
��������� 	�
��������� 
���������� � ���

 1 

�
�

&KDSWHU�,�
����������������������  

,QWURGXFWLRQ�
�

�
5(680(1�

�
  La introducción se encuentra dividida en cinco secciones. En la primera sección se 

introducen los conceptos físicos referidos a la medida de la calidad óptica de la imagen 

en el ojo humano, así como algunas definiciones, terminología y convenios usados en 

esta tesis. En la segunda sección se introducen los métodos usados para medir las 

aberraciones totales y corneales (las técnicas usadas y desarrolladas en esta tesis se 

presentan en el capítulo II. La sección tercera presenta el estado del arte del 

conocimiento de las contribuciones corneales e internas a la calidad de imagen retiniana 

en ojos normales. En la sección cuarta se introducen brevemente algunas de las 

situaciones clínicas y oftálmicas en las que se aplicará la medida de aberraciones, tales 

como procedimientos de corrección de ametropías (cirugía refractiva corneal, cirugía de 

implante de lentes intraoculares, uso de lentes de contacto), la miopía, la afaquia o 

patología de queratocono. Finalmente, en la quinta sección se exponen los objetivos 

concretos que se abordarán en la tesis.  
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The introduction is divided in five sections. Section 1 introduces the physical 

concepts related to the measurement of the image quality in the human eye as well as 

the definitions, terminology and conventions used in this thesis. Section 2 introduces 

current methods to measure total and corneal aberrations (the techniques used and 

developed in this thesis will be presented in Chapter 2). Section 3 presents briefly the 

state-of-art of corneal and internal contributions to retinal image quality in the normal 

eye. Section 4 introduces briefly some of the clinical and ophthalmic situations were 

aberration measurements will be applied, such as correction procedures (corneal 

refractive surgery, surgery with intraocular lens implant and contact lenses) or in 

conditions such as myopia, aphakia, or keratoconus. Finally, section 5 presents the goals 

of the thesis.  
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Optical aberrations show the departure of the eye from a perfect optical system. 

Historically, measurements of aberrations in the human eye were restricted to the  

assessment of defocus and astigmatism, i.e. low order aberrations that can be corrected 

by conventional spectacles. It has not been until the last decades when the rapid increase 

of aberration measurement technology has allowed to measure higher order aberrations. 

In addition to aberrometry of the global eye, the development of accurate measurements 

of the corneal shape has led to the first detailed analysis of the optical contribution of 

the different ocular elements, which opens a wide range of basic and clinical 

applications. In fact, these advances have started to cause an important impact in the 

ophthalmology practice. One of the most useful applications of these technologies 

occurs in corneal laser surgery and cataract surgery. Measurement of the increase of 

aberrations induced by these surgeries has revealed issues that cannot been accounted 

for using classical refraction measurements. Furthermore, these type of measurements 

has opened the possibility of improving surgery, by optimizing the design of the 

intraocular lenses implanted in cataract surgery or by customization of laser ablation 

algorithms in corneal surgery. Moreover new technologies to correct eye aberrations 

have arisen with two fundamental goals: the improvement of visual quality and the 

increase of resolution of�retinal imaging devices.  

 The research conducted in this thesis has run parallel to complementary research in 

other national and international laboratories. All these developments have turned the 

field in an increasing relevant area of vision, with impact in the clinic and industry. In 

this thesis, we analyze the contribution of the different ocular components to ocular 

aberrations in different clinical situations, for a better understanding and possible 

improvement of treatments.  
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���,PDJH�IRUPDWLRQ�LQ�WKH�KXPDQ�H\H 
�
�
����2SWLFDO�WUDQVIHU�IXQFWLRQ�DQG�ZDYH�DEHUUDWLRQ��

� �
The optical system of the eye projects the images of objects onto the retina, where 

light is captured by the photoreceptors and converted into neuro-electrical signals 

transmitted to later stages of the visual process. Due to the wave nature of light and 

diffraction effects produced by the limited circular aperture of the pupil, the best image 

of a point source projected on the retina by the optics of the eye is the diffraction-

limited Airy disc. Optical aberrations and scattering distort the image of a point source 

from the Airy disk. The 3RLQW�6SUHDG�)XQFWLRQ��36)��is defined as the distribution of 

the radiation in the retina of an object point. For an extended object represented by a 

spatial function: o(x,y), the distribution of light in the retina i(x’,y’) can be generalized 

as follows:                        

� 
� 
� � � � � 
� 
�, [ \ 2 [ \ 36) [ \ �  

 

      Thus the image formation of the human eye at the retina is fully described by a 

mathematical operation called convolution (represented by � ), given the PSF�of the 

eye. Using Fourier operations, convolution is transformed to a multiplication in the 

frequency domain:          

� 
� 
� � � � � 
� 
�, X Y 2 X Y 27) X Y  

 

