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Chapterl ) 1 OOI AOA ¢

1.1. Motivation

The motivation is to increase the available knowledge about the current
solutions for presbyopia and to try to improve their optical performance.
Solutions for prebyopia are currently one of the hottest topics in vision
research because presbyopia affects everyone beyond 45 years of age and all
currently available solutions only partially address the condition.

1.2. Optical aberrations and optical quality

The refractive properties of the human eye are classically characterized by
their defocus (myopia or hyperopia) and astigmatism. The correction of
myopia is known to have started in Florence around th& ¢8ntury* and
Johannes Kepler formally described the optics of myopia and hyperopia and
their correction as early as the %7century. The characterization of
astigmatism was achieved in the beginning of thé" t&ntury by Thomas
Yound. A historic note of relevance for the Institute of Optics where this thesis
is been performed is that it is named after Benito Daza de Valdés who in 1623
publishedastRe OF f £ SR & ¢ K SThdzoectidrifof astigiSalsinl Of S & ¢
and defocus removed most of the perceivable blur in the vast majority of the
population. Therefore, less effort was put into correcting vision further over
the next two centuries.

It is now kown that the eye's optics cannot be completely characterized by

only three degrees of freedom. Defocus and astigmatism, as typically used in
ophthalmic solutions, only allow modeling the optical imperfections of the eye

with essentially a sphere in whithe two principal meridians (separated 90°)

can take on different radii of curvature. First attempt to measure the
aberrations of the eye beyond that of astigmatism and defocus date from
1962. Smirnov, evaluating the slopes of the light rays through pgygisical
measurements (data obtained relied on subject observations and responses),
measured for the first time such aberrations in an actual’dye ¢ 2 Rl @ Q&
methods typically do not include psygbloysical measurements (although
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cross cylinder based techniques and inverse Shigkman sensors still do)

but rather take advantage of the advances in technology that have occurred

AAYyOS (KSY 06&dzLJSNX dzYAyArAaoOSyid RA2RSaz /1/5
the aberrations of the eye.

1.2.1 Aberrometers (Shack - Hartmann)

The most widely used aberrometer in vision nowadays is the SHartknan

(SH) sensor. It was developed out of a need to solve a problem unrelated to
vision. At the end of the 1960°s, the US Borce wanted to improve the
quality of ground images of satellittsThe optical media thaintroduced the
aberrations in this case was the atmosphere. In the early 1970’s, the first
ShackHartman sensor was delivered to the Air Force to be used in satellite
tracking. But it was not up until 1994 when the first Shhigktman sensor was
used to masure the ey2

Figure 2.1 is a represents a scheme of the procedure. A spot is projected onto
the retina by aled source (typically near infrared). Scatter from this spot acts
as a source, and on the way out of the eye, captures the optical properties of
the combination of the crystalline lens and the cornea with respect to the
retina (defined at the paraxial fosi The whole set of rays of light coming out
of the eye are called a wavefront. Different rays passing through different
areas will recollect information from different parts of the crystalline lens and
the cornea (resulting in different optical pathway#) wavefront coming out of

a perfect eye will be completely flat, and when arriving at the lenslet array,
each microlens will generate a spot. All spots coming for the different
microlenses will be distributed over a perfectly rectangular grid (Fig 1.1.A)

In a real eye, the resulting wavefront will not be flat and these differences
from the ideal wavefront will produce a namiform pattern of spots (Fig
1.1.B).

From the departure found on the spot diagram of a given subject to that of the
ideal one, thdocal slope of the wavefront can be reconstructed. These slopes
are used to generate the coefficientgightingthe Zernike polynomiale"ﬁx in
equation 1.2

Zernike coefficients are the standard used for the representatioth@bcular
wave aberration The fact that the Zernike polynomials form an orthonormal



basis is one of its major advantagéssecond advantage that second order
Zernike polynomials can generate any classical refraction (sphere+cylinder).
Zernike polynorials are composed by a radial componé¥it ” and an
angular componentos(m3) where the radial orders (n) are positive integers
and the angular orders (m) vary between and +n The rest ofim andn is
always an even number. The general expression of a Zernike polynomial is:

