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What is High Quality Vision?

\\

* The vision that was purified from all its optical
aberrations and obtained from the image with
highest contrast on the retina...
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Components of Visual Systemn

1.0ptical system 2.Photoreceptors 3.Neural effects



Optical System and It’s Imperfections

Helmholtz’s Commenton Eye

* Now, it is not too much to say that if an optician
wanted to sell me an instrument (the eye) which
had all these defects, | should think myself quite
justified in blaming his carelessness in the
strongest terms and giving him back his
instrument.

Hermann Ludwig Ferdinand von Helmholtz
(1821-1894)

Helmholtz,
Berlin, Humboldt University



Optical System and It’s Imperfections
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*  Optical sources of

image blur

1. Scatter
2. Diffraction

3. Aberrations



What is Wavefront and Wave
Aberration?

Spherical wavefront Aberrated wavefront

Plane wavefront
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Perfecteye

Aberrated eye

Wave aberration is defined as the difference between the actual aberrated wave
front and the ideal or intended wave front. That is a function that characterize the
image forming properties of the any optical system.

Born M, Wolf E. Principles of Optics 1985



What is Wavefront and Wave Aberration?

| Describing Irregular or Complexcsir;f, ces

Expansion series:

* Jean Bapiste Joseph Fourier = 1800
* Fritz Zernike = 1934

Zernike 10th order (mode) and
Fourier with 64 terms of facial
profile.

The higher the degree of
irregularity, the closer the

Zernike polinomials 2-D and 3-D approximation of the Fourier series.




Optical System and It’s Imperfections
[ Anatomical Limitati '
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Optical System and It’s Imperfections

[ Limitations of Pupil SizeZ,

SNELLEN VISUAL ACUITY vs. PUPIL SIZE * Thelarger the pupillary
AS A FUNCTION OF DEFOCUS diamater, aberrations

increase, the smaller the
pupillary diamater decrease
butif it gets smaller, then
diffraction becomes
effective.

* In normal emmetropic
human eye, 3,0 — 3,2 mm. is
the optimal pupil size for
achieving best uncorrected
visual acuity.

H Holladay, ... Ophthalmc
Pupil Size (mm) 59:.103.70-76

Holladay JT, et al. The relationship of visual acuity, refractive
error, and pupil size after radial keratotomy. Arch
Ophthalmol. 1991; 109: 70-6.



What is Diffraction?

* Diffraction is defined as any
deviation of light rays from a
rectilinear path which cannot be
interpreted as reflection and
refraction. It is a tendency for light
to bend around edges.

* When the wavefront is interrupted
by an aperture, new wavefronts
form and new wavetronts
interacts with each other causing
positive and negative effects (such
as phase variations) called
interference.




Optical System and It’s Imperfections
| Chromatic Aberration

* Chromatic aberration
arises entirely because
the index of refraction of
media is not the same for
all wavelenghts.

* Typically, the index of
refraction is higher as the * Normal human eye has ~1.25

wavelenght decreases. D. of axial chromatic
aberration [betweenred

(+0.37)andblue (-0,87)]. That
may span 2.0 D.



Optical System and It’s Imperfections
| Spherical Aberration

Spherical aberration
Focal length




Optical System and It’s Imperfections
| Nyquist Sampling Limit2)"
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Spacing Spacing Nyquist

Density

(microns) (Min of Arc) (c/deg)

Osterberg (1935) 147 %103 2.43 0.50 60 1

Miller (1979) 128 x 103 2.6 0.54 55.9 1.07
BT SRR
Curcio et al (1987) 162 X 103 2.57 0.53 56.6 1.06
Curcio et al (1990) 197 X 103 2.55 0.53 56.6 1.06
Williams (1985) 126 X 103 2.62 0.54 55.6 1.08
Williams (1988) 129 x 10° 2.59 0.54 55.6 1.08
Avarage 157 x 103 2.49 0.51 58.8 1.03

Nyquist rule: Spatial frequencies are only properly
detected by foveal photoreceptors when they are less
than one half of the sampling frequency.

Foveal photoreceptor density = 120 ¢/deg.

Highest frequency can be sampled— 60 ¢/deg.



Optical System and It’s Imperfections
[ Nyquist Sampling Limit
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Optical System and It’s Imperfections
| Effect of Accommodatioh

:

2 14 SC 27+ 2 HH 1 PA
E » ‘-“" b- ] L]

s * > -EL&-

: o™l Ca TemniNss
E=

E 4‘: 4::~ 'N.-..* au._:‘ﬁ'.

] N F .. .

3 o 0 s ] 1.5 2

Accommodation (diopters)

Artal P, et al. Dynamics of ocular aberrations during accomodation. Optical Society of America
Annuzl Meeting, 199q.



Optical System
| Compensation Mechanisms

To suppose that the eye with all its inimitable contrivances

for adjusting the focus to different distances, for
admitting different amounts of light, and for the
correction of spherical and chromatic aberration, could
have been formed by natural selection, seems, | freely

confess, absurd in the highest degree.