Where 27) is the 2SWLFDO� 7UDQVIHU� )XQFWLRQ� that measures� the contrast 

degradation of the different frequency components imposed on object (u,v) by the 

optical system. The OTF is a complex function where the modulus is the PRGXODWLRQ�
WUDQVIHU�IXQFWLRQ��07)� and its phase is the SKDVH�WUDQVIHU�IXQFWLRQ��37)�� 

  Following scalar diffraction theory (ignoring polarizationa) of wave propagation 

                                                
a Ocular media have some degree of anysotropism giving rise to birefringence properties, specially at the 
cornea because of the particular distribution of the collagen. Although these SRODUL]DWLRQ properties of the 
eye must be considered for analysis of image reflected by the retina in ophthalmic instrumentation, it has 
been proved that their effects on the image retinal quality are negligible1,2.  
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and using Fraunhofer approximation the point spread function is given by3: 

 

                  ^ ` �� ����� � � �� 
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Where T(x,y) is the transmittance pupil function, WA(x,y) is the ZDYH�DEHUUDWLRQ�
function and (x,y) are coordinates in the pupil plane. In the present thesis we will 

assume that the transmittance pupil function is constant (i.e., the apodization effect by 

cone-directionality4, 5 is not considered). In the absence of scattering, the PSF of the 

human eye can be obtained directly from the wave aberration for any given pupil size. 

Wave aberrations can be also defined using geometrical optics.  A geometrical 

optics model assumes that light can be represented as ray propagation following 

trajectories according to Fermat’ s principle.  

  J.C. Maxwell defined the ideal optical system as that for which6 all rays coming 

from a point O (object point) in a defined plane x-y (object plane) pass through a point 

O’  (image point) in a plane x’ -y’  named image plane. Another condition required for the 

“ideal” optical system is that coordinates (x’ ,y’ ) of image point must be proportional to 

(x,y). The constant of proportionality is named magnification. The eye is not an ideal 

optical system, since it suffers from aberrations that deflect the rays from the ideal 

location. The ZDYHIURQW is defined as the surface of constant optical path -the optical 

path is the physical path multiplied by the medium refractive index- from a point 

source; considering Malus-Dupin theorem the wavefront is always a surface orthogonal 

to the rays coming from the source point7. For an ideal point image the ideal wavefront 

is a spherical surface. The ZDYH� DEHUUDWLRQ is defined as the optical path surface 

difference from an ideal spherical wavefront. 

 

����$EHUUDWLRQV�LQ�WKH�KXPDQ�H\H�
�
$EHUUDWLRQV�of an optical system can be defined as the deviation of the rays from 

their ideal trajectories as defined above. Aberrations can be expressed in three different 

ways8: Longitudinal, transverse and wave aberration. A schematic diagram of the 

relations between these definitions is illustrated in Figure I.1.  
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)LJXUH� ,��� Wave, transverse and longitudinal aberration of a ray in a simplified scheme of the 
human eye considering only the exit pupil and the image plane. The image plane is located at the retinal 
surface. The exit pupil is determined by the image of the iris stop through the crystalline lens. The line of 
sight is the axis passing through the center of the eye pupil and the object point. Transverse aberration for 
the ray in the figure LV�GHWHUPLQHG�E\�WKH�FRRUGLQDWHV� [�� \�RI�WKH�LQWHUVHFWLRQ�RI�WKH�UD\�ZLWK the retina 
plane; longitudinal aberration is determined by coordinaWH� ].  

 

Experimentally one typically measures the transverse aberration (TA) which is 

related  by first derivates to the wave aberration (WA)9 for different pupil positions.  

Aberration theory has been widely studied in rotationally symmetric systems for 

optical design and testing purposes6, 10. In conventional optical systems, analytical 

expressions of aberrations can be obtained as a function of a few parameters such as 

radius, asphericities, thickness of surfaces and index of the media6.   However the 

optical system of the eye is composed of complex and non-symmetrical surfaces, and in 

general, accurate information of the optical and geometrical properties of the ocular 

surfaces is limited. The wave aberration of the optical system of the eye is therefore 

typically obtained by means of a discrete sampling and measurement of a set of local 

aberrations, which are then fit to a functional expansion of the wave aberration. 

Aberrations are usually referred with respect to the optical axis. However in the 

human eye, the centers of curvature of the cornea, crystalline lens surfaces and the pupil 

center are not aligned, and therefore an unique optical axis cannot be defined. The 
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aberrations of the eye are generally referredto the line of sight (axis joining the object 

fixation point with the entrance pupil center)11. The pupil stop in the human eye is set 

by the iris, so the entrance pupil is the image of the physiological pupil through the 

cornea. The exit pupil is not as easy to localize as the entrance pupil so it is also 

recommended to refer aberrations to the entrance pupil11. 

�
����=HUQLNH�UHSUHVHQWDWLRQ�RI�ZDYH�DEHUUDWLRQV�

 

As the wave aberration depends not only on pupil coordinates but also on object 

coordinates, there are two representations for the wave aberration: including explicitly 

the dependence of object coordinates (i.e. classical Seidel aberrations), or assuming 

implicitly the object position and including only dependence on pupil coordinates. For 

the human eye the second type of representation is typically used, considering a point 

object at infinity. 