¢ Y beas o
Where the radial component of the Zernike is given by:

(n—m)/2 11k
L (=)} (n = k)!
RO = L i rmz— o n—myz ="

k=0

2k (1.2)

And the complete reconstruction of the wavefragin the form

® o "k Broo (1.3)

Once all the Zernike coefficients are obtained the globallar wave
aberration can be reconstructed. Wave aberrations up to 6th order Zernike
polynomials are used for all the m&aarements shown in this thesis. We used
the OSA convention for the ordering and noriration of Zernike
coefficients’. Figure 1.3 shows thegave aberration®f 4 subjects measured in
our lab for calibration presented in chapter 2 (section 2.1.2).
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Figure 1. 1. Schematic representation of how a Shack -Hartman wavefront sensor works. A)
Ideal eye were the wavefront coming out of the eye is completely flat. B) Measurement
typically obtained from a normal subject.



Figure 1.2 shows the expansion of the Zernike polynomials up coder.
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Figure 1. 2. Representation of the Zemike polynomials upto 7 order (4£0).
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Figure 1. 3. Examples of the wave aberrations of the four subjects used for the calibration of

the AO system in chapter 2. Pupil diameter6 -mm



1.2.2 Optical Quality Metrics

During the last decade, much effort has been put into obtairangubject’s
refraction of someone directly from the set of Zernikeeffiwients. As a result

of these efforts many different metrics have been developed good
evaluation of the performance of different metrics can be found in Marsack et
al.®.

The next section briefly explains some of the most common metrics that
typically form the basis for most of the optical quality metrics that are
currently used in vision &nce.

The first and simplest is the Root Mean Square ofvtlawefront error(RMS)
(ug in equation 1.3). The RMS up t8 érder of a list of Zernike coefficients is
given by:

YO Y= af ? (1.4)

The point spread function (PSF) is the image of a point source. If the system is
close to the limit imposed by diffraction (and the aperturesisficiently large

for the effects of diffraction to be small) the image of a point will be close to a
point. @nversely if the aberrations of an optical system are high, the image of
a point will no longer be a point (see chapter 2 for seeing the mathematical
expression). The Strehl Ratio (SR) is the ratio between the peak of a PSF limited
by optical aberrations rad the one limited by diffraction alone. The resultant
retinal image is the convolution of the system PSF with that ofStimulus

The Modulation Transfer Function (MTF) characterizes the contrast of the
image after it passes through the optical system a function of spatial
frequencies. The MTF can be restricted to a certain range of frequencies
originating other MTFs (e.g. Mililk or MTk35). The Visual Optical Transfer
Function (VSOTF) is computed by weighting the MTF bguaal contrast
sensitiviy function (CSE) The VSOTF is the most successful metric to date in
predicting visual performance’. Figure 1.4 shows: Wavefronts, PSFs,
convolutions, and MTFs. They are presented both for a normal eye (upper
representations) and under adaptive opti@sO) correction.
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Figure 1. 4. Schematic chart representing some of the most common metrics. From left to
right: Wavefronts computed from equation 3. The Root Mean Square (RMS) of the list of
coefficients that generate the wavefro nt (as calculated in equation 4). The PSF is the image
that an optical system forms of a point source (see chapter 2 for seeing the mathematical
expression). The Strehl Ratio (SR) is the ratio between the peak of a PSF limited by optical
aberrations and th e one limited by diffraction. The convolution is the result of convolving the
PSF of the system with a target. The Modulation Transfer Function (MTF) specifies the loss

of contrast of frequencies (contrast of the image/contrast of the object) generated by  the optical
system. If it is limited to a certain band of frequencies you obtain other MTFs known as the
MTF 312 or the MTF s15. By weighting the MTF with a CSF you obtain the VSOTF.
Wavefronts, PSFs, Convolutions, and MTFs, are presented both for a norma | eye (upper
representations) and under AO correction of the aberrations of the eye (lower
representations).
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1.3. Adaptive Optics

