parafovea cones and rods
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Biological fibres

Cone photoreceptor diameter ranging from about 2 nm (fovea) to 8 nm (parafovea)

Images by courtesy of P. Munro, UCL



Eye and retina

Cone outer segment
aspect ratio 1:10

Cone outer segment
aspect ratio 1:20

The retina Is a tri-dimensional screen



Cones, rods, and ganglion cells

Absorption Spectra of Human Visual Pigments
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Phototropism in plants

Sunflowers



Photoreceptors are likewise adaptable

Smallman et al., Nature 412 (2001) 604

Post-cataract surgery

b5 4 In-vivo photoreceptor SCE peak displaced
3 reorientation towards new pupil centre
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A The StilesCrawford effect(s)

A Photoreceptor waveguides
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Directionality with Maxwellian light

The StilesCrawford effect (SGB Proc. Roy. Soc. 1933
' Visibility,h
A ‘ 1.
0.5
0.0 r
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Visibility for oblique rays:

Gy _ -/ SCE‘r Fmax‘
Brian H. Crawford h(r) o /rZax (r maX) 10

Foveal directionality parameter > dcE @0.05/mnv




Maxwellian light




Realeye conephotoreceptor waveguidelzs

Incident Coupled
XJ light \ Cylindrical waveguide light
g

)Y ACn LE

VA

U Fovea cones: single (or few) mode waveguides
U Parafoveacones loworder multimode waveguides

Cutoff V= 3 8317
Experiment ‘. "
op

Outer segment modes of rat, monkey and human (Enoch, JOSA 1963)

Mode number



Cylindrical waveguide photoreceptdnodeis

Incident Coupled
X\T light \ Cylindrical waveguide light
Y O = %
N - —> A G
y LP, (/ ,r) modes of a stejindex fiber
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Light coupling to a Gaussian mode

Vohnsen et al, JOSA A 22 (2005) 2318
Shifting of a narrow incident beam
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Normal vision(Newtonian light)




| nteg rated SChrormal visign)

Integrated SCE for a
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* = 7=0.05/mmZ_ false’)

O S 10

Pupil diameter, d (mm)



What are the Stiles
Crawford effeck?



Psychophysical:
4 )

SCH SCHI
INTEGRATED SCE

\_

ODbjective:
[ OSCE |

B. Vohnsen, Chapter 18 in Handbook of Visual Optics (Ed. P. Artal, 2017)
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Whatisthe SCH?

Geometricaloptics interpretation

Inner segment leakage
Outer segment
O S . s N BV o N .. Y 4 No Ao
Transmission
¢ LwX X¢Lw
TIR
C[SFE1F3aS 2F Nreéa 020S | ONRUOAOI ¢

C Disarray of neighbouring photoreceptoiSafir& Hyams JOSA 1969)

Uda{ KI Naffabo@edzicertain angle of incidence
Problems?| U This Is transmitted light, not absorbed (vision) light
il 26 OlYy Al RSAONROGS Oef j
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Whatisthe SCH?

Wave-optics interpretation
g

Inner segment

Outer segment

‘ i ransmission

X¢Lw

Mode matching + Radiation Leakage
at interface

C Fibreoptical waveguide modes (SnydefP&ask Vis. Res. 1973)
C Gaussian mode coupling (Vohnsen, Iglesidst&l, JOSA A 2005)

U What happens to the nonguided radiative modeg?
U This is transmitted light, not absorbed (vision) light
U How can it describe densepacked waveguides?

A~

Problems?




Where IS vision
triggered?



Geometricatoptics solution

We need to consider lighabsorption

Outer segment
A b [0 o 1(z) =1,exp(- B
Beer[ | Y0 S NI mpaco,° m)
(») SO

yA

Visibility (absorption) is proportional to distancet(drder)

h 4 exp( z)a z

N35 GKA& Aad | G@2t dzZrSiNRC

Vohnsen et al. J. Vision 20]



Visibility: light-pigment overlap

Side view ‘
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Volumetric overlap gives an estimate for the absorption and visid‘ility




Examplefor the SCHI
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Integrated SCHE measurement:

- Automated
Back-fluminated paper spectral-tuneable Motorized iris
bandpass filter Automated
tuneable ND filter | 4f telescope Tuneable lens Eye

g

A
’
» . . .