 The wave aberration is in general a complex surface function, and it is usually 

described as a polynomial expansion. Howland et al 12 proposed a Taylor expansion to 

describe the wave aberration function in terms of pupil coordinates. Zernike polynomial 

expansion has become, however, the standard to represent ocular wave aberration data. 

Zernike polynomials were first introduced by Frits Zernike in interferometric contrast-

phase microscopy13. The main advantage of the set of Zernike polynomials is that they 

are orthonormal in a unit circle. As pupil coordinates are usually normalized for a unit 

circle, any continuous wave aberration function can be expressed in terms of a Zernike 

expansion. Another advantage is that some Zernike polynomials can be related easily to 

magnitudes typically used in optometry, such as defocus or astigmatism. Each Zernike 

term is formed by the product of a radial, an angular function and a normalization 

factor. Each term is specified by a radial Q� and an angular P� indexes. The Zernike 

coefficients represent the contributions of each specific term to the wave aberration. The 

Optical Society of America has established a set of recommendations14 (sign, 

normalization and ordering) for reporting the Zernike polynomials which we will follow 

in this thesis. OSA notation uses Noll’ s normalization15b an also proposes an alternative 

                                                
b Noll’ s normalization forces the different Zernike terms to have the same variance equal to 1. Thus the 
total variance of the wave aberration is the sum of the squares of the coefficients of the Zernike terms.   
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single scheme notation with a index M formed from�Q and P��
� ��

�
Q Q PM � � �

In certain applications it is interesting to refer the aberrations in terms of classical 

power series expansion. Each Zernike term usually contains different powers. For 

example u v wv ��� � ��= U U � �  is a balance of spherical primary aberration, term xU , 

and paraxial defocus term yU , and piston, term 1. Matrix transformation between 

classical power-series expansion and Zernike aberrations can be found in several optics 

manuals16. The order of the Zernike terms is given by the power of U . For n=0 the zz=  

term is a constant (piston) added to the global wavefront, and does not affect optical 

quality. For n=1, {{= |  and }}=  are referred as tilt terms. Tilt only produces a global shift 

of the retinal image affecting image position but no image shape. In foveal vision, the 

eye places the image at the fovea, canceling tilt effects. In the present thesis we use in 

most cases a 7th order Zernike polynomial expansion, where piston and tilt terms will be 

ignored in all cases. 

Figure I.2 shows the first fifth orders (without piston & tilts) in the Zernike 

expansion and the corresponding retinal PSF (for values of the Zernike coefficients 

equal to λ). 
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)LJXUH�,��: Zernike polynomial terms and the corresponding retinal PSFs. The top figure represents 

a diffraction limited case. The pupillary image shows the axis and angular convention. The pyramidal 
representation shows 2nd to 4th order polynomials, and their corresponding PSF for all W=� . The scale of 
the pupillary wave aberrations is in microns �IRU�  ������� DQG� WKH� VFDOH� RI� WKH� UHWLQDO� LPDJHV� LV� LQ�
arcmin. The first three aberrations (piston and tilts, i.e. 0 and 1st orders) are omitted. Note that piston has 
been adjusted to give a null value of wave aberration in the central pupil position.  

  

 

����*OREDO�PHWULFV�WR�HYDOXDWH�RSWLFDO�TXDOLW\�LQ�WKH�KXPDQ�H\H�
 

The wave aberration is described by a set of Zernike coefficients (typically 37 in this 

thesis). In many applications it is useful to characterize the wave aberration in terms of a 

single number which will represent a global image quality metric. One option it is to use 

the peak to peak wave aberration which is simply defined as the maximum departure of 

the wavefront from the ideal wavefront. A more complete metric is the root mean 

square wavefront error (RMS) defined as the root square of the variance of the wave 

aberration:   
� �� �506 :$ :$ �    

The RMS gives an average value of the magnitude of the wave aberration. The 
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orthogonal properties of the Zernike expansion and Noll’ s normalization allow to 

calculate easily the RMS as the square root of the sum of Zernike coefficients squares. 

Global image quality will be described in this thesis in terms of the RMS, and the 

contribution of specific order terms as the RMS corresponding to those orders (i.e. 

setting the rest of Zernike coeffcients to zero). It should be noted that RMS is a pupil 

plane optical quality metric and does not necessarily correlate highly with visual 

performance metrics such as visual acuity or subjective refraction17, among other 

reasons, because it does not take into account diffraction and scattering. Other metrics 

based on retinal images (i.e. PSF or MTF) can also be used. When considered 

necessary, in this thesis we also provide estimations of the Modulation Transfer 

Functions (MTF) computed from the wave aberration.  

Figure I.3 shows how aberrations change the size and shape of the PSF for different 

eyes measured in this thesis. 

�

�
�����)LJXUH�,����Point spread functions (PSF) for different eyes with different amounts of RMS (excluding 
tilts and defocus). It can be shown how in highly aberrated eyes, like keratoconus and post Lasik eyes, the 
PSF is more spread and distorted.   