Once the aberrations are measured, the wave aberrations can be corrected.
During the last 25 years the application of adaptiveicpttechnology, first
developed for correcting atmospheric turbulence in astronomy, to measuring
and correcting the eye's optics has opened the door for the measurement and
correction of the optical properties of the eye in a fast and noninvasive
procedure™™. The firsttrial to create and AO system datérom 1989 when
.AffSQa 3 NERBadzLhttevipt b& thé yavefrontsenor and the
wavefront correctowere notfully developed®. David Williams' group in 1997
provided the first results of an adaptive optics system applied for vision
correction. Although these first works aimed at imaging the retina, ftre
results of visual performance tested under adaptive optics correction were
also presented**.

Currently, there are four primariechnologies aime@t wavefront correction.
Figure 1.5 shows 4 schemes representing each one of the technolag®sal
reflective surface on top of an array of actuatasscapable of reproducing
local deformations in the surface. In b), a set of pistons regulate the height of
the segmented mirrors that can also be tilted. Liquid crystal spatial light
modulators wak in a similar fashion but induce change in the index of
refraction of the material rather than displacing the mirrors. In ¢) membrane
mirrors that are composed of a grounded, reflective, flexible membrane
positioned between a top transparent electrode darmn underlying set of
patterned electrodes. In d), a bimorph mirror consisting of a layer of piezo
electric material is positioned between a continuous top surface electrode and
a patterned electrode array on the bottom. The top layer over the continuous
electrode is mirrored. An applied voltage drop will create a deformation in the
top mirrored surface. The two adaptive optics mirrors (show figure 1.6)

that have been used in this thesis are based in the technology presented in
figure 1.5c.

12
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Figure 1.5. Different adaptive optics technologies. a) A reflective surface and an array of
actuators are capable of reproducing local deformations in the surface.  b) A set of pistons
regulate the piston, tip and filt of the individual mir ror segments. Liquid crystal spatial light
modulators work in a similar fashion but induced changes in the index of refraction of the
material rather than displacing the mirrors. ¢) Membrane mirrors, are composed of a
grounded, reflective, flexible membran e positioned between a top transparent electrode and
an underlying set of patterned electrodes. d) Represents a bimorph mirror consisting of a
layer of piezo electric material positioned between a continuous top electrode and a bottom,
patterned electrode array. There is a mirrored top layer over the top continuous electrode. An
applied voltage will create a deformation in the top mirrored surface. Image taken from the
Book OAdaptive optics for vision science6, editor:

Figure 1. 6. Deformable mirror 52 -e from Imagine Eyes, France. It is included in the category
of deformable mirror technologies shown figure 1.5c.

The measurement and correction scheme or that of inducing aberrations is
shown in figure 1.7The aberrations of the eye are measured by the SH sensor.
Then the control algorithm converts these aberrations into instructions for the
deformable mirror that changes its shape to correct the natural aberrations of
the subject and, in certain cases, im#ua different set of aberrations. The
residual aberrations are then measured by the SH sensor restarting the loop.

13



Normally a complete correction of aberrations is achieved after 20 to 40 loops
(2-3 seconds).

Subjects
Aberrations Control

‘ HS Sensor Algorithms

Subjectseye

Closeloop

Residual
Aberrations

Wavefront
Corrector

Figure 1.7. Schematic of aberration measurement and correction/induction. The main
components are a deformable mirror, a HS sensor and the control algorithms.

1.4. Interaction of aberrations

The fact that Zernike polynomials are orthogonal over the unit circle allows
one t modify individual modes without affecting the rest. However,
mathematical independence of the modes does not mean their impact on
visual performance is independent since Zernike polynomials are evaluated at
the pupil plane and the visual performance &ated to the optical quality
present at the retinal plane. This was first noticed by Applegate et al. in 2003
for aberrations with 2 radial orders apart and having the same sign and angular
frequency’. Cheng et al. in 2004 explored in detail the interactions between
circularly symmetric aberrations where thehowed how optical quality could

be improved by adding certain amounts of spherical aberration to a given level
of defocus™. Figure 1.8 shows and example of three letters (size = 5 arcmin)
under 0.25 um of defocus (left), under 0.14 um of spherical aberration (center)
and under the combination of 0.25 um of defocus and 0.14 pm of spherical
aberration (right). Of all of them the one that produces the best optical quality
is the one with one with defocus and spherical aberration that also has the
highest level of RMS (0.28 um).

