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Chapter-1  )ÎÔÒÏÄÕÃÔÉÏÎ 

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 presbyopia 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 the 15th century 1 and 

Johannes Kepler formally described the optics of myopia and hyperopia and 

their correction as early as the 17th century. The characterization of 

astigmatism was achieved in the beginning of the 18th century by Thomas 

Young2. 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 

published a stuŘȅ ŎŀƭƭŜŘ ά¢ƘŜ ǳǎŜ ƻŦ {ǇŜŎǘŀŎƭŜǎέΦ The correction of astigmatism 

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 known 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 which the two principal meridians (separated 90º) 

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 psychophysical 

measurements (data obtained relied on subject observations and responses), 

measured for the first time such aberrations in an actual eye3Φ ¢ƻŘŀȅΩǎ 

methods typically do not include psychophysical measurements (although 
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cross cylinder based techniques and inverse Shack-Hartman sensors still do) 

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

ǎƛƴŎŜ ǘƘŜƴ όǎǳǇŜǊƭǳƳƛƴƛǎŎŜƴǘ ŘƛƻŘŜǎΣ //5 ŎŀƳŜǊŀǎΧύ ǘƻ ƻōƧŜŎǘƛǾŜƭȅ ƳŜŀǎǳǊŜ 

the aberrations of the eye.   

1.2.1 Aberrometers (Shack - Hartmann)  

The most widely used aberrometer in vision nowadays is the Shack-Hartman 

(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 Air Force wanted to improve the 

quality of ground images of satellites4. The optical media that introduced the 

aberrations in this case was the atmosphere. In the early 1970´s, the first 

Shack-Hartman sensor was delivered to the Air Force to be used in satellite 

tracking. But it was not up until 1994 when the first Shack-Hartman sensor was 

used to measure the eye5.  

Figure 2.1 is a represents a scheme of the procedure. A spot is projected onto 

the retina by a led 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 focus). 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 pathways). A 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 non-uniform 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, the local slope of the wavefront can be reconstructed. These slopes 

are used to generate the coefficients weighting the Zernike polynomials ὥὲ
ά  in 

equation 1.3 6. 

Zernike coefficients are the standard used for the representation of the ocular 

wave aberration. The fact that the Zernike polynomials form an orthonormal 



 

7 
 

basis is one of its major advantages. A second advantage is that second order 

Zernike polynomials can generate any classical refraction (sphere+cylinder). 

Zernike polynomials are composed by a radial component Ὑ ” and an 

angular component cos(mʒ) where the radial orders (n) are positive integers, 

and the angular orders (m) vary between ςn and +n. The rest of m and n is 

always an even number. The general expression of a Zernike polynomial is: 

ὤὲ
ά Ὑ

ὲ

ά
” ὧέίά•                                  ρȢρ 

Where the radial component of the Zernike is given by: 

 (1.2) 

 

And the complete reconstruction of the wavefront is in the form: 

ὡ ὼȟώ ὡ ”ȟ• В ὥ ὤȟ                      (1.3) 

 

Once all the Zernike coefficients are obtained the global ocular wave 

aberration can be reconstructed. Wave aberrations up to 6th order Zernike 

polynomials are used for all the measurements shown in this thesis. We used 

the OSA convention for the ordering and normalization of Zernike 

coefficients 7. Figure 1.3 shows the wave aberrations of 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.  
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Figure 1.2 shows the expansion of the Zernike polynomials up to 7th order. 

 

 

Figure 1. 2. Representation of the Zernike polynomials up to 7 th order (╩▪
□).  
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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 diameter 6 -mm 
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1.2.2 Optical Quality Metrics  

During the last decade, much effort has been put into obtaining a subject´s 

refraction of someone directly from the set of Zernike coefficients. As a result 

of these efforts many different metrics have been developed 8. A good 

evaluation of the performance of different metrics can be found in Marsack et 

al. 9.  

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 science.  