�
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���$EHUUDWLRQ�PHDVXUHPHQWV�LQ�WKH�KXPDQ�H\H 
�
The first objective evaluations of the optical quality of the human eye were 

performed using double-pass techniques. These techniques projected originally line 

light sources18, and later (with the availability of lasers) point light sources19 on the 

retina. The aerial image projected from the retina back onto a CCD camera (the 

autocorrelation of the PSF20) was used to compute the MTF.  Double-pass image quality 

contains information of optical quality degradation produced by diffraction, scattering 

and aberrations. However, this technique does not allow direct measurement of the 

wave aberration since phase information is lost, although there has been some attempts 

to retrieve wave aberrations from double-pass aerial images and MTFs using 

optimization algorithms21�� Aberrometers or wavefront sensors allow direct 

measurements of the wave aberration in the pupil plane.  ��
�
����0HDVXUHPHQWV�RI�WRWDO�DEHUUDWLRQV 

  

Early direct measurements of aberrations in the pupil plane were performed 

psychophysically, using artificial pupils and  evaluating  the local diopter power of 

different regions across the pupil22. Berny et al23 conducted the first objective 

measurement of wave aberration using the Foucault test; since then, different techniques 

have been developed. Most of them measure transverse aberrations and then estimate 

the wave aberrations.  

One way to classify aberrometry is in psychophysical and objective techniquesc. 

Psychophysical techniques need the collaboration of the subject and are based on 

Vernier alignments24-26 or Tscherning test27. The first psychophysical methods were 

slow, but recently fast methods have been implemented (i.e. the spatially resolved 

refractometer) 12, 28, 29.  

Objective techniques can be divided in sequential or parallel wavefront sensors 

Parallel aberroscopes only require capture of a single snapshot  while sequential are 

                                                
c Aberroscopes can also be classified depending on whether aberrations are measured in the first pass 
(called ingoing aberrometers such as the crossed cylinder aberroscope, laser ray tracing, spatially resolved 
refractometer) or in the second pass, as the light emerges from the eye (outgoing aberrometers such as the 
Hartmann-Shack). 
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based in a sequential laser ray tracing and capture of a sequence of images30, 31. The first 

objective “aberroscope” (parallel) for the human eye was developed by Walsh et al32 in 

1984, based on the crossed cylinder aberroscope of  Howland et al33. Tscherning 

principle has been  also implemented  objectively34. Currently, the most popular parallel 

aberroscopes are those based on Hartmann-Schack wavefront sensors, originally used in 

astronomy and first used in the human eye by Liang et al35.  

In the present thesis we have used a sequential objective aberroscope technique 

developed by Navarro et al30. In this technique the pupil is sampled by scanning a set of 

narrow laser beams and the corresponding aerial images reflected off the retina are 

sequentially captured by a CCD. The actual implementation of the systems used in this 

thesis will be described in chapter II. 

�
����0HDVXUHPHQWV�RI�FRUQHDO�DEHUUDWLRQV 
 

The radius of curvature of the cornea has been measured since long ago, by 

estimating the size of the images reflected from its surface. Also, it is known for more 

than a century36 that natural cornea typically shows some degree of toricity, i.e.. the 

radius of curvature in vertical meridian is usually greater than in the horizontal meridian 

forcing an astigmatism “with the rule”. Moreover, the cornea presents an aspherical 

shape. This asphericity has been usually represented by a conicoid surface, with two 

parameters: apical radius and DVSKHULFLW\�4�� introducing toricity in this scheme the 

cornea would�EH�UHSUHVHQWHG�E\�D�ELFRQLRFLG . Normally, the cornea flattens with the 

distance from the surface apex leading to negative values for Q37-39 and therefore 

showing lower values for spherical aberration than those exhibited by a perfect spherical 

surface. However, it has not been until recently, with the development of the 

videokeratoscopes, that spatially resolved corneal elevation maps of individual corneas 

can be obtained, and the shape of the cornea has been studied systematically. Accurate 

corneal elevation measurements are required to estimate the aberrations that are induced 

by the cornea. There are several optical techniques to measure corneal surface using 

specular reflection, diffuse reflection or scattered light40. Nowadays the majority of 

commercial videokeratoscopes are based on Placido disk specular reflection, or in slit-

lamp (scattered light) systems. In the present thesis we use a Placido disk 
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videokeratoscope, whose principles and accuracy will be described in chapter II. There 

are also several mathematical reconstructions of the corneal wave aberration from the 

corneal elevation map. A comparison of the methods used by several authors with the 

method used in this thesis will be also presented in chapter II. 

 

���6RXUFHV�RI�DEHUUDWLRQV�RQ�WKH�KXPDQ�H\H 

 
The measurement of the aberrations of the normal eye is important to understand the 

quality of the retinal image, which limits the spatial information available to later stages 

in the visual process. Measuring aberrations in pathological eyes, or eyes after an ocular 

procedure is becoming a quantitative diagnostic and evaluation tool in the clinic. 