14



Defocus 0.25 um.
Defocus 0.25 um S.A. 0.14 um S5.A. 0.14 um

arcmin

arcmin arcmin arcmin

Figure 1.8. Convolved letters of 5 arcmin . Left: 0.25 pm of defocus. Center: 0.14 pm of
spherical aberration. Right: combination of 0.25 pm of defocus and 0.14 pm of spherical

aberration. Of all of them the one that produces the best optical quality is the one with the

combination of defocus and spherical aberration that also has the highest level of RMS (0.28

pm).

These interactions are not only restricted to radially symmetrical aberrations
but, as to be discussed in chapters 3 and 4, to asymmetrical modes as well.
Specificallyye studiedhow astigmatism and coma can interact to improve the

optical quality of the resultant image.

Astigmatism Astigmatism+ Coma Astigmatism+ Coma

=1

Decimal VA
arcmin

IS
IS

o
o o o o
<IIE
> : .
® E° ’ ’
E 7 .
o
(&) 10 10 10
o}
i 8 HO L 8 HO
A 8 HO

Figure 1. 9. Simulated visual acuity of 5 arcmin (upper row) and 10 arcmin (lower row) based

on convolution. Left panels: 0.46 pm of astigma tism at O degrees. Center panels: 0.46 pm of
astigmatism at O degrees with 0.23 pm of coma at 45 degrees. Right panels: 0.46 pm
of astigmatism at O degrees with 0.23 um of coma at 90 degrees.
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1.5. Vision under manipulated optics

Adaptive optics is an excelletdol to manipulate the optics of the subject’s
eye. Early experiments using adaptive optics were aimed at exploring the limits
of vision under full correction of aberrations. Liang et al. showed dramatic
improvements in contrast sensitivity even at 55 gpdpatial frequency that is
close to theNyquistlimit of the eye (60 cpdf. This benefit of adaptive optics
correction has been reported iseveralstudies since thefi**?%. In particular,
results from our lab have shown thdtis benefit of AO correction holds over a
large range of luminance levels and polarifiesStudies from our lab have also
shown that correcting aberrations increases the perception of sharpness and
even has been shown to improve the performancesueryday tasks such as
face recognition®.  On the other hand, it has been shown that inducing
aberrations, in gen&l, produce a decrease on visual function at best focus but
to expand the range of acceptable vision through fottf& In chapters3, 4

and 5 we show how selectively induced or corrected aberrations modify the
visual function?®®. In the previous section we have shown how interactions
between aberrations can craally affect retinal image qualitffigures 1.8 and
1.9).

Adaptive optics is an excellent tool for testing the behavior of different
multifocal patterns in a fast and nenvasive procedure. There are many
studies that have evaluated the performance okgnyopic patients through
focus under manipulated optics. One of the most frequent choices for
increasing the depth of focus is spherical aberratibff. Figure 1.10 shows
letters of 10 arcmin through focus frori.8 D to 1.8 D for three fiérent
conditions, all aberrations corrected (upper row), a pattern of spherical
aberration (middle row) and a pattern with two different optical zones with
coma and astigmatism of opposite signs (lower row).
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Figure 1.10. Letters of 10 arcmin through focus from -1.8 D to 1.8 D for three different
conditions, all aberrations corrected (upper row), a pattern of spherical aberration (middle
row) and a pattern with astigmatism and coma of opposite signs  in two halves of a segmented
pupil , similar to those studied in chapter 7 of this thesis (lower row). The column in the left
show the phase pattern that yield the through focus performance shown by the different
letters.