The first and simplest is the Root Mean Square of the wavefront error (RMS) 

(ὥὲ
ά in equation 1.3). The RMS up to 6th order of a list of Zernike coefficients is 

given by:  

 

  (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 aperture is sufficiently large 

for the effects of diffraction to be small) the image of a point will be close to a 

point. Conversely 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 and the one limited by diffraction alone. The resultant 

retinal image is the convolution of the system PSF with that of the Stimulus. 

The Modulation Transfer Function (MTF) characterizes the contrast of the 

image after it passes through the optical system as a function of spatial 

frequencies. The MTF can be restricted to a certain range of frequencies 

originating other MTFs (e.g. MTF3-12 or MTF5-15). The Visual Optical Transfer 

Function (VSOTF) is computed by weighting the MTF by a neural contrast 

sensitivity function (CSF)10. The VSOTF is the most successful metric to date in 

predicting visual performance 9. Figure 1.4 shows: Wavefronts, PSFs, 

convolutions, and MTFs. They are presented both for a normal eye (upper 

representations) and under adaptive optics (AO) correction. 

ὙὓὛ= ὥὲ
ά2

ὲ= 6,ά= 6

ὲ= 0,ά= 6
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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 3-12 or the MTF 5-15. By weighting the MTF with a CSF you obtain the VSOTF.  
Wavefronts, PSFs, Convolutions, and MTFs, are presented both for a norma l 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 adaptive optics technology, 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 11-14. The first trial to create and AO system dates from 1989 when 

.ƛƭƭŜΩǎ ƎǊƻǳǇ ƳŀŘŜ ŀƴ early attempt but the wavefront sensor and the 

wavefront corrector were not fully developed 15. 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, the first 

results of visual performance tested under adaptive optics correction were 

also presented 14,16.  

Currently, there are four primary technologies aimed at wavefront correction. 

Figure 1.5 shows 4 schemes representing each one of the technologies. In a), a 

reflective surface on top of an array of actuators is capable 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 work in a similar fashion but induce change in the index of 

refraction of the material rather than displacing the mirrors. In c) membrane 

mirrors that are composed of a grounded, reflective, flexible membrane 

positioned between a top transparent electrode and an 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 (shown in figure 1.6) 

that have been used in this thesis are based in the technology presented in 

figure 1.5c.  
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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 tilt 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. c) 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 òAdaptive optics for vision scienceó, editor: Jason Porter. 

 

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 1.7. The 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, induce a different set of aberrations. The 

residual aberrations are then measured by the SH sensor restarting the loop. 
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Normally a complete correction of aberrations is achieved after 20 to 40 loops 

(2-3 seconds). 

 

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 to 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 is related 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 

frequency17.   Cheng et al. in 2004 explored in detail the interactions between 

circularly symmetric aberrations where they showed how optical quality could 

be improved by adding certain amounts of spherical aberration to a given level 

of defocus 18. Figure 1.8 shows and example of three letters (size = 5 arcmin) 

under 0.25 µm of defocus (left), under 0.14 µm of spherical aberration (center) 

and under the combination of 0.25 µm of defocus and 0.14 µm 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 µm). 

Subject́seye
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Figure 1. 8. Convolved letters of 5 arcmin . Left: 0.25 µm of defocus. Center: 0.14 µm of 
spherical aberration. Right: combination of 0.25 µm of defocus and 0.14 µm 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 
µm).  

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. 

Specifically, we studied how astigmatism and coma can interact to improve the 

optical quality of the resultant image.  