Furthermore, the knowledge of the optical aberrations of individual components of the 

eye will provide deeper insight into the sources of optical degradation of individual 

eyes.  

The present thesis will measure the aberrations of the cornea and the internal media 

in different conditions. Knowledge of aberrations of individual ocular components will 

allow us to obtain information about the shapes of ocular surfaces (e.g  changes of the 

posterior corneal surface after corneal refractive surgery), relationships between the 

geometrical properties of intraocular lenses implanted in eyes after cataract surgery and 

their aberrations measured in vivo, or discuss properties such as the gradient index of 

the lens, among others. Current schematic eye models, based on simple surface models 

of the cornea and crystalline lens and average values of intraocular distances, have 

limited success in predicting individual values of optical properties in the human eye. 

For this reason individual information will be essential in customizing schematic eyes 

models, either in normal eyes or eyes with modified surfaces (such as the cornea after 

corneal refractive surgery), replaced surfaces (such an intraocular lens) or added 

surfaces (such as contact lenses).  The following are properties which will affect the 

measured aberrations of the whole eye, as well as the aberrations of the individual 

components. 

 

�
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����,QWUDRFXODU�GLVWDQFHV��WLOWV�DQG�GHFHQWUDWLRQV��
 

  The pupil of the eye is slightly displaced with respect to the rest of the center of the 

other ocular components by ~0.5 mm41, on average across individuals. The position of 

the fovea is also shifted from the best fit optical axis by ~5º on average toward the 

temporal side42. These are average values across the population (some of the studies are 

actually based on a small sample) and significant variability across eyes occurs. Shifts 

and tilts between ocular surfaces, fovea and pupil makes impossible to define a clear 

optic axis for the eye, presumably leading to the existence of coma-like aberrations and 

astigmatism even for on-axis objects as shown by eye models43; although it has been 

reported that by themselves these shifts and tilts are not the main sources in individual 

variations between monochromatic aberrations44.�
Purkinje images (specular reflections from the different surfaces of a light point 

source) and Scheimpflug imaging can be used to measure tilts and decentrations 

between cornea and lens and also the fovea positioning45, 46. Intraocular distances can be 

measured with different degrees of resolution by ultrasound biometry, such as A-scan 

ultrDVRQRJUDSK\�� VOLWODPS� ELRPHWU\� sSHFLDOO\� 6FKHLPIOXJ� SKRWRJUDSK\ , partial 

coherent  interferometry (PCI), or optical coherence tomography (OCT). 

�
����6XUIDFH�VKDSHV�������

The shape of the anterior surface of the cornea determines the corneal aberrations, 

and to a certain extent the ocular aberrations. However, total aberrations result from a 

combination of corneal and internal aberrations (the latter predominantly from the 

crystalline lens). To date, there is no systematic study that links the internal aberrations 

with the geometrical properties of the posterior surface of the cornea and the shapes of 

the crystalline lens. 

As described previously there are multiple techniques to measure the shape of the 

anterior corneal shape, but it is not easy to measure internal surfaces of the eye in vivo 

because optical measurements are distorted by the optics of the cornea and subsequent 

surfaces. A first estimation of the average curvature of the surfaces can be performed by 

Purkinje images47. This technique has being used, for example, to assess the changes of 

curvature of the crystalline lens with refractive error and with accommodation48. The 
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posterior corneal surface has been evaluated with conventional slit lamp49 or combining 

videokeratoscopy with pachymetric thickness50. However, to estimate asphericity, more 

sophisticated techniques are required.  The Scheimpflug camera (a modified slit lamp 

with the image plane titled with respect to the optical axis) allows capturing sections of 

the anterior segment with better resolution than conventional instruments. It has been 

used to measure asphericity in crystalline lens51 and posterior cornea surface39, although 

this technique requires accurate correction for distortions and careful calibration. For 

this reason there are scarce, and sometimes controversial reports of the curvatures of the 

crystalline lens, and how they change with age, based on this technology.  

Measurements on large populations of total52, 53  and corneal54 aberrations reveal a 

high variability in higher order aberrations across subjects. Thibos et al53 on 100  eyes 

did not find systematic trends for third order aberrations, suggesting no presence of 

specific structure in ocular components in normal eyes. Surface individual irregularities 

have been suggested to explain high variability found in higher order aberrations 

between subjects 44. The only systematic tendency has been found for spherical 

aberration showing typically positive values.  

�
����5HIUDFWLYH�LQGH[��

�
Apart from the geometry of the optical surfaces the distribution of refractive index 

inside the eye plays a fundamental role in its refractive properties. 

Aqueous humour which fills the anterior chamber and vitreous humour, filling the 

vitreous chamber, are water solutions, and therefore their refractive indices are close to 

that of the water 1.336. The cornea is composed of several layers: tear film, epithelium, 

Bowman´s membrane, stroma, Descemet´s membrane and the endothelium, each of 

them with a different structure and therefore different refractive index. However  to date 

there are not ideal methods available to measure accurately the refractive index of each 

layer55. As a result an “ effective”  refractive index is used to model the cornea (see 

discussion in chapter II, section 3.4). 