The condition depicted in the last row of figure 1.10 cannoekperimentally
simulated with a class ¢ system of adaptive optics technology (see figure 1.5)
because the continuousnirrored surface is not capable of simulating surface
discontinuities.Liquid crystal spatial light modulatotkat work in a similar
fashbn to the type b of the AO technologies shown in figure (bGt that
induce changes in the index of refraction of the material rather than displacing
the mirrorg) allow to test solutions with steep local changbsour lab a new
system is bimg developedwith this type of AO technology (PLUTO, HoloEye)
for allowing the experimental testing of phase maps with steep changes on
their profile.

1.6. Accommodation and presbyopia

The human visual system has the ability to focus light onto the retina from
objects atdifferent distances. This is possible due to a mechanism known as
accommodation. The amplitude of accommodation is defined as the difference
of the vergence of and object at far (0 D) and the vergence of the nearest point
that the patient is able to focughis amplitude is generally around 15 D at 10
12 years of age and starts to decline progressively reachiDd® the age of

55 or 60 yearsBy 40 years of age, the amplitude of accommodation is reduced
to around 6 D, and problems with near work arise.
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1.7. Presbyopia correction

Presbyopia is a condition with a prevalence of 100% for subjects older than 45
years of age. It is characterized by a loss of accommodation amplitude that
prevents from focusing on near objects during extended periods of time. By
the age of 45, the amplitude of accommodation already has been reduced to
around 6 diopters. Therefore it is no longer possible to perform activities that
require near vision for long periods of time without feeling headaches or
congestion around the eyes.

Due to presbyopia, the optical power of the eye can no longer be increased.
Near objects reach the eye with a vergence greater than zero and are
therefore focused behind the retina. In order to correct presbyopia we need
and optical aid that is capable afrming the image of a near object into the
retina. Therefore the easiest solution is to place a positive lens in front of the
eye (reading glasses). Figure 1.12 illustrates a presbyopic subject with a blurred
image at his retinal plane and the corresporglicase where presbyopic
subject is corrected with a pair of reading glasses.

Unfortunately this solution does not allow sharp vision at different near
working distances and also introduces blur for objects placed at far (having to
remove the glasses to edar). During the next section of this chapter we will
review some of the current solutions for presbyopia that aim to correct near
vision at the same time that allow and easy transition to far vision.
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Figure 1.12. Scheme of the situation of a presbyopic patient (upper graph) and of a
presbyopic patient corrected with near glasses (bottom graph).
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1.8. Current solutions for presbyopia

As it is been shown in the previous section it is relatively easy to implement a
partial solution for presbyopia. On the other hand, a complete solution is far
from being developed. A more sophisticated method for total recovery of
accommodation is lens capsule refiliftigOr accommodative intraocular
lenses that aim to use the functional structsref the accommodative plant in
presbyopic patients in order to produce changes in an intraocular lens that will
in turn mimic the change in optical power that occurs during natural
accommodation in non presbyopic subjects.

Currently available solutionsoif presbyopiaare based on one othree
principles: alternating vision, monovisiamd simultaneous visiorsome of the
optical corrections availablethat rely on alternating vision are
bifocal/progressive lenses (where changes in gaze or head positiow all
selection of the zone of the spectacle used to view near or far obj&tts)
translating contact lenses (wherihe lens, typically gas permeable, moves
upwards on the eye during dowrard gaze during near viewing) *. In
monovision, one eye is corrected for distanedile the other for near.
Monovision solutions are commonly applied in the form of corneal, intraocular
lens or contact lens treatment§. An increasingly populalass of treatments

for presbyopia elies on simultaneous vision designs where the eye is
simultaneously corrected foboth distance and near visioi"*®. Bifocal
solutions generally come in the form of refractive contact lenses, and
diffractive or refractive intraocular lenseBigure 1.13 shows examples of the
different solutions current available for presbyopiglternating vision
techniques include bifocal and progressive lenses (left column). Simultaneous
vision can be implemented in contact or intraocular lenses and in laser guided
operations (central column)Monovision techniques involve both eyes
independently optimizedor different distances; they are usually prescribed in
the form of contact lenses, intraocular lenses or laser guided operations (right
column).
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Figure 1.11. Scheme of the three principal approaches for correcting presbyopia.
Alternating vision techniques include bifocal and progressive lenses (left column).
Simultaneous vision can be implemented in contact or intraocular lenses and in laser
guided operations (central column). Monovision techniques involve the two eyes being
optimized individually for different distances; they are usually prescribed in the form of
contact lenses, intraocular lenses or laser guided operations (right column). Lower row
represent the optical image present at the retinal plane for each type of solution.