 

Figure 1. 9. Simulated visual acuity of 5 arcmin (upper row) and 10 arcmin (lower row) based 
on convolution. Left panels: 0.46 µm of astigma tism at 0 degrees. Center panels: 0.46 µm of 
astigmatism at 0 degrees with 0.23 µm of coma at 45 degrees. Right panels: 0.46 µm 
of astigmatism at 0 degrees with 0.23 µm of coma at 90 degrees.  
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1.5. Vision under manipulated optics  

Adaptive optics is an excellent tool 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 cpd a spatial frequency that is 

close to the Nyquist limit of the eye (60 cpd)14. This benefit of adaptive optics 

correction has been reported in several studies since then16,19-21.  In particular, 

results from our lab have shown that this benefit of AO correction holds over a 

large range of luminance levels and polarities 22. Studies from our lab have also 

shown that correcting aberrations increases the perception of sharpness and 

even has been shown to improve the performance in everyday tasks such as 

face recognition 23.   On the other hand, it has been shown that inducing 

aberrations, in general, produce a decrease on visual function at best focus but 

to expand the range of acceptable vision through focus 24-27. In chapters 3, 4 

and 5 we show how selectively induced or corrected aberrations modify the 

visual function 28-30. In the previous section we have shown how interactions 

between aberrations can critically affect retinal image quality (figures 1.8 and 

1.9).  

Adaptive optics is an excellent tool for testing the behavior of different 

multifocal patterns in a fast and non-invasive procedure. There are many 

studies that have evaluated the performance of presbyopic patients through 

focus under manipulated optics. One of the most frequent choices for 

increasing the depth of focus is spherical aberration 31,32. Figure 1.10 shows 

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 two different optical zones with 

coma and astigmatism of opposite signs (lower row).  
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Figure 1. 10. Lette rs 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 cannot be experimentally 

simulated with a class c system of adaptive optics technology (see figure 1.5) 

because the continuous-mirrored surface is not capable of simulating surface 

discontinuities. Liquid crystal spatial light modulators that work in a similar 

fashion to the type b of the AO technologies shown in figure 1.5 (but that 

induce changes in the index of refraction of the material rather than displacing 

the mirrors) allow to test solutions with steep local changes. In our lab a new 

system is being developed with 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 at different 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 focus. This amplitude is generally around 15 D at 10-

12 years of age and starts to decline progressively reaching 0 D by the age of 

55 or 60 years. By 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 of forming 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 corresponding case 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 see far). 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 refilling33. Or accommodative intraocular 

lenses that aim to use the functional structures of 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 solutions for presbyopia are based on one of three 

principles: alternating vision, monovision and simultaneous vision. Some of the 

optical corrections available that rely on alternating vision are 

bifocal/progressive lenses (where changes in gaze or head position allow 

selection of the zone of the spectacle used to view near or far objects) 34 or 

translating contact lenses (where the lens, typically gas permeable, moves 

upwards on the eye during downward gaze during near viewing) 35. In 

monovision, one eye is corrected for distance while the other for near. 

Monovision solutions are commonly applied in the form of corneal, intraocular 

lens or contact lens treatments 36. An increasingly popular class of treatments 

for presbyopia relies on simultaneous vision designs where the eye is 

simultaneously corrected for both distance and near vision 37,38. Bifocal 

solutions generally come in the form of refractive contact lenses, and 

diffractive or refractive intraocular lenses. Figure 1.13 shows examples of the 

different solutions current available for 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 both eyes 

independently optimized for 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 upon 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 in the Visual 

Acuity reported by subjects under simultaneous vision conditions. The add-

power for near vision typically ranges from 1 to 4D 39. In chapter 7, we report 

how different levels of  addition affect visual performance.  

Also the intended optical effect of the correction according to design is 

combined with the particular aberrations present in the particular eye, so a 

given bifocal design does not produce the same optical through-focus energy 

distributions in all eyes. In chapter 7, the variability of fourteen different 

bifocal designs over a population of 100 subjects is reported.    

Multifocal designs

Alternating vision Simultaneous Vision Monovision

Dominant eye ND eye

Retinal Image

Dominant eye ND eye
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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 focused at 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. The basic rationale 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 of the vergence of 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 landscapes 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 the situations (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 

40
. 
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Figure 1.13. Illustrates 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 the type 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 a loss of contrast in the final optical 

image formed at the retinal plane. Figure 1.15 shows and illustration of the 

retinal image obtained with bifocal corrections with different levels of 

addition. 

 

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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