(d) Pupil power (norm) vs time @550nm

7.4 mm

1 e

08 !

M ™

0.6 | l

" R NN

550 nm N 04 —H | 1]

i ||

* 25 mm r‘Lvﬂ 1111 [ 11 L 11

™~ ™ | | | | ~

. \ 0.0 " h |1 r‘. J“\ ™ ‘_"‘\.l ™M™ ™ \ H L e 1L.Amm
Test view \a : z ks ‘ reference

GSonm , 0 S 0 15 20 23

time (sec)

Vohnsen et al. J. Vision 201



Integrated SCHE pupil size flickering

Experimental verification -0 —8— 0.50Hz
. ®—- 0.25Hz
of the volumetric A 0.75Hz
. rho=0.05/mm2
absorption model 084 —— 1 &y1. 2.0um, 50um
’ 2 cyl. 2.0um, S0um
- = 1cyl. 1.5um, 60um
> 2 cyl. 1.5um, 60um |
S 0.6-
@
>
QO
= 0.4-
A small pupil is most effective @
= ‘ ‘
- 0.2
> @0.40/mn? | | \ B, |
1 volumetric model R
0.0 T d T ¥ T ¥ T v T v T

2 3 4 5 6 7
Pupil diameter (mm)

Vohnsen et al. J. Vision 2017
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Effective pupll

000000

2mm 3mm 4 mm

r = 0.05/mm? (Maxwellian light)

c0 0O O O O

1.94mMmm2.82 mMm3.58 mm 4.22mm 4.74 mm 5.13 mm 5.41 mm

r = 0.40/mm? (Normal vision)

o O O O O O O

1.62mMmm1.95 mMm 2.06 mm 2.08 mm 2.08 mm 2.08 mm 2.08 mm



Integrated SCHE and reduced MTF quality

V|S|on @ 2 mm pupil Vision W|th retinal blur @ 8 mm pupil

Sorolla: walk on the beach (1901)



=~ Examples for the SGl

Volumetric model, 1 cone

Visibility

A

0.2

0.0
-4.0 -2.0 0.0 2.0 4.0

=—40um, 1.2d =——=40um, 1.5d ==40um, 2.0d

0.4
0.2

0.0 _ .

-4.0 -2.0 0.0 2.0 4.0  Pupill

——40um, 3d =—40um, 2d =—40um, 4d point

Vohnsen et al. J. Vision 2017



Visibility (n)

Blue Green Red

0]
Fovea - BV 5° Nasal Parafovea - BV
2.0
1.5
1.0 4
0.5 —ml—450nm Normalized i —m— 450nm Normalized
— 450nm COMSOL (45um,20%) ——450nm COMSOL (35um,40%)
—@—550nm Normalized —&— 550nm Normalized
= 550nm COMSOL (45um,20%) h = 550nm COMSOL (35um,30%)
—A— 650nm Normalized —A— 650nm Normalized
— G50nm COMSOL (45um,40%) — 650nm COMSOL (35um,50%)
L N s B S e s s s e e L LU s s S D B N B S m |
-4 -3 -2 -1 0 1 2 3 4 -4 -3 -2 -1 0 1 2 3 4
Horizontal pupil point (mm) Horizontal pupil point (mm)

Carmichael Martins and B. Vohnsen, Biomed. Opt. Express (submitted, 2019)
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Why do rods lackdirectionality?

Volumetric model, 37 rods
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Vohnsen et al. J. Vision 2017
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Antenna model

Beoetec(dipbsosb@tijlirect)
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Vohnsen, Biomed. Opt. Express 20.