Simultaneous vision represents a new visual experience in which a sharp image
is superimposed to a blurred replica of the same image, thus reducing the
overall contrast.Our work extends upn the understanding of this type of
correction since little is known about how such an image is processed by the
visual system. In chapter 7, we show the correspondence of the changes in the
contrast of targets imagined with a camera and the changes én\fsual
Acuity reported by subjects under simultaneous vision conditidhg. add-
power for nearvisiontypically ranges from 1 toB*. In chapter 7, we report

how different levels of addition affect visual performance.

Also the intended optical effect of the correctioaccording todedgn is
combined with the particular aberratianpresent inthe particulareye, so a
given bifocal design does not produce the same optical threfoghs energy
distributions in all eyesin chapter 7 the variability of fourteen different
bifocal designs over a population of 100 subjects is reported.
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1.9. Multifocal correction of presbyopia

We can distribute the total amount of light passing through the pupil so that
fixed amounts of it will be focuseat different planes lying either before or at
the retinal plane. At any given moment without changing anything we could
see objects located at different distances. This type of correction can be
achieved with either refractive or diffractive lenses. Thesibarationale of
using aberrations to extend the depth of focus is shown in figure 1.14. Figure
1.15 shows the VSOTF obtained as a function ofi¢ingenceof the object for

a trifocal correction (left graph), the inset represents the phase pattern of a
trifocal correction where the zones have been divided angularly. Different
objects that require different working distances will use mostly the quality of
the image provided by the multifocal correction for that distance. Therefore,
when looking at landscags we would primarily use the red zone, for faces the
green zone, for computers the blue zone, and for reading the purple area. The
right part of figure 1.15 shows a schematic representation of where the
different objects will be placed on each of theusitions (i.e. where 25% of
the energy will be in focus or close to it for reading 75% of the energy will be
out of focus). Boxes on the right graph can be taken as the total amount of
energy, and the part occupied but each of the graphs can be considered
roughly as the portion of the total energy of use for each distance.

Figure 1.12 Schematic representation of an eye with spherical aberration focusing a far
object (upper graph) and a near object (bottom graph). This illustration offers rough
explanation of using aberrations for the extension of the depth of field. Image taken from
an article of Austin Roorda in Journal of Vision “°.
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Figure 1.13. lllustrates VSOTF obtained as a function of the vergence of the object for a
trifocal correction (left), the inset in the left graph represents the phase pattern of a
trifocal correction where the zones have been divided angularly. Different objects that
require different working distances will use mostly the quality of the image provided by
the multifocal correction for that distance. On the right, a schematic representation of
where the different objects will be placed for each case is shown (i.e. where at reading
distance roughly 25% of the energy will be in or close to focus while the rest will be out
of focus). Boxes on the right graph can be taken as the total amount of energy, and the
part occupied but each of the graphs can be considered roughly as the portion of the
total energy of use for each distance.

Independently of thetype of solution used, there will always be part of the
energy focused at the retinal plane and part of it out of focus. The focused
image of the object we are looking at will be superimposed by a defocused
image of the same scene. What will lead to aloscontrast in the final optical
image formed at the retinal plane. Figure 3.4hows and illustration of the
retinal image obtained with bifocal corrections with different levels of

addition.

Monofocal 1D 2D 3D 4D

Figure 1.14. Images of E-letters formed at the retina under simultaneous vision
conditions with a bifocal correction as a function of the value of the addition.

During chapters 6, 7 and 8 we will explore the visual performance obtained
with bifocal/multifocal corrections.
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