The crystalline lens is a compact lens composed of an external epithelial layer and a 

nucleus-cortex made of fiber layers. Such structure shows a gradient-index distribution 

that it is expected to depend on several factors: accommodation state56, age56, 57, etc… A 
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detailed discussion of the gradient index distribution of the crystalline lens is presented 

in chapter VIII, where a technique to reconstruct the gradient is presented. 

 

����&RPELQHG�PHDVXUHPHQWV�RI�FRUQHDO�DQG�WRWDO�DEHUUDWLRQ�
 

The measurement of the shapes and positions of the surfaces allows individual eye 

modelling and, assuming knowledge of refractive indices, an estimation of the ocular 

aberrations.  More direct ways to evaluate the contribution of the cornea and the 

crystalline lens to overall image quality involve aberration measurements of both 

elements separately. Some imaginative approaches have been used. Young in 190124 

tried to measure the optical properties of the human lens in vivo by canceling the 

corneal contribution immersing the human eye in water  (whose refractive index is close 

to that of the cornea). This technique has been also used by Millodot et al58 and by Artal 

et al 59. Another approach is that from Tominsoln et al 60 who measured the contrast 

sensitivity of the eye combined with the modulation transfer of the cornea with different 

pupil sizes. 

However, the most successful technique has been to measure total aberrations 

with techniqXHV�DV�GHVFULEHG�LQ�VHFWLRQ���� �DQG�FRUQHDO�DEHUUDWLRQV� from corneal 

elevation mapV��DV�GHVFULEHG�LQ�VHFWLRQ����  separately. This is the methodology that 

we use in the present thesis and will be explained in detail in chapter II. To our 

knowledge El Hage, and Berny61 were the first ones to use this approach. They 

measured the corneal spherical aberration using photographic keratometry and a 

Foucault knife-edge test to measure spherical aberration of the total eye. They found a 

balance between the spherical aberration of cornea and that of the crystalline lens in a 

single subject. Since this first experiment in 1973, and with the advance of 

videokeratoscopy and aberrometry, the accuracy of the data and the increased number 

of experiments has shown interesting results. Artal et al59, 62 reported a general 

compensation of higher order aberrations, not only spherical, that decrease with age63. 

Salmon and Thibos 64 presented data in three subjects, with two of them showing a 

certain degree of aberration balance, but not the other one. In the present thesis we 

present the interrelations between internal and corneal optics in the eyes of a 

monolateral aphakic eye (chapter IV), keratoconus eyes (chapter III), patients before 
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and after LASIK (chapter IV), patients before and after cataract surgery (chapter VII), 

and in a control group of young eyes.    

�
���2SKWKDOPLF�DQG�FOLQLFDO�DSSOLFDWLRQV���

� 
Knowledge of aberrations is useful not only to understand the ocular system of the 

normal eye. Perhaps the ability to measure accurately the optical quality of the ocular 

components is most powerful in the study of abnormal ocular optics. The present thesis 

demonstrates that corneal topography and total aberrometry, and in particular the 

combination of both techniques, can be an important tool in studies on pathologies of 

the human eye, changes induced by refractive surgery, or design and in vivo testing of 

ophthalmic devices (i.e. intraocular lenses or contact lenses).  Furthermore, the growing 

interest and applications of aberrometry has contributed to the advance of customized 

correction techniques with two mainly goals: to provide the eye with a better retinal 

quality, and a better vision as a consequence, and to improve the resolution in retinal 

imaging65, 66. The following subsections introduce some of the applications covered in 

the present thesis. 

 

����%LRORJLFDO��RFXODU�FKDQJHV�DQG�SDWKRORJLHV 
�
$JLQJ�

The visual system degrades with age67, 68. While some of the changes are known to 

have a neural origin, part of the degradation is due to optical factors. Intraocular 

scattering increases with age69, and becomes impairing with the formation of  cataracts. 

In addition, several recent studies have revealed an increase of total ocular aberrations 

with age63, 70, 71. This increase can be attributed to different factors: 1) An increase of 

corneal72 and  crystalline lens  aberrations63, 73, 74 with age. 2) A loss of the 

compensation between cornea and crystalline lens aberrations that occurs in the young 

eye59.  The study of corneal and total aberrations in the aging eye is particularly relevant 

to understand the optical changes induced in cataract surgery (see chapter VII). �
����������
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�0\RSLD�
The study of the optical aberrations in myopic eyes is interesting for two reasons.  

Firstly myopic eyes are known to have increased axial length, but there are few, and 

sometimes controversial data on the optical and geometrical properties of the ocular 

components in myopic eyes75. The success of different correction alternatives for 

myopia relies on an adequate knowledge of the optics of the myopic eye. Secondly, the 

etiology of myopia is not well understood. There is supported evidence, particularly 

from animal models, that emetropization (tuning of the focal length of the ocular optics 

to the axial length of the eye) is visually guided.  It has been shown that an optical 

retinal image is required for proper emetropization, and that degraded retinal image (by 

diffusers, occluders, and perhaps aberrations) results in development of myopia76. 