Outer segment membrane
stacking and visual pigments

Modelo de tortillas



Dipolar antenna model of outessegment pigments

Incident
light

Inner segment
Model data:

Pigments can be considered as dipole antennas (A5 nm)

%ﬁﬁ Each disc has from 4,000 (A1 pm) to 4,000,000 (A5 pm)*

Each outer segment has approximately 1000 lamellae®

00000

------- Lamellae interspacing is approximately 20 nm*

00000

<:| \goeoeas E> Membrane wall thickness (5 nm) is ignored

00000

------- Dipoles are assumed to be uncoupled

Outer segment

Q@% ‘J.J.Wolken, fALight detect ol
and i maging systems in
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Diffraction equivalenceu disc)

mirror

aperture A

B. Vohnsen, The retina and the Stiles-Crawford effects, in Handbook of Visual Optics 2017, Ch. 18



Electromagneticscattering model

Multilayer antenna model

_ _ ) r in the range of 0.05 (dim light)
and optical reciprocity |:>

0.10 /mn7 (bleached)

+ 0.000001% bleach
—1 aperture

“““ 100% bleach
N . = 1% bleach
: ® 0.001% bleach

Outer segment ——o
membranes or E—
equivalently 4 =—=
stacked =
apertures =

Pupil intensity (a.u.)

-4 -3 I2 -Il | 0 ZII. é 3 4
Pupil point (mm)
Vohnsen, Biomed. Opt. Express 2014



Oblique incidence on one outer segmer

! ! 740 molecules 31000 discs

Total scattered field vs. incidence angle:

20 pm

For oblique incidence, scattered light shifts to one side of the segment.
With a conical outer segment (not shown) the axial light becomes more confined
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| A&y S g &rayfardififtird) dunction

Airy-disc pupil function for relative visibility/intensity:

e J(alr-r)
N(r) = Ra(r ma><)gz

ajr-r,

. =

Peak of visibility

(or intensity) New directionality

parameter

Vohnsen, Biomed. Opt. Express 2014



Gaussian vs. Airy S@Hinction

Subject BV 550nm (experiment)
12 measurement-series averaged

Gaussian SCE function?

1 0‘0h e Visibility
'n L '\i]\ — SCEfit /7(!') =10 r(r 1o)°
1056 "\ | —BESSELfif
' ¢
E 0.6 [
> 04 T\T or Airy disc function?
?
62 e J(a(r-r,) 9
0-0 h(r) 92 O l‘
. . 0.0 . | e a(r B ro) L
4 -2 0 2 4

Pupil point (mm)

B. Vohnsen, The retina and the Stiles-Crawford effects, in Handbook of Visual Optics 2017, Ch. 18
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Increased myopia prevalence

Excessive eye growth affecting 50% of the world population by 2C

Increased risk of
= retinal detachment
and glaucoma

AThe myopia boomo Nature (2015)



SCH analysed in myopes, uniaxial systé

e White
9\&0 ¥ '& Light

Pupll
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R 4 -
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(SLM - Spatial Light Modulator)
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Brighter
OFF
Darker

OFF

Uniaxial brightness flicker

Retinal Plane

Period

Period

LILJ

INPUTS
Period (ms)
. B 26.999
R T T T T T R I T | '--"r
e il 370384 Hz
Reference
_REF Duration (ms)
o) 1000 1 Hy
REF On-Time {ms)
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RIS B St (R T S U DT T I I I BT T | o
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Scanning Image
.IMG Duration
3 1000 1 H:z
MG OM-Time (ms)
G S . 6.605
0.044 | ' 20
151.4 Hz




Reduced directionality = large axial Iena

Directionality dependence on axial length
0.08 —

] 8
0.07 - O
1  1(AC) 13

QOG% +:2 §

] 5 ?s 12
0.05 - *

] %\*\7 10 1£ b
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Axial Eye Length (mm)
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Accommodation and emmetropization