: Charles Darwin, The Origin of Species, Chapter 6 “Organs of
Charles Darwin ’ & % % g

1809 -1882 Extreme Perfection and Complication” 1859.
9 p



Optical System

| Compensation Mechanisms / Large Pupiland
Stiles-Crawford Effect ¢* €~

* The Stiles-Crawford effect, described
in 1933, is caused by directional
sensitivity inretinal photoreceptor
cells.

* Therays of light that strikethe retina
obliquely have a reduced effect on
vision compared to those that strike
the retina more perpendicularly.

* Consequently, the quality of an image
in human eye is far better than could
be achieved with large pupil if the
Stiles-Crawford effect did not exist.

* Inthis way, the eye is superiortoa
camera.




Optical System
[ Compensation Mechanisms

[ Chromatic Aberrations and Balancifig HOAs

* Chroma, or rainbows around
lights, appear around objects
when white light is
prismatically dispersed which

Axial Chromatic Aberration

B'“““'“j_“““ may cause the visual blur.
* We do not see chromatic
KN rainbows because it is shown
8! that achromatic higher order
wmmme 450nm ;
Single Lens o 550nM aberrations balance out the

chromatic aberrations.

McLellan PS, et al. Imperfect optics may be the eye’s
defence against chromatic blurs. Nature 2002; 417: 174-6.



Optical System
| Compensation Mechanisms
| Balancing Corneal Positive Spherical Aberratiopsby
Crystalline Lens |

i

Young l:rys'lzllliiile Lens, Old Crystalline Lens,
Negative Spherical Aberration ' Positive Spherical Aberration

‘ h‘«-/ Old Crystalline Lens,
Addition to Positive Spherical Corneal
Aberration

/' Young Crystalline L'EETIS, i
Compensation Of Positive Spherical
Corneal Aberration




Optical System
[ Compensation Mechanisms

| Compensation by the Internal Optigs

Jm o i G0 A -y g L i

Compensation of corneal aberrations by the internal
optics in the human eye
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cornea

internal

subject

Corneal, internal and
total aberrations were
measured one by one.

Corneal + Internal optics
aberrations > Total Eye
aberrations

Conclusion: Cornea and
internal optics
neutralizes each other’s
aberrations.

Artal P, et al. J Vis 2001; 1: 1-8.



Optical System
| Compensation Mechanisms

[ Compensation with Binocularity and

* Angle alpha, the 5.2°horizontal tilt

e

of the eye, induces coma, a
distortion that causes a point of
light to appear as a comet shaped
image.

Because coma exists in both eyes,
brain have learned over time that
a coma image with its tail in
opposite directions in the two
eyes should be a point.

The brain can eliminate the tail and
still achieve depth perception
using binocular fusion.

# Itis possible that reducing or
eliminating coma may actually
decrease stereoacuity at night,
rather than improve it.

Coma




Compensation Mechanisms
[ Neural Adaptation

* Optical component
* Cornea
* (Crystalline lens or IOL
* Optic media

* Sensory Component
* Photoreceptors

* Qccipital cortex

* Broadman17, 18 and 19.
areas



Compensation Mechanisms

/ Neural Adaptation,

* Neural adaptation is the process
that takes place as the brain adapts
over time (t Femp{}ral) to changes in
the visual mformatmn being
supplied by the eye’s optical
component.

* Quick phase: Few seconds or
minutes

* Longer phase: Several months to a
year.
* Schallhorn SC et al. Ophthalmology
2003; 110: 1606-14.
* Maester U et al. ] Cataract Refract Surg
2003; 29: 652-60.




Compensation Mechanisms

[ Neural Adaptatio
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Neural compensation for the eye’s optical aberrations * 2nd Study% 20 J,'g VA SLijECtS
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* Lesson 1: Neural computer is always
adapted to the patients own particular
optical system. If you change this optical
system, neural software will be shut down
until it will be readapted.

fa} miged sharmlons

* Lesson 2: When you change these
aberrations by using surgical or non surgical
methods you may face with patients who
have lost their neural adaptation , and
dropped visual acuity and quality.

Artal P, et al. Neural compensation for the eye’s optical aberrations. J Vis 2004; 4: 281-7.



Compensation Mechanisms

[ Neural Adaptation
Neural compensation for the best aberration correction —
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MTF
(White light)

Visual Benefit of Higher Order.

Aberration Correction
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MTF with all monochromatic
aberrations corrected

MTF with only defocus and
astigmatism corrected
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Guirao A, et al. J Opt Soc Am A. 2002;19: 620-8.



Visual Benefit of Higher Order.

Aberration Correction
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What is High Quality Vision?

* The vision, provided by normal
optical but perfect neural
systems, ended up with
highest contrast sensitivity
perception.

Thank. tz:m very mu ch far

your a ntion.