Several studies show an increase of the amount of higher order aberrations in myopic 

eyes77-79, specially 3rd aberrations, while a certain degree of corneal/internal spherical 

aberration balance seems to hold in a wide range of refractive errors (0 to -16 D)78. The 

increase of corneal spherical aberration relates with  increased corneal asphericity found 

in myopes 80. However, the sources of increased negative spherical aberration of the 

crystalline lens or the interactions of corneal/internal aberrations requires further 

investigation81.  

�
&RUQHDO�SDWKRORJLHV�

Pathologies that affect corneal normal shape degrade corneal optical quality and 

consequently retinal image quality. Total and corneal aberrometers can therefore result 

in useful diagnostic tools in these types of pathologies. Relatively common corneal 

pathologies are Terrien’ s and Pellucid’ s marginal degenerations or keratoconus. 

Keratoconus is characterized by progressive thinning and steeping of the cornea, 

creating  a characteristic cone-bulge shape in the corneal elevation map82. Increased 

corneal aberrations with respect to normal eyes have been reported in keratoconic eyes. 

The highest increase occurs in coma-like aberrations83, 84. An example of the technology 

developed in this thesis used in keratoconus is shown in chapter III. 

�
�
�����������������������
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����2FXODU�6XUJHU\ 

 

New surgical techniques in ophthalmology, such as phaco-emulsification for 

cataract surgery and laser corneal refractive surgery with increasing technical demands 

have stimulated, among others, the advance of new techniques for optical evaluation.    

��������������������������   
&RUQHDO�ODVHU�UHIUDFWLYH�VXUJHU\�

Different techniques, photorefractive keratectomy (PRK85), lasik in situ 

keratomileusis (LASIK86) or laser ephithelial keratomileusis (LASEK87), are currently 

used as corneal laser correction methods. All of these techniques are based on corneal 

tissue removal using laser ablation in order to change corneal shape sufficiently to 

modify corneal optical power, decreasing it in a myopic correction or increasing it in a 

hyperopic correction. While, in PRK, laser ablation is done directly on the corneal first 

surface, in LASIK a hinged flap is created with a microkeratome and laser ablation is 

performed on the stroma. LASEK is a variant of PRK-LASIK where the flap is created 

with a finer blade instead of with a microkeratome. Early studies, following RK (radial 

keratectomy) and PRK, reported an increase of corneal aberrations compared to normal 

subjects88, 89. The first measurements of ocular aberrations changes 89, 90 with myopic 

LASIK showed that, despite the fact that myopia and astigmatism were in general 

successfully corrected, the procedure induced an increase of  total higher order 

aberrations, and particularly a change of spherical aberration toward more positive 

values. This thesis presents a detailed study evaluating the contribution of corneal and 

internal aberrations to the aberration changes induced by LASIK surgery (chapter V) 91.  

Aberration techniques have been crucial to promote improvements of LASIK 

surgery, and in particular to help to identify problems inherent to the current techniques. 

It has been reported that the experimental changes in spherical aberration measured after 

LASIK myopic surgery are not due to standard algorithm (Munnerlyn) itself 92-94, but to 

the actual application of the ablation profile, the laser-efficiency changes across the 

cornea, 94, 95 or the biomechanical responses of the cornea96.  

Optical changes with myopic LASIK have been better studied than hyperopic 

LASIK. To our knowledge, the first study of combined aberromety in changes of 

aberrations for this type of surgery has been done by Llorente et al97 using the 
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techniques developed in the current thesis, on a group of 13 eyes finding a significant 

increase of higher order aberrations, specially in spherical aberration toward negative 

values (in myopic LASIK spherical aberration induced is toward positive values91).  

  

&DWDUDFW�VXUJHU\��
Following the World Health Organisation estimations 98 there are over 19 million 

people blind as a result of cataract, being to date no effective treatment other than the 

surgery. The first cataract surgeries involved extracting the opacified compact 

crystalline lens: nucleus-cortex and capsule (intracapsular technique), or preserving the 

capsule (extracapsular technique). More recently the use of ultrasound or laser to break 

the crystalline in small pieces no affecting the capsule, named phacoemulsification, and 

the use of foldable intraocular lenses (IOL), has allowed to reduce significantly the 

incision sizes99. In addition to the advances in surgery techniques new designs of IOLs 

have appeared in the last years (see section 4.3). 

Corneal topography has revealed the optical effects of the corneal incision in 

phacoemulsification, specially measuring changes in corneal astigmatism related to the 

different localization or shape of the incision100, 101. ,Q� YLYR� evaluation of the global 

optical performance of subjects who have undergone cataract surgery had only been 

done by means of double-pass techniques, where the MTF is measured102-104 with 

results showing a decrease of optical quality in eyes implanted with IOLs with respect 

to young eyes. However a more complete description is given by optical measurement 

of wave aberrations. To our knowledge, we have used for the first time combined 

measurements of total and corneal aberrations in cataract surgery to provide aberrations 

of the IOL in vivo105. Results are shown in chapter VII.  