NIR Laser

\ Tuneable lens

Human eye

=150 mm

=150 mm

Motorized iris

Beam splitter 2
=100 mm

=100 mm

ND filter

Mirror

Iris

-

=200 mm =100 mm WEFS

Variable ND filter

Spot Diagram

sensor

Displacement =
Local Slope
of the Wavefrent

Laser o

Wavefrent

Lenslel Array

il
il

ode=-"pm

Zernil H
Z 10~ 03 —5.155
ZT 2{1-—13 2217
Z 3(1lo 1) > Bas
- p - L=
&€ iz~ O} 0.230)
=1
Z F(3-—32 —0.041
Z B{3-—13% 0 142
ZT 93~ 13 0.1zg
Zi0({ 3~ 33 o' o19
Ziic(a-—ah 0.025
ZT1zZ(a-—23% —0.0o2
Zi3(4.~ 03 o o0z
Zi4(4~ 23 0.019
Zisi4- ah —0.021

Zernike coefficients

Screen with target



Altered eye growth in animal models

Eye growth can be locally stimulated by local degradation of
the retinal image,evenafter the optic nerve wascut

Thus,the retina hasat leastthe complete machineryto convert
Imagefeaturesinto growth signals

*Frank Schaeffelet al, OphthalmicPhysiolOpt 2013 33, 362367



3-D retina breaks defocus symmetn

-0.20D -0.10D -0.05D +0.05D +0.10D +0.20D

(b) Incident light focused at
outer-segment exit (-0.05D):

(a) Incident light focused at
outer-segment entrance (0D):

OS middle

Xd--o 08 middle

Vohnsen, Biomed. Opt. Express 20.



Temporal response of accommodation

2.5 mm pupil 3.5 mm pupil 4.5 mm pupil

2 2 2
3 1 3 1 g 1
=} =} a
(a) o 0w o 0 @ 0- W
= = =3
3 3 3
s 1 1 s 1
(=] o [a]
2 -2 -2
0 20 40 60 80 100 120 140 160 180 200 0 20 40 60 80 100 120 140 160 180 200 0 20 40 60 80 100 120 140 160 180 200
Time (Sec) Time (Sec) Time (Sec)
3 3 3

: Wh : M e

(b) - ! "
. e Mﬂ NI

0 20 40 60 80 100 120 140 160 180 200 0 20 40 60 80 100 120 140 160 180 200 0 20 40 60 80 100 120 140 160 180 200
Time (Sec) Time (Sec) Time (Sec)

[ £

['E

Defocus (Dpt)
Defocus (Dpt)
Defocus (Dpt)

Testsubject (29 years)

(a) With and (b) without adjustment of the brightness to compensate
changed pupil area
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Accommodation Relaxation
3 3
~290 ms ~380 ms
2- v_,_/—\’_/_\\ 2_,\__’_/_\/—
g 1 5 1-
PN
(@) g o 8 0
(&) (&)
g4 | g
(=] ~360 ms (=]
-2 24 ~280 ms
-3 - - - - - - -3 : - - - - T
96 10.0 104 108 11.2 116 12.0 124 19.6 20.0 204 20.8 21.2 21.6 22.0 224
Time (Sec) Time (Sec)
3 3
~380 ms -\ﬂ.—/\,\,—/—/ ~420.ms
2. 24 \
N —
3 1 2 1 B e .
e | Q |
(b) & o= 2 o
3 8
G -1- \ 5 -1
(=] ~330 ms (=}
21 2 ~380 ms
'3 T T T T T T '3 T T T T T T
29.6 30.0 304 30.8 31.2 31.6 32.0 324 59.6 60.0 604 60.8 61.2 61.6 62.0 624
Time (Sec) Time (Sec)

Thereaction time was found in the range of 300 T 700 ms and the
response time 2001 800 ms

We cannot exclude a neural-triggered response to defocus triggering accommodation



¢261 NRa NBGIA)
fighting blindness

Retinitis Pigmentosa (RP) disease

Stateof-the-art implant A retlnal S|mulator in 50nmm photoresist AZ40XT

Retinal implant alpha

Valente & Vohnsen, Opt. Lett. 2017



Retinal simulator model, angular tuning

e Transmitted power through the cylinders

§“ — Stiles-crawford effect
Micr P
- /
HeNe (543nm, cw) BS * : g ‘
s 08 / \.
\ :.. s / e \\
":.. -— ,/ '\
i g 06 /
8 ; r@ e
o
b\ ‘5 04 / 0.016mn? .
o
E 0.2
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2 oo AAAAAAAAAAAAAAA
- 16 <10 5 0 § 10 15
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cylinders cylinders
€
Q