 

����2SKWKDOPLF�OHQVHV�GHVLJQ�DQG�WHVWLQJ�
 

Spectacle, contact and intraocular lenses are commonly used to correct for refractive 

errors. The developed technology in this thesis is promising to evaluate standard 

corrections and devise improved and customized systems. 

�
����
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([WHUQDO�OHQVHV��6SHFWDFOH�DQG�FRQWDFW�OHQVHV�
Conventional spectacle lenses correct for myopia and astigmatism (low order 

aberrations). Current efforts are directed to design customized lenses, which would 

correct also high order aberrations of individual eyes 106. A customized lens will 

obviously require accurate measurements of aberrations before it is manufactured based 

on the individual wave aberrations. The measurement of aberrations has also provided 

estimable help in understanding the optical implementation of ophthalmic and contact 

lenses on real eyes107, 108. Aberrations measurements have allowed the evaluation of 

interesting issues that theoretical analysis, using computer modeling, is unable to 

show109, 110.  Examples of these factors are the effects of internal aberrations,  lens 

flexure or of the “ tear film lens”  in optical performance in Rigid Gas Permeable contact 

lenses wearers107. This study will be presented in chapter VI. 

�
,QWUDRFXODU�OHQVHV�

Nowadays a great variety of intraocular lenses (IOLs) are available for cataract and 

even refractive surgery. They can be classified either by the material they are made: 

silicone, acrylic or poly-methyl methacrylate (PMMA), the geometric design: biconvex, 

plano-convex, meniscus or the optical properties: monofocal, bifocal, multifocal, or 

diffractives. The newest designs try not only to provide the optimal focal length but also 

try to correct spherical aberration by aspheric surfaces designs111. 

Optical quality of  implanted IOLs is usually tested outside the eye, LQ� YLWUR��  by 

interferometric methods, Modulation Transfer Function (MTF) measurements, or 

resolution methods112, 113. In chapter VII, we will present a laser ray tracing technique to 

evaluate wave aberrations of IOL LQ� YLWUR, and to compare results with LQ� YLYR�
measurements and simulated ray tracing on manufacturer design data. �

�
���*RDOV�RI�WKLV�WKHVLV�

 
The main goal of this research is the implementation of a methodology to estimate 

corneal aberrations in the human eye which, in combination with total aberrometry, will 

be used to understand the contribution of the different ocular components to overall 

optical quality in the eye. They will be used, in particular, to test biological situations 
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and the changes induced by different surgical and non-surgical refractive correction 

methods. A detailed description of the methodology is presented in chapter II. 

The specific goals of this thesis are: 

1. To study the accuracy and precision of the implemented corneal and total 

aberrometry techniques (Chapter II). 

2. Cross-validation of corneal based on Placido Disk corneal topography 

aberrometry and total ray tracing aberrometry to estimate corneal and total aberrations 

in real eyes. Correspondences of total and corneal aberrations on eyes with 

predominantly corneal aberrations (i.e. keratoconus, chapter III) or with no crystalline 

lens (i.e. aphakic eyes, chapter IV) will be tested.�
3. Estimation of the optical performance of eyes with keratoconus corneal 

pathology, and the predominant type of aberration in these eyes (chapter III). 

4. To study the ocular optics in both eyes of a unilateral aphakic young patient. 

Measurement of corneal and total aberrations in the normal eye, as opposed to the eye 

with no crystalline lens, will provide information on the total/corneal interaction. 

Measurements in the aphakic eye will allow to discuss possible effects of the posterior 

corneal surface (Chapter IV) 

5. Description of total and corneal aberrations in young myopes, pre-operative 

patients of a myopic LASIK study and young control group for an aging/IOL eye study 

(Chapters V & VII). 

6. Investigation of the optical changes induced on the cornea and total eye by 

myopic LASIK surgery. The study of changes in the internal optics will allow us to 

draw conclusions on the changes of the posterior corneal surface after LASIK. (Chapter 

V). 

7. To study the potential of Rigid Gas Permeable (RGP lenses) to correct ocular 

aberrations, by measuring total and anterior surface aberrations on the same patients 

with and without RGP contact lenses. (Chapter VI). 

8. Investigation of the sources of aberrations in patients after cataract surgery: 

changes in corneal aberrations by the incision, aberrations of standard intraocular lenses 

and their interaction with the patients’  corneal aberrations. ,Q�YLYR measurements will be 

compared to LQ�YLWUR measurements on the same lenses and computer simulations using 

eye modelling (Chapter VII). 
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9. Development of� an optimization methodology to estimate the gradient index 

structure of the crystalline lens in the human eye. Accuracy and possibilities of the 

technique will be tested by comparing results of the reconstruction of the gradient 

structure in a commercial lens with its known index distribution (Chapter VIII). 

���������������������������
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