Valente & Vohnsen, Opt. Lett. 2017



Transmitted power (normalized)

Photoresist waveguide array, role of waveguide Iengszt
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Vision with an implant

Argus ll, retinal imnlant (RN nivel),

(1500 pixels)



Directionality when imaging photoreceptorg

Wave-optics interpretation:

d
Inner segme

Outer segment
Focused T

o )
beam or IR B A jﬂﬁmwﬂansmission

widefield — Ve
— Leakage Leakage

C Scattering and diffraction from photoreceptors (Vohnsen, BOE 2014)
C All about refractive index contrast

C Feature size determines backscattering angle

Problems?

U Impact of densely packed receptors?

U Waveguide and interface variations (beyondn® TIR?Y
U Whatcanbe seen, and whatannotbe seen?
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High resolution retinal imaging

In-vivo cone and rod reflection image by Calculated cone mosaic light intensity (no
courtesy of Alf Dubra (BOE 2011) rods included) ARVO (Vohnsen, 2014)

_ Exp.eriment Scattering simulation

Although images are not on the same scale, notice how the dark rings (that formr
of the cones) are seen both experimentally and numerically.



ConfocalScanning Laser Ophthalmoscop

Closed-loop wavefront correction (with a deformable mirror) prior to imaging

Deformable Mirror (DM)
A140 actuator

A3.5 micron stroke
Alnclude 4-order Zernike
AA2.5mm (5mm @eye)

GalvoScanners
A12kHz resonant
AAT fps

A5123 512 pixels

Detection (APD)
A75 micron pinhole
Avideo signal
AAvalanche photodiode ™

Rativa and Vohnsen, Biomed. Opt. Express 2011
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SLGOSCE analysis with pupil sweep of imaging be

Fovea vicinity Subject BV Superior parafovea retina

0.10-0.15

open boxes

r cone

0.20-0.30

0.30

3
.20-0.30

-

-
Al
- #
9

£7 1 : ' >0.30
Rativa & Vohnsen BOE 2011
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Pupil structuring and directional scattering

Splitting the pupll in sectors for simultaneous retinal imaging at different ang

Biomedical Optics Express Nov. 2018
Differential detection of retinal directionality

SALIHAH QAYSsI,!" DENISE VALENTE,2 AND BRIAN VOHNSEN'
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Cone pointing analysis with an AO fundus camenzodel)

Random tip/tilts of up t 3 Reconstructed tilts
(b) , e} . <
[ \ - - 1 ~ S -~
« N NN ‘ S .
— \ ’ \ P 28 e oS
/ 30 \ w 4 30

2 ——
" he ) ‘ - +tilt
v 12 11'12 \., . % [2_[1 I< no tilt
— - -tilt
m :
. p 8
- L Y » -




Pupilsectored retinal images

Images Difference images
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Local inclination vector at each pixein(n)

Inclination vector at pixehq,n)

DXm _|2,m,n - I1,m,n L ] )Q] I

I2,m,n + I 1,mn

Image inclination metric (N x N pixels)

S =

ﬁlNz a ng( R,,,/L) {ryp/L)

62



Cones with local inclination vectors

Colour-coded parafoveal cone mosaic

Vector inclination plot
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Colour coding and inclination near the optic dis
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Conclusions

A volumetric absorption model gives good estimates for the lSCE
and for the integrated Stile€rawford effect

Electromagnetic absorption model gives fair estimates for thelSC
and may explain rod directionality due to dense absorption in
rhodopsin

Scattering calculations can produce simulated images that may h
Interpret experimental results

Directional retinal scattering can be analysed with differential
analysis as demonstrated with an Ahdus camera
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